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Yeryiizii su seviyesinde énemli miktarda kayiplara sebep olan
buharlagma, su kaynaklari miihendisliginin projelendirilmesi,
suyun idaresi ve kontrolii gibi konularda 6nem tagimaktadir. Bu
calisma, Amik Ovasi'nda aylik buharlagma tahminini gelistirmek
amactyla coklu c¢iktili yapay sinir aglart (YSA) modelini
kullanmaktadir. Geleneksel tahmin yontemlerine kiyasla
YSA’nin daha disiik hata orani ile tahmin yapabildigi
goriilmistiir. Veriler 1970-2025 yillar arasinda toplanmis ve
model egitiminde kullanilmak {izere 6n isleme tabi tutulmustur.
Modelin dogrulugu R?, KOH ve YOH gibi istatistiksel olgiitler
ile degerlendirilmistir. Sonuglar, YSA modelinin buharlagma
tahmininde basarili oldugunu ve &zellikle yar1 kurak bolgelerde
uygulanabilirligini  gostermektedir. Modelin  farkli  iklim
bolgelerinde test edilmesi &nerilmektedir. Ote yandan coklu
ciktili yapay sinir aglar1 (YSA) modeli buharlasma
caligmalarinda ilk defa denenmesine ragmen oldukca 1iyi
sonuglar vermistir.
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Evaporation, which causes significant losses in the earth's water
level, is important in matters such as water resources engineering
project design, water management and control. This study uses a
multiple-output artificial neural network (ANN) model to
improve monthly evaporation estimation in the Amik Plain. It
has been observed that ANN can make estimations with lower
error rates compared to traditional estimation methods. Data
were collected between 1970-2025 and preprocessed to be used
in model training. The accuracy of the model was evaluated with
statistical measures such as R?, RMSE and MAE. The results
show that the ANN model is successful in evaporation
estimation and is especially applicable in semiarid regions. It is
recommended to test the model in different climatic regions. On
the other hand, although the multiple-output artificial neural
network (ANN) model was tried for the first time in evaporation
studies, it gave quite good results.
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Amik Ovasinda Buharlasma Tahmini icin Coklu Ciktili Yapay Sinir Aglari Modeli

1. GIRIS

Yeryiiziindeki su seviyesinin degisimi, yapmin kullanim amaci, projelendirilmesi, maliyeti gibi
parametreleri dogrudan etkilediginden dolayi; su seviyesinde azimsanmayacak azalmalara sebep olabilen
buharlagma, su miihendisliginde; suyun idaresi ve su yapilarimin planlanmast gibi konularda 6nem
tasimaktadir. Ekolojinin ve hidrolojinin temel bilesenlerinden olan buharlasma, suyun sivi fazdan kat1 faza
gegmesi olarak tanimlanmaktadir. Buharlagma; sicaklik degisimi, bagil nem, basing degisimi, giines
isinlarinin radyoaktif etkileri, cevresel faktorler gibi birgok degiskenden etkilenmektedir. Bu durumda
buharlagma i¢in genel geger bir yaklagim bulmak ya da ¢6ziim tiretmek olduk¢a zordur. Zira buharlagsmay1
etkileyen faktorler oldukga fazladir ve bu faktorlerin degisimi genellikle birbiri ile baglantili degildir ya da
artig-azaliglari dogrusal olmayabilir. Buharlagma tahmini i¢in, Penman, Hargreaves-Samani, Ritchie ve
Turc yontemleri gibi geleneksel yontemler kullanilmaktadir. Ancak, buharlagmaya etkiyen parametrelerin
¢oklugu, parametrelerin dogal olaylar olmasi sebebi ile degerlerin dogrusal olmamasi ve aralarindaki
tutarsizlik, klasik yontemler ile ¢6ziim yapmay1 oldukga zorlagtirmaktadir. Teknolojinin ilerlemesi, yapay
zeka tekniklerinin gelismesi gibi etkenler, bilim insanlarini buharlagmanin tahmini i¢in daha az parametre
ile hizli ve kabul edilebilir sonuglar verebilecek yeni yontemler aramaya yoneltmistir. “Dogal olaylar,
birgok farkli degiskenden etkilenmektedir, ayrica dogal olaylar ve degiskenler arasindaki dogrusal
olmayan iligkileri agiklamak oldukga giictiir. Bu nedenle, dogrusal olmayan problemlerin ¢6ziimii i¢in ucuz
ve kolay metotlar gelistirme yoluna gidilmis ve yapilan arastirmalar incelendiginde, buharlagma miktarini
belirlemek i¢in halen ¢aligmalarin siirdiiriildiigii goriilmiistiir.” Tasar ve arkadaslari [1]. iklim degisikligi
ve artan su ihtiyaci, buharlagsma tahmin modellerinin dogrulugunu artirma gerekliligini ortaya ¢ikarmustir.
Buharlagma, tarimsal sulama, su kaynaklari yonetimi ve iklim degisikligi analizlerinde 6nemli bir
parametredir. Geleneksel tahmin yontemleri genellikle sinirli girdilere dayanmakta ve bdlgesel
degiskenlikleri yeterince dikkate almamaktadir.

Bu caligmada, Amik Ovasi'nda aylik buharlagsma tahminini gelistirmek amaciyla ¢oklu ¢iktili yapay sinir
aglart (YSA) modeli kullanilmistir. Modelin amaci, farkli hava durumu degiskenlerini kullanarak
buharlagma miktarin1 geleneksel yontemlere kiyasla daha yiiksek dogrulukla tahmin etmektir.

Aragtirmanin hipotezi, ¢oklu ¢iktili YSA modelinin, geleneksel regresyon yontemlerine kiyasla daha iyi
tahmin sonuglar1 verecegi varsayilmaktadir. Bu baglamda, ¢calismada su sorulara yanit aranmistir:

e YSA modeli, geleneksel yontemlerle karsilastirildiginda daha diisiik hata oranlar1 verebilir mi?
e Model, farkli iklim kosullarinda uygulanabilir mi?
e Iklim degisikligi senaryolar1 dogrultusunda modelin dngdrii giicii nasildir?

Bu ¢alisma, literatiirdeki mevcut tahmin modellerine katki saglamay1, bolgesel su yonetiminde ve tarimsal
planlamada daha giivenilir bir buharlagma tahmini modeli olusturmay hedeflemektedir.

Literatiirde buharlagma ve yapay zeka yaklagimlartyla buharlagma tahminleri {izerine oldukca fazla ¢aligma
bulunmaktadir. Verilerde tutarlilik ve daha saglikli kiyas yapmak adma ozellikle yurt iginde yapilan
caligmalar incelendiginde:

Terzi ve Keskin [2], Egirdir Golii buharlagsma tahmini i¢in bolgeye ait 2001 ve 2002 yillari; sicaklik, nem,
riizgdr ve radyasyon gibi meteorolojik verilerini kullanarak Yapay Sinir Aglari (YSA) modelleri
gelistirmistir. Ayrica Penman metodu ile buharlagma tahminleri yapmiglar ve sonuglart giinliik tava
buharlasma degerleri ile karsilastirdiklarinda YSA modellerinin daha uyumlu sonu¢ verdigini
gozlemlemislerdir. Dogan ve arkadaslari [3], Sapanca Golii buharlasma tahmini i¢in bdlgeye ait
meteorolojik verileri kullanarak YSA ile “ileri beslemeli geri yaymiml (IBGYYSA) ve radyal temelli
yapay sinir ag1 (RTYSA) modeli” olusturmuslardir. Ayrica Penman-Monteith (PM) metodu ile buharlagsma
tahminleri yapmuslar ve ii¢ yaklasimin performansini karsilastirdiklarinda, IBGYYSA nin daha yaklasik
sonug verdigini gozlemlemislerdir. Dindar [4], Tahtakoprii Baraji aylik buharlagsma tahmini igin bolgenin
geemis yillara ait meteorolojik verilerini kullanarak YSA modeli gelistirmistir. YSA’dan aldig1 sonuglari,
yaygin yontemler olan g¢oklu-lineer regresyon (MLR) ve otoregresif (AR(p)) modellerle elde ettigi
sonuglarla kargilastirmis ve YSA sonuglarmin yaygin yontemlere gore daha yaklagik oldugunu
gozlemlemistir. Kisi ve Afsar [5], Kayseri, Kirsehir, Nevsehir ve Yozgat illerinden aldiklari meteorolojik
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veriler ile “Cok katmanli yapay sinir aglari (CKYSA), radyal tabanli yapay sinir aglar1 (RTYSA),
genellestirilmis regresyon yapay sinir aglari (GRYSA), bulanik yapay sinir ag1 (ANFIS) ve ¢oklu dogrusal
regresyon (MLR)” metotlarini kullanarak buharlagma tahmini yapmislardir. Sonuglar1 kiyasladiklarinda,
karekok ortalama karesel hata (KOKH), ortalama mutlak hata (OMH) ve korelasyon katsayilar1 (R)
kriterleri agisindan; her kriter i¢in farkli illerde farkli yontemlerin daha yakin sonuglar verdigini
gozlemlemislerdir. Unes ve arkadaslar1 [6], Tahtakoprii Baraji1 aylik buharlasma tahmini i¢in YSA ve klasik
yontemleri karsilastirmiglardir. YSA’nin klasik yoOntemlere gore daha yakin sonuglar sagladigim
gozlemlemislerdir. Yildiz ve Giirer. [7], Kayseri Sultan Sazlig1 Bolgesi i¢in meteorolojik verileri kullanarak
YSA modelleri ve Penman metodu ile buharlasma tahminleri yapmiglar ve sonuglari ger¢cek buharlagsma
degerleri karsilastirmislardir. Ayrica bolgede 6l¢iilmiis olan yillik tatli su buharlagmasinin, yillik tuzlu su
buharlagmasina oranla daha fazla oldugunu tespit etmislerdir. Glimiis ve arkadaslar1 [8], Adana ili i¢in;
sicaklik, nem, riizgar, basing, giineslenme siiresi ve glineslenme siddeti parametrelerini kullanarak aylik
buharlagma tahmini yapmaya c¢alismislardir. Tahminde YSA, ANFIS ve Gen Ekspresyon Programlama
(GEP) yontemlerini kullanilmiglardir. Sonuclart karsilastirdiklarinda tiim yontemlerin kabul edilebilecek
sonuglar verdiklerini ancak ANFIS’in tahminlerinin daha yaklasik oldugunu gbzlemlemislerdir. Kaya ve
arkadaslar1 [9], St. Johns, Florida, ABD, meteoroloji istasyonu verileri {izerinden; radyasyon, sicaklik,
riizgar ve nem parametrelerini kullanarak “MST Data Mining Method” ile buharlagsma tahmini
yapmuslardir. Sonuglart Turc ampirik metodu ile karsilastirmislar ve M5T nin daha yaklagik sonuglar
verdigini gozlemlemislerdir. Unes ve arkadaslar1 [10], St. Johns, Florida, ABD, meteoroloji istasyonu
verileri iizerinden; radyasyon, sicaklik, riizgar ve nem parametrelerini kullanarak dogrusal olmayan
problemleri ¢dzmeye daha yatkin bir yontem olan “Support Vector Mechines (SVM)” ile buharlagma
tahmini yapmiglardir. Sonuglar1 Hargreaves-Samani metodu ile karsilagtirmiglar ve SVM’nin daha yaklasik
sonuglar verdigini gézlemlemislerdir. Mamak ve arkadaslari [11], Radyasyon, sicaklik, riizgar ve nem
parametrelerini kullanarak ANFIS ile buharlagsma tahmini yapmislardir. Sonuglari Penman Fao 56 metodu
ile karsilagtirmiglar, ortalama kare hata ve ortalama mutlak hataya gore ANFIS’in daha yaklasik sonuglar
verdigini gézlemlemislerdir. Giimiis ve arkadaglar1 [12], sadece sicaklik parametresini kullanarak, Sanliurfa
ve Diyarbakir illerinde YSA, ANFIS ve GEP yontemleri ile buharlasmayi tahmin etmeye ¢aligmislardir.
Sonuglar incelendiginde ii¢ yontemin de kabul edilebilir sonuglar verdigi ve GEP yonteminden daha
yaklasik sonuglar alindigim gozlemlemislerdir. Ozel [13], Konya, Karaman ve Aksaray illerinin, yags,
sicaklik, riizgar hizi, nem ve basing gibi meteorolojik verileri ile Konya Kapali Havzasinda; MLP-SCG,
MLP-GDX, RTYSA, GRYSA, ANFIS, e-DVR yapay zeka metotlari ile buharlasma tahminleri yapmustir.
FAO-Penman-Monteith, Priestley-Taylor, Meyer ve Romanenko ampirik denklemleri ile de sonuglar
bulmustur. Sonuglar1 karsilastirdiginda yapay zeka yontemlerinin daha yaklasik sonuglar verdigini
gozlemlemistir. Tasar ve arkadaglari [1], Massachusett, U.S.A (Cambridge Hazne ve havzasi) bolgesinde,
sicaklik, riizgar hizi, glineslenme ve bagil nem parametreleri {izerinden YSA ve Hargreaves-Samani,
Ritchie ve Turc denklemi gibi ampirik yontemlerle buharlagsma tahminleri yapmuslardir. Sonuglar
karsilastirldiginda YSA nin daha yaklasik sonuglar verdigini gozlemlemislerdir. Unes ve arkadaslar [14]
Hartwell Golii (Giiney Karolina, ABD) bolgesinde sicaklik, riizgar hizi, radyasyon ve bagil nem
parametreleri {izerinden YSA ve Penman-Monteith, Hargreaves-Samani ve Turc denklemleri ile giinliik
buharlagma tahminleri yapmislardir. Sonuglari karsilagtirdiklarinda giinliik buharlagsma i¢in YSA’nin daha
yaklagik sonuglar verdigini gézlemlemislerdir. Ozel ve Biiyiikyildiz [15] Meteorolojik verilere ait
parametrelerle olusturduklari farkli kombinasyonlar ile Konya Kapali Havzasi’'nda bulunan Karaman
bolgesinde; YSA, Destek Vektor Regresyonu (DVR), ANFIS yontemlerini kullanarak buharlagma
tahminleri yapmuslardir. Sonuglar1 karsilastirdiklarinda DVR’nin daha yaklagik sonuglar verdigini
gozlemlemislerdir. Dogan [16], Namazgah barajma ait sicaklik, riizgar ve buhar basinci parametrelerini
kullanarak, buharlagsma tahmini igin farkli YSA modelleri olusturmus ve olusturdugu modeller arasinda
performans analizi yaparak en yaklasik sonucu veren modeli bulmaya ¢alismistir. Yildirim ve arkadaslari
[17] Samsun, Bafra ve Carsamba bolgelerinde; sicakli, nem, giineslenme ve riizgar parametreleri tizerinden,
YSA ve ANFIS metotlar1 ile giinliik buharlasma tahminleri yapmislardir. YSA ve ANFIS in smirh
parametre kosullarinda buharlasma tahmini igin yararl olacagini saptamuslardir. Ozdiilkar ve arkadaslari
[18] Lewisville Golii yakininda (Texas, ABD) bolgesinde 2008-2012 yillarina ait; sicaklik, riizgar,
radyasyon ve nem parametrelerini kullanarak, Mamdani ve Sugeno bulanik mantik metotlar1 ile gilinliik
buharlagma tahmini yapmislardir. Sonuglar1 karsilastirdiklarinda Sugeno yonteminin daha yaklagik
sonuglar verdigini gozlemlemislerdir. Unes ve arkadaslari [19] De Soto County, (Florida, ABD)
bolgesinde; sicaklik, nem, riizgar hizi ve radyasyon verilerini kullanarak; M5T yetenegi; ANFIS; SVM;
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Hargreaves-Samani, Ritchie, Turc ve Penman FAO 56 ampirik denklemler ve ¢ok dogrusal regresyon
(MLR) ile giinliik referans buharlasma tahminleri yapmislardir. Sonuglar1 karsilastirdiklarinda: Ampirik
yontemler igerisinde Turc ampirik yonteminin daha iyi performans gosterdigini; yaklasik yontemler
icerisinde ise korelasyon katsayilart acisindan ANFIS, minimum hatalar agisindan SVM’nin daha iyi
performans gosterdigini gozlemlemislerdir. Ayrica tiim sonuglarda yaklasik yontemlerin ampirik
yontemlere nazaran daha iyi performans gosterdigini saptamiglardir. S. Dogan [20] Giiney Carolina (ABD)
Anderson Hartwell golii bolgesine ait; sicaklik, riizgar hizi, glineslenme miktart ve bagil nem parametreleri
ile Penman-Monteith metodu ile yaptig1 buharlagsma tahminlerini referans kabul ederek, Hargreaves-
Samani, ve Turc denklemleri gibi ampirik yontemler ile YSA, Radyal Tabanli Yapay Sinir Aglar
(RTYSA),Coklu Dogrusal Regresyon (MLR) yontemleri ve Oto-regresifmodelin AR(p) ile yaptig
buharlagma tahminlerinin sonug¢larini kiyaslamistir. YSA’nin diger yontemlere nazaran daha iyi performans
gosterdigini gézlemlemistir. Unes ve Kaya [21] Hatay Bolgesinde, hava sicakli1 ve yagis parametrelerini
kullanarak, Mann Kendall testi, Spearman’s Rho, Regresyon testi ve Yenilik¢i Sen Egilimi metotlart ile
iklimsel trend degisimini tespit etmeye calismiglardir. Sonug olarak bolgede, ortalama sicaklikta artig ve
toplam yagis miktarinda kayda deger bir azalis oldugunu gézlemlemislerdir. Giimiis ve arkadaglari [22]
Adiyaman ve Diyarbakir Bolgelerinde, sicaklik, riizgar, nem, basing, giineslenme siddeti ve aylik agik giin
sayis1 parametrelerini kullanarak, YSA, ANFIS ve Gen Ekspresyon Programlama (GEP) metotlari ile aylik
tava buharlagma tahminleri yapmislardir. Sonuglar karsilastirdiklarinda GEP’in daha yaklasik sonuglar
sagladigini gozlemlemislerdir. Unes ve Kaya [21] Kogice (Slovakia) bolgesinde, radyasyon, nem, sicaklik,
ve riizgar hizi parametrelerini kullanarak; ¢ok katmanl algilayict (MLP), destek vektdr regresyon (SVR),
coklu dogrusal regresyon (MLR) modelleri ile buharlagsma tahminleri yapmuslardir. Sonuglar, kendi
iclerinde ve Hargreaves Samani, Ritchie ve Turc ampirik yontemleri ile bulunan sonuglar ile
kargilagtirilmistir. Ampirik yontemlerden, Hargreaves-Samani denklemi Penman FAO 56 denkleminin
birbirlerine daha uyumlu sonuglar verdigini ve MLP’nin diger yapay zeka yontemlerinden daha iyi
performans gosterdigini gdzlemlemislerdir. Ozdiilkar [23] Lewisville Golii (Texas, ABD) bolgesinde,
sicaklik, riizgar hizi, radyasyon ve bagil nem parametreleri ile Penman Monteith denklemi, ANFIS , M5T,
MLR ve Turc gelencksel denklemleri ile buharlagma tahmini yapmistir. Sonuglari degerlendirdiginde
ANFIS, M5T ve MLR yontemlerinin daha yaklasik sonuglar verdigini goézlemlemistir. Tiitlincli [24]
Atatiirk Baraji bolgesinde 2016-2019 yillarina ait, sicaklik, radyasyon, nem ve riizgar hizi parametreleri ile
buharlagma tahmini i¢in farkli YSA modelleri olusturmus ve olusturdugu modeller ile yaptig1 buharlasma
tahminlerinin ger¢ek buharlagsma degerlerine %90 oraninda yaklasik sonuglar elde ettigini tespit etmistir.
Katipoglu ve Acar [25] YSA ile veri siirekliligi calismasi yapnuslardir. Horasan Istasyonu sicaklik
verilerine ait eksik kayitlar1 olusturduklar1 YSA modeli ile tahmin etmeye ¢alismiglardir. 0,99 R? ve 0,61
OMH degerleri ile modelin eksik veriler i¢in kullanilabilecegini belirtmislerdir. Gengoglan ve Badem [26]
Solar radyasyon, sicaklik, riizgar hiz1 ve nem degerlerini kullanarak, YSA ile olusturduklari model ile Pan
Buharlagma tahminleri yapmislardir. Olusturduklari 36 YSA modelinin en basarili olan1 0,86 R? ve 0,97
OMH performansi gostermistir.

2. YONTEM
2.1. Materyal

Bu caligmada Hatay Meteoroloji Miidiirliigiinden temin edilen 1960-2020 yillarina ait, Aylik Maksimum
Nispi Nem (%), Aylik Maksimum Sicaklik (°C), Aylik Minimum Nispi Nem (%), Aylik Minimum Sicaklik
(°C), Aylik Ortalama Aktiiel basing (hPa), Aylik Ortalama Maksimum Sicaklik (°C), Aylik Ortalama Nispi
Nem (%), Aylik Ortalama Riizgar Hiz1 (m/s), Aylik Ortalama Sicaklik (°C) verileri bagimsiz degiskenler;
Aylik Maksimum Acik Yiizey Buharlasmasi (mm), Aylik Toplam Agcik Yiizey Buharlagsmasi (mm) ve
Aylik Toplam Buharlasma Evapotranspirasyon (mm) parametreleri ise bagimli degiskenler olarak
kullanilmustir.

Parametre olarak 60 yil gibi genis bir aralifa ait meteorolojik veriler kullanildigindan, bazi yillara ait
bagimli ya da bagimsiz degisken parametrelerine ulagilamamistir. Eksik veriler, literatiirde onerilen
yontemlere uygun olarak lineer enterpolasyon yontemi ile doldurulmustur. Bu yontem, mevcut veri
noktalar1 arasinda dogrusal bir egilim olusturarak ara degerlerin tahmin edilmesini saglamaktadir. Aykiri
degerler ise Grubbs testi kullanilarak analiz edilmistir. Elde edilen sonuglara gore 5%’ten fazla sapma
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gosteren veriler aykiri kabul edilerek model egitimine dahil edilmemistir. Modelin performansi, egitim,
dogrulama ve test verileriyle ayr1 ayri degerlendirilmistir. Kullanilan metrikler: R2, KOH ve YOH'dir. R?
(Korelasyon, Regresyon); modelin agiklayicilik yiizdesini, KOH (Karesel Ortalama Hata); Modelin
ortalama hata biiytikliigiinii, YOH (Yiizdesel Ortalama Hata); Gergek ve tahmin edilen degerler arasindaki
mutlak hata farklarini ifade eder.

2.2. Metodoloji

Calismada MATLAB 2021b versiyonu ile YSA metodu ve regresyon modelleri ile tahminler yapilmustir.
Regresyon modeli olarak; lineer, interaction, quadratic ve pure-quadratic regresyon modelleri
kullanilmistir. Buharlasmaya etkiyen parametrelerin ¢oklugu, parametrelerin dogal fenomenler olmasi
sebebi ile degerlerin dogrusal olmamasi ve aralarindaki tutarsizlik, klasik yontemler ile ¢6ziim yapmay1
oldukga zorlastirmaktadir. “Sezgisel algoritmalar, dogadaki canlilarin davranis ve hareketlerinden
esinlenerek gelistirilen zor problemlerin ¢oziimlerine uygulanabilen ve yaklasik ¢oziimler iiretebilen
algoritmalardir.” [27]. YSA’da birden fazla degiskene bagli dogrusal ¢oziimii olmayan problemlerin
¢ozliimii igin gelistirilmis bir sezgisel yaklagimdir. Ayrica model igin herhangi bir 6n kabul sart1 olmamasi
YSA’y1 daha kullanigh hale getirmektedir.

“Regresyon analizi, bagimli degiskenler ile bagimsiz degiskenler arasindaki iligkiyi ve bagimsiz
degiskenlerin bagimli degiskenleri ne 6lgiide etkiledigini belirlemede kullanilan bir yontemdir.” [28].
Caligmada kullanilan YSA modelleri Sekil 1’de goriildiigii gibi dokuz bagimli degiskenden olusan bir girdi
katmani, bir gizli katman ve ii¢ bagimli degiskenden olusan ¢ikti katmani olmak {izere {i¢ katmanl bir
yapiya sahiptir. Bu sekilde bir yapi ile olusturulmus YSA modelinden dokuz adet girdi ile {i¢ adet tahmin
alinmasi hedeflenmektedir. Modeller ¢ok katmanli- ileri beslemeli ag yapisi ile olusturulmus olup, séz
konusu ag yapilart YSA analizlerinde olduk¢a yaygin olarak kullanilmaktadir. Modellerin egitiminde
MATLAB o6grenim algoritmalart secilmektedir. Bu algoritmalar ile farkli YSA modelleri
olusturulmaktadir. En iyi sonuca ulasan 6grenim algoritmast ile bir sonraki adima gegilmektedir.

Matlab 2021b’de girdi ve ¢ikti matrisleri olusturulurken oncelikle, Hatay Amik Ovasi’na ait altmis yillik
meteorolojik veriler satirlarinda bulunan 12 siitunlu bir veri matrisi olusturulmustur. Bu 12 siitunlu veri
matrisine ait ilk 9 siitun girdi katmanina ait parametreleri (bagimsiz degisken), son 3 siitun ise ¢ikti
katmanina ait parametreleri (bagimli degisken) temsil etmektedir.

Oncelikle 3 bagimh degiskenli ¢dziim sonuglarini kiyaslamak iizere 3 farkli bagimh degisken icin 3 ayr
¢Oziim yapilmistir. 3 bagimli degisken i¢in 1 ¢dziim, 1 bagimh degiskenler i¢in 3 ¢6ziim olmak {izere
toplam 4 ¢6ziim yapilmistir. Girdi matrisleri 4 ¢6ziimde de ayn1 oldugu i¢in 4 ¢6ziim igin de 9 siitunlu bir
matris tanimlanmistir.

Input=Data(:,[]123456789]) )
Cikt1 matrisleri olusturulurken 4 ¢6ziim i¢in ayr1 ayri matrisler olusturulmustur.

Bagimli degiskenin “Aylik Maksimum Agik Yiizey Buharlagsmasi (mm)” segildigi birinci 1 bagimli
degiskenli ¢oziimde, hedef matrisi 10. Siitunu temsil ettiginden hedef matrisi 10. Siituna gore
tanimlanmustir.

Target=Data(:,10)' (2)

Bagimli degiskenin “Aylik Toplam Ac¢ik Yiizey Buharlasmasi (mm)” secildigi ikinci 1 bagimli degiskenli
¢oziimde, hedef matrisi 11. Siitunu temsil ettiginden hedef matrisi 11. Siituna gére tanimlanmustir.

Target=Data(:,11)' 3)
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Girdi Katmani Gizli Katman Cikt1 Katmani
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(*c) 4
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Aylik Ortalama Rizgar Hizi (m=sn) C» //

Aylik Ortalama Sicaklik (°C) > @

®

Sekil 1. Modelde kullanilan ileri beslemeli ag yapis1 — modelin giris katmaninda 9, ¢ikis katmaninda 3
degisken bulunmaktadir

Bagimli degiskenin “Aylik Toplam Buharlagsma Evapotranspirasyon (mm)” se¢ildigi {iglincli 1 bagimli
degiskenli ¢oziimde, hedef matrisi 12. Siitunu temsil ettiginden hedef matrisi 12. Siituna gore
tanimlanmustir.

Target=Data(:,12)' 4)

3 bagimli degiskenin ayni ¢oziimde tahmin edilmeye ¢alisildigi {i¢ bagimli degiskenli ¢6ziimde, hedef
matrisi: “Aylik Maksimum Agik Yiizey Buharlagmasi (mm)” olan 10. Siitun, “Aylik Toplam Ac¢ik Yiizey
Buharlagmas: (mm)” 11. Siitun ve “Aylik Toplam Buharlasma Evapotranspirasyon (mm)” olan 12.
Siitunlar1 temsil ettiginden hedef matrisi 3 stitunlu olarak tanimlanmustir.

Target=Data(:,[10 11 12])' )
YSA modelleri bu girdi ve ¢ikti matrislerine goére olusturularak tahminler yapilmustir.

Ug bagimli degiskenli tahmin icin olusturulan YSA modeli igin en iyi modele ait, agirlik katsayilar1 ve bias
agirhik katsayilari kullanilarak YSA’nin matematiksel modeli ¢ok kolay bir sekilde elde edilebilir. Gizli
katman ve ¢ikti katmandaki ilgili agirlik katsayilari kullanilarak en iyi modele ait Cizelge 1’deki
matematiksel fonksiyon elde edilmistir. ilgili fonksiyon kullanilarak YSA tahminlerine matematiksel
islemle de ulasilabilmektedir.

Burada formiil uygulanirken, tahmin edilmeye ¢alisilan ii¢ adet buharlagma parametresi; bagimsiz degisken
olarak kullanilan dokuz adet meteorolojik verinin fonksiyonu olarak formulize edilmistir.

Bu formiilde D fonksiyonu, ii¢ adet buharlagma parametresini; A, B, C, D, E, F, G, H ve I terimleri
meteorolojik parametreleri; T ise tansig teget sigmoid transfer fonksiyonunu temsil etmektedir. Tansig teget
sigmoid transfer fonksiyonu agik olarak:

2

tansig(n) = o=

Q)
seklindedir

Cizelge 1’de A: Aylik Maksimum Nispi Nem (%), B: Aylik Maksimum Sicaklik (°C), C: Aylik Minimum
Nispi Nem (%), D: Aylik Minimum Sicaklik (°C), E: Aylik Ortalama Aktiiel basing (hPa), F: Aylik
Ortalama Maksimum Sicaklik (°C), G: Aylik Ortalama Nispi Nem (%), H: Aylik Ortalama Riizgar Hiz1
(m/s) ve I: Aylik Ortalama Sicaklik (°C) ifadeleridir.
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Cizelge 2. YSA modeli BIAS agirlik katsayilari

- T -
0.165069 -0.004665 -0.179673 -0.700355 -0.103082 -0.005902 -0.234148 0.655273 0.327931 — 1180611  0.91566 -1.126673 r -0.881567 T
0.29939 0.068556 -0.130295 0.00565 0.117641 -0.565301 0.040102 0.574555 0.919314 1.607484 2528918 -0.843854 1156645
-0.159093 -0.650963 -0.338333 0.065341 0931485 0.497327 0.3541 0060334 0.055735 0.751916 -0.318463 -1.293287 0119215
0.230967 0.475952 -0.604802 0.11925 -0.697847  -0.6834 0.544034 -0933711 -0.935597 0.50837 0.021383 -2.447689 -1.450548
0.04048 -0.314087 0.681828 -0.517095 -0.225495 -0.298218 -0.575087 -0.827869 0.426346 -1.542052 -1.109258 0.622587 0.048223
026974 0661348 -0.083355 0310567 2.284322 0.522729 0173226 1.001684 0397314 A 1.788598 0.296465 3.120856 -0.154756
014807 -0.091492 0.053805 0.509987  0.44435 -0.034013 0.059677 -0.270272 0.063329 B -1.806863 1.934258 -0.971923 0.884809
0.096179 -0.247979 -0.216563 0.244997 -0.273525 0.233736 0985429 0114678 -0.118441 c 122059 -1.081377 1.64081 0.395249
-0.282442 0.094981 0.374063 -0.414461 -1.107194 0.293564 -0.22241 0.446202 -0.296182 D -0.765273  1.09402 1.035304 0.160612
D =tfansig _ ) tansig _| 0146156 0103178 0.47722 -0.16579 -0.030043 -0.915866 0.152687 -0138713 0.285103 x E + -1.426761 -2668318 -1.579989 __x 0.005512 +[ 754699301]_
-0.082818 0.008184 0.330262 -0.099114 0.338185 0.019716 0.108272 -0.030668 0.025476 F -1.199518 2136719 -1.710628 -0.920003 0113997
-0.097534 -0.388668 -0.307639 -0.616523 0.121298 -0.864141 -0.586694 -0.692128 -0.59962 G 047655 0337659 0.457162 -0.197261 5858328
-0.0802 0.100329 0132532 -0.254785 -0.484464 0314033 -0.140251 1.03254 0.372867 H 2067758 -0.46726 0.494911 0.338933
0332204 071511 -0.22151 -0.536367 -0.350427 024012 0.097473 0.174471 -0.214797 1 027037 -0.855547 0.890003 0.548848
-0.148572 0.063734 -0.118187  0.41346 -0.000962 0292121 0060138 0105048  -0.3345 -0.918699 -1.383366 0.241172 0.888382
-0.220036 0562265 0.608445 0380496 -0.687119 -0.607045 -0.61138 -0.44112 -0.189248 -1.870636 1648929 0.837959 -1.096365
-0.788705 0.250228 -0.01339 0.321901 0.867984 -0.295495 0.753171 -0.494541 -0.809151 -0.607281 -1.529186 -1.558598 -1.058773
-0.35094 -0.142816 0.624016 0.028209 -0.238591 -0.11558 -0.053574 -0.061183 0.167869 1.133587 0.609037 -0.850847 1.217135
-0.717656 0.066205 -0.443867 0.296586 121629 0.72482 -0.671177 0.630299 0.274389 1.531651 -1.293907 -0.805208 -0.435092
ke 0.034306 0.56986 -0.089758 -0.237768 -1.424619 -0.231476 -0.753791 -0.904747 -0.477741 _) L_ 173011 0514133 2.083047 _J L. -0197755 _J

Regresyon modeli olarak; lineer, interaction, quadratic ve piire-quadratic regresyon modelleri
kullanilmustir.

Lineer Coklu Regresyon esitligi:
Yi :(ﬁo +ﬁ1X1 +ﬁ2X2 +-~-+ﬁan)+£i (7)

Xi (1 =1, ..., n) bagimsiz degigken, ‘Yi’ bagimli degisken, ‘f’ regresyon katsayilar1 ve ‘¢’ ise hata
ifadeleridir.

Interaction Coklu Regresyon (I-CR) esitligi:

Y/_C/I;:(ﬁ; tfirn + fore t Srwt fuxr + L5 ormr T s o T Lrnrn + S v k2
v St ¥ Lorsrx) & ®)

'x' bagimsiz degisken, 'B' regresyon katsayilari, ve ‘e’ ise hata ifadeleridir.
Quadratic Coklu Regresyon (Q-CR) esitligi:

}/Q_CA;=(/&;+ Lrxx + frxx + frrwt firw t frurn + foruxwn + Frusnt Srornt

Box 2o ks + S 26 xFa+ fu 2+ S 2 2+ B 2 250+ ) + g )
'x' bagimsiz degisken, 'S’ regresyon katsayilari ve ‘e’ ise hata ifadeleridir.

Pure-Quadratic Coklu Regresyon (PQ-CR) esitligi:

Ypg-Cr= (Bt Bixti+ foxio + fx o+ fux it o v 2 + fls v 207 + fr w2 + v 0) +ey (10)
denklemleri ile ifade edilmektedir.

3. ARASTIRMA BULGULARI

Caligmada YSA modelleri olusturulurken mevcut altmig yillik meteorolojik veriler yardimryla ii¢ farkli
buharlasma parametresi tahmini yapilmaya c¢alisilmaktadir. Modellerin egitim, 6grenme ve test oranlari
(%80-%10-%10) olarak secilmistir. %80-%10-%10 oranlar literatiirde yaygin olarak kullanilan oranlar
olup, modelin asir1 6grenmesini engellemek ve genel performansimi degerlendirmek amaciyla egitim ve test
ayr1 secilmistir. Bu oranlarin degistirilmesi durumunda, test verisinin kii¢iik tutulmast modelin genelleme
kabiliyetini azaltabilirken, egitim verisinin fazla olmas1 asir1 6grenmeye neden olabilmektedir. Modellerin
gizli katmanlarinda farkli ndron sayilar1 bulunmaktadir. Ayrica modeller farkli 6grenim algoritmalari ile
egitilmektedir ve farkli transfer fonksiyonlarina sahiptirler.

3.1. Aylik Maksimum Acik Yiizey Buharlagsmasi (mm) Tahmini

Aylik Maksimum Agik Yiizey Buharlagmasi (mm) (A.M.A.Y.B.) tahmini i¢in olusturulan 1 bagiml
degiskenli yapay sinir ag1 ile yapilan tahminler sonucu meteorolojiden alinan gercek A.M.A.Y.B.
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degerlerine %15,57’lik bir ortalama hata orani ile yaklasim saglanmistir. Gergek verilere oranla tahminler
kiyaslandiginda bazi aylarda %0,015°lik bir yaklagimla neredeyse gercek degerler tahmin edilmistir.
Tahminler ve gercek degerler arasindaki iliskiyi gosteren regresyon degerleri Sekil 2’de goriilecegi tizere
egitim i¢in R:0,943, 6grenme igin R:0,881, test i¢in 0,723 ve toplam R:0,911°tir. A.M.A.Y.B. tahmini i¢in
olusturulan YSA modelinin yaptig1 tahminlerin gergek A.M.A.Y.B. degerleri ile Sekil 3’te
kargilagtirilmistir. A.M.A.Y.B. tahmini i¢in 4 farkli regresyon metodu ile yapilan ¢6ziimde ise Cizelge 2°de
goriilecegi iizere Lineer Regresyon Modeli: R:0,714, karesel ortalama hata %2,605, yiizdesel ortalama hata
%18,682 ve minimum hata %0,056; Interaction Regresyon Modeli: R:0,777, karesel ortalama hata %2,237,
yiizdesel ortalama hata %16,010 ve minimum hata %0,033; Quadratic Regresyon Modeli: R:0,797, karesel
ortalama hata %2,101, ylizdesel ortalama hata %15,540 ve minimum hata %0,045; Pure- Quadratic Model
ise: R:0,739, karesel ortalama hata %2,436, ylizdesel ortalama hata %17,423 ve minimum hata %0,038
degerleri ile gergek A.M.A.Y.B. degerlerine yaklasim saglamigtir. A.M.A.Y.B. tahmini i¢in regresyon
metotlar1 ile yapilan ¢oziimlerde Cizelge 3°deki degerlerde de goriilecegi lizere en yaklasik sonucu
Quadratic Regresyon Modeli vermistir. Gercek A.M.A.Y.B. degerleri ile Quadratic Regresyona ait tahmin
degerlerinin karsilastirilmast Sekil 4’te verilmistir. Minimum hatalar nispetinde degerlendirildiginde ise
Quadratic Regresyon Modeli diger regresyon modellerine gore daha diisiik performans géstermistir.
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Sekil 2. YSA regresyon grafigi

Cizelge 2. Aylik maksimum agik yiizey buharlagmasi (mm) regresyon tahmini performans degerleri

Model Korelasyon (R) Karesel ortalama hata Yiizdesel ortalama hata
Lineer 0,714 2,605 18,682
Interaction 0,777 2,237 16,010
Quadratic 0,797 2,101 15,540
Pure-Quadratic 0,739 2,436 17,423
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Sekil 3. Aylik maksimum agik yiizey buharlasmasi  Sekil 4. Aylik maksimum agik yiizey buharlagmasi
(mm) YSA tahmini grafigi (mm) regresyon tahmini grafigi
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3.2. Aylik Toplam Agik Yiizey Buharlasmasi (mm) Tahmini

Aylik Toplam Agik Yiizey Buharlasmasi (mm) (A.T.A.Y.B.) tahmini i¢in olusturulan 1 bagimli degiskenli
yapay sinir agi ile yapilan tahminler sonucu meteorolojiden alinan gercek A.T.A.Y.B.
degerlerine %14,03’liik bir ortalama hata orani ile yaklagim saglanmistir. Gergek verilere oranla tahminler
kiyaslandiginda bazi aylarda 9%0,032°1ik bir yaklasimla gercek degerlere oldukga yaklasik tahminler elde
edilmigstir. Tahminler ve gercek degerler arasindaki iligkiyi gosteren regresyon degerleri Sekil 5°te
goriilecegi iizere egitim icin R:0,970, d6grenme igin R:0,939, test i¢cin 0,963 ve toplam R:0,967’tir.
A.T.AY.B. tahmini i¢in olusturulan YSA modelinin yaptig1 tahminlerin ger¢cek A.T.A.Y.B. degerleri ile
Sekil 6’da karsilagtirilmistir. A.T.A.Y.B. tahmini i¢in 4 farkli regresyon metodu ile yapilan ¢oziimde ise
Cizelge 3’te goriilecegi iizere Lineer Regresyon Modeli: R:0,908, karesel ortalama hata %461,840,
yiizdesel ortalama hata %18,288 ve minimum hata %0,063; Interaction Regresyon Modeli: R:0,933, karesel
ortalama hata %371,948, yiizdesel ortalama hata %14,676 ve minimum hata %0,012; Quadratic Regresyon
Modeli: R:0,938, karesel ortalama hata %355,135, yiizdesel ortalama hata %14,511 ve minimum
hata %0,065; Pure- Quadratic Model ise: R:0,921, karesel ortalama hata %405,556, yiizdesel ortalama
hata %16,586 ve minimum hata %0,024 degerleri ile gergek A.T.A.Y.B. degerlerine yaklagim saglamustir.
A.T.A.Y.B. tahmini i¢in regresyon metotlari ile yapilan ¢6ziimlerde Cizelge 3’teki degerlerde de goriilecegi
lizere en yaklagik sonucu Quadratic Regresyon Modeli vermistir. Ger¢ek A.T.A.Y.B. degerleri ile
Quadratic Regresyona ait tahmin degerlerinin karsilastirilmasi Sekil 7°de verilmistir. Minimum hatalar
nispetinde degerlendirildiginde ise Quadratic Regresyon Modeli diger regresyon modellerine gére daha
diisiik performans gostermistir.

Cizelge 3. Aylik toplam acik yiizey buharlagmasi (mm) regresyon tahmini performans degerleri

Model Korelasyon (R) Karesel ortalama hata Yiizdesel ortalama hata
Lineer 0,908 461,840 18,288
Interaction 0,933 371,948 14,676
Quadratic 0,938 355,135 14,511
Pure-Quadratic 0,921 405,556 16,586
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Sekil 5. YSA regresyon grafigi
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Sekil 6. Aylik toplam agik yiizey buharlagsmasi  Sekil 7. Aylik toplam agik yilizey buharlagmasi
(mm) YSA tahmini grafigi (mm) regresyon tahmini grafigi
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3.3. Aylik Toplam Buharlasma Evapotranspirasyon (mm) Tahmini

Aylik Toplam Buharlasma Evapotranspirasyon (mm) (A.T.B.E.) tahmini i¢in olusturulan 1 bagimlh
degiskenli yapay sinir agi ile yapilan tahminler sonucu meteorolojiden alinan ger¢ek A.T.B.E.
degerlerine %9,08’liik bir ortalama hata orani ile yaklasim saglanmistir. Gergek verilere oranla tahminler
kiyaslandiginda bazi aylarda %0,033°liik bir yaklasimla ger¢ek degerlere oldukca yaklasik tahminler elde
edilmigtir. Tahminler ve ger¢cek degerler arasindaki iliskiyi goésteren regresyon degerleri Sekil 8’de
goriilecegi lizere egitim i¢in R:0,990, 6grenme igin R:0,947, test i¢in 0,910 ve toplam R:0,969’dir. A.T.B.E.
tahmini i¢in olusturulan YSA modelinin yaptigi tahminlerin ger¢cek A.T.B.E. degerleri ile Sekil 9’da
karsilagtirilmistir. A.T.B.E. tahmini i¢in 4 farkli regresyon metodu ile yapilan ¢oziimde ise Cizelge 4’te
goriilecegi lizere Lineer Regresyon Modeli: R:0,589, karesel ortalama hata %3441,205, yiizdesel ortalama
hata %23,868 ve minimum hata %0,044; Interaction Regresyon Modeli: R:0,792, karesel ortalama
hata %1925,463, yiizdesel ortalama hata %21,637 ve minimum hata %0,102; Quadratic Regresyon Modeli:
R:0,834, karesel ortalama hata %1579,064, yiizdesel ortalama hata %20,963 ve minimum hata %0,085;
Pure- Quadratic Model ise: R:0,771, karesel ortalama hata %1965,437, yilizdesel ortalama hata %21,072 ve
minimum hata %0,086 degerleri ile gergek A.T.B.E. degerlerine yaklagim saglamistir.

Cizelge 4. Aylik toplam buharlagsma evapotranspirasyon (mm) regresyon tahmini performans bilgileri

Model Korelasyon (R) Karesel ortalama hata Yiizdesel ortalama hata
Lineer 0,589 3441,205 23,868
interaction 0,792 1925,463 21,637
Quadratic 0,834 1579,064 20,963
Pure-Quadratic 0,771 1965,437 21,072

A.T.B.E. tahmini i¢in regresyon metotlari ile yapilan ¢éziimlerde Cizelge 4’teki degerlerde de goriilecegi
iizere en yaklasik sonucu Quadratic Regresyon Modeli vermistir. Gercek A.T.B.E. degerleri ile Quadratic
Regresyona ait tahmin degerlerinin karsilagtirilmasi Sekil 10°da verilmistir. Minimum hatalar nispetinde
degerlendirildiginde ise Quadratic Regresyon Modeli lineer regresyon modeline gore daha diisiik;
interaction ve pure quadratic regresyon modellerine gore ise daha iyi performans gostermistir.
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Sekil 8. YSA regresyon grafigi
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3.4. U¢ Bagimh Degiskenli Tahmin

AM.AY.B., A T.A.Y.B. ve A.T.B.E’nin birlikte tahmini i¢in yapilan 3 bagiml degiskenli ¢oziimde Sekil
1’de goriildiigii gibi bir ag yapist olusturulmustur. Olusturulan ag ile yapilan tahminler sonucu
meteorolojiden alinan gergek A.M.A.Y.B., A.T.A.Y.B. ve A.T.B.E degerlerine %22,94’liik bir ortalama
hata orani ile yaklasim saglanmigtir. Gergek verilere oranla tahminler kiyaslandiginda bazi aylarda
%0,016°lik bir yaklasimla neredeyse gercek degerler tahmin edilmistir. Tahminler ve gergek degerler
arasindaki iligkiyi gosteren regresyon degerleri Sekil 11°de goriilecegi lizere egitim i¢in R:0,987, 6grenme

icin R:0,986, test i¢in 0,978 ve toplam R:0,987"dir.

Training: R=0.98784

Validation: R=0.98669

g2 2 3
g2 8 8

8

QOutput ~=0.96*Target + 3.3
B2
8

2N @ &
8
3

2
3

Qutput ~= 1*Target + -2.1
@
2

© Dala
—Fit

=T

200 400
Target

600

Test: R=0.97863

100 200 300 400 500 600
Target

All: R=0.98701

Qutput ~=1*Target + 1.7
8 8 & 83 2
SN S

2
3

Qutput ~= 0.97*Target + 2.8

100 200 300 400 500 600

Target

200 400 600
Target

Sekil 11. YSA regresyon grafigi

AMAY.B, AT.AY.B. ve AT.AB’nin birlikte tahmini i¢in olusturulan YSA modelinin yaptig1
tahminlerin gergek A.M.A.Y.B. degerleri ile karsilastiriimas: Sekil 12°de, ger¢ek A.T.A.Y.B. degerleri ile
kargilagtirilmasi Sekil 13°de, gercek A.T.B.E Sekil 14’te verilmistir.
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Sekil 12. Aylik maksimum agik yiizey buharlagmasi
(mm) ti¢ bagimli degiskenle tahmini grafigi

Sekil 13. Aylik toplam agik yiizey buharlagmasi
(mm) ti¢ bagimli degiskenle tahmini grafigi
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4. SONUCLAR

Cizelge 5°teki YSA tahmin sonuglari incelendiginde: Ortalama Hata (%) iizerinden degerlendirme
yapildiginda, A.T.B.E. tahmini i¢in olusturulan modelin %9,08 hata orani ile en yaklasik sonucu verdigi
goriilmektedir. A.M.A.Y.B. tahmini i¢in olusturulan model %15,57 ve A.T.A.Y.B. tahmini i¢in olusturulan
model %14,03’liik hata oranlari ile literatiirdeki ¢aligmalara kiyaslandiginda gergek degerlere ortalama bir
yaklasim saglamistir. Ortalama Hata (%) oraninda Ug¢ Bagimli Degiskenli Tahmini icin olusturulan model
%22,94 hata oran1 gostererek; bir bagimli degigsken ile yapilan tahminlere oranla diisiik performans
gostermistir. Ancak literatiirdeki calismalara bakildiginda %22,94°liik bir hata orani kabul edilebilir
diizeydedir. Ote yandan sonuglar Minimum Hata Orani (%) {izerinden incelendiginde; A.M.A.Y .B. tahmini
i¢in olusturulan model bazi aylarda %0,015°lik bir minimum hata orani ile gergek degerlere oldukca yakin
sonuglar vermistir. U¢ Bagimli Degiskenli Tahmini i¢in olusturulan model de %0,016’lik minimum hata
orani ile oldukga iyi performans gostermistir. A.T.B.E. tahmini i¢in olusturulan model %0,033°liik,
A.T.A.Y.B. tahmini i¢in olusturulan model ise 0,032’lik minimum hata oranlar1 ile ger¢ek degerlere
yaklasim saglamislardir. Hata oranlarinin en yiiksek oldugu aylar Temmuz ve Agustos olup, bu dénemde
yiiksek sicaklik degisimleri ve ani buharlagsma artiglart nedeniyle modelin performans: diigmiistiir.

Cizelge 5. YSA hata oranlar1 ve YSA regresyon degerlerinin karsilastirilmasi

Ortalama Minimum Regresyon Regresyon Regresyon Regresyon
hata (%) hata (%) egitim (R) ogrenme (R) test (R) toplam (R)

Ayhk maksimum agik yiizey

5 buharlasmasi1 (mm) 15,570 0,0150 0,943 0,881 0,723 0,911

= Aylik toplam agik yiizey

‘g buharlasmasi (mm) 14,030 0,0320 0,970 0,939 0,963 0,967

'S Aylik toplam buharlasma

= evapotranspirasyon (mm) 9,080 0,0330 0,990 0,947 0,910 0,969
Ug bagimh degiskenli tahmin 22,940 0,0160 0,987 0,986 0,978 0,987

YSA ile yapilan tahmin sonuglari regresyon degerleri agisindan incelendiginde; Cizelge 5’teki regresyon
degerleri ve Sekil 15°teki regresyon grafiginde goriilecegi lizere egitim igin en iyi regresyon degeri 0,990
ile A.T.B.E. tahmini igin olusturulan modele, 6grenme igin en iyi regresyon degeri 0,986 ile Ug Bagimli
Degiskenli Tahmin icin olusturulan modele, test igin en iyi regresyon degeri 0,978 ile Ug Bagimli
Degiskenli Tahmin igin olusturulan modele aittir. Toplam regresyon degeri olarak bakildiginda R:0,987 ile
Ug Bagimli Degiskenli Tahmin icin olusturulan model en iyi regresyon sonucunu vermistir. Buharlasma
sonuglarina ait her bir parametre i¢in ayr1 ayr1 dort farkli regresyon modeli ile ¢ozim yapilmistir.
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Sekil 15. YSA regresyon grafigi

AM.AY.B., AT.A.YB. ve AT.B.E. olmak iizere ii¢ parametre i¢in de regresyon modelleri i¢inde en
yaklasik sonucglar1 Quadratic Regresyon modeli vermistir. Quadratic Regresyona ait tahmin sonuclari
Cizelge 6°da verilmistir. Cizelge 6’daki Quadratic Regresyona ait sonuglar kendi igerisinde
degerlendirildiginde: regresyon degerleri acisindan incelendiginde en iyi sonucu 0,938 regresyon degeri ile
A.T.A.Y.B. i¢in yapilan tahmin, Karesel Ortalama Hata (%) degerleri agisindan incelendiginde en iyi
sonucu %210,100 hata oran1 ile A.M.A.Y.B. i¢in yapilan tahmin, Yiizdesel Ortalama Hata (%) degerleri
acisindan incelendiginde en iyi sonucu %14,511 hata oran1 ile A.T.A.Y.B. i¢in yapilan tahmin ve Minimum
Hata (%) degerleri agisindan incelendiginde en iyi sonucu %0,045 ile A.M.A.Y.B. i¢in yapilan tahmin
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vermistir. Quadratic Regresyona ait sonuglar, U¢ Bagiml Degiskenli Tahmin I¢in Olusturulan YSA Modeli
sonuglart ile kiyaslandiginda ise Yiizdesel Ortalama Hata (%) nispetinde li¢ bagimli degiskenli YSA
tahminine ait sonuglar Quadratic Regresyon ait sonuglara gore daha diisiik performans gdstermistir.
Regresyon degerleri ve Minimum Hata (%) agisindan yapilan degerlendirmede ise Ug¢ Bagimli Degiskenli
Tahmin I¢in Olusturulan YSA Modeli, Quadratic Regresyonla yapilan tahminlere oranla ¢ok daha iyi sonug
vermistir.

A.M.A.Y.B. i¢in farkli metodlarla yapilan tahminler Sekil 16°da, A.T.A.Y.B. i¢in farkli metodlarla yapilan
tahminler Sekil 17°da ve A.T.B.E. i¢in farkli metodlarla yapilan tahminler Sekil 18’de birlikte
karsilastirlmistir. Ug bagimli degiskenli tahmin olusturulan YSA modeli ortalama yiizdesel hatalar (%)
bazinda ayr1 ayri yapilan YSA c¢oziimleri ve regresyon c¢oOziimlerine oranla daha diisikk performans
gostermistir ancak ii¢ bagimli degigkenli tahmin i¢in olusturulan model, ortalama hatalar (%) bazinda ele
alindiginda, bir bagimli degiskenler icin yapilan ¢oziimlere ve regresyon coziimlerine oranla diisiik
performans gostermistir ancak ortalama hata oranlar literatiirdeki calismalarla kiyaslandiginda kabul
edilebilecek seviyelerdedir.

Cizelge 6. Quadratic regresyona ait sonuglar

Quadratic regresyon modeline ait sonuglar Karesel ortalama  Yiizdesel ortalama Minimum

Regresyon hata (%) hata (%) hata (%)
5 Aylik maksimum acik yiizey buharlasmasi (mm) 0,797 210,100 15,540 0,045
E Aylik toplam ag¢ik yiizey buharlasmasi (mm) 0,938 355,135 14,511 0,065
=
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Sekil 16. Aylik maksimum agik yiizey buharlasmasi ~ Sekil 17. Aylik toplam agik yiizey buharlagmasi
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Sekil 18. Aylik toplam buharlagma evapotransprasyon (mm) tahminleri toplu karsilastirma grafigi

Regresyon degerleri agisindan kiyaslandiginda egitim icin R:0,987, 6grenme i¢in R:0,986, test icin 0,978
ve toplam R:0,987 degerleri ile bir bagimli degigkenli ¢dziimlere ve regresyon ¢oziimlerine oranla oldukca
iyi seviyede performans gostermistir. Ug¢ bagimh degiskenli tahmin icin olusturulan model minimum
hatalar (%) nispetinde degerlendirildiginde de bir bagimli degiskenli ¢ozlimlere ve regresyon ¢oziimlerine
oranla daha iyi performans gostermistir. Olusturulan tiim modeller ele alindiginda, en iyi modele ait
performans degerleri egitim i¢in R:0,987, 6grenme igin R:0,986, test i¢in 0,978 ve toplam R:0,987 olan; ii¢
bagimli degiskenli tahmin i¢in olusturulan modele aittir. Ayrica {i¢ bagimli degiskenli tahmin igin
olusturulan modele ait regresyon degerleri kendi arasinda da tutarlidir.
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Uc bagimh degiskenli tahmin icin olusturulan modelin nasil bir amag¢ icin kullamilabileceginden,
avantajlarindan ve dezavantajlarindan bahsetmek gerekirse, bu model, tarimsal sulama yo6netimi, su
kaynaklar1 planlamasi ve tagkin kontrol sistemlerinde karar destek araci olarak kullanilabilir. Ayrica:

e Ayni parametreye ait degisik sonuclari, YSA agirlik ve bias katsayilar1 degismeden ayni transfer
fonksiyonlar1 ve ayn1 model yapisi ile tek ¢oziimde kendi iginde de kiyaslama imkani vermektedir.
Ornegin yine buharlasma ele alindiginda, birinci bagimli degisken olarak gercek degerler, ikinci
bagimli degisken olarak ampirik yontemlere ait sonuglar, tglincii bagimli degigsken olarak ise
gelecege yonelik tahmin sonuglart girildiginde ii¢ sonuca da aymi islemlerle yaklasim
saglanacagindan; degerleri kendi arasinda kiyaslamak ya da sonuglart degerlendirmek daha kolay
olacaktir.

e (Cozlm siiresi kisalmakta ve veri sonu¢ yogunlugu azalmaktadir.

e YSA regresyon degerleri ve minimum hata (%) degerleri olarak ¢ok iyi sonuglar alinmasina ragmen
ortalama yiizdesel hata (%) degerlerindeki nispi performans diisiikliigi dezavantaj olarak
nitelendirilebilir.

Ote yandan Bu model, yar1 kurak ve kurak bolgelerde benzer iklim kosullarinda uygulanabilir. Ancak,
bolgesel faktorler goz dniine alinarak tekrar egitilmesi dnerilmektedir.
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Kiiresel 1sinma ile baglantili olarak diinya capinda bir¢ok felaket
meydana gelmektedir. Sera gazlarinin emisyon seviyelerini
azaltmanin  yollarmi1  bulmak icin  birgok  ¢alisma
yiiriitilmektedir. Fosil yakit tiiketiminin azaltilmasi emisyonlar1
azaltmak igin kullanilan en yaygin yontemdir. Bu caligmada
belirli cam filmi 6zelliklerine sahip bir model binada saglanacak
1s1 kazancinin kestirimi gergeklestirilmistir. Sonuglar, saydam ve
renkli cam lizerine kaplanmig {i¢ film tipi i¢in karsilastirmali
olarak verilmistir. Is1 kazanci kestirimi, sehir, cam, bina ve nem
ozellikleri dikkate almarak yaz giinleri i¢in uyarlamali olarak
yaptlmistir. Filmsiz saydam cam igin elde edilen son oda
sicaklig1 referans olarak almmis ve diger yedi tipte cam igin
kestirim bu referansa gére yapilmistir. Ornek binanm konumu,
sicakligi ve cephesi gibi ozellikler dikkate alinarak elektrik
tilketimi, karbon emisyonu ve fiyat agisindan maliyet analizi
yapilmistir.
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Many disasters occur around the world in connection with global
warming. Many studies are conducted to find ways of decreasing
levels of emissions of greenhouse gases. Reducing consumption
of fossil fuels is the most common method used to decrease
emissions. This study focusses on estimation of heat gain in a
model room with given characteristics of window filming. The
results are given comparatively for eight types of windows
including clear and tinted windows and additionally three types
of filming coated on both types. Heat gain is estimated for
summer days adaptively by using the models taking into account
the location of the city, the position of windows, the building
volume and moisture. The heat gain and final room temperature
for clear window is taken as a reference and other seven
calculations are observed in terms of differences between heat
gains in order to evaluate and compare their effectiveness. Cost
analysis is performed in terms of electric consumption, carbon
emission and price for characteristics including location,
temperature and facade of the sample room.
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1. GIRIS

Sanayi devrimi sonucunda on dokuzuncu yiizyilda baglayan ekonomik biiyiime yirminci yiizyilda da devam
etmis ve buna onemli bir niifus artis1 eslik etmistir. Hizli niifus artis;, yogun kentlesme ve yasam
kalitesindeki iyilesme enerji tiiketimini 6nemli 6l¢iide artirmistir. Enerji kullanimindaki bu artig, ¢cevresel
sorunlara ve buna bagli maliyetlere yol agmistir. Yiiksek enerji tiiketiminin ¢evre lizerindeki olumsuz
etkileri, kiiresel ekonomiyi ve yasam kalitesini gozle goriiliir bir sekilde etkilemeye baslayana kadar biiyiik
6lgiide goz ardi edilmistir. Bununla birlikte, sera etkisine katkida bulunan atik gazlar, fosil yakitlarin artan
kullanimiyla daha da siddetlenmis, sehirlerde hava, su ve toprak kirliligine ve kiiresel iklim degisikliklerine
yol agmustir [1].

Pencereler, yeterli i¢ aydinlatma ve i¢ ve dis mekanlar arasinda gorsel bir baglanti saglamak igin
tasarlanmigtir. Saydam malzemelerden yapilan pencereler, 1s1 kaybina karsi en hassas bilesenlerdir. Cogu
kis giiniiniin bulutlu oldugu goz 6niine alindiginda, binalar genellikle kis aylarinda net 1s1 kayb1 yasarlar.
Yaz aylarindaysa tam tersine 1s1 kazanci gerceklesir [2]. Binalar enerji tasarrufu ve sera gazi emisyonlarinin
azaltilmasinda ¢ok Onemli bir rol oynamaktadir ve pencereler 1s1 kayiplarinin yaklasik %60'm
olusturmaktadir. Sonug olarak, pencereler binalardaki enerji tiikketimini azaltmay1 amaglayan aragtirmalarda
kritik bir odak noktasidir [3]. Pencereler, estetik goriiniim, iklimlendirme, pasif giines enerjisi kazanimi,
aydinlatma ve acil durumlarda ¢ikis hizmeti gibi 6zellikleri nedeniyle bir binanin 6nemli bilesenleridir. Bu
nedenle, pencereler zaman iginde bina cephelerinde daha biiyiik alan kaplayacak sekilde kullanilmaya
baslanmistir [4]. Pencereler, diger yapi malzemelerine kiyasla yiiksek U degerleri nedeniyle binalardaki 1s1
kaybinin 6nemli bir kismini olusturmakta ve daha yiiksek maliyet ve daha fazla sera gazi emisyonuna yol
acmaktadir. Bu nedenle, pencereler binalardaki 1s1 kaybindan kaynaklanan sera gazi emisyonunun
azaltilmasinda da etkili bir ¢d6ziim olarak kabul edilmektedir. Enerji maliyetleri, pencerelerin 1s1 yalitim
performansinin iyilestirilmesiyle yiiksek enerji tasarrufu saglayacak sekilde azaltilabilir. Bina standartlar1
2000' yillardan itibaren bu kapsamda revize edilmistir. Bu standartlar, uygun ingaat malzemelerinin
kullanimiyla enerji verimliligini artirarak binalarin 1sitilmast veya sogutulmasi igin maksimum enerji
ihtiyacinin azaltilmasina yardimci olmustur. Geleneksel pencereler kullanarak {istiin termal standartlara
uymak miimkiin degildir. Mevcut pencere teknolojisi, yiiksek enerji tiiketimine yol agtig1 i¢in karbon
emisyonunun azaltilmasina izin vermemektedir [5].

Bir binanin tiim bilesenleri, pencereler de dahil olmak iizere entegre bir sistemin pargasi olarak iglev goriir.
Enerji tasarruflu pencereler, kis veya yaz aylarinda optimum performans igin 6zel optik ve termofiziksel
ozelliklerle tasarlanip sonucta enerji tiikketiminin azaltilmasina katkida bulunurlar [6]. Bir binanin termal
verimliligi, pencerelerin boyutuna ve &zelliklerine baglidir [7]. Bir binanin 1s1 kaybinin yaklasik %601
pencerelerden gerceklesirken, sogutma yiikiiniin %401 giines 1smimindan ve pencerelerden 1s1
kazanimindan kaynaklanmaktadir [8]. Cam filmleri, pencerelerden 1s1 kazanimint en aza indirmek igin
uygun maliyetli ve etkili bir ¢6ziimdiir. Bu ince filmler, gilines 1sisin1 yansitmak iizere tasarlanmis termal
Ozelliklere sahip metalik-polyester katmanlardan olusur. Bunun yaninda, UV ismlarinin bina igine
girmesini engelleyebilir ve bina i¢indeki dekorun giines radyasyonunun zararl etkilerinden korunmasini
saglayabilir [9]. Filmin metalik bileseni giines 1s1s1n1 yansitirken, polyester bileseni giines 1s18inin metalik
katmandan gegmesine izin verir. Pencerelerin dis yilizeyine uygulanan filmler, dis ortam kosullarina
dayanabilecek malzemelere duyulan ihtiya¢ nedeniyle daha pahalidir [10].

2. LITERATUR TARAMASI

Cam filmlerinin uygulanmasi hem nemli hem de kuru bolgelerde performans bakimindan incelenmistir. Bir
calismada saydam camlarin enerji tasarrufu agisindan renkli camlardan daha iyi performans gosterdigi
ortaya koyulmustur [11]. Bir baska ¢alismada ise dis ve i¢ cam filmlerinin sirasiyla %44 ve %22 oraninda
enerji tasarrufu saglayabilecegi belirlenmistir [12]. Literatiirde cam filmlerinin yaz aylarinda enerji
tasarrufu icin etkili olmalarina ragmen gorece daha sicak iklimlerde kis aylarinda enerji kullanimimin
artmasina neden olabilecegi belirtilmektedir [13]. Yapilan ¢calismalarda akilli pencere teknolojilerinin etkili
ancak genellikle maliyetli oldugu gosterilmistir [14]. Cin'de bes farkli iklim kosulu analiz edilmis ve opak
esnek pencere panjurlariin enerji tasarrufu i¢in en etkili ¢dziim oldugu belirtilmistir [15]. Pencere boyutu,
en-boy oran1 ve konumunun 1s1 kaybi lizerindeki etkisi de incelenmis ve soguk iklimlerde pencere egiminin
ve boyutunun etkileri aragtirilmistir [16]. Bir ¢caligmada cam filmleriyle birlikte ¢ift camli pencerelerin
enerji kullanimini artirdig bildirilirken [17], simiilasyonlarin kullanildigi bir bagka ¢caligmada sicak ve diger
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iklimlerde sogutma yiikiinde %17 ila %47 oraninda bir azalma oldugunu gésterilmistir [18]. Insan
aligkanliklar1 binalarin 1s1 kaybimi 6nemli 6lgiide etkilemektedir ve bu durum otomatik iklimlendirme
sistemlerinin insan davraniglarinin enerji tasarrufu tzerindeki olumsuz etkisini azaltabilecegini
disiindiirmektedir [7]. Binalarda enerji tiiketimini azaltmak i¢in, yeni pencere teknolojileri diisiik U degeri,
uygun bir g degeri, yiiksek hava gecirmezlik ve yiiksek 1sik gecirgenligine sahip olmalidir. Enerji endeksi
hesaplanirken termal gegirgenlik, gilines 1sis1 kazang katsayist ve hava gecirmezlik faktorleri dikkate
almmaktadir [7]. Bagka bir ¢aligmada pencerelerin performans analizine goriiniir gegirgenlik ve salinim
katsayisi dahil edilmigtir [19].

Bu calisma, oda ve pencere boyutlar1 verilen bir binanin pencere yoluyla alinan 1s1 kazancinin kestiriminin
yapilmasint kapsamaktadir. Sonuglari 1s1 kazanci verimliligi agisindan karsilagtirilarak maliyet analizi
yapildiktan sonra en verimli cam filminin tespit edilmesi amaglanmustir.

3. YONTEM

Yontem, Kirchoff radyasyon yasasina dayandirilmistir. Verilen radyasyon yasasi yinelemeli bir sekilde
uygulanmistir [20]. Yinelemeli adimlar, 6nerilen Boles prosediirii [21] takip edilerek Esitlik 1’de
verilmistir.

Qkazang =SHGC - SC- Acam " Ganuk (1

Burada SHGC, SC ve Acm sirastyla giinec 1s1 kazang katsayisini, golgeleme katsayisini ve cam ylizey
alanini ifade etmektedir. Qkazanc ve Esitlik 2°de verilen g4, ise W cinsinden net giines 1s1 kazancini ve
W/m? cinsinden anlik giines 1s1 akisini ifade etmektedir.

Janiik = AsGsorar + EO—(TI?I-ava - TS4) (2)

Burada ag, Ggo1qr, € Ve 0 sirasiyla ylizey giines sogurma katsayisini, yiizeye gelen anlik toplam giines
enerjisini, yayilma katsayisini ve Stefan-Boltzmann katsayisini ifade ederken Ty,y, ve Tg sicak kosullarda
etkin hava sicakligini ve yineleme adimlarinin bagindaki yiizey sicakligini ifade etmektedir.

. kJ
Qkazanc,lsa = Qkazan(; (?) X 3600(s) (3)

Esitlik 3’te verilen Qxazanc,1sa c@mdan gegen 1 saatlik toplam 1s1 kazancini ifade etmektedir.

Tson = f(Qkazan(;' Voda' Myuru havar phava) (4)

Esitlik 4’te Ty,,, odanimn son sicakligini, f(-) ise odadaki hava yogunlugunu yinelemeli olarak giincelleyen
ve nem etkisini hesaba alarak Ty, kestirimini yapan fonksiyondur. Bu caligmada Onerilen yontemde
Grazane V€ Tson kestirimleri uyarlanabilir bir sekilde yinelemeli olarak entegre edilmistir.

Bu ¢alismada, cam filmi tipleri i¢in ilgili calismada kullanilan katsay1 degerleri kullanilmistir [20]. Bunlar
arasinda saydam camlar ve renkli camlar, ayrica A, B ve C tipinde filmlerle kaplanmis her iki tipte cami
icermektedir. Bu calisma, Ggolr Ve Tson kestirimi i¢in yeni bir yaklasim onererek kestirim amaciyla
yinelemeli bir yontem yapisi gelistirilmistir. Kestirim i¢in gerekli hesaplamalara ait uyarlanabilir yap1
ilerleyen boliimlerde ayrintili bir sekilde verilmistir. Cam filmi 6zellikleri golgeleme katsayisi (SC), giines
1s1 kazanci katsayist (SHGC) ve ylizey giines sogurma katsayist (ag) parametrelerine bagli olup bu
parametreler Cizelge 1’de sunulmustur.

Cizelge 1. Calismada kullanilan cam ve film SC, SHGC ve a; katsayilari

Ozellik Saydam Renkli Filmli saydam Filmli renkli
Film - - A B C A B C
SC 0,94 0,69 047 047 024 043 043 031
SHGC 0,82 0,60 041 041 021 037 038 0,27
Qg 0,88 0,50 039 036 0,09 023 021 0,05
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3.1. Egimli bir Yiizeyde Saatlik Giines Radyasyon Miktarinin Hesaplanmasi

Esitlik 3'te verilen Qyazanc1sa> 1 saat igerisinde yiizeye gelen toplam giines enerjisini temsil etmektedir.
Egimli yiizeyler lizerindeki saatlik kiiresel giines radyasyonu kestirimi baska bir ¢alismada verilen yonteme
gore yapilmistir [22].

Deklinasyon, 23,45° kuzey ve 23,45° giiney arasinda dalgalanan, giinesten diinyanin ekvatoruna olan agisal
mesafedir. Bu dalgalanma, diinyanin giinese gore egik doniis ekseninden kaynaklanmaktadir. § ile
gosterilen deklinasyon agist Esitlik 5°te gosterilen sekilde hesaplanmaktadir [23].

6 = (0.006918 — 0.399912cosI" + 0.070257sinl" — 0.006758cos2I" + 0.000907sin2I" —
0.002697cos3I" + 0.00148sin3I") 5)

Burada I' giin agisina karsilik gelmektedir, n yilin giinii olup Esitlik 6’da verilen sekilde hesaplanir.

r=2n (’;T‘Sl) (6)

Esitlik 7°de verilen saat agisi, o ile gosterilir ve diinyanin kutup ekseni etrafindaki doniisiinii tanimlar.

Gozlemcinin meridyeni ile diizlemi gilines 1sinlarina dik aciyla bakan meridyen arasindaki acisal mesafedir
ve 0gle vakti sifir derecedir.

® =15 (12 — ST) )

ET 4
ST = LT+ 5+ —(Ls— Ly) (8)

Burada LT, Ly ve L, sirasiyla yerel standart zaman, standart meridyen ve paralel degerleri olup Esitlik 8’de
ST sembolilyle gosterilen yerel zaman hesaplamast igin kullanilirlar. ET zaman denklemi olup hesaplamasi

Esitlik 9°da ve B agismin hesaplamas: Esitlik 10°da verilmistir.

ET =9.87sin2B — 7.53cosB — 1.5cosB ©)]
n-81
B =360 365 (10)

Azimut agis1 y, giines radyasyonu projeksiyonu ile giiney kutbu arasindaki agisal mesafe olarak tanimlanir.
Enlem ¢, diinyanin ekvatorunun kuzeyine veya giineyine gére konumudur.

Esitlik 11, egimli bir ylizey iizerindeki saatlik kiiresel giines radyasyonunu hesaplamak i¢in kullanilir ve Ig
olarak gosterilir.

Iﬁ=1dﬁ+1bﬁ+1r (11)

lag, I ve I, sirasiyla yayilim radyasyonunu, 1s1n radyasyonunu ve yanstyan radyasyonu temsil eder, 8 ise
ylizeyin egim ag¢isidir [22].

Esitlik 12°de goriildiigti lizere Iz hesaplanmasinda egimli bir yilizey tlzerindeki gilines yayilim
radyasyonunu belirlemek i¢in gelistirilen izotropik bir model kullanilmistir [24].

3+cos2f
Ly = (Z52) x I (12)

Burada I; egimli yiizeyde saatlik yayilim radyasyonunu ifade etmektedir ve hesaplanmasinda parametrik
bir model kullanilir [25]. Esitlik 13°te gosterilen sekilde hesaplanir.

I, =C- Iy (13)
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B
Iy = A~ exp{-—2 Bz} (14)
0, = cos~1(sind sing + cosb cosp cosw) (15)

Esitlik 14°te verilen I,y normal giines yayilim radyasyonu olup Esitlik 15°te verilen 6, zenit agisidir. A, B
ve C ASHRAE algoritmasindan alinan sabit degerlerdir [26]. Sabit A, B ve C degerleri yilin 12 ay1 i¢in
Cizelge 2’de verilmistir.

Cizelge 2. ASHRAE modelinde hesaplanan A, B ve C sabit degerleri
Ocak Subat Mart Nisan Mayis Haziran Temmuz Agustos Eyliil Ekim Kasim Arahk

A 1230 1215 1186 1136 1104 1088 1085 1107 1152 1193 1221 1234
B 0,142 0,144 0,156 0,180 0,196 0,205 0,207 0,201 0,177 0,160 0,149 0,142
C 0,058 0,060 0,071 0,097 0,121 0,134 0,136 0,122 0,092 0,073 0,063 0,057

Ote yandan, egimli bir yiizeye gelen dogrudan 151 radyasyonu Esitlik 11'de I, p olarak gosterilmistir. Esitlik
16°da gosterildigi gibi hesaplanir [27].

Ig =15 Ip (16)

Burada r, egimli yiizeyde alinan saatlik radyasyon miktarimin egimsiz yiizeyde alinan miktara oranini ifade
eder. Hesaplamasi Esitlik 17°de verilmistir. Esitlik 18’deyse ekvatora bakan yiizeye gelis agist verilmistir.

6
™ = coney a”
cosf, = sind sin(¢p —B) + cosd cos(¢p — B) cosw (18)

Esitlik 11°de I, ile gosterilen egimli ylizeyden yansiyan radyasyon Esitlik 19 ile hesaplanir.

1-
L= (lag + 1og) - p - (F22) (19)
Burada zemin yansitma 6zelligi p genellikle 0,2 degerine sabitlenir [25].
3.2. Yinelemeli Oda Sicakhigi Hesaplama

Kiitle, 1s1 kapasitesi ve ilk sicaklik gibi 6zellikleri verilen bir nesnenin veya maddenin son sicakligi, Esitlik
20’de verilen termal enerji degisimi formiilii kullanilarak kolayca hesaplanabilir.

Q=m-Cp-AT (20)

Burada Q 1s1l enerji degisimi olup m, Cp ve AT sirasiyla kiitle, 6zis1 kapasitesi ve sicaklik degisimini temsil
eder.

Ancak, sicaklik degisimine bagl olarak havanin yogunlugunun degistigi goz oniine alindiginda, sicakligin
degistigi bir 1s1 iletimi sirasinda odadaki havanin kiitlesi sabit kalmaz. Sicaklik degistikce, sadece kuru hava
ve nemli havanin yogunlugu degil, ayn1 zamanda kuru hava ve nemli hava arasindaki oran da degisecektir.
Bu nedenle, uyarlanabilir bir hesaplama prosediirii odadaki son sicakliginin kestiriminin daha dogru
yapilmasina yardimci olacaktir. Son sicaklik kullanilarak, odanin istenen sicakliga sogutulmasi i¢in gereken
elektrik enerjisi miktar1 da daha dogru bir sekilde kestirilebilir. Esitlik 20°ye Ts,,, eklendiginde Esitlik 21
elde edilir.

Qk
Tson = ﬁ + T 2D
Mpava = Yoda * Phava (22)
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Esitlik 22°de Mpqp0> Voda V€ Prave Sirasiyla odadaki havanin kiitlesi, odanin hacmi ve oda i¢indeki havanin
yogunlugudur.

Hava yogunlugu kuru hava ve nem bilesenlerinden elde edilir. Bu durumda hava yogunlugunu hesaplamak
icin sicaklik degisikligine bagli olarak yinelemeli bir yontem kullanilmistir. Hava yogunlugu Esitlik 23°te
verilen sekilde hesaplanir.

Pg Py

Phava = + 23)

RaTuk  RvTik

Burada P; ve P, sirastyla Pascal cinsinden kuru hava basinci ve su buhart basincidir. R; ve R, kuru hava
ve su buhari i¢in verilen gaz sabitleridir [28].

3.3. Yinelemeli Oda Sicakhig1 Hesaplama

Ornek hacimde olusan enerji birikimi ve son sicaklik kestirildikten sonra bir maliyet analizi yapilmstir.
Maliyet analizi elektrik tiiketimi, karbon emisyonu ve fiyat hesaplamalarini igermektedir. S6z konusu
hacim sogultuldugunda karsilasilacak elektrik tiikketimi, karbon emisyonu ve fiyat i¢in kestirim yapilmistir.
Kestirim i¢in bir model [29] kullanilmistir. Son sicakligi diisiirmek i¢in gereken enerji, sogutma yiikii
hesaplamasinda iletim yiikii ve sizma yiikii kullanilarak hesaplanir. fletim yiikii Esitlik 24 ile verilmektedir.

Q=U-S-(Tr =T) 24

Burada @, is iletim ytiki, Tr son sicaklik, T; hedef sicaklik, U 1s1 aktarim sabiti ve S iletim kesit alamdir.
Sizma yiikii Esitlik 25°te verilmistir.

Qs1=qy- Cp-pP- (Tf -T;) (25)
Burada ¢, havanin 6zisis1, p hava yogunlugu ve ¢, hacimsel hava akis hizidir.

Karbon emisyonu kestirimi, elektrik tiiketimi kestiriminden faydalanilarak gergeklestirilmistir. Karbon
emisyonu kestirimi, elektrik iiretmek igin kullanilan {i¢ enerji kaynagi igin ayr1 ayri yapilmistir. Enerji
tiiketiminden CO, emisyonuna déniisiim, ABD Enerji Bilgi Idaresi tarafindan saglanan veri kaynaginda
verilen birim dlg¢iitler kullanilarak yapilmis, Cizelge 3’te verilmistir [30].

Cizelge 3. 2021 yilinda ABD elektrik net iiretimi ve karsiliginda sebep olunan CO, emisyonu

Elektrik iiretimi (milyon kWh) CO: emisyonu (milyon metrik ton) kWh basina libre

Komiir 897.885 919 1,03
Dogalgaz 1.579.361 696 0,44
Petrol 19.176 21 1,11

Referans elektrik fiyatlari, ABD dolar1 cinsinden kiiresel petrol fiyatlarindan alinmistir. Toplam fiyat,
sehirlerdeki hane sayisi kullanilarak hesaplanmustir.

3.4. Yontem Uygulamasi

Belirtilen parametreler ile belli hacimde bir bina odasinin 1s1 kazancinin tahmin edilmesi amaglanmaktadir.
Belirli gecirgenlik ve yansitma 6zelliklerine ve boyutlara sahip pencerenin belli 6zelliklere sahip bina
hacmi iginde giines 1s1 kazanci kestirimini yapmak i¢in 1s1 kazanci kestirimi yapilmistir. Yontem
uygulamasi Istanbul, Ankara, izmir ve Adana igin yapilmistir. Ayrica, bina hacimlerinin dért ana ydne
baktig1 durumlar i¢in yaz aylarinin belirli giinlerinde ayr1 ayri simiilasyonlar gergeklestirilmistir. Camlarin
yiizey egiminin § = 90°'ye esit oldugu varsayilmistir. Hesaplamalar, standart yerel saate gére sabah, 6glen
ve aksam olmak {izere ii¢ yaz aymin ortasindaki giin i¢in yapilmistir. Bu sekilde, saatlik giines 1siniminin
hesaplanmasinda gerekli olan sehirlerin 6zellikleri, verilen tarih ve saatte LL boylami, ¢ enlemi, n giin
sayisi, LT yerel standart saat ve y azimut agis1 Cizelge 4'te verilmistir.
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Cizelge 4. Ornek binanin konumlandirildig: sehirlerin cografi 6zellikleri
n =165° n = 195° n = 225°

LL [0)] LT

_ Y )4 )4
Istanbul 28,95 41,01 9 89,44 90,38 97,57
Ankara 32,85 39,92 9 91,13 92,33 99,71
[zmir 27,14 38,41 9 86,45 87,46 94,86
Adana 35,32 37,00 9 90,20 91,39 99,50
Istanbul 28,95 41,01 12 137,61 137,45 146,05
Ankara 32,85 39,92 12 144,38 143,73 152,07
[zmir 27,14 38,41 12 129,37 129,94 140,31
Adana 35,32 37,00 12 145,64 144,91 154,43
Istanbul 28,95 41,01 15 242,63 238,24 229,93
Ankara 32,85 39,92 15 248,84 244,67 235,97
[zmir 27,14 38,41 15 244,59 239,80 230,35
Adana 35,32 37,00 15 255,64 251,54 241,97

Azimut hesab1 i¢in Esitlik 26 kullanilmistir [28].

cosy = cosé-cos ¢p-cos w—sind-cos ¢ (26)

cosy

Burada 8, ¢, w ve y sirastyla deklinasyon agisi, enlem agisi, saat agist ve giines yiikselti agisidir. 4, B ve C
parametreleri ilgili n degerleri i¢in Haziran, Temmuz ve Agustos aylarina karsilik gelen degerler Cizelge
2’den alinarak I,y fonksiyonunun hesaplamasi yapilmistir. Standart meridyen Lg izmit enlem derecesi
30°°dir.

Giinesten gelen anlik 1s1 aksini ifade eden ¢, degiskeninin hesaplanmasi Esitlik 2°de verilmis olup gerekli
parametreler arasinda yer alan yiizeye gelen toplam anlik giines enerjisi G4, bu ¢alisma kapsaminda Cizelge
4’te verilen cografi nitelikler ve Cizelge 1’de verilen cam filmi tipleri baz alinarak yinelemeli olarak
hesaplanmistir. Yayilma katsayisinin € degeri Amerika Birlesik Devletleri Ulusal Enerji Teknolojileri
Laboratuvart Departmani’na sunulmus bir proje raporuna [31] gore secilmis olup Esitlik 1’in yinelemeli
olarak hesaplanmasi i¢in gerekli diger elemanlarla birlikte Cizelge 5°te verilmistir.

Cizelge 5. q4n1x hesaplamasi igin gerekli parametre degerleri

w
€ (L2> 4 (W) T hava (K°) T (K°) Acgm (M?)
m-s
0,84 5,67 x 1078 285 298,15 50

Son olarak, bina hacminin son sicakliginin hesaplanmasinda bazi ek parametrelere ihtiya¢ duyulmaktadir ve
bu parametreler de bu calisma kapsaminda gelistirilen yinelemeli adimlar araciligryla uyarlamali olarak
kestirilmektedir. Ilgili parametreler arasinda Esitlik 3 kullamilarak elde edilen 1 saat igindeki toplam 1s1
kazancinin (Qggazane) hesaplanmasinda kullanilan bina boslugunun isgal ettigi hacmi V4, (m?®), odanin

baglangig sicaklign Ty, (K) ve odadaki kuru hava kiitlesi my,,., (kg) vardir. Ayrica, gerekli sabit
parametreler sirastyla havanin 6zgiil 1s1 kapasitesi Cp ( Z ) kuru havanin 6zgiil gaz sabiti R4 ( ) buharin

0zgiil gaz sabiti R,, ( ) ideal gaz sabiti R ( s

Cizelge 6’da Verﬂm1st1r

z) ve havanin molar kiitlesidir M ( ) [gili parametreler

Cizelge 6. T,,, hesaplamasi icin gerekli parametre degerleri
Tilk Myyru CP Rd Rv R M

Voda
480 298,15 600 1,005 0,2871 0,4615 3,145-107* 28,9647 - 1073

Tiirkiye nin dort biiyiik sehri Istanbul, Ankara, Izmir ve Adana simiilasyon i¢in segilmistir. Bu dort sehir
yerlesimin yogun olmasmin yaninda farkli cografi konuma ve iklim &zelliklerine sahiptir. Bu bakimdan
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simiilasyonun tutarli sonuglar1 kolaylikla gozlemlenebilir. Sehirlerin ortalama sicakliklar1 Cizelge 7’de
verilmistir.

Cizelge 7. Sehirlerin K cinsinden ortalama sicakliklari.

Haziran Temmuz Agustos
Istanbul 296 298 299
Ankara 293 297 297
[zmir 298 301 300
Adana 299 302 302

Sehirlerin biiyiikliikleri hane sayilariyla 6l¢iilmiistiir. Hane sayilar elektrik tiikketiminin ve karbon
emisyonunun kestiriminin yapilmasinda farkl biiytikliikler saglayarak karsilastirmali analiz yapilmasina
imkan vermektedir. Hane sayilar1 Cizelge 8’de verilmistir.

Cizelge 8. Schirlerdeki hane sayilari.

Hane sayisi

Istanbul 3.886.890

Ankara 1.512.188

[zmir 1.263.312

Adana 535.719
4. BULGULAR

Her sehir icin, yiizeye gelen toplam enerji Gggq, ve tim cam tipleri i¢in odanin son sicakligini T,y
hesaplanmustir. Tg,, hesaplamasi i¢in gerekli olan Qpazanc, anlik 1s1 kazanct Gggpq, kullamlarak
hesaplanmustir. G4, hesaplamalar Sekil 1, 2 ve 3’te verilmistir.

Haziran
1200
1000
E 800 A e [stanbul
BH 600 e Ankara
(;5 400 Izmir
200 e Adana
0

Sabah Ogle Aksam

Sekil 1. 15 Haziran giinii i¢in anlik 1s1 kazanci G4, hesaplamalart

Temmuz
1200
1000
800 /\ ——istanbul
600 e Ankara
400 [zmir
200 e Adana

Gsolar W m2

Sabah Ogle Aksam

Sekil 2. 15 Temmuz giinii igin anlik 1s1 kazanci G, hesaplamalari

C.U. Miih. Fak. Dergisi, 40(1), Mart 2025




Erdem Onur OZYURT, Mehmet Gokhan GOKCEN, Mehmet IPEKOGLU

Agustos
1000
- 800 .
g - e [stanbul
5 600 N
"~ e Ankara
< 400 [zmir
)
200 e A dana
0
Sabah Ogle Aksam

Sekil 3. 15 Agustos giinii i¢in anlik 1s1 kazanci G4, hesaplamalari

Hesaplanan G, degerleri giines 15181m1in kuzey yarimkiireye en dik agiyla geldigi haziran ayinda buna
paralel olarak en yiiksek degerleri alip ilerleyen aylarda degeri giderek azalmaktadir. Giiniin ii¢ periyodu
icin hesaplama yapilmistir. Sabah periyodu saat 9-12 araligini; 6glen periyodu saat 12-15 araligini ve
aksam periyodu saat 15-18 araligin1 kapsamaktadir.

Haziran
2
(o') 1,5 /\
£
R
»oh
Q
o
< 05
=
<
2 0 C———————————————————
wn S
Sabah Ogle Aksam
-0,5
Saydam Renkli Filmli (A) saydam
= Filmli (B) saydam === Filmli (C) saydam Filmli (A) renkli

e Filmli (B) renkli e Filmli (C) renkli

Sekil 4. 15 Haziran giinii igin Istanbul’da son sicakligin referans sicakliktan farki

Temmuz
2
@)
215
£
U
B 1
[}
o
~ 0,5
< T
S 0 ————————— ——————————
v Sabah Ogle Aksam
-0,5
= Saydam Renkli Filmli (A) saydam
e Filmli (B) saydam == Filmli (C) saydam Filmli (A) renkli

e Filmli (B) renkli e Filmli (C) renkli

Sekil 5. 15 Temmuz giinii i¢in Istanbul’da son sicaklign referans sicakliktan farki
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Agustos
2
@)
Z 15
g ’ /\
U
e 1
[}
o
< 05
= PR L L SRR
R EE——
g 0 :
»n Sabah Ogle Aksam
-0,5
e Saydam Renkli Filmli (A) saydam
= Filmli (B) saydam === Filmli (C) saydam Filmli (A) renkli

e Filmli (B) renkli === Filmli (C) renkli
Sekil 6. 15 Agustos giinii igin Istanbul’a gore son sicakligin referans sicakliktan fark1

Sekil 4, 5 ve 6°da 8 tipte cam filmi kullaniminda sirastyla 15 Haziran, 15 Temmuz ve 15 Agustos gilinlerinde
Istanbul cografi konumunda son i¢ hacim sicaklig1 ile referans sicaklik arasindaki fark gosterilmistir. Renkli
camda saydam cama gore sicaklik yiikselisi daha diisiik seviyelerdedir. Ancak film kullanimiyla birlikte
sicaklik yiikselisleri ciddi miktarda azalmaktadir. C tipi film kullaniminda sicaklik farkinin en disiik
seviyede oldugu gézlemlenmektedir.

Filmli (B) saydam

0,2
@)
=]
‘2 0,15
=] =
;go \
A 0,1
=
= 0,05
Q
»n
0
Sabah Ogle Aksam
e [stanbul == Ankara izmir == Adana

Sekil 7. 15 Haziran giinii i¢in saydam camda B tipi film kullanilmas1 durumunda son sicakligin referans
sicakliktan farki

Filmli (B) renkli

0,08
54
‘£ 0,06 /\
‘I
50 0,04 s
@)
~ 0,02
2
Q 0
e Sabah Ogle Aksam
e [stanbul == Ankara izmir == Adana

Sekil 8. 15 Haziran giinii i¢in renkli camda B tipi film kullanilmasi durumunda son sicakligin referans
sicakliktan farki
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Sekil 7 ve 8’de sirastyla saydam ve renkli cam {izerine B tipi film uygulamasinda 15 Haziran giiniiniin farkli
periyotlarinda farkli sehirler i¢in son sicaklik Ty, , ile referans sicaklik T arasindaki fark verilmistir. Renkli
camda bu fak daha az olmakla birlikte film uygulamalarinda sicaklik farkinin oldukga azaldig:
gozlemlenmektedir. En yiiksek 1s1 kazanct C tipi filmde goriilmiistiir.
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Sekil 9. istanbul’da 15 Temmuz giinii sicaklik kontrolii saglamak i¢in gerekli enerji tiikketimi
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Sekil 10. Adana’da 15 Temmuz giinii sicaklik kontrolii saglamak i¢in gerekli enerji tiikketimi

Sekil 9 ve 10°da Istanbul ve Adana’da 15 Temmuz giiniinde kestirilen son sicaklif1 referans sicakliga
diistirmek igin gerekli elektrik enerjisi tiiketimi farkli cam filmi tipleri i¢in verilmistir. Goriildiigii tizere
cam filmi uygulamalarinda enerji tiiketimi cam filmsiz duruma goére 6nemsiz sayilabilecek seviyelere

diismektedir.

Sekil 11, 12, 13 ve 14’te Ankara ve izmir’de enerji tiiketimi sebebiyle ortaya ¢ikan karbon emisyonu Sekil
11 ve 12’de kdmiir kaynakli tiretim ve Sekil 13 ve 14°te dogalgaz kaynakli iiretim i¢in verilmistir. Sehirlerin
cografi konumlarinin farki sebebiyle giiniin farkli periyotlarinda karbon emisyonu miktar1 farklilik
gosterirken cam filmi uygulamalarinda karbon emisyonu miktarinda ciddi diigiisler gozlemlenmektedir.
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Sekil 11. Ankara’da 15 Agustos giinii sicaklik kontrolii saglamak i¢in sebep olunan kdmiir kaynakl
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Sekil 12. izmir’de 15 Agustos giinii sicaklik kontrolii saglamak i¢in sebep olunan kémiir kaynakli karbon

emisyonu
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Sekil 13. Ankara’da 15 Agustos giinii sicaklik kontrolii saglamak i¢in sebep olunan dogalgaz kaynakl

karbon emisyonu
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Sekil 14. izmir’de 15 Agustos giinii sicaklik kontrolii saglamak i¢in sebep olunan dogalgaz kaynakli
karbon emisyonu

Renkli cam uygulamasinda saydam cama gore elektrik tiiketimi ve karbon emisyonu bakimindan avantaj
saglanirken cam filmi uygulamalarinda tiiketim ve emisyon dnemli 6lgiide azalmaktadir. Tiim cam filmi
tipleri bilyiik oranda avantaj sunar ve 6zellikle C tipi film uygulamasinda son sicaklik ve referans sicaklik
arasindaki degisim en aza indirgenirken bu farktan dolayi tiiketilen enerji miktart ve karbon emisyonu buna
paralel olarak azalmaktadir.

Cizelge 9°da farkl sehirlerde film uygulama maliyetleri verilmistir. Istanbul en kalabalik sehir oldugu igin
buradaki film maliyeti en yiiksek ¢ikmaktadir. Maliyet hesaplamasi farkli zaman araliklar1 igin yapilmustir.
Film uygulamasinin siire¢ i¢inde bagimsiz bir maliyeti vardir. En az 5 yillik garanti varsayimiyla maliyetin
m? bagina 40 $ olacagi tahmin edilmektedir [32]. Bu nedenle, film uygulamasinin maliyeti, ¢esitli zaman
araliklar i¢in 5 yillik bir garanti varsayilarak tahmin edilmistir.

Cizelge 9. Film uygulama maliyeti

5 yil (mn $§) 1 yil (mn $) lay(mn$) 1 giin (bin$) 1 saat(bin$)
Istanbul 2538,38 253,84 21,15 695,45 28,98
Ankara 987,55 98,76 8,23 270,56 11,27
izmir 825,02 82,50 6,88 226,03 9,42
Adana 349,86 34,99 2,92 95,85 3,99
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Sekil 15. Istanbul’da 15 Agustos giinii sicaklik kontrolii saglamak igin tiiketilen enerjinin maliyeti
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Sekil 15°te farkli cephelere bakan bina ylizlerinde farkli cam filmi tipi uygulamalarinda 15 Agustos
giiniinde faturaya yansiyacak toplam tiiketim miktar1 verilmistir.

Cizelge 9°da Istanbul icin verilen film uygulama giinliik maliyetleriyle giinliik elektrik tiiketim maliyeti
kargilagtirildiginda giiney cephesinde cam filmi kullaniminin 6zellikle fayda saglayacagi sdylenebilir.
Karbon emisyonunda saglanan biiyiikk diisiis sayesinde dolayli maliyetlerde uzun vadeli faydalar
saglanacag agikardir.

5. SONUCLAR

Sonuglar incelendiginde, toplam giines enerjisi 6gle vaktinde en fazla, sabah ise en az miktardadir. Sehirler
farkli konumlar ve niifuslar géz 6niinde bulundurularak secilmistir. Bu nedenle farkli iklim kosullarina
sahiptirler ve sonuglar1 farkli niifus dl¢eklerinde gézlemlemeye olanak saglar. Sonuglar, sehirlerin iilkenin
standart meridyenine gére konumlari ve giines 1s18inin gelis acis1 dogrudan enlemle iligkili oldugu igin
ekvatordan uzakligin etkisi nedeniyle karmagsik bir model izlemektedir. Karbon emisyonu agisindan
sonuglar enerji tiikketimleri ile paralellik gostermektedir. Ayrica, artan niifus degerleri ile emisyon farki daha
biiyiik hale gelmektedir. Yine emisyon ve enerji tiiketimine paralel olarak, enerji fiyat: dikkate alindiginda
filmsiz saydam cam ile filmli cam arasinda belirgin bir fark vardir. Cephelerin ana yonlere ortonormal
baktig1 varsayilarak dort cepheye farkl: film tiirleri uygulandiginda enerji tiikketimi, sicaklik etkisi, emisyon
ve ekonomik sonuglar gosterilmistir. Film uygulamasinin maliyeti gbz 6niinde bulunduruldugunda, film
uygulamasinin basarili bir yatirnm olabilmesi i¢in maliyet agisindan etkin ve uygulanabilir olmasi
gerekmektedir. Verilere bakilarak, film uygulama maliyetinin, C tipi saydam cam diisiiniildiigiinde, elektrik
fiyatt acisindan oldukga yiiksek bir tasarruf sagladigi soylenebilir. Tasarruf edilen elektrik enerjisi
maliyetinin, film uygulama maliyetinden énemli 6l¢iide daha diisiik oldugu da anlasilmaktadir. Ek olarak,
diisiik karbon emisyonunun kiiresel 1sinmanin olasi etkileri nedeniyle gelecekteki maliyetlerin yiikiinii
hafiflettigi unutulmamalidir.
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In this study, the burned areas and intensity of forest fires that
occurred in the Samandag region of Hatay between September 5-10,
2020, are mapped. Analyses were carried out using deep learning,
remote sensing, and satellite data from Sentinel 2. With Sentinel 2
satellite photos of the research locations, an image dataset for deep
learning was constructed. Then, using deep learning approaches, a
deep learning model was developed, trained using the photos in the
dataset, and successfully tested. Images from Sentinel 2 were used
to produce the Normalized Burn Ratio(NBR) and Burned Area
Index for Sentinel 2 (BAIS2) indices using the results of a new deep
learning model. Calculating the Difference Normalized Burning
Intensity (INBR) and Burned Area Index for Difference Sentinel-2
(dBAIS2) values for the discrepancies between these indices before
and after the fire allowed for categorization and determination of the
fire area. The deep learning approach burned area indexes, and
General Directorate of Forestry (GDF) fire registration slips were
compared, and it was established that the new deep learning model
was more effective at locating burned forest areas than the indexes.
In identifying the burnt forest areas, the new model has a
proportionate accuracy of 98.36% in the Samandag study region.
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Bu ¢alismada, 5-10 Eyliil 2020 tarihleri arasinda Hatay'in Samandag
bolgesinde meydana gelen orman yangmlarinin yanik alanlart ve
siddeti haritalandirilmigtir. Derin 6grenme, uzaktan algilama ve
Sentinel 2 uydu verileri kullanilarak analizler yapilmistir. Aragtirma
bolgelerine ait Sentinel 2 uydu fotograflar ile derin 6grenme igin
bir goriintii veri seti olusturulmustur. Ardindan, derin 6grenme
yaklasimlar1 kullanilarak bir model gelistirilmis, bu model veri
setindeki fotograflarla egitilmis ve basariyla test edilmistir. Sentinel
2'den elde edilen goriintiiler, yeni derin 6grenme modelinin
sonuglar1 kullanilarak Normallestirilmis Yanma Yogunlugu (NBR)
ve Yanik Alan Indeksi (BAIS2) degerleri hesaplanmustir. Yangin
oncesi ve sonrast bu indeksler arasindaki farkliliklarn
hesaplanmasiyla Farkli Normallestirilmis Yanma Yogunlugu
(dNBR) ve Farkli Yamk Alan Indeksi (dBAIS2) degerleri elde
edilerek yangin alan1 kategorize edilmis ve belirlenmistir. Derin
O0grenme yaklagimi, yanik alan indeksleri ve Orman Genel
Miidiirligiic yangin kayit figleri karsilagtirilmis ve yeni derin
6grenme modelinin yanmig orman alanlarini belirlemede indekslere
gore daha etkili oldugu tespit edilmistir. Samandag ¢alisma
bolgesinde, yanik orman alanlarinin belirlenmesinde yeni modelin
dogruluk oran1 %98,36 olarak hesaplanmustir.
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Remote Sensing-Based Deep Learning Approach for Identifying Burned Forest Areas

1. INTRODUCTION

This article is based on the findings of the thesis titled 'Comparison of Deep Learning Methods with Burned
Area Indices in the Detection of Burned Forest Areas: The Case of Hatay.

Forest fires are among the natural events that most significantly affect the global ecosystem. While the
incidence of fires has increased due to environmental climate changes, many fires are human-induced. The
rise in the world's population has led to increased utilization of forest areas and a higher demand for forest
products. Forest fires cause considerable damage to the geographies in which they occur and negatively
impact all life forms. With climate changes, air temperatures are now frequently exceeding average levels
compared to previous years, creating favorable conditions for forest fires. In a world where global warming
has reduced precipitation and led to the formation of deserts, forest fires pose a significant threat to our
ecosystem. According to the most recent statistics, the annual loss of forest area due to fires has risen to 13
million hectares [1] In our country, only 1.6% of the total 27 million hectares of forest area is protected [2].

On the other hand, the ecology of the Mediterranean basin has developed significant resilience against
severe forest fires. In recent years, there has been an increase in the number of forest fires, which has the
potential to disrupt this balance [3]. Forest fires are one of the most serious dangers threatening natural life
and are a major cause of economic losses due to the disruption of forestry activities. Additionally, forest
fires are a significant source of air pollution.

Fires have the potential to adversely affect the natural environment, including flora, water, and air. They
not only damage the forests in the vicinity but also threaten homes and farms in the area, causing both
human and material losses [4]. The increase in forest fires complicates fieldwork, hence remote sensing
techniques are crucial for identifying burned forest areas and formulating an emergency strategy.

The detection and analysis of such fire-affected areas are critical for implementing accurate policies swiftly.
Consequently, the use of remote sensing methods has gained significant importance in recent years due to
their speed and cost-effectiveness in detection and data collection, becoming increasingly widespread.
Remote sensing is a crucial factor in the detection and analysis of forest fires. In countries with vast
territories like Australia and Russia, identifying fires or determining burn rates using traditional methods is
very challenging and time-consuming. Therefore, remote sensing is the fastest method for assessing forest
fires. Any type of earth observation tool capable of collecting data can be used in remote sensing; this tool
could be an aircraft, satellite, or UAV.

The use of aircraft in remote sensing methods for fighting forest fires can be extremely advantageous from
many different aspects, from coordinating tactical operations and extinguishing activities to the rapid
evacuation of the injured and the transport of personnel and materials. In Turkey, forest fires are a common
occurrence during the summer months, especially in regions surrounding the Mediterranean and Aegean
seas. Given the magnitudes of recent fires, disaster management requires meticulous attention [5].

In recent years, satellites have been extensively used for fire detection and analysis [6,7]. Satellites possess
multiple and wide-range bands, enabling them to perform object classification based on different spectral
reflectance values. The reflected radiation values from healthy vegetation, burned forest areas, soil, or water
are distinct. Consequently, forest fires can be easily detected through certain calculations. Indices that
identify burning or burned areas can be utilized in detection and analysis processes.

Furthermore, with the advancement of computer learning methods like deep learning, fire detection and
analysis operations have become faster and have shifted towards these technologies. Deep learning
techniques leverage the multi-spectral data provided by satellites to effectively distinguish between burned
and unburned areas, enhancing the accuracy and efficiency of fire mapping. These advancements not only
improve response times but also help in better management and recovery planning in post-fire scenarios.
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2. RELATED STUDIES

In the past, burned forest areas were identified using ground surveys and maps; however, fires can now be
rapidly monitored worldwide through remote sensing techniques [8].

Key and colleagues [9] developed a new index called the Normalized Burn Ratio (NBR) using bands 4 and
7 from Landsat TM data. This index was applied to data from two fires in Montana's Glacier National Park
in 1994, and it was found that NBR was more successful in detecting burn severity compared to the
Composite Burn Index (CBI).

Miller et al. [10] introduced the Difference Normalized Burn Ratio (AINBR) for mapping the burn severity
of forest areas. This index was tested on 14 fires in California, USA, and its effectiveness was confirmed.

Filipponi [11] developed a new burned area detection index for Sentinel-2 data. This new index was applied
to a fire in Sicily, Italy, in 2017 and was found to be more successful than the NBR index.

Mpakairi et al. [12] used six commonly employed indices along with Landsat 8-OLI data for two fires in
northwestern Zimbabwe and classified them using the Random Forest (RF) machine learning algorithm.
The Optimized Soil Adjusted Vegetation Index (OSAVI) and Normalized Burn Index (NBI) performed
much better than any other spectral indices considered at both research locations. The Burned Area Index
(BAI) was the third best performing spectral index. Both OSAVI and NBI showed better performance due
to adjustments made for soil effects and the inclusion of the blue spectral band to account for atmospheric
effects.

Tanasse et al. [13] developed a locally adapted multi-temporal two-phase burn area (BA) algorithm. It uses
shortwave and near-infrared band reflectance measurements from Sentinel-2 MSI and also active fire
detections by the Terra and Aqua MODIS sensors. Covering an area of approximately 25 million km? in
Sub-Saharan Africa, burned areas were detected using this algorithm with a spatial resolution of 20 m from
January to December 2016, marking the first high-resolution BA study using Sentinel-2 for such an
extensive area.

Llorens et al. [14] developed and applied a technique to estimate the total area damaged by forest fires in
Spain and Portugal in October 2017. MODIS (250 m) images were compared with the European Forest
Fire Information System (EFFIS) database. Sentinel-2 and EFFIS showed a strong correlation for
estimating burn severity as indicated by the separability index (SI) and kappa statistic (k), with all cases
having SI values higher than one and k values greater than 0.69. This study concluded that Sentinel-2 dNBR
is a suitable alternative to the EFFIS fire parameter, particularly in situations where it's crucial to identify
details within the fire itself.

Wang et al. [15] developed a new method involving the Vegetation Difference Index (VDI) and Burn
Scarring Index (BSI) models for calculating burned crop areas. The VDI model can significantly reduce
the confusing effect of background information related to vegetation (forests and grasslands), water bodies,
and buildings. The combination of VDI and BSI allows for the reduction of the influence of non-agricultural
information by VDI, thus enhancing the accuracy and speed of the BSI model. The effectiveness of the
VDI and BSI models was tested for a winter wheat planting area in Central China.

Ramo et al. [16] evaluated how four widely used remote sensing classification algorithms—Random Forest
(RF), Support Vector Machine (SVM), Neural Networks (NN), and a well-known decision tree method
(C5.0)—performed. Over 130 Landsat images were used to compile a database of burned and unburned
pixels for training purposes. Due to the burned class constituting less than one percent of the total, the
resulting database was found to be highly imbalanced. RF showed the best performance compared to
reference data for the remaining regions (Angola, Sudan, and South Africa). In a study analyzing forest
fires in the Manavgat region of Antalya province in 2021, Arikan et al. [17] used the Burned Area Index
(BAI), Relative Burn Ratio (RBR), Normalized Burn Ratio (NBR), Modified Soil Adjusted Vegetation
Index (MSAVI), Normalized Vegetation Index (NDVI), and Soil Adjusted Vegetation Index (SAVI).
Subsequently, Machine Learning (ML) classification tools such as Random Forest (RF) Algorithm, Support
Vector Machine (SVM), and Classification Regression Tree (CART) were used to rank the data. The results
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showed that the Random Forest (RF) was the most accurate algorithm with an overall accuracy of 98.57%,
while Support Vector Machines (SVM) were the least accurate method.

Seydi et al. [18] utilized the Deep Siamese Morphological Neural Network (DSMNN-Net) architecture,
whose main theme is change detection. The proposed network integrates multi-scale convolution layers
with morphological layers to generate deep features. The effectiveness of this approach was evaluated on
two fire-damaged areas in Australian forests. The method, using multispectral Sentinel-2 and hyperspectral
PRISMA datasets, found a general accuracy index of 98% and a Kappa value over 0.9.

Belenguer-Plomer et al. [19] mapped burned areas (BA) using a deep learning approach that includes radar
and optical data from Sentinel-1 and Sentinel-2 sensors. The observed land cover class and data type were
primary criteria to determine the optimal CNN size and data normalization method. Using a well-defined
CNN within a joint active/passive data combination, a DC value of 0.57 was found for Sentinel-1 and a DC
of 0.7 for burned area mapping based on Sentinel-2, similar to or slightly higher in accuracy than previous
approaches based on Sentinel-2.

A multitude of methods have been developed to identify burned areas using satellite images. Most of these
solutions require time-consuming preprocessing, and deep learning approaches have not yet been
extensively explored [20]. Knopp et al. [20] combined current advancements in sensor technology and
techniques to provide an autonomous process chain for burned area segmentation based on deep learning.
A U-Net architecture was used to train a convolutional neural network (CNN). The final segmentation
model had a general accuracy of 0.98 and a kappa correlation of 0.94. Arruda et al. [21] developed a new
method for mapping burned areas in Brazil's Cerrado region using a Deep Learning algorithm to analyze
Landsat images via Google's Earth Engine and Cloud Storage. The mapped areas were compared with the
INPE Burned Area Product (30 m resolution) and the MODIS MCD64A1 Burned Area Product (500 m
resolution), finding an accuracy rate of 97%.

Hu et al. [22] demonstrated how deep learning (DL) models can autonomously map burned areas using
single-time multi-band images. Sentinel-2 and Landsat-8 data were evaluated using machine learning
techniques, and according to validation results, DL algorithms outperformed machine learning approaches.
This study showed that combining contextual information from fire-sensitive spectral bands and geographic
data allows deep learning algorithms to map burned spots effectively.

Ghali and Akhloufi [23] provided a comprehensive review of deep learning models, emphasizing the
effectiveness of CNNs, U-Net, and LSTMs for fire monitoring. Their findings indicate that CNN-based
architectures achieve superior accuracy in fire detection, while hybrid models such as CNN-LSTM offer
improved wildfire spread prediction.

In addition to these remote sensing-based methods, recent research highlights the increasing effectiveness
of deep learning methods in promptly and accurately detecting forest fires. Within this context,
Sathishkumar et al. [24] integrated a “Learning Without Forgetting” (LwF) approach into deep learning-
based image classification models, proposing a novel framework for forest fire and smoke detection. Their
study employed various pre-trained convolutional neural network (CNN) architectures, including VGG16,
InceptionV3, and Xception, achieving an accuracy rate of approximately 98.72% with the Xception model.
Furthermore, to address the issue of “catastrophic forgetting”—the loss of previously acquired knowledge
when models are trained on new data—the authors utilized LwF. This technique not only preserved the
performance on the original dataset but also yielded high accuracy on an additional fire/smoke dataset
(BoWFire). As a result, this method effectively maintains performance on previously learned tasks while
also learning new tasks, thereby enhancing both the accuracy and generalization capability of forest fire
detection [24].

Chen et al. [7] conducted a comparative study using Sentinel-1B and 2A imagery and found that the Support
Vector Machine (SVM) achieved the highest accuracy (93.52%) in the pre-fire period when combined with
spectral and NDVTI indices, whereas the Random Forest (RF) algorithm outperformed others during the fire
event, reaching an overall accuracy of 95.43% when utilizing spectral and Normalized Burn Ratio (NBR)
features. Moreover, in the post-fire stage, SVM again exhibited superior performance (94.97%) when
incorporating spectral and radar backscatter coefficients, underscoring the importance of selecting optimal
machine learning algorithms for different fire periods.
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3. MATERIALS AND METHODS
3.1. Study Area

In this study, the forest fire that occurred in the Samandag region of Hatay between September 5 and 10,
2020, was analyzed, as shown in Figure 1. Information on the fire-affected areas was obtained from the
Ministry of Agriculture and Forestry and utilized in this research.

According to the Ministry's reports, the fire in the Yenikdy area of the Samandag district, Hatay province,
was brought under control after five days. High temperatures and low humidity were among the key factors
that exacerbated the fire's spread. These environmental conditions not only influenced fire behavior but
also played a crucial role in shaping the strategy and effectiveness of the firefighting efforts. Given the
impact of such factors, accurate post-fire analysis is essential for understanding the severity of the fire and
guiding future prevention measures.

To achieve this, remote sensing techniques were utilized to detect and analyze the burned areas. Fire indices,
such as the Normalized Burn Ratio (NBR), offer valuable insights by highlighting changes in vegetation
and soil conditions due to fire. These indices are particularly useful in assessing the extent and intensity of
the damage in a quantitative manner, providing a clearer understanding of the affected area.

Figure 2. Samandag fire satellite data before and after

In Figure 2, the differences between the pre-fire and post-fire satellite data are easily noticeable, with the
burned areas clearly distinguishable in dark brown on the second image.
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3.1.1. Fire Indices Used During Fire Area Detection
3.1.1.1. NBR and dNBR

The Normalized Burn Ratio (NBR) utilizes Near-Infrared (NIR) and Short-Wave Infrared (SWIR) bands
and is sensitive to changes in live vegetation, moisture content, and specific soil conditions [10]. Thus, the
NBR index is used for detecting burned areas, and it is expressed using mathematical formulas derived
from NIR and SWIR bands [10,25]. The value range for the NBR index spans from -1 to +1.

__ (NIR-SWIR)
NBR = (NIR+SWIR) )

To classify the severity of burned areas, the difference Normalized Burn Ratio (ANBR or ANBR) index is
used, which is calculated by subtracting the pre-fire NBR index values from the post-fire NBR index values
[26]. This index provides a clear distinction in the severity of the fire impact.

The dNBR formula is expressed as:
ANBR = NBR (Pregiy.)- NBR (Postyiye) )

The use of dNBR is particularly effective because it quantifies the changes in reflectance characteristics
before and after a fire, reflecting the degree to which the fire has altered the landscape. A higher AINBR
value typically indicates greater fire severity, as more vegetation loss and soil exposure or charring are
detected. The dNBR values are classified into categories to represent different levels of burn severity, from
low to high, which helps in planning restoration activities and evaluating fire management effectiveness
[10]. This method is widely utilized in ecological studies and forest management to assess fire damage and
monitor the ecological recovery of burned areas over time.

Theoretically, the range of the difference Normalized Burn Ratio (ANBR) should be between -2 and +2, but
in practice, the range most commonly associated with burned areas is between 0.1 and 1.35. Areas that are
unburned typically exhibit ANBR values between -0.1 and 0.1 [27,28].

3.1.1.2. BAIS2 and dBAIS2
Filipponi developed a new approach called BAIS2 (Burned Area Index for Sentinel-2) based on the rich

band resolution provided by Sentinel-2 data, accurately detecting burned areas [11]. This method was first
employed by Filipponi in 2018. It is calculated using the following formula:

B6xB7+B8A B12—-B8A
BAlSz = (1 N B4 > * (vBlZ+BSA + 1) (3)

Where B4 (0.665 um), B6 (0.740 um), B7 (0.783 um), B8A (0.865 um) and B12 (2.190 um) are the spectral
bands of the Sentinel 2 satellite image [29].

BAIS2(dBAIS2) = BAIS2(Prep;y.)- BAIS2 (Postyiy.) 4)

The BAIS2 value range for burn signs is from -1 to 1, while the range for actively burning flames is from
1 to 6. It is possible to choose between various BAIS2 value thresholds to reflect various fire intensity
densities. The available numbers have been chosen as they have been found to offer consistent results for
fires in locations mostly located in the Mediterranean Sea.

3.1.1.3. NDWI

The Normalized Difference Water Index (NDWI), developed by McFeeters, is a tool used to enhance the
detectability of water bodies in satellite imagery by leveraging the differential reflectance in the green and
near-infrared (NIR) bands [30,31].This index effectively distinguishes water by increasing the reflection
amount in the green band and decreasing it in the NIR band, making water bodies stand out due to their
unique spectral properties.
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The formula for calculating NDWTI is as follows:

_ (Green—NIR)
(Green+NIR)

NDWI ®)

Where "Green" refers to the wavelength range that covers green light, and "NIR" denotes the near-infrared
spectrum. For the Sentinel-2 satellite, the Green is represented by Band 3 (B3), and NIR by Band 8 (BS)
[32,33].

The NDWTI values range from -1 to 1, with positive values typically indicating the presence of water. This
index is particularly valuable for creating water masks in remote sensing applications, enabling the
straightforward exclusion of water areas from land analysis. In your study, the NDWI index was utilized to
identify water areas, which were easily masked out from the rest of the imagery, facilitating the focus on
terrestrial features and phenomena without the interference of water bodies. This method is crucial for
accurate environmental monitoring and management, particularly in areas where water presence
significantly influences the ecological or hydrological dynamics.

3.2. Method

3.2.1. Obtaining Satellite Images

Satellite data of the study areas were obtained by downloading Sentinel 2D satellite images from the
Copernicus Open Access Hub of the European Space Agency (https://scihub.copernicus.eu). The closest
time to the fire events and the clearest satellite images in terms of cloud cover were selected. The pre-fire

and post-fire

Sentinel 2D satellite images of Samandag study areas were selected and downloaded from the European
Space Agency open access data.

Table 1 Study area satellite data

Study o Percent Image

area Satellite image cloudiness (%) acquisition date
Samandag S2B_MSIL2A_20200828T081609_N0214_R121_T36SYF 6.622 28/08/2020
Study area 2B MSIL2A 20200917T081609 N0214 R121 T36SYF 12.727 17/09/2020

Satellite data for the study areas are given in Table 1 Image acquisition dates and cloudiness percentages
of the data are indicated. Pre-fire and post-fire images were selected to provide the best view of the study
area. It was important that there were few areas in the fire areas that would be obstructed by clouds. Clouds
and cloud shadows greatly affect the results.

3.2.1.1. Fire Indices Application Steps

Cloud and Water Masking

In order to minimize classification errors in fire study areas and to obtain accurate Fire indices results, cloud
and water masking operations were performed on the images. The effects of the atmosphere should also be
taken into account when determining the appropriate ground reflectance value for satellite imagery [26].
These operations were performed with the help of Snap 7.0 application. In order to perform cloud masking
in pre-fire and post-fire images, scl_cloud medium_proba, scl _cloud high proba, scl_thin_cirrus cloud
mask bands from Sentinel 2 band data were collected using the BandMath operator with the Snap 7.0
application, and a new cloud mask was created by specifying areas with pixel values less than 255 as black
and pixel points greater than 255 as white in the new image band of the collection.

In the new band created separately for the pre-fire and post-fire images, the image areas containing clouds
were defined as white and the other arecas were defined as black. Normalized Difference Water Index
(NDWI) was used to mask the water areas in the images.
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After finding the water areas for the pre- and post-fire images, a new band named "water mask" was
created. The water mask band was then combined with the cloud masks to create a new band named
"cloud_water mask".

This band of cloud and water masks was subtracted from the new image while finding the dNBR index.
Image Preprocessing

The resolution of the thirteen bands that make up the Sentinel-2 products is not the same everywhere. Since
many operators do not accept data with bands of different sizes, the first step for us is to resample the bands
so that they have the same resolution level. In the sampling process, using the "Resample" operator with
the Snap 7.0 application, the images of the study areas were resampled to a resolution of 10 meters using
the bilinear sampling method according to B2 at a resolution of 10 meters.

In the second step, the "Subset" operator was used again with the Snap application to cut the previously
selected study areas according to a geographic coordinate polygon and by selecting the bands to be used.
This operator is used in the process of segmenting a data product along spatial or spectral dimensions.
Subsets of the area can be specified by pixel coordinates or a geographic polygon.

During this sampling process, bands B3, B4, B6, B7, B, BSA, B12, cloud mask and water cloud mask
were selected and cut according to a polygon with geographic coordinates created for the study area.

Fire Index Calculations

Normalized burn rate (NBR) is the most widely used statistic for burn area and burn severity mapping
produced from satellite data. In our study, in the first step, NBR and dNBR index values were calculated
using pre-fire and post-fire satellite images for fire zone study areas and fire areas were identified and
located.

In the second step, the BAIS2 and dBAIS?2 indices, called the Burned Area Index for Sentinel-2 developed
by Filipponi, were calculated for the images of the study areas and fire zones were identified

3.2.2. Deep Learning Implementation Steps
3.2.2.1. Image Pre-Processing

Post-fire satellite images of the fire zones study areas were resampled according to the B2 Band with a
resolution of 10 m with the help of snap 7.0 application. For this sampling process, all bands were selected
using the "Resample" operator. Unlike the fire index calculations, only the post-fire satellite image was
used. In the next step, using the subset operator, the regions previously selected as the study area were cut
by selecting all bands (B1, B2, B3, B4, B5, B6, B7, B8, B8A, B9, B11 and B12) according to the polygons
with geographic coordinates.

3.2.2.2. Creation of Deep Learning Data Set

In the process of creating the data set for the deep learning model, burnt and unburnt areas were determined
by selecting the areas affected by the fire and the areas not damaged by the fire with geographical coordinate
polygons with the help of the Snap 7.0 application. The pixels selected with polygons were then cut using
the subset operator with the Snap 7.0 application and converted to data in tiff format. Selected areas are
clearly seen in Figure 3 500 geographically coordinated polygons from burned areas and 300 from unburned
areas were cut and prepared for the data set. The selection of pixels in the data set was made precisely to
prevent classification errors.

C.U. Miih. Fak. Dergisi, 40(1), Mart 2025




Reha PASAOGLU, Ahmet Ertugrul ARIK, Nuri EMRAHOGLU

Figure 3. Selection of burnt and unburnt areas
3.2.2.3. Creating a Deep Learning Model

The deep learning model was coded in Python programming language using TensorFlow and Keras libraries
with Spyder 5.0 application on Anaconda application platform. While creating the deep learning model, we
tried to create a model that we can use the data in our study in the most efficient way. The deep neural
network model we created is input layer with 12 nodes, 5 hidden layers with 12 nodes per layer and output
layer consists of a node. In our model, the data of the satellite image Since 12 bands were resampled after
image preprocessing, nodes representing all bands were created in the input layer. Figure 4 shows the model
in detail. In the deep learning model, Relu function was used in the hidden layers and sigmoid function was
used as activation function in the output layer.

Adam (Adaptive Moment Estimation) optimization was used as the optimization algorithm due to its
success and ease of application in updating the weights when working with large data and parameters in
deep learning. MSE (Mean Squared Error) was used as the loss function for the losses in the deep learning
model.

Input Layer Hidden Laver Output Layer

Figure 4. Deep learning model
3.2.3. Training and Testing a Deep Learning Model

For training, the images in the previously created dataset were processed using TensorFlow and Keras
libraries in the Python programming language and then fed into the deep learning model. The maximum
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number of training epochs was set to 300 as the most suitable for our model; however, this value may vary
depending on the model architecture and dataset.

To prevent overfitting, an early stopping mechanism was implemented in Python, ensuring that training
halts when performance stabilizes. Overfitting can negatively impact model performance by reducing its
generalization ability. The dataset was split into 70% for training and 30% for testing to evaluate the model
effectively. During testing, the trained model was loaded and tested using a Python-based program, utilizing
TensorFlow and Keras libraries once again.

The model’s training performance is visualized in Figure 5 and Figure 6. Figure 5 presents the accuracy
graph, demonstrating the model’s ability to classify burned and unburned pixels. The accuracy improves
rapidly in the initial epochs and gradually stabilizes near 1.0, indicating successful learning. Figure 6 depicts
the loss graph, representing the pixel-wise classification error between predicted and actual
burned/unburned areas. The decreasing loss values over epochs suggest that the model effectively
minimizes classification errors. The ‘Loss’ curve corresponds to the training dataset, while ‘val loss’
represents the validation dataset. Together, these figures confirm the model’s convergence and
effectiveness in distinguishing burned regions.
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Figure 5. Accuracy graph for the training process showing model performance over 300 epochs
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Figure 6 Loss graph for the training process showing model performance over 300 epochs. The loss
represents the pixel-wise classification error between the predicted and actual burned/unburned areas,
indicating the model’s accuracy in distinguishing between these classes

3.2.4. Comparison of Deep Learning and Fire Indices with General Directorate of Forestry Data
In the last step of the study, the deep learning and fire index data were compared with the data in the fire

registration slips obtained from the General Directorate of Forestry. The General Directorate of Forestry
data was taken as the success criterion. The results of GDF data, fire indices and deep learning method were
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evaluated according to their proportional overlap rates. In addition, the data found with ArcGIS PRO 2.7
application were converted into GeoTiff format and mapped spatially on the hybrid map and visually
evaluated. Areas outside the fire zones and misclassifications were observed again on the map and their
success was evaluated.

4. RESULTS AND DISCUSSION
4.1. Fire Indexes and Deep Learning Model Results: Samandag Fire Findings

The images of the study areas were processed according to the dates of occurrence of the fires and fire
indices were applied, and then the burned areas were detected with the newly created deep artificial neural
network model.

4.1.1. dNBR

The NBR and dNBR indices were first applied for the Samandag fire, as shown in figure 7. Cloud and water
masking were applied to avoid affecting the results of the fire indices.

In the first step, the NBR index was applied on the pre-fire image and then applied on the post-fire image.
As aresult of these processes, two new bands named NBR (Before Fire) and NBR (After Fire) were formed.
The dNBR value was calculated via the new bands and according to the burn severity in the Samandag
study area, the amount of high post-fire regeneration was 14.20 hectares, low post-fire regeneration was
41.85 hectares, unburned area was 9638.20, low burn severity was 789.90 hectares, medium/low burn
severity was 582.10 hectares, medium/high burning intensity was found to be 687.30 hectares and high
burning intensity was found to be 1880.40 hectares. dNBR results are given in Table 2.

Additionally, Figure 8 provides a detailed visualization of the dNBR index, illustrating the spatial
distribution of burn severity (low, moderate/low, and high), helping to assess fire impact.

(b)
Figure 7. Samandag study area a) NBR index b) dNBR index result

Table 2. Samandag forest fire AINBR index results

Result dNBR (hectare)
Enchanged regrowth,high(post-fire) 14.20
Enchanged regrowth,low(post-fire) 41.85
Unburned 9638.20
Low severity 789.90
Moderate/Low severity 582.10
Moderate/High severity 687.30
High severity 1880.40
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Figure 8. Samandag study areas DNBR detailed index result
4.1.2. dBAIS2

Calculations for our other fire area identification indices, BAIS2 and dBAIS2, were also performed on pre-
and post-fire images, as shown in Figure 9. These calculations generated the BAIS2 (Before Fire) and
BAIS2 (After Fire) bands, from which the dBAIS2 index was derived to determine the burned area.

(b)
Figure 9. Samandag study area a) BAIS2 index b) dBAIS2 index result

Figure 10 provides a geographic representation of the burned area, highlighting the extent of fire damage

for clearer assessment. According to the dBAIS2 index, a total of 3528.60 hectares of burned land was
identified in the Samandag study area.

C.U. Miih. Fak. Dergisi, 40(1), Mart 2025




SAOGLU, Ahmet Ertugrul ARIK, Nuri EMRAHOGLU

WSTWE | I | ISR WE N WTE WINE WTE WTN'E WIE WIIE WAE WOOE WTE WIN'E WEE

1™ 15301
»1sn
w1ron o——
N
*160% 1630
N
* 150N w153
1SN

W1ON  —

W1ITON N
wiN

WIZIN ver 3 -

IFSTIE HE IUWE HIE HOIWE WTE WTUE WTE FN'E WE WWIE WTE WSIE WEE

B BumedArea
Figure 10. Samandag study areas detailed dBAIS2 index result

4.1.3. Our Deep Learning Model

With the new deep learning model designed, the image of the study area was classified as burned and
unburned areas using the training dataset created with only post-fire data from the Samandag study area, as
shown in Figure 11. The accuracy rate of the new model was found to be 98.36%. According to the results
found with the deep learning method, 3605.15 hectares of burned area was identified in the Samandag study
area.
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Figure 11. Samandag region our deep learning model result
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For the Samandag study area forest fire, the dNBR index is 3939.70 hectares, the dBAIS2 index is 3528.60
hectares and 3605.15 hectares of burnt forest area is calculated with the deep learning model. When we
look at these values, considering the GDF (General Directorate of Forestry) data, which is 3664.9, as a
criterion, dNBR index calculated 274.80 hectares more burned area, dBAIS2 index calculated 136.3
hectares less burned area and deep learning data calculated 59.75 hectares less burned forest area when
compared with GDF data. The study area is quite large compared to ordinary fires. AINBR index overlaps
91.50%, dBAIS2 index overlaps 96.28%, deep learning model overlaps 98.36%. According to these values,
the fact that the deep learning model finds values closer to the GDF data shows that it provides more
consistent and accurate estimates than other indices.

As summarized in Table 3, these values indicate that the deep learning model provides more consistent and
accurate estimates compared to other indices.

Table 2. Samandag fire district burning rates
Samandag forest fire

dNBR index  dBAIS2 index Deep learning model

General directorate of
forestry (GDF) data

3939.70 3528.60 3605.15 3664.9

Burnt area
(Hectare)

5. CONCLUSION AND SUGGESTIONS

In this study, a new deep learning model was compared with conventional burned area indices (dINBR and
dBAIS2) to detect forest fire damage in Hatay’s Samandag region using Sentinel-2 satellite data. The
findings demonstrated that the deep learning approach yielded a higher accuracy rate, with a near 98.36%
match against the General Directorate of Forestry (GDF) records, surpassing the dNBR and dBAIS2
indices. These results highlight the capacity of deep learning algorithms to more effectively capture and
distinguish complex spectral signatures in burned and unburned surfaces, particularly when integrated with
Sentinel-2’s fine spatial and temporal resolution. By leveraging information from multiple bands, the deep
learning model mitigated classification errors more robustly than traditional index-based methods.

The improved accuracy and reliability of the deep learning method bear significant implications for disaster
response and forest management. Rapid and accurate assessment of burned areas is critical in devising
immediate remediation strategies, guiding reforestation efforts, and optimizing resource allocation during
wildfire emergencies. Moreover, the temporal proximity of satellite acquisitions to fire events was crucial
in reducing observational gaps; thus, integrating real-time or near-real-time data from drones and ground
sensors could further strengthen early detection and damage quantification. Expanding the model’s training
datasets with diverse geographical regions and vegetation types would also enhance its generalizability.
Incorporating a wider range of advanced machine learning architectures, such as convolutional neural
networks (CNNs) or attention-based models, could provide even more detailed classifications of burn
severity levels and expedite post-fire recovery planning. Consequently, this study underscores the growing
importance of deep learning techniques in wildfire monitoring, emphasizing their role in developing more
responsive and data-driven forest management policies.
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In this study, the improvement of the rheological properties of
bentonites by alkaline activation was investigated. The
characterizations of the samples used in the study were determined by
X-ray fluorescence spectroscopy (XRF), particle size distribution
(PSD), cation exchange capacity (CEC), specific surface area (SSA)
analysis and scanning electron microscopy (SEM) images. The
rheological properties of the suspensions were determined by apparent
viscosity (AV), plastic viscosity (PV), yield point (YP) and gel strength
(GS) measurements. In addition, static filtration analysis was performed
and thixotropic properties were determined by shear thinning index
(STI) and thixotropy index (TI) calculations. Rheological flow
parameters were calculated using the least squares method (LSM) and
the model equations were created according to the Herschel-Bulkley
flow model (HBM). As a result of the analyzes, it was determined that
the alkaline activation process improved the rheological and thixotropic
properties of bentonite dispersions. Also, the rheogram curves indicate
that the suspensions showed a shear-thinning flow behavior. In the
HBM evaluation, it was determined that the best flow properties
belonged to EB (0.9987 R?) in raw samples and NB (0.9985 R?) in
activated samples.
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(XRF), tanecik boyut dagilimi (PSD), katyon degisim kapasitesi (CEC),
spesifik yiizey alan1 (SSA) analizleri ve taramali elektron mikroskobu
(SEM) goriintiileri ile belirlenmistir. Siispansiyonlarin reolojik
ozellikleri goriinlir viskozite (AV), plastic viskozite (PV), kopma
noktas1 (YP) ve jel kuvveti (GS) olciimleri ile belirlenmigtir. Ayrica
statik filtrasyon analizi yapilmis olup, tiksotropik ozellikleri kayma
incelme indeksi (STI) ve tiksotropi indeksi (TI) hesaplamalar ile
belirlenmistir. Reolojik akis parametreleri en kii¢iik kareler yontemi
(EKK) kullanilarak hesaplanmig olup, model denklemleri Herschel-
Bulkley akis modeline (HBM) gore olusturulmustur. Yapilan analizler
sonucunda alkali aktivasyon isleminin bentonit dispersiyonlarinin
reolojik ve tiksotropik 6zelliklerini iyilestirdigi belirlenmistir. Ayrica,
reogram egrileri slispansiyonlarin kayma incelme davranigi gosteren bir
akis gosterdigini  ifade etmektedir. HBM reolojik model
degerlendirmesinde en iyi akis 6zelliklerinin ham numunelerde EB
kodlu numuneye (0,9987 R?), aktivasyonlu numunelerde ise NB kodlu
numuneye (0,9985 R?) ait oldugu belirlenmistir.
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1. INTRODUCTION

Bentonites that member of smectite type clay minerals come front among the others due to can shows gel-
form at low concentrations [1-4]. They vary differ types according to dominant ions in contain as sodium,
calcium and mix types. Each of them shows differ gel function and swelling mechanism. Thus, they do not
always show the same properties [5-7]. Each type bentonites are preferred according to differ usage areas
considering the general properties. Sodium type ones are widely used because of they can occure more
viscous suspensions than others. For this reason, the conversion studies of calcium and mix types to sodium
type continues from past to present. Considering the suspension properties, bentonites are more preferred
and used especially in drilling operations than others [8-11].

Bentonites used as a major additive material in drilling operations due to swelling and thixotropy (TP)
properties [12]. Although there are many drilling fluid systems, water-based is the most widely used [13].
It has a significant cost effect (~15-20%) on the drilling cost and has important duties for well such as
removing the cuttings from bottom to surface, cooling bit, provide stability, controlling formation pressure,
preventing corrosion and suspending cuttings [14,15]. In drilling, drilling fluid must have some flow
properties to perform tasks because of differences in well and surface (pressure, temperature, rock
properties of drilled). With these properties, rheology of drilling fluid is controlled. To controlling rheology
of drilling fluid, some materials (chemicals, organics, and polymers) is added into system [16]. However,
these materials increase the drilling cost. Therefore, the bentonite added drilling fluids comes to the fore in
controlling the flow properties of drilling mud because it is cheap and has abundant reserves. However, the
specifications of bentonite used are also important in controlling drilling fluid rheology. Bentonites, has
high swelling capacity and low filtrate volume, should be preferred. Thus, more viscous drilling fluid can
be obtained. Therefore, either bentonite with good properties should be used or the rheological properties
of bentonite should be improved [17].

In this study, the rheological and thixotropic properties of raw and activated bentonites were investigated.
Flow properties of the muds like apparent viscosity (AV), plastic viscosity (PV), yield point (YP), gel
strength (GS) (10 sec. and 10 min) and filtration were evaluated. Then, usability of bentonites was
determined as drilling fluid additive. Also, shear stress (SS) values of the muds at different shear rates (SR)
were measured with rotational viscometer and investigated according to Herschel-Bulkley (HB) rheological
model according to least squared method (LSM) with MatLab.

2. MATERIAL AND METHOD

The bentonite samples that were used the experiments were collected different region and companies. WB
was taken from HALLIBURTON, EB and RB were taken from CANBENSAN, NB was taken from RBS
and UB was taken from BENTAS.

The activation process was applied using with sodium carbonate (Na,COj3) and magnesium oxide (MgO)
according to dry alkaline method [18]. This activation method was applied to the concentrated bentonites,
which are obtained from grinding the WB, EB, RB, NB and UB and sieved under 150 um particle size.
Then, drying process was applied under at 105 °C and 120 min. conditions so that remove the free water
molecules. After this process, bentonite samples were cooled and were taken into mixing machine and
deionized water sprayed (min. 15 minutes) until humidity reached at 40% when mixing continued. Then,
Na,CO3 was added the ratio of wt.2.5% to the samples, which been the form like dense paste, and mixing
was applied for 15-20 minutes so that homogenization. They were turned into round pieces with a diameter
of 4-5 cm for the drying and holding process to be efficient and kept for 8-9 weeks for the exchange of Na*
cations. Afterwards, the grinding was made using with planetary ball mill. As a result of the grinding, the
micronize particle sized samples were sieved to be lower than 75 um. After the sieving MgO was added as
ratio of 0.5 wt% with dry mixing. The activation was completed as a result of these steps.

The chemical compositions of the bentonite samples were detected X-ray fluorescence (XRF) analysis with
MINIPAL 4 and results obtained from Kok et al. [19] (see Table 1). The particle size distribution (PSD) of
samples were analysed by Malvern Panalytical Mastersizer 3000 and results given in Figure 1. Here, the
samples were grinding with a laboratory scale ball mill. The particle size distribution of bentonites (see
Table 2) were provided to be compatible with API 13A standard (deo<75um) [20].
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Table 1. Chemical analysis of bentonites

Onur Eser KOK, Hiiseyin VAPUR, Yasin ERDOGAN

Raw Samples SiO2 ALO;  Fe203 CaO €10 MgO Na:0 TiO: MR
WB 64.27 15.51 5.62 1.12 0.52 0.03 2.79 0.24 2.88
EB 56.71 16.27 7.12 5.35 1.42 0.17 1.59 0.67 0.55
RB 52.13 14.34 11.20 5.11 1.76 0.23 2.82 1.69 0.86
NB 52.84 14.44 9.70 6.43 1.20 0.16 1.93 1.42 0.48
UB 65.69 16.37 1.09 491 0.49 0.04 0.91 0.18 0.28

Activated Samples SiO2 ALO;  Fe203 CaO €10 MgO Na2O TiO2 MR
WB 65.98 16.31 5.57 1.1 0.61 0.11 2.99 0.34 2.97
EB 58.84 15.67 7.53 4.33 2.01 0.21 2.85 0.81 1.07
RB 52.71 15.40 10.98 4.04 1.97 0.37 3.17 1.69 1.17
NB 56.44 13.51 9.67 391 1.55 0.21 3.69 1.12 1.27
UB 63.79  14.53 1.77 4.00 1.19 0.11 2.99 0.56 1.02

Table 2. PSD of the raw bentonites
dio dso doo
Sample (um)
WB 2.36 6.49 26.5
EB 0.81 3.65 7.91
RB 3.66 144 60.0
NB 1.99 5.34 24.2
UB 3.73 10.7 25.8
8
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Figure 1. Particle size distribution of bentonite samples

The cation exchange capacity (CEC) of the samples were calculated using methylene blue solution
according to API 131 standard [21] and given in Figure 2.
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Figure 2. CEC values of the bentonites

25.22

The specific surface area (SSA) of the samples were determined with Brunauer-Emmett-Teller (BET)
analysis using N, adsorption-desorption measurements by Costech Sorptometer 1042 and results given in

Figure 3.
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Figure 3. SSA values of bentonites

The scanning electron microscope (SEM) images of the samples were obtained with using Quanta FEG 650
scanning electron microscope for morphological evaluations. The images of raw and activated bentonites

were shown in Figure 4 and Figure 5, respectively.

Figure 5. SEM images of the activated bentonites
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The drilling mud samples were prepared using wt. 6% suspension ratio according to API 13A standard. In
addition, the pH of all samples was be ensured range between 7.7-8.5.

Rheological properties of the muds were determined with a rotational viscometer (OFITE Model 800) by
considering SS, PV, YP and AV. The viscometer equipped with six speeds as 600, 300, 200, 100, 60, 30, 6
and 3 (rpm). After reading and recording the values, Equations 6-7 were applied.

The PV and YP are determined in a concentric cylinder rotary viscometer as high accuracy. The essential
elements of viscometers are rotor and bob, and in this study, R1-B1 rotor-bob system was used. As a work
system, an outer cup rotates concentrically around an inner cylinder or bob, that is suspended from a torsion
wire. A dial affixed and a pointer are used to measure the angle at which the wire rotates. When the cup is
rotated, the bob rotates together with up to the torque in the wire creates a SS at the bob surface higher than
the shear strength of the plastic structure [22]. And definition equation is given below.

To
2

=To Q)

To: torque at the yield point; Ry: bob radius; h: bob’s effective height

The yield point (o) is defined with the intercept. Also, T, is the extrapolation of the curve linear portion
on the torque axis. It is given with above equation in condition that ®=0. Then;

T, (1 1) _ Re
4Th (R,Z, + R§> = Toln Rp 2)

There are a many commercially available and suitable viscometer. Some of them can be used for drilling
muds and they are similar in work principle. All are based on a design by Savins and Roper [23], which
enables the plastic viscosity (PV) and yield point (YP) to be calculated from 600 and 300 rpm. The
underlying theory is as follows:

A6-B
oy = 49757 (3)

w
where A: spring constant; B: conversion factor; : rotor speed (rpm)
Then,

w, =PV =A4A (ﬂ) @)

w1—wWz

0:: dial reading at ®; rpm; 6,: dial reading at @, rpm; PV: plastic viscosity

T =YP =70~ (;2) (6. - 6,)] s)

wW1—w2

0,: dial reading at ©; rpm; 0,: dial reading at ®, rpm; PV: plastic viscosity; YP: yield point.

Then,

Equations 4 and 5 then simplify to;

PV =06,-0, (6)
YP =6, — PV )
To provide these parameters, Ry, and R, were chosen so that, with an annulus width of about 1mm, the value
of A=B would be 300, ®, was therefore 300 rpm, and ®;, 600 rpm. Then, the specifications enabled

Equation 6 to give the PV (cP), and Equation 7 to give the YP (Ib/100ft?). In addition, Equation 8 to give
the apparent viscosity (AV) in centipoise (cP).
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__ 300x0600 6600

AV 600 = 2 (8)

GS of the muds were measured by reading maximum dial reading at 3 rpm for at 10 sec. and 10 min. with
rotational viscometer. Before each measurement, the muds were stirred for dispersion (min. 10 sec. at 600

rpm).

Filtration properties of the muds were determined with fluid loss test by using API filter press test kit under
100£5 PSI nitrogen pressure for 30 min. at room temperature.

TP properties of the muds were determined according to the shear thinning index (STI) and thixotropy
index (TI) given in Equations 9-10.

STI = - ©)
300
6 ,
TI = ~°min (10)
9500max

Rheograms of the muds were determined according to SS values at different SR. Also, the rheological
parameter estimations were performed according to HB model given in Eq. 11. Model parameters were
determined using least squares method of Matlab™ and the coefficient of determination (R) indicator.

T=1, +ky" (11)
Where, T and v are the SS and SR, respectively. Others are rheological parameters of the model.

3. RESULTS AND DISCUSSION
3.1. Characterization Results

Mass ratio (MR) values were calculated using the XRF results by Na,O+K,0 / CaO+MgO equation (Na-
Ben: MR>1, Na/Ca-Ben: 0.35<MR<1, Ca-Ben: MR<0.35). Results showed that WB is Na-Ben, EB, RB
and NB are Na/Ca-Ben and UB is Ca-Ben in raw samples. However, all samples were determined as Na-
Ben after the activation.

The PSD results showed that all sampled were provided to API standarts (dgg < 75 pm). Also, the highest
and lowest values were measured as 60.0 um and 7.91 pm from RB and UB, respectively. Other raw
bentonite samples values varied between 24-27 pm.

In the CEC analyzes, its seen that activated samples has lower exchangeable cations than raw ones (see Fig.
3). Because of the hydration ability, Na" cations easily replaced the Ca”* cations. Considering the cation
exchange tendencies (Mg*™>Ca*>K*>Na"), there were a decrease in the CEC values of all samples due to
Na" were lower than Ca' [24,25]. However, due to the low concentration (2.5% by weight) of soda
activation, a significant change was not determined.

SSA values of the raw bentonite samples were determined lower than raw samples (see Fig. 4). With the
Na' entered between the particles and settled in the spaces between the layers, micro cracks filled. Thus,
porosity and permeability decreased [26].

According to the SEM images of the raw bentonites, it is seen that the samples have thin and porous form.
These images are expressed as tulle morphology and associated with smectite group clays. Also, it is seen
that the samples have irregular dimension and shape of all. Additionally, it is clearly seen that some particles
come together to form larger pieces in the form of lumps. Moreover, it is seen that the SEM images of
activated bentonites are in similar form to the raw ones. In addition, it is determined that the dispersion
tendencies of the lumps increased for all of the samples after the activation process and moderate
dispersions occurred.
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3.2. Analyzing of the Viscosity, GS and Filtration Results

AV, PV and YP analyzes were applied for determining to flow properties of the muds. AV was measured
for real time viscosity estimation and flowability determination; PV was measured for solid content effect
on viscosity; and YP was measured for transition initial SS from static to dynamic phase. Analyzes results
given in Figure 6 and Figure 7.

20 20
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16 mpPV 16
<12 12 &
> S
A 10 10 =
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Figure 6. Viscosity results of raw bentonites

The maximum AV values with 19 cP were recorded from WB and RB in raw samples. Also, the minimum
value was obtained with 2 cP from UB. When evaluated the activated samples, AV values were recorded
25 cP from NB as highest and 9 cP from UB as lowest. Evaluating the activation effect, it was seen that
AV increased with activation for WB, EB and RB as 23.5%, 22.2% and 31.5% respectively. Also, it was
noticed that NB reached nearly twice the value and UB reached nearly four times. According to the API
13A standard, it should have an AV of at least 15 cP to be used as drilling mud. For raw samples, it was
determined that WB, EB and RB suitable for API with as 19 cP, 18 cP and 19 cP, respectively. For activated
samples, it is determined that all muds suitable for the standard except UB (9 cP).

The highest PV was recorded from EB with 15 cP and lowest with 1 cP from UB. In the activated samples,
PV were recorded 16 cP from WB and NB as highest and 3 cP from UB as lowest. When evaluated the
activation effect, an increase observed for WB, NB and UB by 1.23, 3.2 and 3 times respectively. A
decrease observed for EB and RB by 33.3% and 8.3%.

YP obtained as maximum and minimum from NB and UB with 16 1b/100ft> and 2 1b/100ft?, respectively
in raw suspensions. In addition, the highest values in activated samples were from EB and RB with 24
1b/100ft%; the lowest was determined as 10 1b/100ft> from WB. After the activation, an increase in YP
observed all samples except WB (decrease 16.6%). It is determined that these increases were highly in
some samples such as 18 1b/100ft? for EB, 10 Ib/100£t? for RB, 9 1b/100ft? for UB. Also 2 1b/100ft? increase

observed in NB.
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Figure 7. Viscosity results of activated bentonites
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Figure 9. GS of activated bentonites

GS analyzes were applied for determined to TP properties of the muds in non-flow times and results given
in Figure 8 and Figure 9. GS results (10 sec.) of the muds prepared with raw bentonites showed that ranges
from 1 Ib/1001t> (UB) to 7 Ib/1001t> (NB). Also, increases were determined after the activation and these
increases ranges from 1 1b/100ft? to 3 1b/100ft> except EB. There was no determined any changes in EB
with activation (5 1b/100ft?). In addition, GS results (10 min.) of the muds (prepared with raw bentonites)
showed that ranges from 2 1b/100ft> (UB) to 12 1b/100ft?> (NB). In addition, increases were determined
ranges from 1 1b/100ft to 7 1b/100ft? after the activation. Results showed that alkaline activation increased
the GS. With the cation exchange, swelling properties of the bentonites improved and more water molecules
settled into the layers.
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Figure 10. Filtrate volumes of bentonites
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In the filtration analysis, the lowest filtrate volume was determined from WB (21.4 mL) and highest from
UB (47.6 mL) in the muds prepared with raw bentonites. In addition, 20.9 mL (WB) and 33.7 mL (UB)
filtrates were determined as maximum and minimum after the activation (see Fig. 10). Results showed that
filtrates decreased with the activation. With the increase in swelling capability, a thickening occurred in the
mud cake and the filtrate in the mud was less able to pass into the cylinder. These decreases were measured
as 2.33% for WB, 3.62% for EB, 3.28% for RB, 1.03% for NB and 29.2% for UB.

3.3. Analyzing of the TP
TP analyzes of the suspensions were evaluated in two sections as STI and TI. These analyzes were

associated with thixotropy of the suspensions. Increasing of STI and decreasing of TI indicate improved
TP. STI and TI values are given in Figure 11 and Figure 12, respectively.
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Figure 11. STI values of bentonites
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Figure 12. TI values of bentonites

In the STI analysis, it was observed that there was an increasing for all suspensions after the activation. STI
increased 33.3%, 55.5%, 9.1%, 33.3% and 75% for WB, EB, RB, NB and UB respectively. Also, in the TI
analysis, it was observed that there was a decreasing. These decreasing ratios were 2.06%, 2.06%, 2.1%,
2.08% and 6% for WB, EB, RB, NB and UB respectively. These results showed that TP improved, and
activation get positive effect.

3.4. Rheology and Model Determination

The rheograms (also named as flow curves) were prepared with SS values versus the SR (Figure 13 and
Figure 14). Rheology profiles were determined according to these flow curves. According to the results, it
was clearly seen that the muds show yield pseudoplastic flow. Also, rheograms showed that the SS values
measured at low SR (<200 rpm) are close to each other, the difference is greater at high SR (>300 rpm). In
addition, SS values increased at all SR after the activation.

C.U. Miih. Fak. Dergisi, 40(1), Mart 2025




Improving of Thixotropic Properties of Bentonite Dispersions in Rheological Applications

45
35 ——NB UB
~ 30
<
483 25
=20
=15
10
5
0
0 200 400 1,5 600 800 1000
Figure 13. Rheograms of raw bentonites
60
50 ——NB UB
40

1b/100£t"2
W
(=)

0 200 400 y 600 800 1000
s

Figure 14. Rheograms of activated bentonites

Model parameters of the muds calculated using LSM and results given Table 3 and Table 4. According to
the results, it was determined that the EB showed the best suitable result with 0.9987 R? for HBM among
the raw bentonite suspensions. Also, the UB showed the most unsuitable result with 0.9160 R2. Among the
activated bentonite suspensions, it was determined that the NB showed the best suitable result with 0.9985
R? value for HBM. Also, the UB showed the most unsuitable result with 0.7958 R?.

Table 3. Model parameters of raw samples

Samples Model parameters Model equation Statistical results
k=0.511 R2 = 0.9959
_ N 0.628 v
WB n=0.628 1=0.548+0.511.y RMSE = 0.7840
T, =0.548
k=0.082 R2 = 0.9987
_ B 0.875 v
EB n=0.875 1=3.205+0.082.y RMSE = 0.4079
Ty, =3.205
k=0.761 R2=0.9773
_ _ 0.570 v
RB n=0.570 1=0.458+0.761.y RMSE = 1.8424
Ty =0.458
k=3.087 R2=0.993]
_ _ 0.314 v
NB n=0.314 1=0.411+3.087.y RMSE = 0.5967
1, =0.411
k=0.288 R2=0.9160
_ 041 _ 0.415 o
UB n=0415 1=1.034+0.288.y RMSE = 0.9436
1, =1.034
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Table 4. Model parameters of activated samples

Samples Model Parameters Model Equation Statistical Results
k=0.144 _ 0.811 R2=0.9971

WB :y;(;ilzll 1=5.321+0.144.y RMSE = 0.6748
ki3-938 0372 R2=0.9316

EB :y;(;;?g 1=8.239+3.938.y"" RMSE = 3.9095
k=3.402 R?=0.9651

RB il; (;%974; 1=5.075+3.402.40-394 RMSE = 2.8064
k=0.655 0.622 R?=0.9985

NB :;(4)‘612326 1=4.136+0.655.y"" RMSE =0.5777
k=3.350 R2=10.7958

UB rn; (;292;? 1=7.991+3.350.¢0-280 RMSE = 2.9609

4. CONCLUSION

The aim of this study was to determine the rheological and filtration properties of bentonites and to
improved flow properties for drilling applications by dry alkaline activation. For this purpose,
comprehensive works were conducted in experiments. It was determined that the activation showed a
positive effect on the rheological properties of bentonites such as AV, PV, YP, GS, STI and TI. The TP of
the drilling fluids were improved, and fluid losses were decreased. Alkaline activation of bentonites with
2.5 wt.% Na,COs and 0.5 wt.% MgO improved the flow properties of the muds. Therefore, activated
bentonites usability in oilfields can increased and provided less use of other high costly rheology additives
(such as PAC and polymers) that increase viscosity. Also, some raw bentonites can be used directly in
drilling fluids, however it was determined that it better results were obtained with the activation. Flow
properties of drilling fluids in wellsite can be determined with the development of computer solutions and
analytical programs easily. Thus, dynamic flow profiles of the drilling fluids in the well can be estimated
without practical applications with high accuracy. In the rheological model evaluation according to HBM,
the results showed that the EB is the most suitable with 0.9987 R? value among the raw bentonite samples,
the NB is the most suitable with 0.9985 R? value among the activated ones. Thus, it will be possible to
prepare less costly and more convenient drilling muds with this samples.

5. ACKNOWLEDGEMENT

This study supported by Cukurova University Scientific Research Projects Department with the Project
Code FDK-11786. Also, the scientific results that given in this study obtained from the scope of PhD thesis
of first author within Cukurova University Institute of Natural and Applied Sciences.

6. REFERENCES

1. Koutsopoulo, E., Christidis, G.E. & Marantos, 1. (2016). Mineralogy, geochemistry and physical
properties of bentonites from the Western Thrace Region and the islands of Samos and Chios, East
Aegean, Greece. Clay Minerals, 51, 563-88.

2. Luckham, P.F., Rossi, S. (1999). The colloidal and rheological properties of bentonite suspensions.
Advances in Colloid and Interface Science, 82(1-3), 43-92.

3. Mpofu, P., Addai-Mensah, J. & Ralston, J. (2004). Flocculation and dewatering behaviour of smectite
dispersions: effect of polymer structure type. Minerals Engineering, 17(3), 411-23.

4. Shakeel, A., Safar, Z., Ibanez, M., Van Paassen, L. & Chassagne, C. (2020). Flocculation of clay
suspensions by anionic and cationic polyelectrolytes: a systematic analysis. Minerals, 10(11), 999-1023.

C.U. Miih. Fak. Dergisi, 40(1), Mart 2025




Improving of Thixotropic Properties of Bentonite Dispersions in Rheological Applications

5. Bergaya, F., Lagaly, G. (2013). Handbook of clay science: Developments in clay science (2nd ed.).
Elsevier, United Kingdom.

6. Zhou, C., Tong, D. & Yu, W. (2019). Smectite nanomaterials: preparation, properties, and functional
applications, nanomaterials from clay minerals. Elsevier, United Kingdom.

7. Hwang, J., Pini, R. (2019). Supercritical CO, and CHs uptake by illite-smectite clay minerals.
Environmental Science & Technology, 53(19), 11588-11596.

8. Abdou, M.I.,, Ahmed, H.S. (2011). Effect of particle size of bentonite on rheological behavior of the
drilling mud. Journal of Petroleum Science and Technology, 29, 2220-2233.

9. Abdollahi, M., Pourmahdi, M. & Nasiri A.R. (2018). Synthesis and characterization of
lignosulfonate/acrylamide graft copolymers and their application in environmentally friendly water-
based drilling fluid. Journal of Petroleum Science and Engineering, 171, 484-494.

10. Xiang, G., Ye, W., Xu, Y. & Jalal, F. E. (2020). Swelling deformation of Na-bentonite in solutions
containing different cations. Engineering Geology, 277, 105757.

11. Harjupatana, T., Miettinen, A. & Kataja, M. (2022). A method for measuring wetting and swelling of
bentonite using X-ray imaging. Applied Clay Science, 221, 106485.

12. Afolabi, R.O., Orodu, O.D. & Efeovbokhan V.E. (2017). Properties and application of Nigerian
bentonite clay deposits for drilling mud formulation: recent advances and future prospects. Applied Clay
Science, 143, 39-49.

13. Lagaly, G. (2006). Handbook of clay science: developments in clay science (2nd ed.). Elseviler, United
Kingdom.

14. Goel, P.N., Anand, A., Anand, S.R., Jha, K. & Richhariya, G. (2022). Development of cost-effective
drilling fluid from banana peel pectin and fly ash for loss circulation control. Materials Today:
Proceedings, 62,4177-4181.

15. Erdogan, Y., Kok O.E. (2019). Production and characterization of nanobentonite from sodium bentonite
with mechanical grinding. Fresenius Environmental Bulletin, 28(11), 8141-8150.

16. Agwu, O.E., Akpabio, J.U., Ekpenyong, M.E., Inyang, U.G., Asuquo, D.E., Eyoh, I.J. & Adeoye O.S.
(2021). A comprehensive review of laboratory, field and modelling studies on drilling mud rheology in
high temperature high pressure (HTHP) conditions. Journal of Natural Gas Science and Engineering,
94, 104046.

17. Altun, G., Osgouei, A.E. (2014). Investigation and remediation of active-clay contaminated sepiolite
drilling muds. Applied Clay Science, 102, 238-245.

18. Karagiizel, C., Cetinel, T., Boylu, F., Cinku, K. & Celik, M.S. (2010). Activation of (Na, Ca)-bentonites
with soda and MgO and their utilization as drilling mud. Applied Clay Science, 48, 398-404.

19. Kok, O.E., Vapur, H. & Erdogan, Y. (2023). Rheological behavior of activated bentonite suspensions
and estimation of flow models using least squares method. Geoenergy Science and Engineering, 230,
212181.

20. API SPEC 13-A, (2010). Specification for Drilling Fluids Materials. American Petroleum Institute,
Washington.

21.API SPEC 13-1, (2020). Laboratory Testing of Drilling Fluids. American Petroleum Institute,
Washington.

22.Caenn, R., Darley, H.C. & Gray, G.R. (2011). Composition and properties of drilling and completion
fluids. Gulf professional publishing, Elsevier.

23. Savins, J.G., Roper, W.F. (1954). A direct indicating viscometer for drilling fluids. American Petroleum
Institute (API-54-007), New York.

24.Y1ldiz, N., Sarikaya, Y. & Calimli, A. (1999). The characterization of Na,COs activated Kiitahya
bentonite. Turkish Journal of Chemistry, 23(3): 309-318.

25. Cinku, K., Boylu, F., Duman, F. & Celik, M.S. (2010). The effect of the presence and amount of ions
in the water on the product properties in the enrichment and activation of bentonites with soda. Istanbul
University Journal of Engineering Sciences, 1(1), 9-18.

26.Karimi, L., Salem, A. (2011). Analysis of bentonite specific surface area by kinetic model during
activation process in presence of sodium carbonate. Microporous and mesoporous materials, 141(3),
81-87.

C.U. Miih. Fak. Dergisi, 40(1), Mart 2025




Cukurova Universitesi
Mihendislik Fakiiltesi Dergisi

Cukurova University

Journal of the Faculty of Engineering

ISSN: 2757-9255

CiLT/VOLUME: 40 SAYI/ISSUE: 1

OCAK/JANUARY 2025

Experimental Investigation of Local Flexible Surface on Aerodynamic
Effects for Finite Wing with NACA0018 Section

Ali Emirhan EROGLU '*, Tahir DURHASAN '*, Javad Rashid JAFARI '*,

lyas KARASU *¢

'Adana Alparslan Turkes Science and Technology University, Department of Aerospace Engineering,

Tiirkiye

2Samsun University, Department of Aerospace Engineering, Samsun, Tiirkiye

“ORCID: 0009-0002-7006-2875; "ORCID: 0000-0001-5212-9170; <ORCID: 0009-0007-7497-7892;

YORCID: 0000-0003-3138-6236

Article Info

ABSTRACT

Received : 02.01.2025

Accepted : 25.03.2025

DOI: 10.21605/cukurovaumfd. 1665840
Corresponding Author

Tahir DURHASAN

tdurhasan@atu.edu.tr

Keywords

NACA0018

Flexible surface

Aerodynamic performance

Finite wing

How to citee EROGLU AE.,
DURHASAN, T., JAFARI, J.R., KARASU,
L, (2025). Experimental Investigation of
Local Flexible Surface on Aerodynamic
Effects for Finite Wing with NACA0018
Section. Cukurova University, Journal of
the Faculty of Engineering, 40(1), 61-68.

The experimental study is conducted in low-speed wind tunnel
in order to explore the effects of flexible surface on the
aerodynamic performance of NACAO0018 finite wing. In this
purpose, lift and drag force of the wing measured using six axes
load cell over the angle of attack 0°-18° at different Reynolds
numbers. Moreover, surface oil flow visualization experiments
are performed to depict the flow structure over wing. The
flexible wing remarkably improves aerodynamic performance at
Re=3x10% and it also enhances the lift coefficient and
diminishes the drag coefficient. The stall angle is delayed from
2.5° to 7°. It is observed that stall angle is shifted further angle
of attack when Reynolds number increased. However, the effect
of flexible surface on the aerodynamic performance diminishes
with increasing Reynolds number. Furthermore, the observed tip
vortex and laminar separation bubble significantly influence the
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performanst tizerindeki etkisini aragtirmak amaciyla diisiik hizli
riizgar tiinelinde deneysel ¢alisma gergeklestirilmistir. Bu amag
dogrultusunda hiicum agisinin 0°-18° araliginda ve Reynolds
sayisinin farkli degerlerinde kanadmn tasima ve siiriikkleme
kuvvetleri alti eksenli yiik hiicresi kullanilarak ol¢iilmiistiir.
Ayrica, kanat lizerindeki akis yapisini resmetmek i¢in ylizey yag
akis gorsellestirme deneyleri gergeklestirilmistir. Esnek kanadin
Re=3x10*"te  aerodinamik performans: o6nemli o&l¢iide
iyilestirdigi gézlemlenmistir. Esnek yiizeyin tasima katsayisini
arttirmakla birlikte ayni zamanda siiriikleme katsayisini da
azaltigt bulunmustur. Tutunma kaybi acist 2,5°den 7°’ye
geciktirilmigtir. Reynolds sayisi arttiginda tutunma kaybi
acisinin daha fazla hiicum acgisina Stelendigi gozlemlenmistir.
Bununla birlikte, esnek yiizeyin aerodinamik performans
iizerindeki etkisi Reynolds arttikca azalmaktadir. Ayrica,
gozlemlenen ug girdab1 ve laminer ayrilma kabarciginin yiizey
akis yapisi 6nemli dl¢iide etkilemektedir.
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1. INTRODUCTION

Recent advancements in aerodynamics have heightened interest in understanding the role of flexibility and
fluid-structure interactions on the performance of an airfoil. Flexible wing designs, including morphing and
membrane wings, have been identified as promising improvements to enhance lift and delay stall across
various applications, from micro air vehicles (MAVs) to wind turbines [1,2]. The concept of partially
flexible wings, which allows for static flexibility alterations, has aroused interest due to its potential to
maintain optimal performance over diverse flight conditions. Despite these benefits, practical
implementation remains challenging due to design complexity and material limitations [3,4].

Laminar separation bubbles (LSBs), often observed in low Reynolds (Re) number regimes, significantly
impact aerodynamic performance by inducing separation, increasing drag, and reducing lift. Studies on
both rigid and flexible airfoils have shown that flexibility can mitigate the negative effects of LSBs by
suppressing separation and promoting reattachment. For instance, partially flexible membranes applied to
airfoil surfaces have demonstrated improved lift-to-drag ratios and delayed stall angles. These findings
underscore the importance of fluid-structure interaction in the development of advanced aerodynamic
surfaces. Therefore, the advantages as well as the limitations of the flexible wings were thoroughly
examined to reveal the size of LSB and the flow visualization downstream of the wing [5]. Also, Acikel
and Genc [ 1] experimentally investigated the use of a partial flexible surface on the suction side of an airfoil
to eliminate LSB at three different Re numbers. Even though they presented how the deformation and
vibration mitigated the adverse effects of vortices such as producing improved lift and lower drag
coefficients, the effectiveness of this method decreased with increasing Re numbers. At low Re numbers
relevant to MAVs applications, Lian and Shyy [6] compared the performance of a rigid airfoil with a fully
flexible suction surface. In their numerical study, they have demonstrated unsteady aerodynamic transitions
at various angles of attacks by giving insights how the vibration of a flexible membrane would help prevent
stall conditions. Since the ability of an airfoil to achieve higher lift is directly related to its geometrical
structure, Yavuz [7] were numerically investigated the behaviors of both mechanical and aerodynamic
performance of a free-formed airfoil, adapted from a NACA airfoil. The updated design effectively yields
a better lift coefficient, additionally, for these cases, flow visualization with the help of surface oil
visualization method provides insights into the flow phenomena, such as the vortex shedding mechanism
as well as the presence of LSBs [8].

Moreover, the aeroelastic responses of flexible airfoils were examined in detail under various angles of
attack and flow velocity conditions, with discussions addressing the associated flow phenomena [9] and the
handling quality of the wing [10]. Kang et al. [11] and Lei et al. [12] numerically conducted 2D locally
flexible surfaces to interpret the unsteady flow separation as well as the fluid-structure interaction. In their
studies, the effects of flexibility and elastic stiffness on the lift generation were thoroughly investigated at
low Re numbers. Their results reveal that optimal coupling between structural vibrations and vortex
shedding frequencies can enhance lift through coherent vortex formation, while mismatched frequencies
lead to irregular flow patterns and aerodynamic performance degradation. Additionally, the oscillation of
the flexible surface generates downstream moving vortices and facilitates transport between the shear layer
and the main flow, reducing separated regions and pressure on the upper surface. These mechanisms
demonstrate the feasibility of flow control through flexible surface to improve lift. However, they stated
that further research is required to address turbulence effects, low-aspect ratio configurations, and three-
dimensional dynamics to advance the understanding of such systems. Boughou et al. [13] explored the
fluid—structure interaction of hyperelastic morphing wing structures under low aerodynamic loads. The
morphing wing consists of a rigid segment and a flexible segment, with the flexible portion occupies 60%
of the chord length and constructed from a hyperelastic rubber-like material. The wing, with a flexible
portion made of rubber-like material, shows enhanced efficiency at higher Re numbers and low angles of
attack. These findings emphasize the potential of hyperelastic morphing wings for adaptive and efficient
design applications. Similarly, Roy and Mukherjee [14] studied the aerodynamic performance of various
wing sections (e.g., NACA0012, NACA4415, and NRELS809) to analyze the effects of morphing. Their
investigation focused on pre- and post- stall angles of airfoils with flexible surface, comparing their
performance to that of baseline airfoils. with the comparison of the baseline airfoils. In addition to passive
control of fluid flow, He et al. [15] actively manipulated the suction surface of an airfoil utilizing a local
flexible material driven by piezoelectric actuators that enhances the lift, and they also observed drag
reduction at angles of attack (o)) ranging between 10° and 14° in which the base airfoil experiences stall
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under these conditions. By adjusting the actuation frequency, they achieved a maximum lift increase of
27.1% at angle of attack of 12°.

Furthermore, these types of flexible surfaces can be commonly used in wind turbine applications [16]. In
Darrieus turbines, flexible profiles of NACA0018 and cambered G6420 have been separately applied
between rigid leading edge and trailing edges. This design accomplishes higher lift and torque coefficients,
leading to significant gains in power output, especially at low tip-speed ratios, thereby addressing a key
limitation of these turbines. Also, the low manufacturing cost demonstrates promising potential for
efficiency enhancement with proposed design improvements to reduce drag. For SD7062 wind turbine
airfoils, the flow transition from laminar to turbulence was thoroughly presented [17]. The formation of
LSB was observed at 0=8° for the specific location of the chord length. However, the flow structure
transformed to a turbulent region because of reattachment of the flow when the locally flexible surface
applied. Additionally, the stall angle was postponed from 10° to 12° compared to the baseline case.

Even though flexible surfaces on airfoils are available in the literature, the focus has predominantly been
on infinite wing. However, their potential for finite wing remains underexplored. This study aims to further
investigate the effects of finite wing flexibility on aerodynamic performance via experimental analysis. By
focusing on low Reynolds number flows, this study explores how flexible surface deformation interacts
with fluid flow to enhance aerodynamic efficiency, contributing to the advancement in modern aeronautics,
such as adaptive morphing wing designs for MAV applications. Experiments were conducted on a
NACAO0018 finite wing by applying locally flexible surfaces to both sides of the wing for 3x10* and 10x10*
of Re numbers based on chord length. Based on the results, it was shown that integrating flexible surfaces
can result in effective flow control.

2. MATERIAL AND METHOD

The experiments were conducted in a suction type and low-speed wind tunnel in the Aerodynamic
Laboratory of the Department of Aerospace Engineering at the University of Adana Alparslan Tiirkes
Science and Technology. The wind tunnel has a square test section with a dimension of 600mmx600mm,
surrounded with a transparent plexiglass wall for observation of the flow phenomena. The tunnel could run
at the maximum speed of 20 m/s. The turbulence intensity in the tunnel test section is less than 1 % for this
study. Figure 1 schematically illustrates the experimental setup, including the airfoil with a servo motor for
adjusting its angles of attack and a six-axis load cell for measuring the forces acting on the airfoil.
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Figure 1. Experimental setup of the wind tunnel

NACA 0018 finite wing model was used in the present study. The chord length (c) was 120 mm, and span
length (s) was 480 mm, corresponding to an aspect ratio of 4. The design and fabricating processes of the
partially flexible NACAO0018 airfoil were presented in Figure 2. The position of flexible membrane material
was identified from x/c=0.35 to x/c=0.85 since laminar separation bubble dominate in that region for the
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rigid NACAO0018 airfoil at moderate angle of attack. The flexible membrane was supported by a rib having
a thickness of 0.0125s in the middle of the span. After the design processes, airfoils were produced by a 3D
printer. The produced airfoil was rubbered via sandpaper to prevent the roughness effect of the solid surface.
The flexible material used in this study was a 0.2 mm latex rubber sheet having Young’s modulus of 2.2
MPa. The flexible membrane was attached to the frames over the airfoil by using 0.05 mm thin double-
sided tape.

a-) b-) c-)

Latex rubber

Figure 2. NACAO0018 airfoil: (a) without flexible materials (b) fabricating process and (c) final product
with partial flexible surfaces

Aerodynamic force measurements were conducted at two different Reynolds (Re) numbers based on chord
length 3x10* and 10x10*. Lift and drag force data were collected using six-axis load cell at a sampling rate
of 1000 Hz over a time interval of 20 s for all cases. Force measurement system has accuracy of 0.5% of
full scale. Experiments were performed at angle of attack between 0° and 18°. After lift (FL) and drag (Fp)
forces were obtained, it has calculated the dimensionless coefficients of lift (Cr) and drag (Cp) in
conjunction with Equation 1 and 2.

F
C=—7- Q)
0.50U "4
F
C=— @
050U A4

where p, U, and A denote the density of air, free-stream velocity, and projection area of the airfoil.

Surface oil visualization were carried out to reveal the effect of laminar separation bubble and tip vortex
on the upper surface flow characteristic at angle of attack a=4°, 8° and 12°. The surface oil visualization is
based on the painted matte black wing surface by pigmented oil and then dried via flow to obtain a flow
pattern. The mixture consists of kerosene, titanium dioxide and a very small amount of oleic acid.

3. RESULTS AND DISCUSSION

Surface oil visualization over rigid finite wing is presented in Figure 3 in order to depict the effect of laminar
separation bubble and tip vortex on the flow structure at angle of attack of a=4°, 8° and 12°. It is seen that
the boundary layer separated approximately at x/c=0.2 and then reached at x/c=0.5. The dense pigment area
between the separation (LS) and reattached (R) point indicates the formation of a laminar separation bubble
(LSB). It is also observed that trailing edge separation (TS) occurs at x/c= 0.8. The tip vortex directs the
flow inwards and creates a chaotic flow structure marked by the dashed turquoise line in this figure.
Moreover, it affects the LSB over the wing. As the angle of attack increases from 4° to 8°, the separation
and reattachment points shift closer to the leading edge, and the size of the laminar separation bubble
decreases. At 0=12°, separated boundary layer is not reattached, so stall occurs. Furthermore, the tip vortex
enlarges, shifts inward along the wing, and becomes more dominant in shaping the upper surface flow
structure as the angle of attack increases. Oil visualization experiments were not performed at 3x10*
because the momentum of the flow was too low to sweep away the oil mixture.
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Figure 3. Oil flow visualization over rigid finite wing at Re=10x10*

The effect of flexibility on the mean lift coefficient (Cr) of NACAO0018 finite wing is shown in Figure 4 at
Reynolds number of Re=3x10* and 10x10* The Cp variation for rigid NACA 0018 finite wing is also
presented in order to constitute as a reference. At angle of attack 0=0°, the value of Cy is zero for all cases
due to symmetrical wing. At Re=3x10% the rigid wing generates lift force when the angle of attack is
increased from 0° to 2° (Figure 4a). However, the rise in Cp is observed only up to the angle of attack
0=2.5°. Beyond this angle of attack, the variation of Cp with the angle of attack indicates formation of
smooth stall for rigid wing. On the other hand, the C. distribution of the flexible membrane wing is
substantially different from that of its rigid equivalent. It is clearly seen that flexible wing significantly
postpones the stall angle in comparison with rigid wing at Re=3x10*. The C. remarkably increases with
the increasing angle of attack and reaches its maximum value at 0=7°. A sudden decrease in Cr at 0=8°
indicates the formation of abrupt stall for flexible wing. Figure 4b compares Cr. of rigid and flexible wings
at Re= 10x10* It is observed that Reynolds number significantly effective on the Cy distribution. The lift
curves display nearly linear variation at moderate angles of attack for both wings. The stall angle and also
maximum Cy. are significantly enhanced when Reynold number is increased from 3x10* to 10x10° for rigid
and flexible wings. The maximum Cp is obtained at a=11° and 11.5° for rigid and flexible wing,
respectively. Furthermore, flexible wing shows abrupt stall behavior at Re=10x10* on the contrary to
Re=3x10* On the other hand, the flexible wing has insignificant effect on the Ci. in comparison with rigid
wing at Re= 10x10*. Similar trend is also observed by Genc et. al (2020). They demonstrated that the effect
of flexibility on the aerodynamic performance of NACA4412 decreases with increasing Reynolds number
and it behaves like a rigid wing at Re=7.5x10% It should be pointed out that the flexible wing exhibits
higher performance on Cy in the post-stall region at Re=3x10* and 10x10* when compared to the rigid
wing.

The distribution of drag coefficient (Cp) for rigid and flexible wings at Re=3x10* and 10x10*are depicted
in Figure 5. It is seen that the flexibility is not only effective on the Cy but also on the Cp. Furthermore,
flexible wing exhibits different behavior in pre and post stall regions when compared to the rigid wing. It
is observed that at the Re=3x10*, flexible wing has a significantly lower drag than the rigid wing (Figure
5a) up to 0=7°. On the other hand, in the post stall region, the flexible wing has remarkably higher drag
than the rigid wing. As the Reynolds number is increased, drag coefficient of flexible wing is nearly same
with rigid wing up to stall angle (Figure 5b). However, Cp of flexible wing is greater than rigid wing in the
post stall region.
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Figure 4. The variation of Ci. with angles of attack for rigid and flexible wings at Re=3x10* and 10x10*.
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Figure 5. Distribution of Cp for rigid and flexible wing at Re=3x10* and 10x10%.

In order to better compare the aerodynamic performance of rigid and flexible wings at Re=3x10* and
10x10%, the lift to drag variation (Cr/Cp) with angle of attack is illustrated in Figure 6. Figure 6a
demonstrated that flexibility significantly improve aerodynamic performance of wing at Re=3x10%
Specifically, Ci/Cp increases up to a=7° for flexible wing. The maximum value of C./Cp is about 7.9 for
the flexible wing, while it reaches approximately 1.6 for the rigid wing in the pre-stall region. Moreover,
the angle of maximum C;/Cp is delayed from 2.5° to 7°. A sharp decrease occurs at 0=10° due to stall for
flexible wing. Beyond this angle, the C/Cp value approaches that of the rigid wing due to the increased
drag and decreased lift in the post-stall region. The flexible wing can provide a more significant C1/Cp
when Reynolds number increased from Re=3x10* to 10x10*. On the other hand, the flexible wing exhibits
nearly similar aerodynamic performance with the rigid wing at Re=10x10* The maximum C;/Cp equals to
10 at 0=6°.
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4. CONCLUSION

This study present experimental investigation in the wind tunnel in order to reveal the effect of flexible
surface on the aerodynamic performance of NACAO0018 finite wing at low Reynolds numbers. Aspect ratio
of wing was kept constant as 4. Force measurement results indicate that flexible wing significantly improve
aerodynamic performance at Reynolds number of 3x10*, Stall is postponed by about 5° when compared to
the rigid wing. Furthermore, maximum value of lift coefficient increased by 570% in comparison with rigid
wing at Re=3x10% On the other hand, the flexible wing has an insignificant effect on aerodynamic
performance at Re=10x10%, as the variations in drag and lift coefficients across different angles of attack
are nearly identical to those of the rigid wing. Surface oil flow visualization experiments reveal that the
laminar separation bubble dominates the upper surface flow structure at moderate angles of attack, whereas
the tip vortex becomes more dominant at Re=10x10* In the light of obtained results, the improved
performance of the NACAO0018 finite wing with a flexible surface is expected to enhance energy efficiency
and maneuverability for micro unmanned air vehicles (MUAVs).
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ilerlemesinde biiyiikk bir paya sahiptir. Hem iiretim yapilan
alanlarda hem iretim sonrasinda etkin olarak kullanilan
depolama sistemi faaliyetleri maliyetlerin diigiirilmesinde ve
verimlilik artis1 yaganmasinda 6nemli rol oynamaktadir. Bu
durum mamullerin 6zelliklerine ve muhafaza edilecegi sartlara
uygun depolama sisteminin se¢imiyle miimkiindiir. Yapilan
calismada bir igletmede nihai {iriin i¢in uygun muhafaza
sartlarmin olusturulmasi ve iiriin takibinin saglanabilmesi igin
ideal depolama sisteminin se¢imi amag¢lanmigtir. Bu dogrultuda
oncelikle istenen kriterler belirlenmis ve g¢ok-kriterli karar-
verme  (CKKV)  yontemlerinden  Kademeli  Agirhik
Degerlendirme Oran Analizi (SWARA) yontemi kullanilarak bu
kriterlerin  agirliklart  hesaplanmistir.  Sonrasinda uygun
depolama sistemi igin alternatifler belirlenmis ve CKKV
yontemlerinden Oran  Analizine Dayali Cok Amaglh
Optimizasyon (MOORA) yontemi yaklagimlari kullanilarak
alternatiflerin siralanmasi ve ideal olanmnin segilmesi islemleri
yapilmistir. Birim Yiik Otomatik Depolama ve Cekme Sistemi
(OD/CS) tiim yaklagimlarda en ideal depolama sistemi olarak
se¢ilmistir.

Selection of a Warehouse System Using the SWARA-MOOQORA Method

Article Info

ABSTRACT

Received : 26.07.2024

Accepted : 25.03.2025

DOI: 10.21605/cukurovaumfd. 1665844
Corresponding Author

Melek ISIK

demirtasm@cu.edu.tr

Keywords

Warehouse systems

MCDM

SWARA

MOORA

How to cite: ISIK, M., BOLAHATOGLU,
K., (2025). Selection of a Warehouse
System  Using the SWARA-MOORA
Method. Cukurova University, Journal of
the Faculty of Engineering, 40(1), 69-77.

Warchouse systems have a great share supply and logistics
activities. Warehouse system activities, which are used
effectively both in the production areas and after production,
play an important role in reducing costs and increasing
productivity. This is possible selection of a warehouse system
suitable for the characteristics of the finished products and the
conditions in which they will be stored. In the study, it was aimed
to investigate appropriate warehouse conditions for the final
product in an enterprise and to select the ideal warehouse system
to ensure product tracking. In this direction, the desired criteria
were determined first and the weights of these criteria were
calculated using the Stepwise Weight Assessment Ratio
Analysis (SWARA) method, one of the multi-criteria decision-
making (MCDM) methods. Afterwards, alternatives for the
appropriate warchouse system were determined and sorting of
alternatives and selecting the ideal one were carried out using
Multi-Objective Optimization by Ratio Analysis (MOORA)
method approaches from the MCDM. Unit Load Automated
Storage and Retrieval System (AS/RS) has been chosen as the
most ideal storage system in all approaches.
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SWARA-MOORA Yontemi ile Depolama Sistemi Se¢imi

1. GIRIS

Ulkemizde ve diinyada ¢ok sayida isletme bulunmaktadir. isletmeler faaliyetlerini siirdiirebilmek ve var
olabilmek i¢in diger isletmelerle rekabet etmek zorundadirlar. En az olumsuzlukla iiretime devam
edebilmeleri icin hammaddenin igletmeye gelisinden nihai {iriiniin miisteriye ulagsmasia kadar olan tiim
sistemler biiyiik nem tagimaktadir.

Tedarik zinciri ve lojistik siirecler kapsaminda depolama aktiviteleri bilyiik 5nem gerektiren aktivitelerden
biri olarak kabul edilmektedir. Tedarik zinciri; pargalari, hammaddeleri ve alt montajlar1 nihai iiriinlere
doniistiirmek ve son kullaniciya ulastirmak i¢in tedarikgilerin, {ireticilerin, depolarin, distribiitorlerin ve
perakendecilerin entegre olmasidir [1].

Giiniimiizde lojistik terimi en genis anlamiyla hammadde kaynagindan iiriiniin tiikketiminin son noktasina
kadar tiretim disindaki her tiirlii mal, hizmet ve bilgi akis1 faaliyetlerini kapsamaktadir. Ayrica, lojistik
kavramu igerisinde her ¢esit bilimsel arastirma konusunu, pek ¢ok ara¢ teknik ve stratejik etkinlikleri
barindirmaktadir [2]. Lojistik faaliyetlerin esasin1 mamul, yart mamul ve hammadde hareketliligi bir bagka
ifade ile tagima operasyonlart olusturur. Bu hareketliligin durdugu yerlere depo, stok alani, dagitim
merkezi, antrepo, ambar, aktarma merkezi, transfer merkezi gibi isimler verilmektedir [3].

Depolama sistemleri, lojistik faaliyetlerin ve tedarik zincirinin énemli bir halkasmi olusturmaktadir.
Malzeme ve bilgi akisini saglikli sekilde siirdiirerek iiretim ve dagitim dengesini saglamakta dogru
depolama sisteminin se¢imi biiyilk dnem arz etmektedir. Depolama sistemleri kullanim alanlarina gore
degiskenlik gosterse de bu caligmada, tek paletli raf sistemi, sirt sirta raflar, birim yiilk OD/CS ve derin
OD/CS olarak belirlenmistir. OD/CS sistemleri bilgisayar desteginin alindig sistemlerdir.

Depolar, iiriinlerin dagitimi esnasinda kullanilan gegici y1gin merkezleridir. Depolar, tedarik zincirlerinin
belirlenen amaglar dogrultusunda islemesinde ve lojistik faaliyetlerinin aktif olarak siirdiiriilmesinde
onemli rol oynarlar. Depolar, iiretim yapilan tesislerin i¢inde ya da yaninda olabilecegi gibi ayr1 hususi
olarak inga edilmis yapilar halinde de olabilirler [4]. Depolama aktiviteleri, hammaddenin temininden
iiretim sitireclerine dahil olmasina, siireclerden ¢ikti olarak ortaya ¢ikan irlinlerin miisterilere arz edilmesine
kadar gerceklesen bir dizi asamay1 kapsayan faaliyetlerdir. Kiiresellesmenin etkisiyle depo faaliyetleri
piyasada maliyet kalemi olmaktan ziyade karliliga etki eden 6nemli bir faktor haline gelmistir [5]. Bu
asamada bir deponun verimli ve etkin bir sekilde ¢alisabilmesi, isletmelerde iiriine uygun secilen depolama
sistemine ve bu sistemin etkin kullanimina baglidir. Uygun depolama sistemine karar vermek i¢in g¢esitli
yontemler kullanilmaktadir.

Yilmaz [6], ¢alismasinda OD/CS se¢iminde CKKV metotlarindan Gergekligi Yansitan Eleme ve Segim
(ELECTRE) ve Ideal Coziime Benzerlik. Bakimindan Siralama Performansi Teknigi (TOPSIS)
yontemlerini kullanmiglardir. Calismasinda ii¢ adet alternatif ve ii¢ adet kriter kullanmistir. Kriterleri
verimlilik, ilk yatirim maliyeti ve gerekli depo alani olarak belirtmislerdir. Triantaphyllou’nun [7] ¢ok
sayida alternatif ve az sayida kriterin bulundugu kosullarda ELECTRE’nin etkili oldugunu aktarmstir.
Ikinci asamada TOPSIS yéntemiyle ise en iyi alternatifin segilmesinde basarrya ulastigini belirtmistir.
Aktepe ve Ersoz [8], calismalarindaki depo yeri secim modelini, mamullerin dagitim agi verimliligini
artirmak ve lojistik maliyetlerini en aza indirmek amaciyla tasarlamiglardir. Depo se¢im problemi
dogrultusunda Analitik Hiyerarsi Prosesi (AHP), ViseKriterijuska Optimizacija I Komoromisno Resenje
(VIKOR) ve MOORA yontemi olmak {izere 3 ayr1 yontemden faydalanmiglardir. AHP metodu ile kriterleri
agirliklandirip, VIKOR ve MOORA metodlari ile alternatiflerin siralamasint yapmislardir. Karmaker ve
Saha [9], depo yer se¢im probleminin kriterlerini incelemislerdir. AHP yontemini kullanarak sektor
agirliklarini belirlemiglerdir. TOPSIS ve Bulanik TOPSIS yontemleri ile karsilastirmali olarak uygun
alternatifleri siralanuglardir. Oztiirkoglu [10], birim yiiklii depolarin koridor tasarimlarmin gogunun
deponun alt kisminda merkezi olarak konumlanan tek bir giris/¢ikis noktasindan gelen komutla ilerledigini
sOylemistir ve ¢alismasinda degisen sayida giris/cikis noktasinin hem diizen hem de mesafe tizerindeki
etkisini aragtirmigtir. Sayin ve Maden [11], otomotiv yedek parga satis1 gerceklestiren bir isletmede
analizler yaparak depolama ve depo tasariminin Onemini ve isletme verimliligi iizerindeki payii
incelemiglerdir. Firmada %52,5 oraninda depolama alani kullanildigin1 geriye kalan alanlarin ise istifleme
araclarimin hareketi icin ayrildigini sdylemislerdir. Yapilan caligmalar incelendiginde oto cam sektériinde
depolama sistem se¢imine ¢ok rastlanmamistir. CKKV yontemleri ile bu sektor igin segim yapilmustir.
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Bu calismada, oto cam iireten bir igletmede bitmis mamul i¢in kullanilacak uygun depolama sisteminin
secilmesi amaglanmistir. Boylece hem isletme igindeki alan etkin bir sekilde kullanilmis olacak hem de
mamul takibi kolaylikla yapilabilecektir. Bu kapsamda ilk olarak bir malzeme tagima sisteminin se¢iminde
dikkate alinan kriterler belirlenmis, isletme kosullarina ve mamule uygun olarak belirlenen dort farkli
depolama sistemi alternatifi arasindan CKKV yontemlerinden SWARA metodu ile kriter agirliklar
bulunup MOORA yo6ntemi ile isletmeye i¢in en ideal depolama sistemi se¢imi yapilmistir.

2. YONTEM

Bu caligmada, ilk asamada CKKV yontemlerinden SWARA yontemi ile depolama sistemlerini
degerlendirmede kullanilacak kriterlerin 6nem derecelerinin belirlenmesi, ikinci asamada ise ele alinan
depolama sistemlerinin CKKV yontemlerinden MOORA yontemi ile alternatiflerden biri se¢ilmistir.

CKKYV, birden fazla kriterin ayni anda degerlendirildigi ve en iyi se¢imin yapilmasini saglayan bir
yontemdir. Akilci bir karar verme siirecinde en uygun se¢im, genellikle kisitlamalar ve yonetimin hedefleri
dogrultusunda belirlenir. CKKYV ile teorik gelisimi ve pratik uygulamalariyla karar analizi alaninda hizl
bir ilerleme kaydetmistir. Gliglii bir mantik yapist ve karar belirlemedeki basaris1 sayesinde kendini
kanitlamis ve genis bir uygulama alani bulmustur [12].

2.1. SWARA Yontemi

SWARA yontemi, uzman goriislerinin siirece kolaylikla entegre edilebilmesine olanak taniyan ve basit
goreli karsilastirmalarin kullanilabildigi bir aragtir. Kriterlerin agirliklarinin hesaplanmasi ve &nem
derecelerinin belirlenmesinde uzmanlarin goriigleri bitylik bir rol oynamaktadir [13].

Yontemde, alternatiflerin degerlendirilmesinde kullanilacak kriterler 5nem derecesine gore 6nemli olandan
Onemsiz olana dogru siralanmaktadir. Kriterlerin 6nem agirliklart hesaplanirken, her bir karar vericinin
skoru dikkate alinmaktadir [14]. SWARA yonteminin adimlar1 asagidaki gibidir [15]:

Adim 1: Problemle ilgili kriterler ve karar vericilerden olusan uzmanlar ayarlanir. Problemin » adet kritere
(G, j=1,2,...,n) ve k adet karar verici (KV%, k=1,2,...,K) bulundugu varsayilmaktadir.

Adim 2: Bu adimda, her bir KV, kendi deneyim ve bilgilerine dayanarak kriterleri degerlendirir. En iyi
olandan en kotii olana dogru siralamada C; en iyi kriteri, C, ise en kotii kriteri ifade etmektedir.

Adim 3: KV’ler en 6nemli kritere 1,00 puanimi verir. Diger kriterlere verilen puanlar, en 6nemli kriter
referans alinarak birbiri ile kargilastirmali larak gergeklestirilir. Tiim puanlar, 0 ile 1 arasinda ve 5’in katlar1

olacak sekilde verilir. KV’ler arasinda yapilan karsilagtirmali agirliklari ortalamalarinin alinmasi ile her
bir kriter i¢in karsilastirmal1 agirliklarin ortalamalar1 (Sf) belirlenir.

Adim 4: Her bir kriter i¢in Esitlik (1)’de gosterildigi sekilde bir katsay1 (k) hesaplanmaktadir.

o 1, j=1
f—{ si+1,  j>1 W

Admm 5: Esitlik (2) kullanilarak her bir kriter i¢in agilik (w;) degeri hesaplanir. Kriterlerin ortak
siralamasinda en 6nemli kriterin (w;) degeri 1°dir.

1,j=1
wj = Wj-1 (2)

X , j>1

Adim 6: Bir 6nceki adimda bulunan kriter agirliklart (wy), kriter agirliklar toplamina boliinerek Esitlik
(3)’ten yararlanarak her bir kriterin nihai agirliklari (¢;) hesaplanmaktadir.

Wi

q; = Sw, 3
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2.2. MOORA Yontemi

MOORA yontemi, ¢ok amagli optimizasyon problemlerinde kullanilmaktadir. CKKV ydntemlerinden biri
olan MOORA islem adimlarinin farklilastiriimasi ile Oran Yaklasimi, Referans Noktasi Yaklasimi, Onem
Katsayis1 ve Tam Carpim Formu ve MULTI-MOORA olarak literatiirde yer almaktadir. Bu yontemler esas
olarak Tam Carpim Formu hari¢ digerleri Oran Metodu ile baslar [16].

2.2.1. MOORA-Oran Yaklasim

Adim 1: Amaglarin tanimlanmasi ve ¢esitli segeneklerin bu amaglara gore performans degerleri igin Esitlik
(4)'de verilen matris olusturulur. Bu matriste x;, i. alternatifin j. amaca veya kritere gore performans
degerini ifade eder. m, alternatiflerin sayisini; n ise kriterlerin sayisini ifade eder. Karar matrisinde satirlarda
alternatifler, siitunlarda kriterler yer alir.

X11 " Xim
x=|: : )
Xn1 0 Xnm

Adim 2: Kriterlerin maksimum ya da minimum amaca yonelik olduguna bakilmaksizin Esitlik (5)
kullanilarak normallestirme islemi gerceklestirilir.

== 6)

X =
J m
Ziz1%j2

x;*, i. alternatifin j. kritere gore normallestirilmis performans degerini verir. x;* degerleri genellikle [0, 1]
araligindadir fakat bazi durumlarda [-1, 1] araliginda da deger alabilmektedir [16].

Adim 3: Normallestirilmis maksimizasyon degerlerinin toplamindan, normallestirilmis minimizasyon
degerlerinin toplami ¢ikarilir. Esitlik (6)’da belirtilen formiil yardimiyla gergeklestirilir.

_ v
Yie = Xjog Xij* = Xj=g+1Xij* (6)

g, maksimizasyonu amaglanan kriterlerin sayisini, #, minimizasyonu amaglanan kriterlerin sayisini ve y;*
ise i. alternatifin tiim kriterlere gore normallestirilmis degerini gostermektedir. y;* degerleri biiylikten
kiiclige dogru siralanir. Bu siralamaya gore birinci siradaki segenek en ideal segenek olarak belirlenir.

2.2.2. MOORA-Referans Noktasi Yaklasimi

Referans noktasi yaklasiminda, alternatiflerin her bir kritere gore en yiiksek degerleri maksimizasyon
durumunda, en diisiik degerleri ise minimizasyon durumunda referans noktasi (7;) olarak secilir. Esitlik
(7)’ten faydalanarak, her bir alternatifin her kritere gore referans noktasina olan uzakliklari hesaplanir. 7;,
i. alternatifin referans noktasini ifade eder.

dij = |Ti - Xij*

)

Esitlik (8) kullanilarak alternatiflerin siralamasi yapilir. Her alternatif i¢in en yiiksek deger (p;) hesaplanir.
Alternatifler kiigiikten biiyiige dogru siralanir. ilk siradaki alternatif en uygun alternatif olarak segilir.

p; = min; (maxj d]-) 8)
2.2.3. MOORA-Onem Katsayis1 Yaklagimi

MOORA-Oran yaklagimi ile ulagilan normallestirilmis degerler temel alinir. Kriterlerin agirlik (6ncelik)
farkliliklar1 dikkate alindiginda alternatiflerin performans degerleri Esitlik (9) ile hesaplanir. Kriterlerin

agirliklar1 wy ile gosterilmektedir.

_v9
Yie = Xjog Wy Xij» — Xi— g1 W Xij* ©)
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yi* degerleri biiyiikten kiiglige siralanir ve bu siralamadaki birinci sirada olan alternatif en uygun alternatif
olarak segilir.

2.2.4. MOORA-Tam Carpim Yaklasimi

Her bir alternatifin maksimizasyon amagli degerleri ¢arpilarak, minimizasyon amagli degerlerin ¢arpimina
bolinmektedir. Esitlik (10)’da goriildiigii sekilde hesaplanir.

U =3 (10)
A;ve B; degerleri de Esitlik (11) ve (12) kullanilarak bulunur.

A =TT % (1n
B; = [Tk=j+1 Xx;j (12)
i alternatiflerin sayisini, j maksimizasyon kriterlerinin sayisini, # minimizasyon kriterlerinin sayisini, U;

alternatiflerin skorlarini ifade etmektedir. Skor degerleri biiyiikten kiigiige siralanir ve bu siralamadaki
birinci alternatif en ideal alternatif olarak segilir.

2.2.5. MULTIMOORA Yaklasim

MOORA yaklasimlarinin sonuglarinda yapilan alternatiflerin siralamasi toplu halde degerlendirilmektedir.
MULTIMOORA igin baskinlik karsilastirmasi yapilarak alternatifler siralamaya konulmaktadir [17].

3. ARASTIRMA BULGULARI

Uygulama, oto cam sektdriinde liretimini devam ettiren bir firmada gergeklestirilmistir. Firma, 1988 yilinda
otomotiv sektoriiniin lamine cam ihtiyacini karsilamak {izere kurulmustur. Firmada yurt dis1 igin {iretilen
iiriinlerin sevkiyata hazir hale gelmesi i¢in camlara sandiklama islemi yapilmaktadir. Fakat sandiklarin
depolama islemi sistemli bir sekilde yapilamamakta, istif yontemiyle muhafaza edildigi i¢in depodaki
camlarin izlenebilirligi saglikl sekilde saglanamamaktadir. Bu problemin oniine gegebilmek, hem var olan
alan etkili sekilde kullanip hem camlarin izlenebilirligini saglayabilmek i¢in firmaya en uygun depolama
sisteminin se¢ilmesi hedeflenmistir.

3.1. SWARA Yontemi ile Kriter Agirhklarinin Belirlenmesi

Literatiire gore depolama faaliyetleri igin dikkate alinmasi gereken kriterler sistem hizi ve gerekli alan [18],
entegrasyon ve Uriin cesitliligi [19] olarak belirlenmistir. Sekil 1°de kriterler ve alternatifler gosterilmistir.

Kriterler

* Entegrasyon

* Gerekli Alan

* Sistem Hiz1

+ Uriin Cesitliligi

Alternatifler

* Tek Paletli Raf Sistemi
 Sirt Sirta Raflar
*Birim Yiik OD/CS

* Derin OD/CS

Sekil 1. Kriterler [18,19] ve alternatifler gorseli
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SWARA metodu ile kriterlerin 6nem agirliklarinin belirlenir. Firmada c¢alisan 3-5 yil deneyimli
miihendislerden olusan ekipten beyin firtinasi teknigi ile skorlar alinmistir. KV olarak se¢ilen mithendisler
ve bu KV’ler kriterleri en 6nemli kriterden baslayarak entegrasyon, gerekli alan, sistem hizi ve iriin
cesitliligi olarak siralamislardir. En 6nemli kriter segilen entegrasyon kriteri 1,00 puanini almis ve diger
kriterlerin karsilagtirmali agirligi Cizelge 1°de gosterildigi gibi hesaplanmustir.

Cizelge 1. Karar vericilerin degerleri

Kriterler KV1 KV2 KV3
Entegrasyon 1,00 1,00 1,00
Gerekli alan 0,80 0,85 0,75
Sistem hiz1 0,40 0,70 0,50
Uriin gesitliligi 0,20 0,25 0,30

Kriterlerin goreli onem agirliklarinin ortalamalart alinmig ve S; degerleri bulunmustur. Esitlik (1)’i
kullanarak her bir kriterin katsayis1 olan (k) degeri hesaplanmustir. Esitlik (2) ve Esitlik (3) kullanilarak da
kriterlerin 6nem agirliklar1 hesaplanmis ve bu degerler Cizelge 2’de gosterilmistir.

Cizelge 2. SWARA metoduna iligkin degerler

Kriterler Si kj Wi qi

Entegrasyon 1,00 1,00 1,00 0,45
Gerekli alan 0,80 1,80 0,56 0,25
Sistem hizi 0,53 1,53 0,36 0,16
Uriin cesitliligi 0,25 1,25 0,29 0,13

Tiim kriterlerin 6nem agirhiklarinin degerleri (¢,) SWARA metodu ile hesaplanarak MOORA-Onem
Katsayis1 yaklasiminda 6nem agirliklari (w;) olarak kullanilmistir.

3.2. MOORA Yontemi ile Depolama Sistemi Se¢imi

Bu asamada, uygulama yapilan firmanin isteklerine en uygun depolama sisteminin MOORA yo6ntemi
kullanilarak se¢im yapilmaktadir. Alternatifler igin kriter puan degerleri karar vericiler ile goriisiilerek tek
paletli raf sistemi, sirt sirta raflar, birim yilk OD/CS ve derin OD/CS olarak belirlenmistir. Bu degerler
Cizelge 3’te goriilmektedir. Kriterlerden gerekli alaninin minimizasyonu; sistem hizi, entegrasyon ve {iriin
cesitliliginin ise maksimizasyonu amaglanmaktadir.

Cizelge 3. Karar matrisi

Alternatifler Gerekli alan Sistem hi1zi Entegrasyon Uriin cesitliligi
Tek paletli raf sistemi 7 9 6 6
Sirt sirta raflar 4 5 5 4
Birim yiik OD/CS 5 7 8 9
Derin OD/CS 6 6 7 3

Karar matrisindeki degerlere Esitlik (5)’teki islemler uygulanarak normalize edilmis karar matris elde edilir
(Cizelge 4). MOORA Metodundaki; Oran Sistemi, Referans Noktas1 ve Onem Katsayis1 yaklasimlar1 i¢in
Cizelge 4’teki degerler kullanilmaktadir.

Cizelge 4. Normalize edilmis karar matrisi

Alternatifler Gerekl‘i Alan  Sistem Hiz1 Entegrasyon Uriin Cesitliligi
min max max max

Tek paletli raf sistemi 0,624 0,651 0,455 0,504

Sirt sirta raflar 0,356 0,362 0,379 0,336

Birim yiik OD/CS 0,445 0,507 0,606 0,755

Derin OD/CS 0,535 0,434 0,531 0,252

3.2.1. Oran Sistemi Yaklasimi ile Uygun Alternatifin Secilmesi

Oran Sistemi yaklagiminda maksimizasyonu ve minimizasyonu istenen Kkriterlerin alternatiflerdeki
degerleri toplanir. Bu islemden sonra Esitlik (6)’daki gibi hesaplanmaktadir.
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Cizelge 5. Oran sistemi yaklagimi

Alternatifler Minimizasyon toplami1 Maksimizasyon toplami Fark
Tek paletli raf sistemi 0,624 1,610 0,986
Sirt sirta raflar 0,356 1,077 0,720
Birim yiik OD/CS 0,445 1,868 1,423
Derin OD/CS 0,535 1,217 0,682

Cizelge 5’te goriilen Oran Sistemi Yaklagiminin uygulanmasi ile elde edilen fark sonuglar1 en biiyiikten en
kiigiige; Birim Yiikk OD/CS, Tek Paletli Raf Sistemi, Sirt Sirta Raflar ve Derin OD/CS olarak siralanir. Oran
Sistemi yaklagimi sonucunda depolama sistemi ig¢in en uygun alternatifin Birim Yik OD/CS oldugu
goriilmektedir.

3.2.2. Referans Noktas1 Yaklasimi ile Uygun Alternatifin Secilmesi

Bu yaklagimda ilk olarak referans noktas1 belirlenir. Cizelge 4’teki degerler kullanilarak minimizasyonu
amaglanan kriterin stitunundaki en kiigiik deger, maksimizasyonu amaglanan kriterlerin siitunlarindaki en
biiyiik degerler o kriterler igin referans noktalarin1 belirtmektedir [20]. Bu degerler Cizelge 6’da

gosterilmektedir.

Cizelge 6. Referans noktalari

Kriterler Referans noktasi
Gerekli alan 0,356
Sistem hizi 0,651
Entegrasyon 0,606
Uriin gesitliligi 0,755

Referans Sistemi yaklagimina gore en ideal depolama sisteminin segilebilmesi igin Esitlik (7) ve Esitlik
(8)’den yararlanilir. Cizelge 4’daki her kriter degerinden Cizelge 6’deki referans noktasi degerleri
¢ikarilmalidir. Cizelge 7 incelendiginde alternatifler kiiglikten biiyiige dogru Birim Yiik OD/CS, Tek Paletli
Raf Sistemi, Sirt Sirta Raflar ve Derin OD/CS olarak siralanir. Bu siralama sonucunda Birim Yiik OD/CS
Referans Noktas1 yaklasimina gore en ideal alternatif segilir.

Cizelge 7. Referans noktasi yaklagimi sonuglari

Alternatifler Maksimum toplam
Tek paletli raf sistemi 0,267
Sirt sirta raflar 0,420
Birim yiikk OD/CS 0,145
Derin OD/CS 0,504

3.2.3. Onem Katsayis1 Yaklagimi ile Uygun Alternatifin Segilmesi
Bu yaklagimda SWARA yontemi ile ulasilan kriterlerin 6nem agirliklari ile normalize edilmis hali Cizelge
4’teki degerler ile garpilir. Bu islemden elde edilen degerler ve Esitlik (9) kullanilarak y;* degerleri

hesaplanir ve Cizelge 8 elde edilir. Cizelge 8’de Onem Katsayis1 Yaklasimi sonuglari yer almaktadar.

Cizelge 8. Onem katsayisi yaklagimi sonuglari

Alternatifler yi¥

Tek paletli raf sistemi 0,222
Sirt sirta raflar 0,185
Birim yiik OD/CS 0,345
Derin OD/CS 0,210

Cizelge 8’de ulasilan degerler biiyiikten kiiclige dogru Birim Yiik OD/CS, Tek Paletli Raf Sistemi, Derin
OD/CS, Sirt Sirta Raflar olarak siralanmaktadir. Bu siralama dogrultusunda Birim Yiik OD/CS, Onem
Katsayis1 yaklasimina gore en uygun alternatif olarak se¢ilmektedir.
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3.2.4. Tam Carpim Yaklasimi ile Uygun Alternatifin Se¢ilmesi

Tam Carpim Yaklasiminda, Esitlik (10), (11) ve (12)’ ye gore hesaplanmaktadir. Cizelge 9’da elde edilen
max/min degerlerine karsilik gelen alternatifler biiylikten kiiciige dogru Birim Yiikk OD/CS, Tek Paletli
Raf Sistemi, Sirt Sirta Raflar, Derin OD/CS olarak siralanmaktadir. Tam Carpim yaklasimina gore en uygun
alternatif Birim Yiik OD/CS olarak se¢ilmektedir.

Cizelge 9. Tam garpim yaklasimi sonuglari

min max max max
Alternatifler Gereklialan  Sistem hiz1  Entegrasyon  Uriin cesitliligi max/min
Tek paletli raf sistemi 7 9 6 6 46,29
Sirt sirta raflar 4 5 5 4 25,00
Birim yiik OD/CS 5 7 8 9 100,80
Derin OD/CS 6 6 7 3 21,00

3.2.5. MULTIMOORA Metodu ile Baskinlik Karsilastirmasi
Oran Sistemi yaklasimi, Referans Noktas1 Yaklagimi, Onem Katsayis1 Yaklasimi ve Tam Carpim yaklasimi
ile yapilan siralamalar biitiinlesik olarak degerlendirilir ve MULTIMOORA metodunda baskinlik

karsilastirmasi yapilarak siralama olusturulur. Bu siralamaya Cizelge 10°da yer verilmistir.

Cizelge 10. Baskinlik kargilagtirma sonuglart

Oran sistemi  ReTerans Onem Tam
Alternatifler noktasi katsayisi carpim MULTIMOORA
yaklasimi
yaklasimi  yaklasim yaklagim
Tek paletli raf sistemi 2 2 2 2 2
Sirt sirta raflar 3 3 4 3 3
Birim yiik OD/CS 1 1 1 1 1
Derin OD/CS 4 4 3 4 4

MULTIMOORA metoduna gore en uygun alternatif Birim Yiikk OD/CS olarak belirlenmistir. En uygun
olan alternatiften en uygun olmayan alternatife dogru olan siralamanin Birim Yiik OD/CS, Tek Paletli Raf
Sistemi, Sirt Sirta Raflar, Derin OD/CS seklinde oldugu goriilmektedir. Sekil 2°de grafik olarak
yontemlerin karsilastirilmast gosterilmistir. En iyi se¢imin Birim Yiikk OD/CS oldugu goriilmiistiir.

5
4
3 = .\’ C,\ :. -
g Tek Paletli Raf Sistemi
2 ’ . . . ’ Sirt Sirta Raflar
Birim Yiik OD/CS

1 @mpgmmm Derin OD/CS
0 T T T T )

& e & N Ny

& * (_;8\ N &
s N 3 i N\
> (\‘o \a Q& \4{\\
o & & <® RS
& o

Sekil 2. Yontemlerin karsilastirilmasi
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4. SONUCLAR

Bu ¢alismada, oto cam sektoriindeki depolama sistemi uygulamasi i¢in oncelikle SWARA yodntemiyle
kriterlerin agirliklar belirlenmis sonrasinda MOORA yontemi ile alternatifler arasindan se¢im yapilmustir.
Birim Yiik OD/CS tiim yaklasimlarda en ideal depolama sistemi olarak secilmistir. Onem Katsayisi
yaklagimi hari¢ diger yaklasimlarda en uygun olan alternatiften baslayan siralama Birim Yiik OD/CS, Tek
Paletli Raf Sistemi, Sirt Sirta Raflar, Derin OD/CS seklindedir. Problem Onem Katsayis1 yaklagimu ile
¢oziildiigiinde en uygun olan alternatiften baglayan siralama Birim Yiik OD/CS, Tek Paletli Raf Sistemi,
Derin OD/CS, Sirt Sirta Raflar seklinde olmaktadir. CKKV yontemleri uygulamalarda degistirilerek farkli
sonuglar ve siralamalar verebilmektedir. Firmalar i¢in degisen sonuglara gore isletmenin ihtiyacina ve
uygulanacak sistemin maliyeti diisliniilerek karar vermesi amacglanmaktadir. Calismanin devaminda
sektorler ve {irlinler i¢in alternatif ¢esitleri ve sayilari, kriterler ve karar vericiler degistirilerek farkli CKKV
yontemlerinin uygulanmasi ve karar problemlerinin ¢oziilmesi miimkiindiir.
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79-87.

Bu c¢aligmada, Kuantum Yaklagik Optimizasyon Algoritmast
(QAOA) kullanarak 33 barali bir elektrik dagitim sebekesinin
dinamik olarak yeniden yapilandirilmasi gerceklestirilmistir.
Caligmanin  temel amaci, dagitim sebekelerinin = genel
performansini ve verimliligini artirmak igin kritik faktorler olan
giic kayb1 minimizasyonu ve voltaj profilinin iyilestirilmesidir.
Onerilen yontem, giin boyunca dinamik degisiklikleri hesaba
katarak ve gercek tiiketici ylik profillerini kullanarak saatlik yiik
degisimlerine uyum saglar. Sistem, OAQA’y1 yeniden
yapilandirma siirecine dahil ederek, degisen operasyonel
kosullar altinda kayiplar1 azaltan ve voltaj kararliligini artiran
optimum yapilandirmalar1 arastirmigtir. Calismanin bulgulart,
bu yaklagimin elektrik dagitim sebekelerini dinamik olarak
optimize etmedeki etkinligini gdstermekte ve giivenilir ve
verimli enerji sistemlerine katkida bulunmaktadir.

C.U. Miih. Fak. Dergisi, 40(1), Mart 2025




Distribution Network Reconfiguration for

Voltage Profile Enhancement and Power Loss Reduction Under Hourly Energy
ate Ovtimizati o

D

1. INTRODUCTION

The power distribution network (PDN) is designed to minimize line losses while maintaining bus voltage
levels within specified limits during the transmission of electrical energy. In the face of load fluctuations
or grid malfunctions, it is imperative that active losses and bus voltage levels remain within acceptable
parameters. This can be achieved through the strategic modification of switching positions within the PDN.
The process of adapting the switching arrangements in response to changes in the topology of the power
system is referred to as reconfiguration [1]. In this context, it is essential to protect the radial structure of
the grid while ensuring uninterrupted power supply to consumers connected to the buses. Two types of
switches are employed in distribution networks: sectionalizing switches (SSs) and tie-switches (TSs). By
optimizing the switching status, the reconfiguration process aims to effectively reduce losses and enhance
voltage stability, thereby facilitating reliable operation of the system. The approaches documented in the
literature for addressing the distribution network reconfiguration (DNR) problem can be categorized into
two main types: deterministic methods and meta-heuristic techniques [1]. Deterministic methods typically
employ complex linear and nonlinear programming techniques during the reconfiguration process.
However, these approaches often struggle to achieve a global optimal solution when confronted with
nonconvex or highly nonlinear problems, which can be challenging to differentiate. As a result, they
frequently become trapped in local optima, limiting their effectiveness in finding the best possible
configuration [2]. Thus, heuristic and metaheuristic techniques have been introduced as viable alternatives
to conventional methods, offering greater flexibility and a higher likelihood of achieving global optimal
solutions [3]. In the context of power distribution networks, all studies conducted thus far on the
reconfiguration technique for system improvement have been summarized in [4,5]. Recently, a variety of
metaheuristic algorithms were applied to the reconfiguration problem in [1], and multiple case studies were
considered to identify the algorithm that provides the optimal solution to the problem. Furthermore, the
reconfiguration problem has been tackled in [6] by taking into account the unbalanced nature of the PDN
[7]. In most of the studies, different optimization algorithms have been evaluated considering peak load
conditions and applied to 69-bus and 33-bus PDN.

In this study, the reconfiguration of the 33-bus electrical distribution system was investigated using the
Quantum Approximate Optimization Algorithm (QAOA). QAOA was chosen due to its ability to efficiently
handle combinatorial optimization problems, which are inherent in DNR. Traditional optimization methods
often struggle with the increasing complexity and size of modern distribution networks, leading to
computational inefficiencies. QAOA leverages quantum mechanics to explore solution spaces more
effectively, offering potential advantages in terms of convergence speed and solution quality. Two different
scenarios were considered for the distribution grid. In the first scenario, optimal switching positions were
determined based on the peak load values derived from the 33-bus test system data. The outcomes were
compared with existing literature, thereby assessing the suitability of the QAOA approach for the
reconfiguration of PDN. In the second scenario, in contrast to other studies, real-time consumer load
profiles were utilized, assuming that the buses experienced variable loads. The system was reconfigured on
an hourly basis, taking into account the bus load values. Additionally, the QAOA algorithm was executed
100 times, and the results were evaluated statistically. Key metrics such as the algorithm's elapsed time,
losses, and improvements in bus voltage were assessed by identifying the best and worst switching
positions. Furthermore, the appropriate inertia weight constant value for the QAOA used in the scenarios
was statistically determined for the reconfiguration of the lines.

The remainder of the paper is structured as follows: Section 2 formulates the problem of reconfiguration in
PDNSs, while Section 3 introduces the QAOA employed in the study. Section 4 presents case studies and
discusses the results obtained, finally concluding with a summary in the final section.

2. PROBLEM FORMULATION

In the distribution systems are expected to ensure the minimum level of active power losses and bus voltage
within the nominal limits. For this purpose, the objective function of the QAOA is designed and presented
in the study.
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2.1. Minimization of the Active Power Losses

The active power losses in the PDN with N buses are defined by the Equation (1) [8].

P?+Q

Piossciivn) = 5z Tiiv1) (D
1A

2

In Equation 1 P; and Q; terms are the active and reactive power values in the " bus, respectively. The
T;i+1 term is the line resistance between the branches of i and i+1. V; refers to bus voltage at the i** node.
The total power loss in the distribution grid with N buses and m branches is defined by the Equation 2 [9].

P?+Q?

Plosses = Zﬁl k(i,i+1)- (#) T(ii+1) (2)
A radiality criteria of the PDN is the criterion of m=N-1. This criterion always has to be met. The term
k; ;+1 indicates whether the branch of the distribution line is in energized or not. If the branch is in energized
then k=1, and in case the switch is off then k=0.

2.2. Bus Voltage Limitation

In PDN the bus voltage levels must be within certain limits as shown in Equation 3 [10].

V‘riu’n =< Vbius = Vnilax (3)

The limit values for the bus voltage are 0.9.V{,s < Vi,s < 1.1. VL, pu. The permissible voltage range for
the supply nodes is assumed to be 0.95. V}eeder < V}eeder < 1.05. Vfieeder pu.

2.3. Optimization Constraint

The following constraints should be taken into consideration when determining the optimal switching status
criteria in the distribution grid.

2.3.1. Branches Current Limitation

The maximum value of the current must not exceed the current carrying capacity of the line as demonstrated
in Equation 4 [10].

Ili)ranches =< Irinax (4)
2.3.2. Preserving the Radial Topological Structure of the Distribution Grid and Radiality Check

PDN are generally designed in a radial structure [11]. The method for ensuring radiality in PDNs is
extensively detailed in [12]. Additionally, [12] also discusses how PDNs can transition into a non-radial
structure after the integration of distributed generators and presents proposed solutions to address this issue.
It is aimed to preserve the radial structure also after changing the position of the switches in the system.
Equation 5 refers to the number of switches that must be turned on to provide a radial structure [12].

A=B-N+S )

where B, N and S are number of branches, bus and feeder, respectively. Actually, this criterion is strongly
connected with m=N-1. The system must also meet the following conditions to have a radial structure.

v' All loads in the system must be fed by the same feeder.
v' There must be no loop (acyclic) structure in the line.
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In this case, the number of SSs in the PDN is determined using the Equation 6.
Ngss = Npys — 1 (6)

The required conditions for preserving the line radiality at the end of the reconfiguration are defined by
Equations (5) - (6). Bus incidence matrix [11] must be created to check radiality. The matrix is created
using Equation 7.

. —1lor1l Radial

A= { 0 Not Radial @
If |det(A)| = 1 then the system is radial, and all loads connected to the buses are powered by a single
source.

3. QUANTUM APPROXIMATE OPTIMIZATION ALGORTIHM

Quantum Approximate Optimization Algorithm is a hybrid quantum-classical algorithm designed to solve
combinatorial optimization problems [13]. This algorithm generates solutions over a parametric quantum
circuit using both quantum and classical resources. QAOA alternates between phase separator operators
(which encode the cost function) and mixing operators (which explore the solution space). These operations
are repeated for a given number of layers, and the parameters are tuned by classical optimization methods
to achieve the smallest value of the objective function. Mathematically, QAOA uses the problem

Hamiltonian H. and the mixture Hamiltonian Hy, to be minimized. For certain parameters ¥ and ﬁ , the
quantum state evolves as follows:

@ B)) = Un(Bo)Uc(¥p)-- Un(BDU(¥1)s) ®)

where U, (y) = e~Hc and U,,(B) = e"M and |s) s is the initial quantum state. The parameters y and

E are optimized by classical methods to obtain convergent solutions to the reconfiguration problem of
PDNs. This method aims to offer a quantum advantage, especially in large-scale optimization problems,
but its full potential will be better understood with the development of quantum hardware.

4. CASE STUDY&RESULTS

A dynamic study to minimize the active power loss using 24-hour variable load profiles is performed by
applying it to a 33-bus test system. The load flow analysis of the power system has been performed on an
hourly basis using real-time consumer load profiles. Furthermore, the iteration number of the QAOA is set
to 100 and the results are statistically evaluated. Algorithm's loop-elapsed-time, power losses and the
voltage improvement in PDN are evaluated by determining the best and worst switching positions.

Figure 1 shows the 33-bus power distribution test system. This system includes 1 feeder, 5 TSs (dashed
lines), and 32 SSs. The objective function of the reconfiguration operation is to improve the voltage profile
and to reduce the active power losses in the PDN. In the scenario, the system was optimized hourly under
dynamic load by preserving the radiality of the distribution system.

Consumer load profiles of the distribution company for the April 2023 period are used to define dynamic
loads. Changes in switching positions are examined for 24 hours. The data based on the weekly average
load values of residential and commercial consumers are used. The power factor is assumed to be 0.90 and
0.71 for residential and commercial consumers, respectively, with 80% of the total load coming from
residential consumers and 20% from commercial consumers.
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Figure 1. 33-bus test system [1]
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4.1. Reconfiguration of 33-Bus Power Distribution Network under Dynamic Load
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The configuration of the system remains unchanged even when the loads connected to the bus decrease or
increase linearly in relation to the peak load. In order to create the dynamic structure, the number of
consumers assigned to each bus is randomly determined. The load variations of the 33-bus system are
defined on an hourly basis, and the consumers' load data used to determine the dynamic structure can be

seen in Figure 2 and Figure 3.

180

Average Daily Active Power Demand for Household

Average Daily Active Power Demand for Workplace
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Figure. 2. Weekly load profile of real
residential consumers provided by the
distribution company for the month of April

Time (Hours)
Figure. 3. Weekly load profile of real
commercial consumers provided by the
distribution company for the month of April

The numbers of residential and commercial consumers connected to the buses are randomly assigned, and
their variations for different periods are graphically displayed in Figure 4 and Figure 5. For example,
Figures 4 and Figure 5 show that the numbers of residential and commercial consumers connected to the

bus 10 at 04:00 pm are 400 and 20, respectively.
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Figure 5. Number of randomly assigned
workplace consumers belonging to different
buses

Figure 4. Number of residential consumers
randomly assigned to buses for different time
zones

Table 1 shows the hourly demanded power values, line power losses, the lowest bus voltage level in the
case of TSs (33, 34, 35, 36, and 37) are constant. Table 2 and Table 3 show the analysis after reconfiguration
under the same loading condition.

Table 1. Power losses, min bus voltage and power factor results before optimization algorithm

Time Initial Source power P,F. of Demand power P.Fof Total power losses Minimum Bus
interval open switches Y Pgen + iQgen feeder Y Pioad Z Qioad All 3 Pioss + iQuoss voltage number
(MW + jMVAr) cos (¢p) (MW +jMVAr) Buses (KW + j kVar) Viin (pu)  fOr Vinin
cos(¢p)

00 33-34-35-36-37 1.6497+j1.0115 0.8525 1.6171+j0.9897 0.8529 32.5430+j21.7297 09613 18
01 33-34-35-36-37 1.5059+j0.9255 0.8520 1.4773+j0.9060 0.8525 28.6630+j19.4366  0.9634 18
02 33-34-35-36-37 1.4280+j0.9180 0.8412 1.4000+j0.8990 0.8415 28.0241+j18.9887  0.9654 18
03 33-34-35-36-37 1.3075+j0.8695 0.8327 1.2882+j0.8566 0.8327 19.3517+j12.8119  0.9747 18
04 33-34-35-36-37 1.0486+j0.6928 0.8343 1.0338+j0.6828 0.8344 14.7896+j10.0443 0.9743 18
05 33-34-35-36-37 1.0502+j0.7016 0.8315 1.0351+j0.6914 0.8316 15.1363+j10.2414 0.9733 18
06 33-34-35-36-37 1.0707+j0.7353 0.8243 1.0562+j0.7256  0.8242 14.5355+j9.6915  0.9744 18
07 33-34-35-36-37 0.8354+j0.6029 0.8109 0.8249+j0.5957 0.8107 10.5579+j7.1475  0.9795 18
08 33-34-35-36-37 0.8285+j0.6198 0.8007 0.8196+j0.6139  0.8004 8.8613+j5.8548  0.9807 18
09 33-34-35-36-37 1.3232+j0.8713 0.8352 1.2995+j0.8555 0.8353 23.7048+j15.8390  0.9672 18
10 33-34-35-36-37 1.4659+j0.9582 0.8370 1.4424+j0.9427 0.8371 23.5776+j15.5505  0.9698 18
11 33-34-35-36-37 1.6630+j1.0686 0.8413 1.6291+j1.0461 0.8415 33.9014+j22.5186  0.9619 18
12 33-34-35-36-37 1.4154+j0.8616 0.8542 1.3940+j0.8473  0.8545 21.3849+j14.2569  0.9674 18
13 33-34-35-36-37 1.7255+j1.0686 0.8502 1.6882+j1.0438 0.8506 37.2802+j24.8017  0.9632 18
14 33-34-35-36-37 1.5444 +j0.9374 0.8549 1.5168+j0.9193 0.8552 27.6037+j18.1285  0.9650 18
15 33-34-35-36-37 1.6123+j1.0096 0.8475 1.5751+j0.9846  0.8480 37.2410+j24.9216  0.9580 18
16 33-34-35-36-37 1.6716+j1.0781 0.8404 1.6356+j1.0539  0.8406 36.0052+j24.2321 0.9605 18
17 33-34-35-36-37 1.7394+j1.0970 0.8458 1.7078+j1.0759  0.8461 31.5690+j21.0575  0.9634 18
18 33-34-35-36-37 1.6213+j1.0635 0.8362 1.5908+j1.0434 0.8362 30.4644+j20.1238  0.9682 18
19 33-34-35-36-37 2.0866+j1.2335 0.8608 2.0293+j1.1948 0.8617 57.3106+j38.7444  0.9484 18
20 33-34-35-36-37 2.9766+j1.7138 0.8666 2.8778+j1.6480 0.8678 98.8179+j65.7801 0.9376 18
21 33-34-35-36-37 2.4745+j1.4601 0.8612 2.3931+j1.4049 0.8624 81.3949+j55.1986  0.9447 33
22 33-34-35-36-37 2.3571+j1.4633 0.8496 2.2932+j1.4204 0.8501 63.9310+j42.9404  0.9512 33
23 33-34-35-36-37 2.1796+j1.3471 0.8506 2.1196+j1.3069 0.8512 60.0125+j40.2410  0.9478 18

PF =

v Power factor is assumed 0,90 and 0,71 for household & workspace, respectively.

Power Factor

It is assumed that 80% of the total load is provided by residential buildings and 20% by workplaces.

k. Dergisi, 40(1), Mart 2025




Nisa NACAR CIKAN

Table 2. Results after reconfiguration (algorithms are run 100 times)
Open Switches Open Switches Source power

Active and Reactive Switch Status in

Time Run. Status Status in 2 (Pgen + iQgen) Load Demand Power Worst Case
inter. num in Worst Case Best Case MW ve MVar MW ve MVar Pposses
(Min. Power (Best Switches) (kw)
Losses)

00 100 712162835 79 14 28 36 1.6385+j1.0061 1.6171+j0.9897 23.5749
01 100 717283435 79 14 28 36 1.4962+j0.9204 1.4773+j0.9060 21.1783
02 100 714283235 79 14 28 36 1.4190+j0.9139 1.4000+j0.8990 21.1300
03 100 7101426 30 7 9 14 31 37 1.3027+j0.8676 1.2882+j0.8566 16.5761
04 100 714162835 79 14 28 36 1.0435 +j0.6902 1.0338+j0.6828 10.5832
05 100 712283536 79 14 28 32 1.0455+j0.6995 1.0351+j0.6914 11.6601
06 100 714323537 79 14 32 37 1.0665+j0.7334 1.0562+j0.7256 11.2831
07 100 7 8142732 79 14 28 36 0.8315+j0.6008 0.8249+j0.5957 7.0264
08 100 711142632 79 14 28 32 0.8257+j0.6186 0.8196+j0.6139 7.0307
09 100 714323537 79 14 32 37 1.3155+j0.8671 1.2995+j0.8555 17.3959
10 100 711142632 79 14 32 37 1.4594+j0.9552 1.4424+j0.9427 19.4473
11 100 611142636 79 14 32 37 1.6526+j1.0637 1.6291+j1.0461 27.7596
12 100 7 9141726 79 14 17 37 1.4090+j0.8582 1.3940+j0.8473 16.1232
13 100 7 9132632 79 14 32 37 1.7142+j1.0631 1.6882+j1.0438 29.2462
14 100 714353637 79 14 32 37 1.5359+j0.9333 1.5168+j0.9193 20.8840
15 100 6 9142632 79 14 32 37 1.6003+j1.0038 1.5751+j0.9846 25.3920
16 100 711142632 79 14 28 32 1.6600+j1.0723 1.6356+j1.0539 26.1771
17 100 712353637 71128 34 36 1.7316+j1.0940 1.7078+j1.0759 25.4134
18 100 711263234 79 14 32 37 1.6134+j1.0600 1.5908+j1.0434 25.0971
19 100 713172835 79 14 28 36 2.0677+j1.2245 2.0293+j1.1948 42.3381
20 100 714353637 79 14 32 37 2.9476+j1.6996 2.8778+j1.6480 72.0115
21 100 714172835 79 14 28 32 2.4470+j1.4457 2.3931+j1.4049 58.3994
22 100 711142632 79 14 28 32 2.3395+j1.4548 2.2932+j1.4204 50.5972
23 100 6 9143237 79 14 32 37 2.1600+j1.3370 2.1196+j1.3069 42.0438

Table 3. Results after reconfiguration (algorithms run 100 times- Continuation of Table 2)

Switches Status in Average Power Vinin Bus Elapsed time
Time Best szse Losse‘s after (pu) Num. (Second)
iy > (P19ss +1Qyoss) algorlthr'ns run forEus for S.D. ‘
(Min. Power for 100 times at i Vinin Max Min Avg
Losses) Pposses (KW) hour (pu)

00 21.3520 +j16.3274 21.8516 0.9766 18 0.4031 7.6852 5.4082 5.6011
01 18.8931+j14.3918 19.4407 0.9775 18 0.4616 9.7015 5.4743 5.9834
02 19.0483+j14.9718 19.5299 0.9768 18 0.4045 7.2428 5.3418 5.5603
03 14.5812+j 10.9514 14.7163 0.9773 32 0.3001 7.7373 5.1830 5.5142
04 9.6267 +j.7.3866 9.90460 0.9846 18 0.2212 9.9486 5.1948 6.0087
05 10.4295 +j 8.1591 10.5887 09834 33 0.2118 7.4443 5.0765 5.3209
06 10.3388 +j7.8057 10.4222 09820 33 0.1918 8.2146 5.1181 5.3281
07 6.5737+j5.0385 6.6639 0.9873 18 0.0933 7.7871 5.0645 5.2317
08 6.1306+j4.6294 6.1861 0.9867 33 0.1300 10.0539 5.0353 5.2397
09 15.9724+j11.5550 16.1387 0.9795 32 0.2944 8.6275 5.2832 5.4225
10 17.0005+j12.5503 17.1973 09786 33 0.3569 8.5344 5.2659 5.4122
11 23.5212+j17.6866 23.8736 0.9748 33 0.6751 7.9660 5.2949 5.3922
12 15.0044+j 10.8782 15.1439 0.9811 18 0.1966 7.2723 5.2025 5.4215
13 26.0149+j 19.3057 26.3740 09746 32 0.6384 10.1245 5.3507 5.6314
14 19.0395 +j14.0074 19.1544 09786 33 0.2631 10.0152 5.3781 5.6765
15 25.1786+j 19.1737 25.2854 0.9738 32 0.0697 7.4857 5.2737 5.4013
16 24.3465+j18.4817 24.5099 09750 33 0.3038 7.6425 5.3541 5.5604
17 23.7749+j 18.0904 24.0334 0.9736 18 0.4051 7.6991 5.4027 5.5604
18 22.5594+j 16.5574 22.7618 09769 32 0.4114 7.5880 5.3837 5.5077
19 38.4495+j 29.7104 39.1334 0.9677 18 0.7637 9.1774 5.4699 5.7545
20 69.7703+j 51.5478 69.9169 0.9603 32 0.4361 7.6995 5.5646 5.8670
21 53.9331+j40.7144 54.6395 0.9628 32 0.8800 9.1527 5.5681 5.7851
22 46.3337+j 34.4397 47.1403 0.9651 32 0.8223 7.5756 5.4565 5.6366
23 40.3644+j 30.1640 40.6439 0.9671 33 0.4151 7.4551 5.4465 5.5992
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The lowest voltage level is calculated as 0.9376 p.u at the bus 18 at 20:00 before reconfiguration. Different
switching configurations are observed to form in the daily reconfiguration process performed on an hourly
basis. After reconfiguration, the bus 32 is found to have the lowest voltage level with the value of 0.9603
p-u. daily. Upon examining the line losses at the end of 24 hours, it is observed that the switching
configuration of the line remains unchanged. Furthermore, the total active power loss in the line is 836.6615
kWh before reconfiguration and reduces to 578.2372 kWh after reconfiguration. The average reduction in
active power loss is determined to be 30.8876%, with the highest improvement rate of 37.73% occurring at
07:00 a.m. The bus voltage levels and active line losses before and after optimization are shown in Figure
6 and Figure 7, respectively.

5. CONCLUSION

In this study, the reconfiguration of the 33-bus electrical distribution system is examined using the SMA.
Hourly load profiles belonging to residential and commercial consumers are utilized. Using these load
profiles, the numbers of consumers connected to the buses are randomly assigned, and the system was
reconfigured on an hourly basis. Hourly analyses reveal that the switching positions vary, resulting in a
30% reduction in grid losses by selecting optimal switching positions. Furthermore, improvements have
been achieved in bus voltage levels. The average solution time for the optimization process is approximately
6 seconds.

As aresult, choosing appropriate switching positions in the distribution grids using optimization algorithms
will enable the grid to transmit energy in a more stable, economical, reliable, and uninterrupted way. The
reconfiguration of distribution grids not only according to seasonal loads or peak loads but also hourly basis
according to the load change in the grid has been found more effective for reducing losses and increasing
voltage stability. This study suggests performing hourly reconfiguration based on optimization in the grid
where bus load change is high. Future research can focus on extending the proposed methodology to larger
and more complex distribution networks, incorporating real-time data and adaptive optimization techniques
to enhance system performance.
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Dagitik iiretim birimlerinin  giic dagiim aglarma optimal
entegrasyonu, giiniimiiz enerji sistemlerinin karsilastigi en kritik
tasarim problemlerinden biri olup, sistem verimliligi, performansi
ve gii¢ kalitesi lizerinde dogrudan etkiye sahiptir. Bu c¢aligmada,
farkli tipte dagitik giic iretim birimlerinin optimal konumlandirma
ve boyutlandirma probleminin ¢dziimii i¢in yeni bir yaklagim
onerilmektedir. Onerilen yaklasimin test edilmesi i¢in IEEE-13
barali li¢ fazli dengesiz dagitim hatti {izerinde Fotovoltaik Paneller
(PV, Tip-1), Kapasitor Tank (Tip-2) ve Riizgar Tiirbini (WT-Tip-3)
olmak ftizere ii¢ farkli dagitik gii¢ tiretim birimi kullanilmistir.
Calismada, ii¢ farkli senaryo ve her senaryoda ii¢ farkli durum igin
analizler gerceklestirilmis olup, optimizasyon siirecinde giincel
Agirlikli  Ortalama  Optimizasyon — Algoritmast  (AOOA)
kullanilmigtir. Yapilan analizler sonucunda, 6nerilen yontemin aktif
giic kayiplarimi %85,75'e kadar azalttigi, gerilim profilini 6nemli
olgiide iyilestirdigi ve sebekenin giic kalitesini ve performansini
kayda deger sekilde artirdig1 gézlemlenmistir. Bu sonuglar, 6nerilen
yaklasimin dagitik iiretim birimlerinin entegrasyonunda etkili bir
¢Oziim sundugunu goéstermektedir.
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The optimal integration of distributed generation units into power
distribution networks represents one of the most critical design
challenges in contemporary energy systems, directly impacting
system efficiency, performance, and power quality. This study
presents an innovative approach for solving the optimal placement
and sizing problem of different types of distributed power
generation units. To test the proposed approach, three distinct
distributed power generation units, Photovoltaic Panels (PV, Type-
1), Capacitor Bank (Type-2), and Wind Turbine (WT, Type-3), were
employed on an IEEE-13 bus three-phase unbalanced distribution
line. The study conducted analyses for three different scenarios,
each comprising three different cases, utilizing the current Weighted
Mean Optimization Algorithm (WMOA) during the optimization
process. The analysis results demonstrate that the proposed method
reduces active power losses by up to 85.75%, significantly improves
the voltage profile, and notably enhances the network's power
quality and performance. These findings indicate that the proposed
approach offers an effective solution for the integration of
distributed generation units.
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1. GIRIS

Gili¢ dagitim aglari (GDA), elektrik enerjisinin {ireticiden tiiketiciye iletilmesini saglayan kritik
altyapilardir. Son yillarda artan yenilenebilir enerji kaynaklarinin entegrasyonu, degisken gii¢c iiretim
ozellikleri ve yiik taleplerindeki dalgalanmalar, GDA'lar igin énemli zorluklar yaratmaktadir. Ozellikle,
elektrikli araglarin yayginlagmasi ve enerji talebinin artmasi, bu aglar {izerinde ek bir baski olusturmakta,
mevcut altyapinin verimli ¢aligmasini zorlagtirmaktadir [1]. Geleneksel olarak, GDA'larin ¢aligmasi dengeli
ii¢ fazli olarak tasarlanmigken, pratikte ise cogunlukla dengesiz karakteristikler sergileyerek daha karmagik
hale gelmektedir [2]. Bu dengesizlik, tek fazli yiikler, asimetrik hat yapilar1 ve diizensiz yiik dagilimlar
gibi faktorlerle daha da belirginlesmektedir.

Literatiirde, dengeli GDA'larda dagitik iiretim (DU) birimlerinin yerlestirilmesi iizerine bircok caligma
yapilmis olup, bu ¢alismalar [3,4] makalelerinde 6zetlenmistir. Ancak, dengesiz GDA'lar iizerinde yapilan
arastirmalar, bu aglarin pratikte karsilasilan zorluklarini g6z 6niinde bulundurarak daha fazla Gnem
kazanmaktadir. Dengesiz GDA'larda, DU yerlestirilmesi ve optimizasyonu oldukg¢a karmasik bir problem
haline gelmektedir ve bu alandaki ¢aligsmalar [5] makalesinde detayli bir sekilde ele alinmistir. Yenilenebilir
enerji kaynaklarinin (YEK) degiskenligi, fazlar aras1 dengesizlikler ve diizensiz yiik dagilimlari, geleneksel
optimizasyon yontemlerinin etkinligini sinirlamaktadir. Bu nedenle, meta-sezgisel algoritmalar son yillarda
bu tiir zorluklarin iistesinden gelmek igin giderek daha fazla kullanilmaktadir [6-9]. DU’lerin GDA’lara
optimal sekilde yerlestirilmesi igin son yillarda yapilan bazi ¢aligmalar su sekildedir. Balu ve Mukherjee
[10] IEEE 33-barali ve Brezilya 136-barali test sistemlerinde, elektrikli ara¢ sarj ve pil degistirme
istasyonlarinin sebeke iizerindeki etkilerini aragtirmistir. Optimum yerlesim ve boyutlandirma islemleri,
yenilenebilir enerji kaynaklar1 (fotovoltaik, riizgér tiirbini) ve enerji depolama sistemleriyle birlikte ele
alinarak, kaotik 6grenci psikolojisi temelli optimizasyon algoritmasi kullanilmistir. Giimiis ve arkadaslar
IEEE-69 ve IEEE-118 barali test sistemlerinde, DU birimlerinin optimal yerlesimi ve boyutlandiriimasini,
giic kayiplarin1 azaltmak, gerilim profilini iyilestirmek ve sistem kararliligini artirmak amaciyla
incelemistir [11]. Problem, ¢ok amagli bir yaklasim c¢ercevesinde karigik tam sayili Genetik Algoritma ve
Gri Kurt Optimizasyonu ile ¢dziilmiis, DU’ lerin farkl gii¢ faktorlerindeki reaktif giicii de dikkate alinmistir.
Cikan ve Nacar Cikan ii¢ fazli 123-barali dengesiz gii¢ dagitim ag1 iizerinde, {i¢ farkli tiirdeki DU
birimlerinin konum, boyut, baglant1 tipi (A/Y), ve gii¢ faktoriiniin optimizasyonu i¢in denge optimizasyon
(Equilibrium Optimizer) algoritmasini kullanmistir [S]. Calisma, MATLAB ortaminda yazilan ve
uygulanan bir dengesiz ii¢ fazli ileri geri yiik akis algoritmasiyla gerceklestirilmis ve denge optimizasyon
algoritmasinin iistlinliigii, gii¢ kaybi, gerilim profili iyilestirmesi ve algoritmanin hiz ve giivenilirlik gibi
performans kriterleri acgisindan diger alti optimizasyon algoritmasiyla karsilastirilarak dogrulanmustir.
Kandasamy ve arkadaslar1 [12] optimal DU ve DSTATCOM yerlesimi igin gelistirilmis genisletilmis yapay
ar1 kolonisi (Enhanced Artificial Bee Colony) algoritmasini kullanmistir. Calisma, IEEE 13-bara dengesiz
ve 33-bara dengeli radyal gii¢ dagitim ag test sistemlerinde simiilasyonlarla ger¢eklestirilmistir. Pushkarna
ve arkadaglari riizgar santrallerindeki Tip IV jeneratorlerinin optimal yerlesimi ve boyutlandirilmasini,
dengesiz gii¢ dagitim sistemlerinde reaktif destekle entegrasyonunu ele almistir [13]. Optimizasyon igin
partikiil siirii optimizasyonu algoritmasi kullanilmigtir ve sistemdeki gii¢ kaybinin minimize edilmesi
hedeflenmigtir. Calisma, IEEE 34 ve 123 diigiim dengesiz test sistemlerinde gerceklestirilmistir.

Bu makalede, fotovoltaik (PV), riizgar tiirbini (RT) ve kapasitor tanki (KT) gibi dagitik iiretim birimlerinin
giic dagitim aglarina entegrasyonu ele alinmistir. Caligma kapsaminda, IEEE 13-barali dengesiz dagitim
hattinda gii¢ kayiplarini azaltmak ve gerilim profilini iyilestirmek amaciyla bu birimlerin en uygun
yerlesimi ve boyutlandiriimas: iizerine ¢alisilmistir. Analizler, DU biriminin entegrasyonunu iceren ii¢
farkli senaryo her bir senaryoda ise ii¢ farkli durumu icerecek sekilde gerceklestirilmistir. Optimizasyon
siirecinde, Agirlikli Ortalama Optimizasyon Algoritmast (AOOA) kullanilmistir. Sonuglar, Onerilen
yontemin aktif giic kayiplarint %85,75 oraninda azaltarak ve gerilim profilini iyilestirerek sebeke
performansini artirmada etkili oldugunu gostermektedir.

Bu ¢alismanin literatiire 6zgiin katkilar1 ise su sekilde 6zetlenebilir:
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e Dengesiz ii¢ fazli dagitim sistemlerinde farkli yenilenebilir enerji kaynaklarinin (YEK) es zamanl
optimizasyonu igin kapsamli bir metodoloji sunulmustur.

e Riizgar tiirbinlerinin gii¢ faktdriiniin optimizasyon parametresi olarak modele dahil edilmesi, bu tiir
kaynaklarin etkili entegrasyonu i¢in dnemli bir yenilik sunmaktadir.

o IEEE 13-barali test sisteminde, dengesiz yapilarin etkilerini daha ayrintili bir sekilde analiz
edilmistir.

e Sistem kayiplarinin minimize edilmesi icin ¢ok parametreli bir optimizasyon yaklasimi
gelistirilmistir.

Bu katkilar, dengesiz GDA’larda YEK entegrasyonunun ve optimizasyonunun daha etkin bir sekilde
yapilmasina olanak tanimaktadir.

Makalenin geri kalan1 su sekilde organize edilmistir: Béliim 2°de problem formiilasyonu ve matematiksel
modelleme detaylandirilmakta, sistem bilesenlerinin modellemesi ve kisitlar sunulmaktadir. Bolim 3’te
Onerilen optimizasyon metodolojisi ve ¢oziim algoritmast agiklanmaktadir. Boliim 4, simiilasyon
sonuclarmi  ve Kkarsilagtirmali analizleri igermektedir. Farkli senaryo analizleri ve performans
degerlendirmeleri bu boliimde sunularak tartigilmistir. Son olarak, Bolim 5’te caligmanin sonuglar
Ozetlenmektedir.

2. OPTIiMiZASYON PROBLEMINE AIiT FORMULLER

Bu boliimde, giic dagitim sistemlerinin optimizasyon problemini tanimlayan matematiksel modelleme ve
temel kisitlamalar agiklanmistir. Amag, dagitim aginin verimliligini, giivenilirligini ve genel performansini
artirmaktir.

2.1. Kisitlamalar

Esitlik 1°de, her bir baradaki (her faz i¢in) gerilim degerlerinin, sistemin giivenilir ve kararli ¢alismasin
saglamak amaciyla tanimlanmis minimum ve maksimum smirlar arasinda olmast gerektigini
gostermektedir. Gerilim sinirlari, dagitim sistemindeki gerilim kararliligini ve ekipman giivenligini garanti
eder.

Vrﬁ]?lc < ViA'B'C = anzf)'(c Vie Npranch (1)
Esitlik 2°de, iletim hatlarindaki (her faz i¢in) akim biiyiikliiklerinin, izin verilen maksimum akim degerini
agmamast gerektigini belirtmektedir. Bu kisitlama, ekipmanlarin gilivenli bir gekilde c¢alismasini ve
sistemdeki agir1 yiikklenmelerin 6nlenmesini saglamaktadir.

AB,C AB,C ..
L™ < Ljmax  Y(bJ) € Moranch @)

Esitlik 3, giic dengesini tanimlamaktadir. Sistemdeki toplam aktif gii¢ liretiminin, toplam yiik talebi ve
iletim hatlarindaki gii¢ kayiplarinin toplamina esit olmasi gerektigini gostermektedir. Boylece, sistem
dengeli bir sekilde ¢alisir ve enerji arz-talep dengesi saglanir.

Yien P = Zien (P +P) (3)
Esitlik 4°te, transformatorlerin primer ve sekonder taraflarindaki gerilim ve akim degerlerinin, belirlenmis

minimum ve maksimum sinirlar arasinda kalmasi gerektigi belirtilmektedir. Transformatorlerin uygun
sinirlar i¢inde ¢aligmasi, asir1 yiiklenmeyi 6nler ve ekipman dmriinii uzatir.
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A,B,C AB,C AB,C AB,C
Vmin < Vi,pri ’ Vi,sec < Vmax
AB,C AB,C
Ii,prim < Ii,prim,max (4)
ligee < lgoomax

Esitlik 5°te, gerilim regiilatoriiniin kademe ayarina bagli olarak gerilim degerinin her faz i¢in, minimum ve
maksimum sinirlar arasinda olmasi gerektigini tanimlamaktadir. Bu kisitlama ile gerilim degerinin izin
verilen sinirlar igerisinde artirilip/ azaltilmasina izin verilir.

VROSC < VRMPC < VREES ®)

min
2.2. Ama¢ Fonksiyonu

Caligmanin amag fonksiyonu, dagitim hattindaki toplam aktif gii¢c kayiplarin1t minimize etmeye yoneliktir.
Esitlik 6°da Pll;‘S‘Se hat boyunca meydana gelen toplam aktif gii¢ kayiplarini ifade etmektedir ve bu kayiplar,
her fazdaki akim karesinin (Iiz_]- ) hat direnci (Ry;) ile ¢arpilmasi ve tiim hatlar {izerinden toplanmast ile
hesaplanmaktadir. Bu amag, 13-barali bir dengesiz gii¢ dagitim hattinda dagitik iinitelerin optimal yerlesim
ve biiytikliiklerinin belirlenmesiyle gergeklestirilmistir.
M 3
Ploss = Z Ri;(15 (6)
i=1

i j=1

3. YONTEM VE SiISTEM MODELI

Bu boliimde, dengesiz ii¢ fazli giic dagitim sistemlerinde yenilenebilir enerji kaynaklarinin optimum
konumlandirilmasi ve boyutlandirilmast i¢in kullanilan metodoloji ve sistem modeli detaylandirilmistir.
Oncelikle, optimizasyon siirecinde kullanilan Agirlikli Ortalama Optimizasyon Algoritmasinin galisma
prensibi ve matematiksel formiilasyonu agiklanmistir. Ardindan, ¢alismada test platformu olarak kullanilan
IEEE-13 baral1 dengesiz dagitim sisteminin teknik 6zellikleri ve karakteristikleri sunulmustur. Son olarak,
gelistirilen yiik akis algoritmasmin dogrulugunu ve performansini degerlendirmek amaciyla yapilan
karsilastirmali analizler ve dogrulama sonuglari ortaya konulmustur. Bu boliimdeki bilgiler, ¢alismanin
tekrarlanabilirligini saglamak ve wuygulanan yontemlerin etkinligini gostermek acisindan Onem
tagimaktadir.

3.1. Agirhkh Ortalama Optimizasyon Algoritmasi (AOOA)

AOOA, popiilasyondaki her bireyin konumunu iteratif bir siiregle iyilestirerek global optimuma ulagmay1
hedefleyen yeni nesil bir arama algoritmasidir [14]. Algoritmanin temelini olusturan yenilik¢i yaklagim,
kesif (exploration) ve derinlemesine arama (exploitation) siirecleri arasinda etkili bir denge kurulmasini
saglamaktir. Bu siiregte agirlikli ortalama pozisyon, popiilasyonun genel dagilimimi temsil eden bir 6lgiit
olarak kullanilir ve algoritmanin daha hizli ve daha dogru sonuglara ulagmasini miimkiin kilar. AOOA’nin
temel aldig1 agirlikli ortalama pozisyon yaklasimi, optimizasyon siirecinde bireylerin fitness degerlerini
dikkate alarak, niifusun genel 6zelliklerini yansitan bir pozisyon belirler. Bu yontem, her iterasyonda
hesaplanan agirlikli ortalama pozisyonun, bireylerin kisisel en iyi pozisyonlari (personal best) ve
popiilasyondaki global en iyi pozisyon (global best) ile birlestirilmesiyle uygulanir. Bdylece, algoritma hem
¢oziim uzayini daha etkin bir sekilde kesfeder hem de en iyi ¢6ziime dogru hizli bir sekilde yakinsar.
Agirlikli ortalama pozisyon, bireylerin fitness degerlerine bagli olarak hesaplanir. Bu hesaplama, "Smaller-
The-Better" (STB) ve "Larger-The-Better" (LTB) kriterlerine gore farkli sekilde gergeklestirilir. STB
durumunda agirlikli ortalama pozisyon Esitlik 7°deki formiille hesaplanir.

Na a . .
< - T 20 X; (Fitgor — Fit(X)))

. (7
. Flttot(Naday - 1)
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X\, agirlikli ortalama pozisyonu; X;, aday ¢oziim; Fit(X;), bireyin fitness degeri ve Fit,; secilen adaylarin
fitness toplamini temsil eder. AOOA her iterasyonda, kesif (exploration) veya derinlemesine arama
(exploitation) stratejilerinden birini uygular. Bu se¢im, Esitlik 8’deki parametre fonksiyonuna dayalidir:

®

f(iter) = (a.rast — 1).sin (‘ter'm)

Burada iy, mevcut iterasyon numarasini; max ie, maksimum iterasyon sayisini; a, dengenin kontrolii i¢in
kullanilan bir sabiti ve rast, rastgele bir degeri ifade eder. Eger f(iie,) = 0.5 ise, somiirii; aksi durumda ise
kesif stratejisi uygulanir.

Optimum konumlandirma ve boyutlandirma probleminin ¢éziimiinde, AOO algoritmasinin maksimum
iterasyon sayist 100, popiilasyon bilyiikligii ise 25 olarak segilmistir. Optimizasyon sonuglariin
giivenilirligini ve tutarliligini saglamak amaciyla, her bir durum/senaryo icin algoritma 100 kez bagimsiz
olarak calistirilmis ve elde edilen sonuglarin ortalamasi alinmigtir. Kesif ve somiirii siiregleri arasindaki
dengeyi saglamak tlizere, a parametresi 10 olarak belirlenmistir [ 14]. S6z konusu parametreler, literatiirdeki
benzer calismalarin bulgular1 ve gerceklestirilen 6n analizler dogrultusunda, problem i¢in en uygun
performansi saglayacak sekilde optimize edilmistir.

3.2. IEEE-13 Barah Test Sisteminin Teknik Detaylar:

IEEE 13-barali test sistemi, elektrik dagitim sebekelerinin analizinde yaygin kullanima sahip kompakt bir
referans modelini teskil etmektedir. Sistem, 4.16 kV nominal gerilim seviyesinde isletilmekte olup, kisa
mesafeli iletim hatlar1 ve yiiksek yiik yogunlugu ile karakterize edilmektedir. Bu &zellikler, sistemin
bilhassa kiiclik ol¢ekli dagitim sebekelerinin incelenmesinde optimal bir arastirma platformu olarak
kullanilmasini miimkiin kilmaktadir. Sistemin temel yapisal bilesenleri arasinda, dengeli ve dengesiz
karakteristiklere sahip noktasal yiikler ile hat boyunca dagitilmis yiikler bulunmaktadir [15]. Dengesiz gii¢
dagitim sisteminde, yiikler tek fazli, iki fazli, y1ldiz (Y) ya da delta (A) konfigiirasyonlarinda baglanmustir.
Sistemde, sabit gii¢ (PQ), sabit empedans (Z) ve sabit akim (I) olmak {izere ii¢ farkli yiik karakteristigi
mevcuttur. Bu cesitlilik, sistem performansmm farkli yiik senaryolari altinda kapsamli bir sekilde
degerlendirilmesine imkén tanimaktadir. IEEE-13 barali test sisteminde reaktif giic kompanzasyonu, ii¢
fazli dengeli ve tek fazli sont kapasitdr banklari vasitasiyla saglanmaktadir. Bu konfigiirasyon, gerilim
profilinin optimizasyonuna ve sistem kayiplarinin minimizasyonuna katkida bulunmaktadir. Ayrica, ii¢
fazli yildiz bagli bir gerilim regiilatorii, her bir fazin gerilim seviyesini siirekli olarak monitorize ederek
belirlenen limitler dahilinde kalmasini temin etmekte ve boylece sistem giivenilirligini artirmaktadir. Hat
konfigiirasyonlar1 agisindan sistem hem {i¢ fazli hem de tek fazli iletim hatlarini ihtiva etmektedir. Bu
heterojen yap1, faz-faz ve faz-toprak baglantilarinin cesitli kombinasyonlarinin analiz edilmesine olanak
tanimaktadir. Hatlarin farkli karakteristikleri, gerilim diisimii ve akim dengesizliklerinin detayl
incelenmesi bakimindan sistemin analitik esnekligini artirmaktadir. Sonug olarak, IEEE 13-barali test
sistemi, dagitim sebekelerinin temel parametrelerinin analizi i¢in ¢ok yoOnlii bir arastirma platformu
sunmaktadir. Sistemin kompakt yapisi ve yiiksek yiik yogunlugu, ozellikle yenilenebilir enerji
kaynaklarinin entegrasyonu ve optimizasyonu caligmalarinda degerli bir referans model olarak
kullanilmasini miimkiin kilmaktadir.

3.3. IEEE-13 Baral Test Sisteminin Yiik Akis Algoritmasinin Sonuclarinin Karsilastirilmasi

IEEE 13-baral: test sistemi kullanilarak gergeklestirilen yiik akig analizine ait gerilim, gerilim agisi, akim
ve akim agilarindaki hata oranlart Sekil 1 ve Sekil 2°de gosterilmistir. Sonuglar, her bara i¢in Faz A, Faz B
ve Faz C i¢gin ayr1 ayr1 degerlendirilmistir. Sekil 1°de yazilan Matlab script kod ile IEEE-13 barali test
sisteminin gerilimin genlik degerinin ve gerilimlerin agisina ait sonuglar1 karsilastirilmigtir. Goriilecegi
lizere en kotii durumda genlik degerinin hata miktar1 1x10™* seviyesindedir. Ayni sekilde 675.baraya ait
gerilim agismin hata orani ise A-fazinda 3.5x1073 seviyesinde hesaplanmustir. Elde edilen hata sonuglar
birgok ticari yazilimin iiretmis oldugu sonuglardan daha kiiciiktiir. Sekil 2°de akim genlikleri ve akim
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acilarindaki hata oranlart analiz edilmistir. Baralara ait akim genliklerinin ve agilarinin hata oranlar1 C-
fazinda sirasiyla en yiiksek 2x10~3 ve 1.5x1073 mertebesinde hesaplanmustir. ileri-geri siipiirme metodu
(BFLF) ile yazilan yiik akis algoritmasinin karsilagtirmali analiz sonuglari, yazilan Matlab script kodun
dengesiz dagitim sistemleri iizerindeki dogruluk performansini degerlendirmekte etkili oldugunu
gostermektedir. Sonuglar, sistem fazlarmin ayri ayr ele alinmasinin ve optimizasyon algoritmalarinin bu
dengesizliklere gore uyarlanmasinin énemini vurgulamaktadir.

2 x10 T T T G?rlllm‘Genll‘klerm‘m Hafa OraIm %107 Akim Genliklerinin Hata Oram
I Faz A 2 T T T T T T T T
o B I Faz A
15F JruC sk [ Faz B
g = FazC
5 | £
5 | S _
g K]
T T
05 b 05+
0 . L L L L L L L . . a 0 sl -H J.H m s A I\ 1 Iwn
611 632 633 634 645 646 650 652 671 675 680 684 692 611 632 633 634 645 646 650 652 671 675 680 684 692
Bara No Bara No
E: 103 Bara Gerilim Agilarmin Hata Orani ) x 103 Akim Aglarimin Hata Orami
T T T T T T T T T T -FaZA Z T T T T T T T T T T T -FaZA
R [ Faz B I Faz B
EJ’ [CFazC = 1.5+ [CJFazC
« <
s g
o <
=0 -
ol ML lm w1 I | I\ Im m Im I lm 0
611 632 633 634 645 646 650 652 671 675 680 684 692 611 632 633 634 645 646 650 652 671 675 680 684 692
Bara No Bara No
Sekil 1 BFLF yiik akiginda elde edilen bara gerilim ve Sekil 2 BFLF yiik akiginda elde edilen bara akim ve
aisina ait degerlerin IEEE-13 barali test sistemi ile acisina ait degerlerin IEEE-13 barali test sistemi ile
karsilastiriimast karsilastiriimast

4. BENZETIM SONUCLARI VE TARTISMA

Bu calisma, IEEE 13-barali dengesiz gii¢ dagitim sisteminde uygulanan ii¢ farkli tiirdeki DU entegrasyon
stratejisinin kapsamli bir analizini sunmaktadir. Arastirma, Tip-I (PV), Tip-II (kapasitor) ve Tip-III (riizgar
tiirbini) DU iinitelerini kapsamaktadir. Cizelge 1, 2 ve 3'te sunulan sonuglar DU ilavesi sonrasinda, gii¢
dagitim sisteminde olusan aktif/reaktif giic kayiplarmi ve gerilim profillerindeki degigimleri
gostermektedir. Tablo 1, IEEE 13-barali test sistemine fotovoltaik (PV) sistemlerin entegre edilmesi
sonrasinda, durum 1,2 ve 3 altinda elde edilen gii¢ enjeksiyonlarinin sonuglarini géstermektedir. Bu analiz,
PV sistemlerin farkli baralarda konumlandirilmas: ve boyutlandirilmas: ile dagitim sistemindeki gii¢
kayiplarina, gerilim profiline ve faz dengesine olan etkisini gdstermektedir. Ilk durumda, 671 numarali
baraya bir adet PV sistemi A-bagli sekilde yerlestirilmistir. Bu baglanti, her faza esit biiyiikliikte aktif gii¢
enjekte edilmesini saglamakta ve faz dengesini korumaktadir. Yalnizca aktif gii¢ saglandigi icin gii¢ faktorii
1 olarak belirlenmistir. 671 nolu baradan 3068.47 kW aktif gii¢, dagitim hattina enjekte edilmis ve hatlarda
34.76 kW +j75.40 kVAr gii¢ kayb1 olusmustur. Yapilan konumlandirma ve boyutlandirma optimizasyonu
ile sistemin maksimum gerilim degeri 675.barada 1.0677 pu seviyesine ulagmistir. ikinci durumda, PV’ler
634 ve 671 numarali baralarda konumlandirilmigtir. 634 ve 671.baralardan sirastyla 443.30 kW ve 2847.72
kW aktif giic sisteme gonderilmistir. Bu durumda hat kayiplar1 29.51 kW + j64.26 kVAr olarak
hesaplanmistir. Bu konumlandirmada da maksimum gerilim degeri 675. numarali barada 1.0677 pu olarak
Olciilmiis, gerilim profili ve faz dengesi iyilestirilmistir. Durum-3’te ise 634, 671 ve 675 baralarmna {i¢ adet
PV f{initesi yerlestirilmistir. Bu durumda, 634 barasinda 443.28 kW, 671 barasinda 1962.56 kW ve 675
barasinda 880.66 kW aktif gii¢ sisteme basilmistir. Elde edilen maksimum gerilim degeri 1.0699 pu olarak
kaydedilmis olup, bu senaryo gerilim stabilitesi agisindan en yiiksek iyilesmeyi saglamistir. Bu sonuglar
ile, PV’lerin optimum konumlandirilmas1 ve boyutlandirilmasi ile dagitim sistemlerindeki aktif giic
kayiplarini azaltabilecegini, gerilim profilini iyilestirebilecegini ve sistemde faz dengesini koruyabilecegini
gostermektedir.
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Cizelge 1. Tip-I DU'ler (Senaryo I) tarafindan enjekte edilen dengeli gii¢ sonuclari

Senaryo Durum  Konum Giig DU boyutu  Baglanti pjctive (xw) yMaksimum ;)
1 no (Barano)  faktorii kW) tipi E:Sasctive (KVAr) Bara numarasi
cos(d)
- 110.103 1.0553 2 — 122.52
durum j324.653 Bara 675 (B)
671 (A)
34.75911 1.0677 £ — 118.19
1-PV Casel 671 (B) 1 3068.4681 A
175.40031 Bara 675 (B
671 (C) 7 ®)
634 (A)
634 (B) 1 443.3025 A
634 (©) 29.51075 1.0677 2 — 118.19
2PV Case2 64.25942 Bara 675 (B)
671 (B) 1 2847.7233 A
671 (C)
634 (A)
634 (B) 1 44328345 A
634 (C)
o 27.54431 1.0699 2 — 118.11
3-PV Case3  671(B) 1 1962.56475 A j62.27445 : '
Bara 675 (B)
671 (C)
675 (A)
675 (B) 1 880.66361 A
675 (C)

Cizelge 2, IEEE 13-barali dagitim sistemine kapasitor tanki (KT) eklenmesi sonrasinda elde edilen
sonuclart gostermektedir. Calismada, sistemin farkli baralarina eklenen kapasitorlerin, dagitim hatlarindaki
aktif ve reaktif gilic kayiplarini azalttigi ve gerilim profilinin iyilestirilmesinde yardimei oldugunu
gostermektedir. i1k durumda, 671 numarali baraya kapasitor tanki yerlestirilmistir. Bu konfigiirasyonda,
671 barasinda 1261.27 kVAr reaktif gii¢ enjekte edilmistir. Hat kayiplar1 baglangi¢ durumunda 110.1
kW+j324.653 kVAr 6l¢iilmiistiir. Kapasitor tank ilavesi sonucunda hat kayiplar1 96.70 kW +j284.85 kVAr
seviyesine diismiistiir. Sisteme kapasitor ilavesi sonrast maksimum gerilim degeri 1.0675 pu seviyesine
ulagmistir. Bu senaryo, tek konumda gerceklestirilen kapasitor ilavesinin gerilim profilinde belirgin bir
iyilesme sagladigin gostermektedir. Tkinci durumda, 634 ve 671 numaral baralara kapasitorler eklenmistir.
Baralarda sirasiyla 339.61 ve 1086.81 kVAr reaktif gii¢ gii¢ dagitim sistemine basilmistir. Bu durumda hat
kayiplart aktif ve reaktif giicler i¢in 93.61 kW + j277.76 kV Ar seviyesine kadar inmistir. Bu yerlesim ile
sistemdeki maksimum gerilim degeri 1.0886 pu olarak kaydedilmistir. Iki farkli baraya kapasitor eklenmesi
ile daha genis bir voltaj destegi saglanmis ve kayiplar optimize edilmistir. Durum-3’te, 632, 634 ve 671
numarali baralara kapasitorler yerlestirilmistir. Bu durumda, 632 barasina 567.65 kVAr, 634 barasina
297.96 kVAr ve 671 barasina 827.77 kV Ar reaktif gii¢ sisteme enjekte edilmistir. Hat kayiplar1 93.04 kW
+ j275.64 kVAr olarak hesaplanmigtir. Maksimum gerilim degeri 1.0888 pu olarak 675.barada
kaydedilmistir. Ug baraya yapilan kapasitér ilavesi, gerilim dengesini saglamakta ve kayiplar1 minimize
etmede en yiiksek verimi saglamistir. Elde edilen sonuglar, kapasitorlerin uygun konumlandirilmasi ile
dagitim sistemlerinde reaktif gii¢ destegi saglayarak gerilim profilini iyilestirdigini ve gii¢ kayiplarim
azalttigin1 gostermektedir. Kapasitor ilavesi, dagitim sisteminin daha verimli ve giivenilir bir sekilde
caligmasini desteklemektedir.
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Cizelge 2. Tip-11 DU'ler (Senaryo II) tarafindan enjekte edilen dengeli giic sonuglari

Senaryo ~ Durum Konum DU boyutu  Baglanti pjctive (kW) yMaksimum ;1)
II no (Bara no) (kVAr) tipi QReactive (KVAY) Bara numarasi
mw 110.103 1.0553 2 — 122.52
durum j324.653 Bara 675 (B)
671 (A)
1-KT Case 1 671 (B)  1261.27405 A ,29862?37864 1.0?37;:6;51(};;.19
671 (C) 1285
634 (A)
634 (B) 339.60720 A
SKT  Cased 634 (C) 93.61243 1.0886 £ — 122.79
671 (A) j277.76005 Bara 675 (B)
671 (B) 1086.80732 A
671 (C)
632 (A)
632 (B) 567.6460236 A
632 (C)
634 (A)
3KT Case 3 634(B)  297.95810 A ,29;502;‘52616 1'08Bi§a46;51é2)'78
634 (C) =0
671 (A)
671 (B) 827.77002 A
671 (C)

Cizelge 3, 13-barali test sistemine riizgar tiirbini eklenmesi ile elde edilen gili¢ aktarimlarinin gesitli
senaryolar altindaki etkilerini gostermektedir. Bu calisma, sistemde farkli baralara eklenen riizgar
tirbinlerinin aktif ve reaktif glic enjeksiyonu ile gii¢ kayiplarini ve gerilim profillerini nasil etkiledigini
analiz etmektedir. Durum-1’de, 671 numarali baraya bir adet riizgar tiirbini baglanmistir. Giig faktori (GF)
0.942 olarak belirlenmis olup, tiirbin 3275.01 kVA gii¢ tiretmektedir. Bu durumda gii¢ dagitim hattinda
25.11 kW aktif gii¢ ve j.49.57 kVAr reaktif gii¢ kayb1 meydana gelmektedir. Maksimum gerilim degeri
birinci ve ikinci senaryoya benzer sekilde 675.barada oldugu goriilmektedir. Riizgar tiirbinin gii¢ dagitim
sistemine ilavesi sonrasinda, sistemin gerilim seviyesini sinirlar icerisinde kalacak sekilde yiikseltmistir.
Ikinci durumda, riizgar tiirbinleri 634 ve 671 numarali baralara yerlestirilmistir. 634 barasina baglanan
tiirbinin gii¢ faktorii 0.8126 olup 543.43 kVA gii¢ tiretmektedir. 671 barasina baglanan tiirbin ise anlik
olarak 3001.57 kVA gii¢ tiretmekte olup, gii¢ faktorii 0.952 olarak hesaplanmistir. Konumlandirma ve
boyutlandirma sonrasinda dagitim hatlarindaki aktif ve reaktif kayip giic degeri sirastyla 17.60 kW ve
j33.53 kVAr olarak hesaplanmistir. Bu yerlesim ile maksimum gerilim degeri 1.0956 pu olarak
kaydedilmistir. iki bara iizerinde riizgar tiirbinlerinin bulunmasi, dagitik giic enjeksiyonuyla sistemde daha
genis bir gerilim destegi saglamaktadir. Ugiincii durumda, 634, 671 ve 675 numarali baralara ii¢ adet riizgar
tiirbini yerlestirilmistir. 634 barasinda gii¢ faktorii 0.81266 olan tiirbin 543.42 kVA anlik gii¢ iiretmekte,
671.barada yer alan WT ise 2183.56 kVA ve GF degeri ise 0.90827 olarak sekilde anlik gii¢ iiretimi
yapmaktadir. 675 barasina yerlestirilen ii¢ilincii tiirbin ise tam gii¢ faktorii (GF = 1.0) ile calisarak 868.31
kVA gii¢ saglamaktadir. Yerlesim tahsisi sonucunda dagitim hatlarinda meydana gelen aktif/reaktif gii¢
kaybi1 15.82 kW ve j.31.85 kV Ar olarak hesaplanmigtir. Maksimum gerilim degeri 1.0975 pu’dur. Optimum
riizgar tiirbini yerlesimi, sistemde diisiik gii¢ kaybi, iyilestirilmis gerilim ve gii¢ kalitesi saglayarak dagitim
sisteminin performansini artirmaktadir.
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Cizelge 3 Tip-I1I DU'ler (Senaryo III) tarafindan enjekte edilen dengeli gii¢c sonuclari

Senaryo Durum  Konum Giic  DUboyutu Baglanti  pActive (kw) yMaksimum (1, 1))
11T no (Barano) faktorii (kVA) tipi Qfgg;tive (kVAr) Bara numarasi
cos(d)
7S 110.103 1.0553 2 — 122.52

durum j324.653 Bara 675 (B)
671 (A)

1-RT Case 1 671 (B)  0.94176 3275.01127 A 159 '1516(;(158 1'?3932 g7'512§')53
671 (C) =
634 (A)
634(B)  0.81266 543.42944 A

bRT  Casey O 17.60208 1.0956 £ -118.53
671 (A) j33.53017 Bara 675 (B)
671 (B)  0.95146 3001.57305 A
671 (C)
634 (A)
634(B)  0.81266 543.42196 A
634 (C)
671 (A)

3-RT Case 3 671 (B)  0.90827 2183.56326 A 1351 '882223 1'(])3?;2 g7'51 33544
671 (C) L
675 (A)
675 (B) 1.0000  868.31394 A
675 (C)

5. SONUC

Bu calismada, Tip-I, Tip-II ve Tip-IIl DU iinitelerinin, dengesiz ii¢ fazli giic dagitim hattina entegre
edilmesi sonucunda, hattin aktif /reaktif gii¢ kayiplarinin ve bara gerilim profilleri {izerindeki etkileri
incelenmistir. PV sistemlerinin farkli baralarda konumlandirilmasi ve boyutlandirilmasi, gerilim profili
iizerinde belirgin bir iyilesme saglamus, ayrica aktif giic kayiplarini azaltmis ve sistemin faz dengesini
optimize etmistir. Yapilan analizlerde, PV {initelerinin uygun baralara konumlandirilmas: ile gerilim
seviyesinin iyilestirildigi ve ¢oklu PV {inite konfigiirasyonlartyla daha dengeli bir gii¢ dagilimi saglandig:
goriilmiistiir. Ozellikle 634, 671 ve 675 baralarina ii¢c adet PV yerlestirildigi durumda, sistemin gerilim
seviyesi 1.0699 pu olarak kaydedilmistir. Senaryo-II’de kapasitor {initelerinin dagitim sistemine eklenmesi
sonucunda, reaktif gii¢ destegi saglanmis ve gerilim profili iyilestirilerek hat kayiplar belirli seviyelere
kadar diisiiriilmiistiir. Kapasitorlerin uygun baralara tahsisi ile gerilim seviyesi ve sistem verimliliginin
artmasina katki saglamis; 6zellikle {i¢ farkli baraya yapilan kapasitor ilaveleri, sistemde maksimum gerilim
degerini 1.0888 pu seviyesine ulagtirmig ve aktif gii¢ kayip degeri 93.04 kW olarak hesaplanmistir. Riizgar
tiirbinlerinin entegrasyonu ile elde edilen analizlerde, tiirbinlerin farkli baralarda konumlandirilmast,
sistemdeki aktif ve reaktif gii¢ kayiplarini %85,75 seviyende azaltmis ve gerilim profillerini iyilestirerek
sistemin kararlihigim artirmustir. Ug farkli baraya yerlestirilen riizgar tiirbinleri ile gerilim degeri 1.0975 pu
olarak kaydedilmistir. Riizgar tiirbinlerinin uygun boyutlandirilmast ve konumlandirilmasi, dagitim
sistemlerinde hem gerilim stabilitesi hem de gii¢ kalitesinin iyilestirilmesine olanak tanimistir.

Genel olarak, bu ¢aligmanin bulgulari, farkli tiirdeki DU {initelerinin etkin bir sekilde konumlandiriimasi
ve boyutlandirilmasi ile dagitim sistemlerinde aktif ve reaktif gii¢ kayiplarinin azaltilabilecegini, gerilim
profilinin iyilestirilebilecegini ve sistemde faz dengesinin saglanabilecegini gdstermistir. Bu tiir DU
entegrasyon stratejileri, dagitim sistemlerinin daha verimli, giivenilir ve siirdiiriilebilir olmasia katki
saglamaktadir.

Gelecek caligmalarda, DU’lerin dinamik yiik kosullar1 altindaki performanslari degerlendirilebilir ve farkls
yiik profilleriyle sistem kararlilig1 analiz edilebilir. Ayrica, farkli kontrol stratejilerinin kullanilmasiyla, PV
sistemleri, riizgar tiirbinleri ve kapasitorlerin daha akilli ve otonom ydnetimi saglanabilir. Bu baglamda,

C.U. Miih. Fak. Dergisi, 40(1), Mart 2025




IEEE 13-Barali Dengesiz U¢ Fazli Gii¢ Dagitim Sistemlerinde Yenilenebilir Enerji Kaynaklarinin Optimum Konumlandirilmast

ve Boy, dudmg

yapay zekd tabanli optimizasyon algoritmalarmin kullanilmasiyla, DU {initelerinin en uygun
konumlandirilmasi ve boyutlandirilmas: saglanarak, giic kayiplariin minimuma indirilmesi ve sistemin
daha verimli hale getirilmesi amaglanabilir. Bunun yani sira, gelecekteki arastirmalar, elektrikli araglar
(EV) ve enerji depolama sistemleri (ESS) gibi yeni nesil teknolojilerin DU sistemleriyle entegrasyonuna
odaklanabilir. Bu tiir yenilik¢i sistemler, enerji yonetimi stratejilerinin gelistirilmesine katki saglayarak,
dagitim sistemlerinin esnekligini ve giivenilirligini artirabilir.
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This study aims to enhance the mechanical properties of linear
low-density polyethylene (LLDPE) based composites by
utilizing fabrics woven from horse tail hair as reinforcement. The
warp and weft thread comprised bundles containing 20 hairs
each in fabric production. The warp density was kept constant
while two different weft densities, 5 bundles/cm and 7
bundles/cm, were used. Plain and 2/1 twill were selected as the
weave type. All fabrics, except for the reference sample, were
coated with ethylene vinyl acetate (EVA). The coating increased
the tensile strength of the composite in the weft direction by
11.69% compared to untreated fabrics. As the fabric’s weft
density increased, the tensile and flexural strength of the
composites in the weft direction improved. A slight decrease in
tensile strength was observed in the composites with the 2/1 twill
weaving structure compared to the plain weaving, while an
increase in flexural strength was noted with the plain weaving
structure.
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Kompozit

Etilen vinil asetat

Dogrusal diigiik yogunluklu polietilen
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Dokuma Kumaslar ile Takviye Edilmig
LLDPE Kompozitlerin Mekanik Ozellikleri.
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Bu calisma, takviye malzemesi olarak at kuyrugu kilindan
dokunmus kumaglar kullanarak dogrusal diisiik yogunluklu
polietilen (LLDPE) bazli kompozitlerin mekanik &zelliklerini
iyilestirmeyi amac¢lamaktadir. Kumas iiretiminde ¢6zgii ve atki
iplikleri olarak her biri 20 kildan olusan demetler kullanilmustir.
Cozgii siklig1 sabit tutulurken, iki farkl atki sikligi (5 demet/cm
ve 7 demet/cm) kullanilmigtir. Dokuma tipi olarak 2/1 dimi ve
diiz dokuma secilmistir. Referans numune hari¢ tiim kumaslar
etilen vinil asetat (EVA) ile kaplanmistir. Kaplama islemi,
islenmemis kumasglara kiyasla kompozitin atki yoniindeki gekme
dayanimint %11,69 oraninda artirmistir. Kumagin atki sikligi
arttikga, kompozitlerin atki yoniindeki c¢ekme ve egilme
dayanimlart iyilesmistir. 2/1 dimi dokuma yapisina sahip
kompozitlerde, diiz dokumaya kiyasla ¢ekme dayaniminda hafif
bir azalma gbzlemlenirken, egilme dayaniminda ise diiz dokuma
yapistyla artis kaydedilmistir.
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1. INTRODUCTION

Fiber-reinforced polymer composites have attracted significant interest across various industries due to
their excellent mechanical properties, low weight, and resistance to environmental degradation. Glass,
carbon, and aramid fibers are extensively utilized as reinforcement materials in fiber-reinforced polymer
(FRP) composites due to their exceptional mechanical properties and have long been applied in the
aerospace, automotive, and marine industries [1,2]. The increasing awareness of environmental issues
associated with synthetic materials has catalyzed a significant shift towards utilizing natural fibers in
composite production. Natural fibers offer ecological advantages over synthetic fibers, such as
biodegradability, renewability, and recyclability, as well as lower density, high flexibility, high impact
resistance, comparable specific tensile properties, non-abrasiveness to equipment, and reduced energy
consumption [2,3]. Natural fibers are categorized into plant-based, animal-based, and mineral-based fibers.
Plant-based fibers such as flax, hemp, sisal, kenaf, jute, coconut, banana, and bamboo are commonly used
in composite production [4-8]. Studies have shown that the specific strengths of flax, hemp, and jute fibers,
which have particularly high mechanical properties, are competitive with glass fiber [1,9]. Using animal
fibers in composite production is considerably lower than plant-based fibers [10]. Animal fibers include
hair or wool, silk, and feather fibers. The growing emphasis on sustainability has made special fibers, such
as horsehair, a research subject. Horsehair, sourced from the tails and manes of horses, is utilized in various
industries due to its properties, including elasticity, compression resistance, and high strength [11].
However, research on using horsehair as a reinforcement material in composite production remains limited
[12-16].

Natural fibers present considerable challenges when incorporated into polymer composites despite offering
several advantages. A primary issue is the inherent incompatibility between hydrophilic natural fibers and
hydrophobic polymer matrices, which results in poor interfacial adhesion and, consequently, reduces the
mechanical properties of the composites. This incompatibility is aggravated by the moisture absorption
characteristics of natural fibers, which can further weaken the fiber-matrix bond. These incompatibilities
are resolved by various solutions, including chemical treatments such as alkali treatment, which enhance
the surface properties of the fibers [17,18]. Coupling agents and compatibilizers play a crucial role in
enhancing the interfacial bonding between fibers and the polymer matrix, thereby improving the overall
mechanical performance of composites. Although coupling agents are often used directly during the mixing
process, they can also be grafted onto the hydroxyl groups of the fibers or impregnated into the fibers before
the production process [19,20].

The structure and arrangement of the reinforcement material influence the properties of fiber-reinforced
composites. Woven fabric structures allow for a more compact arrangement of fibers, providing composite
materials with high strength, impact resistance, and flexibility. The study used plain and twill woven fabrics
made from horsetail hair to reinforce the linear low-density polyethylene (LLDPE) matrix. To improve
adhesion between the reinforcement material and LLDPE, the horsehair woven fabrics were coated with
ethylene vinyl acetate (EVA). EVA is a copolymer composed of a hydrophobic (nonpolar) polyethylene
(PE) monomer and a flexible, hydrophilic (polar) vinyl acetate (VA) monomer. It provides low-temperature
flexibility, toughness, and strong adhesion to various materials. The VA group, which provides flexibility
and adhesion to the copolymer, is expected to interact with the hydrophilic -OH group on horsehair, while
the PE group bonds with LLDPE. The thickness, weight, morphological structure, mechanical properties,
and thermal behavior of horsehair-woven fabric-reinforced EVA/LLDPE composites were examined.

2. MATERIALS AND METHODS
2.1. Materials

LLDPE, with a density of 0.92 g/cm?, a melt flow index of 1.0 g/10 min, and a melting point of 120°C, was
sourced from Ozugur Plastik Ltd. Sti. EVA, with a vinyl acetate content of 18% (REPSOL PRIMEVA®
P1820C), a density of 0.937 g/cm?®, a melt flow rate of 2 g/10 min (at 190°C and 2.16 kg), and a melting
point of 87°C, was purchased from Resinex. Chloroform (99%, EMSURE® ACS, ISO, Reag. Ph Eur) as a
solvent was bought from Sigma-Aldrich. Washed and disinfected horse tail hairs were obtained from Bar1s
Firga Ind. Trade. Co. Ltd.
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2.2. Production and Pre-Treatment of Fabrics

For fabric production, horsetail hair was grouped into bundles of 20 each for warp and weft use. The fabrics
were woven on a handloom with two bundles/cm fixed warp density. Plain fabrics were produced with two
planned weft densities of 5 bundles/cm and 7 bundles/cm, while twill fabrics were woven with 7
bundles/cm. To prevent the fabrics from fraying during composite production, the edges of the 18 x 25 cm?
test area were secured with double stitching, 1 cm inward, using a Singer sewing machine. The weave type,
the measured weft density, thickness, and weight of the produced fabrics are presented in Table 1.

Table 1. The physical parameters of horsehair woven fabrics

Weft density Thickness Weight

Sample codes Weave type (bundles /cm) (mm) (g/m?)
P5 Plain 4.87 1.41 487
E-P5 Plain 4.77 1.41 511
E-P7 Plain 7.30 1.79 674
E-T7 Twill (2/1) 7.80 2.17 696

The woven fabrics were coated with EVA to enhance compatibility with LLDPE. Before the coating
process, the fabrics were conditioned in an oven at 40°C for 24 hours, and their initial weights were
recorded. EVA (40 wt%) was dissolved in chloroform with a magnetic stirrer for 30 minutes at 60°C and
80 rpm. The solution, prepared at a 50:1 liquid-to-fabric ratio, was poured over the fabric, placed on a plate,
and left sealed at room temperature for 15 minutes. The fabric, with one side coated, was dried in an oven
at 40°C for 24 hours. The same procedure was applied to the other side of the fabric. The weight of the
treated fabrics was measured, and the amount of EVA coating was determined relative to the initial dry
weight of the untreated fabric. Except for the reference fabric coded as P35, all other fabrics were coated
with EVA and are represented by the letter "E" in the fabric code.

2.3. Production of Composite Samples

The composites were fabricated by compression molding using a laboratory hot press (GULNAR
MAKINA, Istanbul, Tiirkiye), where the fabrics were placed between two LLDPE sheets and compressed
at 125°C and 4 bar pressure for 15 minutes using a 2 mm thick mold. The composites were allowed to cool
slowly to room temperature under pressure for 6 hours. The LLDPE sheets were produced by placing them
in a 1 mm thick mold and heating them at 130°C under 4 bar pressure for 15 minutes. Before the composite
production, the fabrics were conditioned in an oven at 40°C for 24 hours (Figure 1).

= Wssmmmiim el f

Handloom

The weaving of fabrics Coating fabries with EVA

Horsehair fabric reinforced Production of composites Placement of reinforcement material
LLDPE composites between LLDPE sheets

Figure 1. The production stages of composite samples
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Table 2 presents the thickness, weight, and composition ratios of the composite samples. "P" represents
plain weaving, while "T" indicates twill weaving. The numbers 5 and 7 correspond to the planned weft
densities. "E" refers to the coating process with EVA, and "L" denotes the LLDPE matrix. For example,
"LE-T7" indicates a composite structure reinforced with twill fabric made from horsehair treated with EVA
and embedded in LLDPE sheets.

Table 2. The physical parameters of composite samples

Composite codes Horsehair LLDPE EVA Thickness Weight
(%) (%) (%) (mm) (kg/m’)
LLDPE sheet 0.00 100.00 0.00 2.31 1.94
L-P5 21.83 78.17 0.00 2.55 2.55
LE-P5 22.34 74.33 3.33 2.60 2.60
LE-P7 28.28 65.54 2.18 2.85 2.85
LE-T7 27.56 69.87 2.57 2.90 2.90

2.4. Characterization of Composite Samples

Thermogravimetric analysis (TGA) and derivative TGA (DTGA) were performed using a
thermogravimetric analyzer (Perkin Elmer, DIAMOND). The tests were conducted under a nitrogen
atmosphere with 5 mg samples, heated from 23°C to 600°C at a flow rate of 10°C/min.

Field Emission Scanning Electron Microscopy (FESEM, ZEISS, GEMINI 500) was employed at an
acceleration voltage of 5 kV to analyze the fracture surfaces of the composites and investigate the
hair/matrix interactions. Before analysis, the sample surfaces were coated with an Au/Pd alloy under
vacuum using a sputter coater.

The tensile properties of the developed composites were evaluated using a 50 kN capacity universal testing
machine (Shimadzu AGX, Japan) following ASTM D 638-14 standards. Rectangular specimens
(165 x 13 x thickness mm3) were tested at a crosshead speed of 5 mm/min with a grip separation of 100
mm. Flexural testing was carried out according to standard ASTM D790-10. The samples (13 x 125 x
thickness mm?) were subjected to a three-point bending test, where the ram was loaded at a rate of 2 mm/min
until fracture occurred.

A hair pull-out test was conducted on Shimadzu AGX to evaluate the hair and LLDPE interface
characteristics. In the samples prepared according to the structure shown in Figure 2, the section labeled
"a" was opened, and a single hair from the middle part of the sample was attached to the upper grip of the
machine. The section labeled "c" was attached to the lower grip. The hair was pulled at a rate of 2 mm/min
under a load of 5 kN, and the evaluation was based on the detachment or breakage of the hair from the

structure.

A
2cm (a)
<> y
1cm 4
- > 4 b
2cm cm (b)
\ 4
A
2cm  (c)
y

Figure 2. The sample dimensions prepared for a hair pull-out test to evaluate interface properties
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3. RESULTS AND DISCUSSION
3.1. TGA/DTGA Analysis

The TGA and DTGA curves for the LE-P5 composite and its components are shown in Figure 3. The
degradation of horsehair and EVA occurs in two distinct steps. The first step of horsehair degradation,
likely due to the water loss in the structure, occurs at approximately 220°C with an initial weight loss of
about 8%. The second step, which is taken in the temperature range of 220-500°C, results in a weight loss
of approximately 64%. At this stage, the complete degradation of keratin is expected to occur. Due to the
carbon content and mineral components in horsehair, about 30% of the residue remains at 800°C. EVA
remains thermally stable up to 280°C. The first mass loss of 22%, observed between 280°C and 380°C,
corresponds to the deacetylation of the VA group. This step results in the release of acetic acid into the gas
phase. The second mass loss step of 77% (between 400 and 497°C) is attributed to the oxidation of
hydrocarbons resulting from the degradation of the main polyethylene chain, which leads to their
volatilization [21,22]. LLDPE maintains thermal stability up to 400°C, after which it loses 98% of its weight
in the temperature range of 400-500°C.

a) b) 2400 -
—e—LL-P3
100+ —e—LLDPE
2000 - —e—FEVA
804 —e—LE-P5 —— TTorsc hair
—e—LLDPE =
= —e—FEVA E 1600+
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= 604 &
4 = 1200
= b
; &
Al S 8004 !
20 400 -
0 T T — ‘ 0 B e S e
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Figure 3. TGA (a, ¢) and DTGA (b, d) curves for composite samples and their components

The LE-P5 composite degrades in three steps. The first step occurs at 233°C, where the weight decreases
by 2%. This step corresponds to the removal of water molecules present in the horsehair component. The
initial weight loss is negligible since the fabrics were dried before being incorporated into the composite.
The second step, occurring between 233-433°C, causes a 16% weight loss and corresponds to the first
degradation stage of EVA and the second degradation stage of horsehair. The third step, between 433°C
and 500°C, results in about 78% weight loss, representing the final degradation phase of EVA and LLDPE.
Other composite structures (LE-PS, LE-P7, and LE-T7) show similar thermal degradation stages (Figure
3c and 3d). The inclusion of EVA in the composite generally reduces the thermal stability. However,
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composite containing twill weaving fabrics (LE-T7) maintain their thermal stability despite the addition of
EVA.

3.2. Tensile Properties

In the production of horsehair woven fabrics, weft density was chosen as a variable parameter, while warp
density was kept constant. The tensile stress-strain curves of the composite samples in the weft direction
are illustrated in Figure 4, while their respective values are listed in Table 3. Figure 4 demonstrates that
pure LLDPE undergoes ductile rupture, whereas composites with reinforcing materials fail in a brittle
manner due to rapid crack propagation. The LLDPE sheet was determined to have a tensile strength of
10.18 MPa, an elongation at break of 34.27%, and a modulus of 0.31 GPa. The reinforcement of the LLDPE
sheet with horsehair woven fabrics generally increased the tensile strength and elastic modulus and
decreased the elongation at break in the weft direction. The addition of untreated horsehair fabric with a
weft density of 5 bundles/cm (L-P5) resulted in a 93.23% increase in tensile strength, a 414.56% decrease
in elongation at break, and a 141.3% increase in elastic modulus in the weft direction. To improve the
adhesion between the horsehair woven fabrics and the matrix material, all fabrics except the L-P5 coded
fabric were coated with EVA. The 200X and 40X magnified images of untreated (a, b) and coated (d, ¢)
fabrics are shown in Figure 5. The FE-SEM images demonstrate that the fabric surface is completely coated.
The sample reinforced with EVA-coated fabric, having a weft density of 5 bundles/cm (LE-P5), exhibits a
tensile strength of 21.97 MPa and a tensile modulus of 0.64 GPa. The EVA coating increased the tensile
strength of the composite in the weft direction by 11.69% compared to untreated fabrics (L-P5). The
increase can be attributed to the improved interfacial bonding between the fabric and the matrix. As a more
flexible and adhesive material than LLDPE, EVA likely enhances the interaction between the fabric fibers
and the polymer matrix. Additionally, the coating could reduce defects or weak spots in the matrix, leading
to higher tensile strength. When the fabric was coated with EVA, the elongation at the break of the
composite increased by 75.23%. The coating likely enhanced the overall ductility and flexibility of the
composite, improving its ability to stretch and absorb stress before failure. In contrast, the elastic modulus
decreased by 14.67% with the coating. The EVA coating may have softened the overall structure of the
composite, leading to a decrease in its ability to resist elastic deformation under stress. Figure 5 shows the
fracture morphology corresponding to the composites reinforced with untreated fabric (L-P5) and coated
fabrics (LE-PS). The L-P5 coded sample exhibits fiber fracture, pull-out, and debonding. With the fabric
coating, the majority of the fibers are observed to break, while the matrix fractures in a more ductile manner.
These morphological analyses are consistent with the tensile test results.

35+
30 4 —a—LIDPE
——L-P5
—«—1E-P5
& 25 ——LE-P7
E ——1ET7
2 204
S
A
2 151
S
W
S~ 10-
544

; —
0 5 10 15 20 25 30 35 40

Tensile Strain/%
Figure 4. Tensile stress-strain curves of composite samples in the weft direction
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Table 3. Tensile strength, elongation at break, and elastic modulus values of composite samples

Sambples Tensile Elongation Tensile
P strength (MPa) at break (%) modulus (GPa)

LLDPE - 10.18 34.27 0.31
weft 19.67 6.66 0.75
L-PS warp 10.89 7.14 0.40
weft 21.97 11.67 0.64
LE-PS warp 10.97 7.93 0.45
weft 32.62 16.98 0.97
LE-P7 warp 9.64 10.91 0.38
weft 30.99 12.09 0.94
LE-T7 warp 8.72 8.31 0.34

| Mag=34x EHT=s500kv pSumy | BRHE
Figure 5. FE-SEM micrographs of untreated (a, b) and EVA-treated (d, e) fabrics at 200X and 40X

magnifications; micrographs of tensile fracture surfaces of composites in the weft direction (c) L-P5 at
34X and (f) LE-P5 composites at 36X

The sample reinforced with EVA-coated fabric having a weft density of 7 bundles/cm (LE-P7) exhibited
the highest tensile strength of 32.62 MPa and the highest elastic modulus of 0.97 GPa. The increase in weft
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density enhanced the tensile strength, elongation at break, and elastic modulus in the weft direction by
48.47%, 45.50%, and 51.56%, respectively. The increased horsehair density enables the fabric to carry
more load, thereby improving stress distribution and load transfer between the fabric and the matrix.

The sample reinforced with twill weaving fabric having a weft density of 7 bundles/cm (LE-T7) exhibited
a slight decrease of 4.9% in tensile strength compared to plain weaving fabric. The twill weaving structure
caused a 40.45% reduction in elongation at break and a 3.09% decrease in elastic modulus. The diagonal
twill weaving structure creates a more irregular surface, which may have caused micro-scale voids between
the fabric and LLDPE sheets during composite production. These small voids could hinder interfacial
bonding between the fabric and the matrix, potentially reducing stress transfer efficiency along the
interface.

Table 3 presents the mechanical properties of composites in the warp direction of the reinforcement fabric.
The horsehair warp density has been constant at two bundles/cm, depending on the handloom. The tensile
strength of the samples with codes L-P5 and LE-P5 in the warp direction was found to be 6.97% and 7.76%
higher, respectively, compared to the LLDPE sheet. However, when the horsehair density increased in plain
and twill weaving fabrics, the tensile strength was lower than in the pure LLDPE sheet. The lower warp
density may limit the load-bearing capacity of the warp threads, leading to reduced tensile strength in that
direction. Moreover, the crimping of the threads also affects tensile strength [23]. The increase in weft
density may have increased the crimp effect, which could have limited the load-bearing capacity of the
fewer warp threads.

3.3. Adhesion Degrees of the Reinforcement Material

The adhesion degree of the reinforcement material within the composite samples was evaluated based on
the occurrence of breaking or debonding of a single hair underload. The hairs were selected from the center
of the bundle in the weft direction. Three repetitions were performed for each sample, and the adhesion
degree was determined according to the number of hairs that broke. According to the values presented in
Table 4, no significant difference in adhesion degree was observed between the samples with and without
EVA. However, the samples with a plain weaving structure exhibited better adhesion than those with twill
weaving. This is thought to be due to the higher number of weaving intersections per unit area in plain
weaving, which increases friction and improves adhesion. Additionally, this result indicates that the matrix
penetrates less into the inner parts of the fabric in the twill weave structure.

Table 4. Adhesion degrees based on the behavior of hairs pulled from the samples

Samples 1 2 3 Adhesion
degree
L-P5 Debonding Breaking Debonding 1
LE-P5 Debonding Debonding Breaking 1
LE-P7 Debonding Breaking Breaking 2
LE-T7 Debonding Debonding Debonding 0

The tensile strength and elongation at break values of the hairs debonded from the structure are presented
in Table 5. According to these results, the EVA-coated reinforcement demonstrated higher resistance than
its uncoated counterpart. As the number of bundles in the structure increased, the adhesion degree was
generally negatively affected. This may be attributed to a reduction in the penetration of the matrix material
into the reinforcement or an insufficient matrix-to-reinforcement ratio within the composite.

Table 5. Maximum stress and elongation values of hairs debonded from the structure

Samples Tensile Elongation
strength (MPa) at break (%)
L-P5S 0.09 17.93
LE-P5 0.12 27.69
LE-P7 0.07 20.09
LE-T7 0.04 11.48
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3.4. Flexural Properties

The flexural stress-strain curves in the weft direction for fabric-reinforced composites are presented in
Figure 6. Table 6 presents the flexural strength, flexural strain, and flexural modulus in both the weft and
warp directions. Overall, the reinforcement material increased the flexural resistance in the weft direction.
The untreated fabric with a density of 5 bundles/cm improved the flexural strength in the weft direction by
5.67%, while the treated fabric with the same density enhanced it by 8.56%. The reinforcement material
generally increased the flexural modulus. The flexural modulus of the L-P5 composite sample in the weft
direction was 1.30 GPa, while that of the LE-P5 composite sample was 1.19 GPa. The EVA coating slightly
reduced the flexural modulus. The EVA layer gave additional flexibility to the composite structure and
reduced its overall stiffness.

The composite reinforced with coated fabrics having a weft density of 7 bundles/cm exhibited a flexural
strength of 11.06, a bending strain of 3.69%, and a flexural modulus of 0.83 GPa in the weft direction. The
flexural strength and bending strain improved as the horsehair density increased, while the flexural modulus
slightly decreased. The LE-T7 coded twill fabric with a weft density of 7 bundles/cm was found to have
the highest flexural modulus, measured at 12.67 MPa in the weft direction. With its diagonal arrangement
of thread, twill weaving enables a more homogeneous distribution of vertical loads. Additionally, the LE-
T7 sample exhibited a flexural strain of 3.43% and a flexural modulus of 1.07 GPa in the weft direction.
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Figure 6. Flexural stress-strain curves of composite samples in the weft direction

Table 6. Flexural strength, flexural strain, and flexural modulus values of composite samples

Sambles Flexural Flexural Flexural
p strength (MPa) strain (%) modulus (GPa)

LLDPE - 9.35 3.05 1.00
weft 9.88 2.82 1.30
L-PS warp 8.03 2.70 1.06
weft 10.15 2.88 1.19
LE-PS warp 9.34 3.12 0.98
weft 11.06 3.69 0.83
LE-P7 warp 8.24 3.25 0.79
weft 12.67 3.43 1.07
LE-T7 warp 6.97 4.28 0.71
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The flexural strength values of the composites in the warp direction were lower than those of the matrix
material. Furthermore, an increase in the weft density of the fabrics resulted in a deterioration of the flexural
strength and flexural modulus of the composites in the warp direction. The low warp density and the
resulting unbalanced structure may have contributed to this outcome.

4. CONCLUSIONS

The present study investigates the thermal and mechanical properties of LLDPE composites reinforced with
horsehair woven fabrics, with a focus on the influence of fabric structure (plain and twill), weft density (5
and 7 bundles/cm), and surface treatment with EVA.

Including untreated and coated horsehair-woven fabrics slightly reduced the thermal stability of the
composite structure. The reinforcement with horsehair-woven fabrics significantly enhanced the
mechanical properties of the composites. The EVA coating enhanced the interfacial bonding between the
fabric and the polymer matrix, resulting in higher tensile strength and elongation at break while reducing
the tensile modulus by increasing the ductility of the composite in the weft direction. Furthermore, FE-
SEM analysis revealed that composites reinforced with coated fabrics predominantly exhibited fiber
breakage. Increasing the fabric's weft density improved the composites' mechanical properties in the weft
direction. The composite reinforced with EVA-coated fabric with a weft density of 7 bundles/cm
demonstrated the highest tensile strength of 32.62 MPa and an elastic modulus of 0.97 GPa in the weft
direction. The use of twill weaving fabrics decreased tensile strength and modulus, likely due to the
irregular surface structure and the formation of voids between the fabric and matrix. Despite this, the
composite reinforced with twill fabrics exhibited the highest flexural strength of 12.67 MPa in the weft
direction. Since the warp density of the composites is considerably lower than the weft density, no
significant improvement was observed in the tensile and flexural properties in the warp direction; instead,
these properties worsened as the weft density increased. The findings suggest that for optimal performance,
careful selection of horsehair fabric structure and density, as well as matrix treatment, is essential for
tailoring the properties of the composite material for specific applications.
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Standard electrodes have limitations in design flexibility, production
time, cost, material waste, and customization. Additive manufacturing
overcomes these barriers, offering an efficient, cost-effective, and
environmentally friendly approach to manufacturing electrochemical
components. This study explores the usability of selective laser
sintering for producing electrodes for green hydrogen production,
focusing on emergency applications and prototype development. A
honeycomb-structured metal cathode for alkaline electrolysis is 3D-
printed and tested for tensile strength. Electrochemical methods,
including cyclic voltammetry, linear sweep voltammetry, and
chronoamperometry, evaluate its catalytic performance against graphite
and platinum electrodes. For a 30-minute electrolysis period, the
volume of hydrogen gas values for selective laser sintering
manufactured cathode electrodes @ 2.4, 2.7, and 3 V are 10.5, 19.75,
and 28.5 mL, respectively. Results show superior performance
compared to literature. Additionally, wind turbine models (NACA12,
NACAL1S5, NACA18) are analyzed for hydrogen production efficiency,
with NACA 12 proving most effective at moderate to high wind speeds.
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Standart elektrotlar tasarim esnekligi, liretim siiresi, maliyet, malzeme
israfi ve 6zellestirme agisindan sinirlamalara sahiptir. Eklemeli imalat
teknigi bu engelleri agarak elektrokimyasal bilesenlerin iiretiminde
verimli, uygun maliyetli ve ¢evre dostu bir yaklagim sunar. Bu ¢alisma,
acil durum uygulamalarina ve prototip gelistirmeye odaklanarak yesil
hidrojen iiretimi igin elektrot iiretmek amaciyla segici lazer
sinterlemenin kullanilabilirligini arastirmaktadir. Alkali elektroliz igin
petek yapili bir metal katot 3 boyutlu olarak yazdirilir ve ¢ekme
dayanimi agisindan test edilmistir. Dongiisel voltammetri, dogrusal
tarama voltammetrisi ve kronoamperometri dahil olmak iizere
elektrokimyasal yontemler, grafit ve platin elektrotlara karsi katalitik
performansini degerlendirilmistir. 30 dakikalik bir elektroliz siiresi i¢in,
secici lazer sinterleme ile iiretilen katot elektrotlari i¢in hidrojen gazi
hacmi degerleri @ 2.4, 2,7 ve 3 V sirasiyla 10,5, 19,75 ve 28,5 mL'dir.
Sonuglar, literatiire kiyasla {istiin performans gostermektedir. Ayrica,
hidrojen {iretim verimliligi acisindan riizgar tlirtbini modelleri
(NACA12,NACA15,NACA18) analiz edilmis ve NACA12'nin orta ila
yiiksek riizgar hizlarinda en etkili oldugu kanitlanmistir.
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1. INTRODUCTION

Renewable energy and hydrogen are crucial to tackling climate change, as both offer sustainable, emission-
free solutions to meet our growing energy needs and decarbonize many sectors of the economy [1-3]. The
integration of wind energy to produce alkaline hydrogen holds great promise for the future as it enables the
effective storage of surplus renewable energy and the provision of a clean and versatile energy carrier,
facilitating the transition to a sustainable and decarbonized energy ecosystem [4,5]. The installation of wind
powered electrolysis cells is crucial, especially in situations where conventional power plants cannot
provide energy during natural disasters such as earthquakes, as they offer a resilient and sustainable solution
for continuous energy generation and storage. The biggest bottleneck in the installation of such a system
often occurs during the electrolyzer set-up phase due to the challenges of electrode manufacturing, system
integration and, if present, additional complexities. Additive manufacturing technology offers a valuable
solution in this context. 3D printing simplifies electrode production by enabling the individual and rapid
manufacture of complex components, reducing material waste and facilitating on-demand manufacturing,
which ultimately optimizes the efficiency and cost-effectiveness of the system [6-13]. The main advantage
is that it can be used to manufacture metal electrodes. One advantage of 3D printed metal electrodes is the
ability to create complex and personalized electrode designs that improve the performance and efficiency
of many electrochemical processes. In addition, the rapid prototyping and iteration capabilities of 3D
printing allow for faster creation and improvement of electrode designs. In addition, this method can
provide affordable and environmentally friendly solutions for electrode manufacturing while reducing
material waste. It offers instant 3D printing and the desired geometry [14-17]. The parameters influencing
hydrogen production in alkali electrolysis include electrolyte concentration, temperature, electrode
geometry and material selection [18,19]. Fatouh et al [20] focused on evaluating hydrogen production from
an alkali electrolyzer under various operating and geometric parameters. The study aims to determine the
optimal conditions for efficient hydrogen generation by considering factors such as electrolyte
concentration, temperature, electrode shape, and material. The experimental results show that a 26%
concentration of KOH electrolyte, a temperature of 70°C, and an input voltage of 11 V lead to the highest
hydrogen production rate, with smooth cylindrical aluminum electrodes of larger diameter being the most
suitable choice for the electrolyzer operation. The study of Gillespie and Kriek [21] demonstrates the high
performance of a membraneless DEFT alkaline electrolyzer, featuring a nickel oxide-coated anodic
electrode and pure nickel cathodic electrode, achieving a remarkable current density of 508 mA cm—2 at 2
VDC. While the gas purity in the system is currently limited due to gas/liquid separation constraints, the
technology exhibits stable gas purities across various current density levels, showing promise for
integration with renewable energy sources. Gonzalez-Buch et al. [22] carried out investigation in which the
significance of 3D electrode structure was underlined. Ni and NiMo metallic coatings were electrodeposited
onto a stainless steel AISI 304 substrate using a double-template electrochemical process, and their
performance as H2-evolving cathodes was assessed in a 30% KOH solution at varying temperatures. Tafel
curve analysis indicated that the NiMo-coated electrodes exhibited superior catalytic activity compared to
pure Ni electrodes. Literatures have emphasized the importance of 3D geometries structures of electrodes.
However, it is widely acknowledged that a major limitation in numerous investigations is that investigations
have been conducted with very small electrode geometries on a laboratory scale, and achieving
repeatability, especially on surfaces prepared through galvanostatic methods or chemical deposition
processes, not always feasible. Consequently, the production of 3D-printed electrodes holds significant
importance. It is noteworthy that there is currently a dearth of research in the literature regarding the
performance of materials produced using 3D printing technology with metal feedstock in the context of
hydrogen gas production through electrolysis in an alkaline environment. In this study, we present Additive
Manufacturing as a method of hydrogen production after thoroughly researching it to overcome the
shortcomings indicated above. Nevertheless, this domain is of main significance, particularly in the
manufacturing of materials in various geometries and alloy-component ratios. It exhibits considerable
promise, especially in the context of producing components with specific dimensions and properties for
industrial applications.

In present study, electrodes produced using the additive manufacturing method will pave the way to produce
electrodes in any desired structure or shape instead of the conventional geometry and shape. In this way, it
will open up ways to use hydrogen energy more efficiently. To make the work even more innovative, the
honeycomb structure used in recent years has been adopted. The honeycomb- shaped 3D-printed electrode
made of a steel alloy was used as the cathode for the alkaline electrolysis system. The behavior of the
catalyst was compared with graphite and platinum electrodes using linear voltammetry, cyclic voltammetry
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and chronoamperometry, and the hydrogen volume values generated were also compared. Tensile tests
were carried out on the samples and compared.

In this study, the feasibility and effectiveness of cathodes produced via additive manufacturing for hydrogen
production are explored, with a particular focus on the newly designed 3Dc honeycomb electrodes. The
investigation aims to demonstrate that this process is not only viable in experimental settings but also
applicable in industrial applications. Wind energy, harvested through vertical axis wind turbines utilizing
different NACA airfoil types, was employed to drive hydrogen production. A detailed analysis of power
generation at various wind speeds was conducted, and the results were integrated into both experimental
and simulation models. By combining expertise from fields such as chemistry, electrical engineering,
electronics, and mechanical engineering, this study provides a comprehensive evaluation of additive
manufacturing’s role in green hydrogen production. This pioneering work highlights the potential for
additive manufacturing technologies, particularly with the 3Dc electrodes, to contribute significantly to
sustainable energy solutions, especially in wind-powered hydrogen generation systems.

2. MATERIAL AND METHOD
2.1. Production of Cathode Electrodes and Characterization

3D printed metal production by Additive Manufacturing has advantages over traditional techniques in that
it allows for detailed and complicated geometries while decreasing material waste and allowing for more
efficient production, customization, and rapid prototyping. The production of electrodes was achieved via
BLT A160 3D metal additive manufacturing machine and the electrode's surface area was 341.95 mm? in
Figure 1.

Figure 1. The 3Dc (3D metal cathode by Additive manufacturing)

It was denoted as 3Dc (3D manufactured metal cathode). The counter electrode in electrochemical
experiments was built of a 1:1:0.01 cm platinum sheet. It also served as the second working electrode for
comparison. As a reference electrode, a commercial Ag/AgCl (3 M KCl) was employed. A cylindrical
graphite rod with a 0.5 cm diameter served as the third working electrode. The electrochemical tests were
achieved in 1 M KOH by galvanostatically using CHI 660B A.C. electrochemical analyser at room
temperature, open to atmosphere. The linear sweep voltammetry (LSV) study was carried out using a scan
rate of 0.05 V s7!. A scan rate of 0.1 V s was used for the cyclic voltammetry (CV) investigation. The
durability test was performed via chronoamperometry analysis (CA) at -1.8 V. The FEI Quanta 650 Field
Emission SEM with an EDX detector was used to get images at 20 keV. The hydrogen gas volume was
determined by a two-electrode electrolysis cell which, the Pt was used as anode the working electrode was
used as cathode. In the setup of this system, a burette was filled with 1M KOH, it was inverted to the
cathode various constant potential values were applied to the system.

The uniaxial tensile experiments of selective 3D printed samples have been performed with a cross-head
speed of | mm/min on a Shimadzu tensile test machine at room temperature. Each experiment repeated 3
times and the average values were reported as the response variables of the test samples as shown in Figure
2.
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Figure 2. The 3D metal printed samples for tensile test
2.2. Modeling of a Wind Energy System

The electrolysis process plays an important role in the production of hydrogen by separating water into its
components, and this process requires an energy-intensive process. Therefore, using sustainable and
renewable energy sources offers great advantages both environmentally and economically. Wind turbines
are an ideal option to meet this energy need [23-28]. In particular, using a wind turbine with the appropriate
power for electrolysis minimizes the carbon footprint and reduces energy costs by integrating hydrogen
production with clean energy. This approach increases the use of renewable energy, reduces fossil fuel
dependency and contributes to a more sustainable future. In this study, an optimum wind turbine model is
presented for the electrolysis process at different wind speeds.

It is well known that wind and solar energy are among the most studied areas in the literature. Numerous
parameters have been examined in studies on these areas of renewable energy. In order to understand the
study, the parameters used were as simple and comprehensible as possible. For this reason, simplicity has
been prioritized in the simulation studies in the following sections. In this way, the researchers have the
opportunity to show the effects of parameters that were not investigated. The wind turbines and hydrogen
production through alkaline electrolysis play an important role in sustainable energy production in urban
neighborhoods, reducing environmental impact, increasing energy security and facilitating the efficient use
of clean energy sources[29-32]. For the wind turbine, the Q-Blade program was used to determine various
key parameters that significantly influence the turbine's performance. The program facilitates the estimation
of power output, tip speed ratio (TSR) and aerodynamic coefficients such as power coefficient (Cp) and lift
coefficient (Cr). Power output is a key parameter that reflects the turbine's ability to convert wind energy
into mechanical power. TSR, which is calculated as the ratio between the tangential speed of the blade tip
and the wind speed, is crucial for optimizing the efficiency of the turbine. Cp, which represents the
efficiency of energy generation, and Cy, the lift generated by the blade, are essential factors for evaluating
aerodynamic performance.

The performance of turbines used to generate wind energy depends on the type of blades used. These blades
have very different numbers and characteristics. For the study presented, a horizontal wind turbine and a
suitable blade type studied in the literature were selected for lower energy production and usability. Large
wind energy systems are usually installed in remote offshore locations because they require long
transmission lines and extensive installation equipment. In contrast, small wind turbines offer advantages
in reducing installation costs, especially for modest power generation. When comparing small vertical axis
wind turbines (VAWTSs) with small horizontal axis wind turbines (HAWTs), VERTs offer significant
advantages. This is because HAWTs do not work well in urban areas, which are characterized by high
turbulence and low wind speeds. The typically high tip speed ratio of HAWTSs results in significant
aerodynamic noise from the blades, and the rapid rotation can prevent birds from avoiding them. In contrast,
vertical axis wind turbines (VAWTSs) typically have a lower tip speed ratio, resulting in less aerodynamic
noise. Consequently, VAWTs facilitate the feasibility of wind turbine installations in urban public facilities
and residential areas [33-35]. In wind energy simulation studies, the simplest and most useful parameters
possible were selected to determine the efficiency of the wind turbine. In wind turbines, the aerodynamic
performance of blades is commonly characterized by using the lift coefficient (Cr) and drag coefficient
(Cp). These coefficients elucidate how the blades interact with the airflow, delineating the generation of
aerodynamic forces. Cr and Cp values are typically determined through methods such as laboratory tests
or computer simulations, and they often exhibit variations for different wind speeds. These coefficients are
pivotal parameters for optimizing blade design, ensuring the wind turbine operates with maximum
efficiency.
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Lift Coefficient (Cp)represents the lift force generated by the blades. In wind turbines, the blades exhibit a
high-pressure side and a low-pressure side as the airflow passes over them. The Cp coefficient expresses
the lift force resulting from this pressure difference. Drag Coefficient (Cp) characterizes the resistance force
exerted by the blades. When the blades move against the airflow, Cp denotes the resistance force
counteracted by the air. Cr. and Cp are typically expressed by the following general formulas:

F,
C=csy (M
0.50V"A4

F

D
_ 2
0.5pV°4 )

D
where FL represents the lift force (in Newtons), FD is the drag force (in Newtons), p denotes air density (in
kilograms per cubic meter), v represents the airspeed (in meters per second). A refers to the wing or surface
area (in square meters).

The determination of Cr, and Cp values is crucial for advancing the understanding of aerodynamic behavior
and optimizing the design of wind turbine blades for enhanced performance [36,37]. The rotor diameter of
vertical wind turbines is determined based on various factors and typically varies according to design
objectives and application conditions. The rotor diameter directly influences the turbine's ability to capture
wind energy and, consequently, mechanical power production. Factors influencing rotor diameter
determination include wind speed, power production goals, aerodynamic design, site constraints, cost
considerations, and durability. Mechanical power is closely associated with the determined rotor diameter,
wind speed, turbine aerodynamic characteristics, and other relevant factors. In this context, mechanical
power is often expressed by the following formula:

— 1 3

where p represents the air density, A denotes the turbine blade area, V signifies the wind speed, Cp is the
power coefficient, R represents the turbine rotor radius, and o represents the angular velocity of the turbine.
This formula serves as a fundamental mathematical expression for calculating the mechanical power of the
turbine. Tip Speed Ratio (TSR) is a crucial parameter in wind turbine design. It represents the ratio between
the speed of the tip of the wind turbine blade and the actual wind speed. Wind turbine designers and
operators aim to adjust the TSR. A good TSR value depends on various factors, including the specific wind
turbine design, site conditions, and the intended purpose of the turbine. TSR selection is crucial for
maximizing energy production and ensuring the longevity of wind turbines. TSR is defined as:

@R
TSR = - 4)

where o is the angular velocity, R is the rotor radius, and V is the wind speed.
3. RESULTS AND DISCUSSIONS

Electrolysis requires electrical energy to separate water into hydrogen and oxygen gases, and it is of great
importance to meet this energy need in a sustainable manner. Wind turbines, as a renewable energy source,
can provide the electrical energy required for the electrolysis process. A wind turbine selected with the
appropriate power provides the continuous and sufficient energy required for electrolysis, both increasing
operational efficiency and reducing dependency on fossil fuels. In this way, hydrogen production that does
not harm the environment and keeps the carbon footprint to a minimum becomes possible. In this study,
the hydrogen gas value generated as a result of the electrolysis process will be determined by using the
optimum wind turbine model for the electrolysis process. The system design is presented in Figure 3.
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Figure 3. Proposed renewable energy-supported electrolysis system

Different wind turbine models are examined for the electrolysis process. The wind turbine model with
optimum efficiency is determined for wind turbine models with varying types of blades. The hydrogen
production potentials of wind turbine models with electrolysis are compared with different scenarios.

3.1. Wind Turbine Models

In order to improve performance of the wind turbine, a vertical axis wind turbine was designed using the
Q-Blade program. In order to save cost, the number of blades was reduced on the prototype and the number
of blades was selected as three. NACA 0012, NACAO0015 and NACA 0018 blades, which are the most
preferred blades in the literature, were used in the Q-Blade software to improve the design performance of
the vertical axis wind turbine [38—41]. The study focused on power generated by the wind turbine through
experimentation with different wind speed and rpm for three airfoil profiles. Figure 4 presents the
performance analysis results conducted at different revolutions per minute values and wind speeds ranging
from 3 m/s to 18 m/s using NACA 0012, 0015, and 0018 airfoils. These graphs help us understand how
wind turbine performance varies with wind speed and rotation speed. Selecting a specific wind speed and
rotation speed for optimum power generation can enhance the turbine's efficiency, extend its lifespan, and
optimize energy production capacity.
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300 P! 120 =75 rpm
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Figure 4. Electrical performance at different wind speeds (a) NACA 0012 (b) NACA 0015 (c)
NACAO0018

Until the wind speed reaches 8 m/s, there is a rapid increase in power production, while after 8 m/s, the
increase in power production continues with a less steep slope in Figure 4a. At a wind speed of 18 m/s and
a rotation speed of 250 rpm, the power production value reaches 356.9 watts. The steepest points in the
power increase for NACA0015 and NACAO0O018 airfoils are observed at wind speeds of 4 m/s, 5 m/s and 6
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m/s, after which it gradually levels off. As seen in Figure 4b and Figure 4c, the maximum power produced
is 127.1 watts for NACAO0015 and 135 watts for NACAOO018, respectively.

The performance assessment of a vertical axis wind turbine, equipped with 3 blades, a rotor diameter of
50 cm, and blade lengths measuring 100 cm, involved experimentation with various airfoils to enhance its
efficiency. The performance of a vertical axis wind turbine with three blades, each utilizing a different
airfoil, was simulated. The results were presented in Figure 5 for comparative analysis.

400
£ 300
gzoo
e wuhhhhkl
0 — H
3 4 5 10 11 12 13 14 15 16 17 18
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Figure 5. The comparison of power generation of wind turbine for airfoils
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Figure 6. The lift coefficients (Cp) at angles of attack 0° and 20° (a), The drag coefficients (Cp) at angles
of attack 0° and 20° (b), The Lift coefficients (Cp) from 3 m/s to 18 m/s wind speed (c)

Figure 6a and Figure 6b depict the Cy and Cp values for NACO0A 12, NACAO0015, and NACAO0018 profiles
over a range of attack angles from 0° to 20°. As the angle of attack increases from 0°, Cy. also increases. At
a 15° angle of attack, the NACA12 profile reaches a Cp value of 1.38, indicating that the airfoils are
approaching stall. As the angle of attack reaches 20°, Cy. decreases to 1.15, signifying that the airfoils have
entered the stall. At a 15° angle of attack, NACAO0015 and NACAO0O018 profiles reach a Cy, value of 1.4.

When the angle of attack reaches 20°, C; decreases to 1.29 for NACAO0015 and 1.28 for NACAO0018,
respectively.

Cp values increase with the angle of attack as seen Figure 6b. At 20°, NACA0012, NACAO0015, and
NACAO0018 airfoils have Cp values of 0.14, 0.104, and 0.088, respectively. NACAO0015 and NACAO0018
profiles have a shallower slope angle compared to NACAO0O012. This results in less lift generated by
NACAO0015 and NACAO0018 profiles. However, the reduced lift also leads to lower drag forces. This
enhances the efficiency of the NACA0015 and NACAO0018 profiles.

The Cp value in wind turbine blades is the ratio of the power generated by the blades to the power obtained
from the wind. Although the highest value is observed in the NACAO0018 airfoil at a wind speed of 5 m/s,
as the wind speed increases, it can be seen in Figure 6c¢ that the Cp value is much better for NACA0012,
and NACAO0015 and NACAO0018 have approximately the same values.

C.U. Miih. Fak. Dergisi, 40(1), Mart 2025




erformance Analysis of Additive Manufacturing of Electrodes via Selective Laser Sintering for Green Hydrogen Production

3.2. The Characterization of Electrodes

The morphological characteristics of metal particles pre and post the 3D printing process were scrutinized
through Field Emission Scanning Electron Microscopy (FESEM) analysis, and their chemical compositions
were ascertained via Energy Dispersive X-ray Spectroscopy (EDX). The corresponding findings were
elucidated in Figures 7a and 7b. As depicted in Figure 7a, distinct particle structures were observed, with
the particle size falling within the range of 20-50 pm. Furthermore, Figure 7a illustrated the EDX spectra,
confirming the presence of Nickel (Ni), Chromium (Cr), Cobalt (Co), Molybdenum (Mo), Manganese
(Mn), Aluminum (Al), and Iron (Fe) within the examined metal particles. Figure 7b revealed the presence
of homogeneous surfaces. The chemical composition observed on the surface of the 3D-printed sample
closely resembled that of the metal particle mixture, indicating a high degree of consistency. When the
contents were examined in detail, it was seen that the electrodes produced were compatible with AISI 304
steel.

00 3 28 39 52 s 7. .

Figure 7. The FESEM — EDX measurements of metal particles (a), The FESEM — EDX measurements of
3Dc (b)
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Moreover, comparison of the 3D-printed electrode with the properties of AISI 304 steel was substantiated
through tensile tests. Three samples for tensile testing were prepared according to ASTM E 8M standards,
and the experiments were conducted using a SHIMADZU tensile test machine. The graphical representation
of the tensile test results was provided in Figure 8, the results were presented in Table 1. As seen from the
analysis result, comparable material was produced via 3D printing method [42,43].

—Test sample
1200 -
1000 A
800 -
600 -
400 A
200 A

Stress (MPa)

0 0,05 0.1 0,15
Strain (mm/mm)
Figure 8. Tensile test result of sample

Table 1. Investigation and comparison of the properties of test pieces

Tensile trength, Tensile strength Elongation at Modulus of  Shear modulus
ultimate (Mpa) Yield (Mpa) break (%) elasticity (Gpa) (Gpa)
AISI 304 505 215 70 193-200 86
AISI 305 580 230 45 200 77

3.3. Electrochemical Measurements

The outcomes of the linear sweep voltammetry analysis were depicted in Figures 10 and 11. Evaluation of
the hydrogen production efficiency for the examined electrodes centered on their catalytic activity, as
indicated by the onset potential and current density values within the cathodic region. Notably, the 3D-
printed metal electrode exhibited remarkable effectiveness in comparison to both platinum (Pt) and graphite
(G) electrodes among those investigated. This underlined the higher catalytic performance of the 3D-printed
electrode than G and comparable with Pt, showcasing its potential as a highly efficient cathode in the
context of hydrogen production. The synergistic effects observed in the combination of nickel, cobalt, iron,
chromium, and copper showcase a synergistic enhancement of catalytic activity. The concerted action of
these metals manifests in improved electronic and structural properties, creating a synergistic environment
that elevates the catalytic efficiency for the Hydrogen Evolution Reaction (HER). Particularly, the inclusion
of transition metals in the iron electrode induces modifications in its electronic structure, thereby
establishing a more favorable energy landscape conducive to the HER. This structural adjustment enhances
the adsorption and activation of hydrogen ions, thus facilitating and promoting the reaction. Furthermore,
the incorporation of nickel and copper contributes to the generation of additional active sites on the
electrode surface. These supplementary active sites play a crucial role in facilitating more hydrogen
evolution reactions, so substantially augmenting the overall catalytic activity

The stability of the electrode holds equal importance to its Hydrogen Evolution Reaction (HER) activity.
The durability of the electrode during HER is a critical factor as it significantly influences the reliability
and reproducibility of experimental outcomes. A durable electrode ensures stable and consistent
performance over extended periods, minimizing the necessity for frequent electrode replacements.

The CA analysis results of all electrodes are presented in Figure 9. To assess the electrode's durability,
chronoamperometry (CA) technique was employed, followed by immediate Linear Sweep Voltammetry
(LSV) measurements presented in Figure 11, and Cyclic Voltammetry (CV) measurements illustrated in
Figure 12. These sequential tests provide a comprehensive evaluation of the electrode's stability under
prolonged HER conditions, contributing valuable insights into its long-term performance and reliability.
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Figure 9. The CA analysis of all electrodes
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Figure 10. The linear sweep voltammograms of C (o), 3Dc (e) and Pt (m) in 1 M KOH solution with
scan rate of 50 mV s!

As depicted in Figure 11, according to the results obtained from LSV analysis, it was observed that,
following CA analysis (@-1.5V vs Ag/AgCl), G lost its stability, whereas both 3Dc and Pt electrodes
maintained their stability.
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Figure 11. The linear sweep voltammograms of electrodes in 1 M KOH solution before and after CA

The 3Dc CV curves before and after CA was shown in Figure 12. After prolonged exposure to cathodic
potential, an increase in oxidation current values was observed during subsequent anodic potential scans.
This was an anticipated phenomenon in Figure 12.
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Figure 12. The cyclic voltammograms of 3Dc in 1 M KOH solution before and after CA
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In Figure 12, the detection of the anodic peak at -0.6 V during forward scanning suggests Ni/Ni?" oxidation,
followed by the conversion of a-Ni(OH) to B-Ni(OH), between -0.4 and 0.4 V (versus Ag/AgCl). NiZ"/Ni**
oxidation is observed around 0.5 V, but Ni**/Ni** is identified as a cathodic peak in backward scan at
approximately 0.35 V. During the reverse scan, the cathodic peaks were seen in the potential of -1.05 V,
related to the reaction of transition metal oxides to reduced forms.

30
29 I

0 10 20 30 40 50
Volume (mL)

mPlatinum ® Graphite m3Dc

Figure 13. Comparison of hydrogen volumes of 3Dc, graphite and platinum electrodes at different
voltages during 30 minutes

Figure 13 indicated the volumes of hydrogen produced during the electrolysis process. The production of
hydrogen increased gradually with time for each catalyst, positively correlated with the longer electrolysis
duration. More hydrogen gas was produced as the potential increased. A volume correction for water vapor
was performed to the data collected every five minutes [44]. Additionally, the tests for 3Dc were repeated
3 times and the hydrogen volumes at different voltages for VH, of 3Dc @ 2.4; 2.7 and 3 V were 10.5; 19.75
and 28.5 mL, respectively for 30 minutes electrolysis period. The 3Dc demonstrated higher hydrogen gas
efficiency. The literature comparison showed in Table 2. According to this study, the hydrogen production
performance of 3Dc was comparable to that of the literature.

Table 2. The hydrogen gas volumes generated during alkaline electrolysis

Electrodes Procedures V H: (mL) Ref.
High Carbon Steel After 30 minutes of e.lectr01y51s at a constant 353 [45]
potential of 4V
. After 30 minutes of electrolysis at a constant
CF/NiGa potential of 3V 28.9 [46]
C/Ni After 30 minutes of e.lectrolys1s at a constant 277 [47]
potential of 3V
C/NiCoW After 30 minutes of e}ectrolysm at a constant 30.6 [47]
potential of 3V
C/NiColr After 30 minutes of e.lectr01y51s at a constant 9.7 [47]
potential of 3V
After 30 minutes of electrolysis at a constant
Znoskes potential of 5V (0.2 A) 27 [48]
After 30 minutes of electrolysis at a constant .
3Dc potential of 3V 28.5 In this study

3.4. Hydrogen Production Potentials

The analysis of hydrogen production (in liters) from the vertical wind turbine at different wind speeds and
NACA airfoil types (NACA12, NACA15, NACA18) demonstrates key differences in performance in Table
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Table 3. Hydrogen production volumes using the 3Dc electrode in 30 minutes at different wind speeds

Wind speed NACA12 NACAI15 NACAI18
(m/s) Ha/liter Ha/liter H/liter

0.73350333 0.62859276 0.67811402
5 2.6700771 2.69879716 3.12643055
6 4.93106704 4.18507954 4.36531795
7 6.91666556 4.2151904 4.45993818

8 9.28573644 4.67356456 4.9028493
9 10.0332071 4.6237322 4.89097944
10 10.6324492 4.61015067 4.89155564
11 11.3945096 4.59721116 4.89676259
12 12.3918196 4.70799262 5.02394519
13 13.3017033 5.19109299 5.54816692
14 14.4846031 5.19298489 5.55387145
15 15.6041429 5.75939121 6.12762853
16 16.7082088 6.36504918 6.75359303
17 18.2129725 6.56782388 6.98919024
18 19.7236072 7.02247209 7.45757097

At low wind speeds (4-6 m/s), the hydrogen production for all three airfoil types is moderate but shows
discernible trends. NACA12 produces the highest amount of hydrogen (0.73 liters at 4 m/s), followed
closely by NACA18 (0.68 liters), while NACA15 produces the least (0.63 liters). However, at 6 m/s,
NACA18 takes the lead with 3.12 liters of hydrogen, surpassing both NACA12 and NACA15. This shift
indicates that NACA 18 begins to outperform the others as the wind speed increases slightly.

In the mid-range wind speeds (7-10 m/s), NACA12 demonstrates superior performance, generating the
most hydrogen consistently across these wind speeds. For example, at 9 m/s, NACA12 produces 10.03
liters of hydrogen, while NACA 18 produces 4.89 liters, and NACA 15 slightly lags behind. This showcases
the efficiency of NACA12 in converting wind energy into hydrogen production more effectively than the
other airfoils at these wind speeds.

At higher wind speeds (11-18 m/s), NACA12 continues to dominate in hydrogen production, reaching
19.72 liters at 18 m/s. NACA18 shows strong potential, improving significantly as wind speeds rise, with
7.45 liters of hydrogen produced at 18 m/s. NACAL1S5, while still lower than the other two, begins to show
steady growth, producing 7.02 liters at 18 m/s, indicating that it performs better as wind speeds reach their
upper range.

Across all wind speeds, NACA12 stands out as the most efficient airfoil for hydrogen production, showing
consistent dominance from low to high wind speeds. NACA18 shows a strong ability to catch up at higher
wind speeds, indicating it may be better suited for conditions where wind speeds are consistently higher.
NACAL1S5, while performing lower across most wind speeds, displays stable increases in hydrogen
production as wind speeds increase, indicating that it might be better suited for environments with higher
and steadier wind conditions.

4. CONCLUSIONS

In this study, a detailed study was carried out for the electrode produced by the 3D additive manufacturing
method in hydrogen production. For hydrogen production, different wind turbines were examined. The
chemical and mechanical properties of the produced 3D metal printed electrode were investigated and the
test results proved its compatibility with AISI 304 steel. The 3D-printed metal electrode outperformed the
typical graphite electrode in terms of catalytic efficiency; it lagged behind the platinum electrode, but the
results were comparable especially according to price. The VH2 of 3Dc @ 2.4; 2.7 and 3 V were 10.5;
19.75 and 28.5 mL, respectively for 30 30-minute electrolysis period. The 3Dc demonstrated higher
hydrogen gas efficiency. The results indicated that 3Dc has the potential to be an efficient cathode for
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hydrogen production. The synergistic effects observed from the combination of transition metals
contributed to increased catalytic activity, while the electrode's stability, as assessed by chronoamperometry
and cyclic voltammetry tests, emphasized its reliability and long-term performance in the hydrogen
evolution reaction. These findings illustrated the potential benefits of using such unique electrode designs
in sustainable hydrogen production systems. Also, the evaluation of hydrogen production in liters from a
vertical wind turbine, considering various wind speeds and different NACA airfoil types, highlights
significant differences in performance. In the future, we aim to modify the metal powder by green chemistry
methods and the 3D metal printing technology by changing all additive manufacturing parameters that will
apply to the production of electrodes.
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ozelliklerini degistiren ve iklimsel bozulmalara yol agan sera
gazi emisyonlarinin artmasidir. Kiiresel ortalama sicakliklarin
artmasi, ¢ig noktasi sicakliklarinin yiikselmesine ve bagil nemin
azalmasma neden olmustur. Bu calismada, 1970-2023 yillari
arasinda kiiresel iklim gostergelerindeki degisimler ayrintili
olarak incelenmis ve kuru termometre sicakligi (Tx), ¢ig noktasi
sicakligr (Tq), ¢ig noktasi depresyonu (DPD), 6zgiil nem (w),
bagil nem (RH) ve yogunluk (p) gibi kritik parametrelerdeki
egilimler analiz edilmistir. Bulgular, iklim degisikliginin hizla
ilerledigini, kuraklik ve siddetli hava olaylarinin olasiligini
artirdigimi gosteriyor. Ek olarak, gelecekteki cevresel ve sosyo-
ekonomik uyum stratejileriyle ilgili acil eylem gerekliligi
vurgulanmistir. Bu ¢aligmada, kiiresel iklim degisikliginin
etkilerinin daha iyi anlagilmasini ve uzun vadeli veriler ve iklim
modellerine dayali uygun politikalarin  gelistirilmesini
amaclamaktadir.
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The main cause of climate change is an increase in greenhouse
gas emissions, which alters the physical characteristics of the
atmosphere and causes climatic perturbations. Rising global
mean temperatures have resulted in elevated dew point
temperatures and diminished relative humidity. This study
thoroughly examines the alterations in global climatic indicators
from 1970 to 2023, analyzing trends in critical parameters like
air dry bulb temperature (Tx), dew point temperature (Tq), dew
point depression (DPD), absolute humidity (w), relative
humidity (RH), and density (p). The findings indicate that
climate change is progressing rapidly, heightening the likelihood
of drought and severe weather occurrences. In addition, the
necessity for immediate action regarding future environmental
and socio-economic adaptation strategies was underscored. In
this study aims to enhance understanding of the impacts of
global climate change and to develop suitable policies grounded
in long-term data and climate models.
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1. GIRIS

Iklim; atmosfer, karasal yiizeyler, kar ve buz, denizler ve diger deniz yapilari ile mikrobiyolojik
organizmalari igeren ¢ok yonli, etkilesimli bir sistemdir. Bu sistem, i¢ dinamiklerinin etkisi altinda ve dis
faktorlerdeki degisikliklere bagli olarak zamanla yavagga degisir. Giines kaynakli degisimler ve volkanik
patlamalar gibi dogal olaylarin yani sira insan faaliyetlerinden kaynaklanan atmosferin bilesimindeki
degisiklikleri de kapsayan iklim degisikligi, giiniimiizde diinyanin karsi karsiya oldugu en onemli
sorunlardan biridir. Insan yasaminimn tiim yénlerini olumsuz etkileyen karmasik bir sorundur.[1]. Tklim
degisikliginin, insan faaliyetleri sonucu atmosfere salinan sera gazlari nedeniyle hizla arttig1 bilinmektedir.
Fosil ve biyokiitle yakitlarinin yakilmasi, insan kaynakli sera gazi emisyonlarmin en biiyiik kaynagi olarak
ifade edilmektedir. Insan faaliyetleri, arazi kullanimindaki degisiklikler, ormansizlasma ve endiistriyel
faaliyetler yoluyla atmosfere yayilan sera gazlarmin hizla birikmesinin, dogal sera etkisini artirdigi
disiiniilmektedir. Diinya'dan yansiyan uzun dalga boylu 1smlar bulutlar ve su buhari (H20), karbondioksit
(CO2), metan (CHa), Dinitrojen monoksit (N2O) ve ozon (Os) gibi sera gazlar tarafindan emilir ve bunlar
atmosferdeki sera etkisini diizenler. Sera etkisi, diinya 1s1 dengesi i¢cin gerekli bir mekanizmadir [2]. Ote
yandan, insan faaliyeti sonucu atmosferde bulunan gazlarin varlig1 gezegenin beklenenden daha yiiksek bir
oranda 1smmasma yol acmaktadir. Ozellikle, sera gazi emisyonlarindaki artis, Sanayi Devrimi'nin
baslangicina denk gelen 1750'lerden bu yana belirgin bir artis gostermistir. Atmosferdeki karbondioksit
(CO») konsantrasyonu 2022 yilinda milyonda 417.1 ppm’ye ulast1 ve bu, sanayi dncesi doneme kiyasla
%50 lik artis bir artis1 temsil ediyor Metan (CHa) konsantrasyonu, sanayi dncesi seviyelere gore %165'lik
bir artis1 yansitarak 1911.9 milyarda bir (ppb)'ye yiikselmistir. Dinitrojen monoksit (N2O) konsantrasyonu,
yogun tarim uygulamalarina atfedilebilecek sekilde %24 artarak 335,7 ppb'ye yiikseldi [3].

Tklim degisikligi, 20. yiizy1lin, dzellikle son ¢eyreginde en ¢ok konusulan ve tartisilan gevresel sorunlardan
biri olmustur. iklim degisikliginin dnlenebilir olmasi, diinyamiz iizerindeki etkileri ve bu etkilere karst
alinabilecek onlemlerin politik ydnleri nedeniyle bu konu Birlesmis Milletler (BM) liderliginde diinya
iilkelerinin giindemine tagimistir. Bu amagcla, 1988 yilinda, Birlesmis Milletler’ in iki kurulusu olan Diinya
Meteoroloji Orgiitii (WMO) ve Birlesmis Milletler Cevre Programi (UNEP) araciligiyla, insan
faaliyetlerinin neden oldugu iklim degisikligi risklerini degerlendirmek amaciyla Hiikiimetler aras1 Iklim
Degisikligi Paneli (IPCC) kurulmustur. Hiikiimetler arasi Iklim Degisikligi Paneli (IPCC), 1990, 1995,
2001, 2007 ve 2013 yillarinda ¢alismalarini kamuoyuna duyuran raporlar hazirlamistir. Bu ¢alismalarda
bilimsel temeller, adaptasyon calismalar1 ve Onleyici arasgtirmalar gibi bir dizi konu derinlemesine ele
alinmistir. Kiiresel 1sinma ve iklim degisikligi olaylar1 bilim insanlar tarafindan neden-sonug iliskisi
baglaminda analiz edilmistir. Bu degerlendirmenin sonucunda hiikiimetler, insan faaliyetlerinin neden
oldugu zararlari azaltmak i¢in miimkiin olan en biiylikk ¢abayi gdsterme konusunda bir anlagmaya
varmuglardir. Iklim degisikliginin dogrudan ve dolayli sonuglarma maruz kalacak iilkelerin nemli
arastirmalar ylirlitmesini gerektiren bu durum, daha sorumlu davranmay1 ve bazi dnlemler almay1 zorunlu
kilmaktadir. Bugiin, iklim degisikliginin tartisildig1 ve ulusal ve uluslararasi diizeyde alinan dnlemlerin,
uyum ve dnleme cabalarinin tiim paydaslar ve hiikiimetler tarafindan yakindan takip edildigi bir donemde,
en dnemli konu, bir degisimin olup olmadiginin ve varsa bu degisimin ne 6l¢iide oldugunun belirlenmesi
ve izlenmesidir. iklim degisikligine basarili bir sekilde uyum saglamak ve onu dnlemek i¢in dogru bir iklim
izleme modelinin gelistirilmesi ve kullanilmasi kritik 6neme sahiptir [4].

Mevcut literatiir, 6zellikle karbondioksit (CO:), metan (CH4) ve Dinitrojen monoksit (N2O) gibi sera
gazlarmin atmosferdeki birikiminin kiiresel 1sinmaya dogrudan katki sagladigini ortaya koymaktadir [5].
Faquseh ve ark. [6] 1990 ile 2020 yillar1 arasinda Lombardiya'da yillik ortalama sicaklikta 0.0436°C'lik bir
artis kaydederken, kar suyu esdegeri degisikliklerini de gozlemlemislerdir. Kis aylarinda azalma, bahar
aylarinda ise artis gozlemlenmistir. Bu bulgular, bolgesel iklim degisikligi etkilerini gostermektedir.
Kliengchuay ve ark. [7] ise 2001 ile 2020 yillar1 arasinda Tayland'm alt1 bolgesinde sicaklik, bagil nem ve
yagista artan egilimler bulmus ve giiney ile dogu bdlgelerinin 6zellikle bagil nem ve 1s1 indeksi konusunda
belirgin artiglar yasadigini tespit etmistir. Hansen ve ark. [8] calismasi, kiiresel ylizey sicakliklarinin
1970'lerden itibaren hizla artis gosterdigini ve bu artisin Arktik bdlgelerde diinya ortalamasinin iki kati
hizla gerceklestigini belirtmektedir. Bu durum, iklim degisikliginin farkli cografi bolgelerde farkli hizlarda
meydana geldigini gostermektedir. Held ve digerleri [9], yiiksek sicakliklarin atmosferdeki su buharinda
artiga yol agtigin1 ve bdylece hidrolojik dongiiyii biiyiik dlgiide degistirdigini kesfetti. Dessler ve ark. [10]
tarafindan yapilan aragtirma, su buharinin 6nemli bir sera gazi oldugunu ve atmosferdeki
konsantrasyonunun artmasinin kiiresel 1sinmay1 daha da kotiilestirebilecegini gostermektedir. Kiiresel
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isinmanin, atmosferdeki su buhari birikiminin artmast nedeniyle daha siddetli yagislara ve ani hava
olaylarina yol agmasi beklenmektedir [11]. Cig noktast sicakliklarindaki artig, atmosferik nem tutma
kapasitesindeki bir artisla iligkilidir. Bu artis, meteorolojik kosullardaki degisikliklerle birlikte, atmosferde
ek su buharmin birikmesine neden olur. Literatiirde, yiiksek ¢ig noktas1 sicakliklari yagis olasiligini artiran
ve atmosferik yogunlasmay1 hizlandiran bir faktor olarak kabul edilir. Gozlemlenen bagil nemdeki
azalmalar, artan sicakliklarin buharlagmay1 artirarak atmosferik nem dengesini olumsuz etkiledigini
gostermektedir [12]. Son arastirmalar, iklim degisikligi nedeniyle ¢ig noktasi depresyonu ve bagil nem
anomalilerinde artan bir egilim oldugunu gostermektedir [13].Atmosferdeki bagil nem oraninin azalmasi
kurak hava kosullarina neden olurken, sicaklik-nem dengesindeki bozulmalar su kaynaklarini ve
ekosistemleri olumsuz etkiliyor. 2023 yilina ait ¢ig noktasi ve sicaklik verileri, iklim degisikliginin
etkilerinin yogunlastigini1 ve atmosfer dengesinin bozuldugunu géstermektedir [14].

2. CALISMANIN YENILiGi VE ONEMi

Bu ¢aligmada, 1970-2023 yillar1 arasinda kiiresel iklim gostergelerinde meydana gelen degisimler ayrintili
olarak incelenmis ve kuru termometre sicakligi, ¢ig noktasi sicakligi, ¢ig noktasi depresyonu, 6zgiil nem,
bagil nem ve yogunluk gibi temel parametrelerdeki egilimler degerlendirilmistir. Kiiresel alanda, uzun
donemli iklim verilerinin kapsamli bir sekilde analiz edildigi ¢aligmalar sinirlidir. Bu baglamda, bu ¢alisma,
cesitli modellerin uygulanmasi yoluyla iklim verisi egilimlerini inceleyerek bu boslugu doldurmay:
amaclamaktadir. Uzun donemli veri setlerinden faydalanarak, arastirma iklim egilimleriyle iligkilendirilen
kritik parametreleri vurgulayan grafikler sunmakta ve bu olgularin daha derinlemesine anlagilmasini
saglamaktadir. Elde edilen bulgular, iklim degisikligine uyum saglama ve sera gazi emisyonlarini azaltma
stratejilerinin gelistirilmesinin 6nemini ortaya koymaktadir. Ayrica, bu ¢alisma, gelecekteki arastirmalarin
uzun donemli veri izleme ve degerlendirmeye odaklanmasi gerektigini vurgulamaktadir. Caligmanin
yeniligi ve onemi asagida 6zetlenmistir:

o Kiiresel iklim gostergelerine yonelik kapsamli bir analiz sunarak, yerel egilimler ve bu egilimlerin
gelecekteki iklim senaryolari tizerindeki etkileri hakkinda 6nemli bilgilerin incelenmesi.

e Kiiresel iklim gostergelerinin son yillarda nasil evrildigini ve bu degisimlerin tarim, su kaynaklari
ve halk saglig1 gibi sektorler tizerindeki olasi etkilerini anlamaya katkida bulunmak.

Iklim degisikligi etkilerini hafifletmeye yonelik gelecekteki iklim politikalari ve stratejileri igin uzun vadeli
veri toplamanin ve izlemenin temel bir yaklasim olarak gerekliligini vurgulamak.

3. YONTEM

Bu calismanin metodolojisi, atmosferik verileri incelemek ve iklim degisikligi egilimlerini saptamak
iizerine olusturulmustur. Kullanilan yaklagimlar meteorolojik parametrelerin hassas bir sekilde
hesaplanmasini ve ¢esitli gostergeler arasindaki korelasyonlarin analizini saglamaktadir. Uzun vadeli iklim
egilimlerini degerlendirmek icin aylik ve yillik veriler iizerinde istatistiksel caligmalar yiiriitiilmistiir. Bu
boliimde, iklim gostergelerini hesaplamak igin kullanilan algoritmalarin ve veri isleme ydntemlerinin
ayrmtili bir sunumu verilmistir. Sicaklik, genellikle hava sicakligi olarak bilinir, havanin en sik kullanilan
ozelligidir. Bu terim, ortam havasinin sicakligini belirtir. Cig noktasi sicakligi, T4 atmosferik su buharinin
yogunlagarak havanin tamamen doygun hale geldigi sicakliktir. Bu sicakligin iizerinde, nem atmosferde
kalir ve yogusma olmaz.

Aylik kuru termometre sicakligt, Ti ve ¢ig noktasi sicaklifi, Tq verileri her bir zaman noktasinda yas
termometre sicakligi, Ty, 6zgiill nem, w, su buharinin kismi basinci, Py ve bagil nem, RH degerlerine
doniistiiriilebilir. Yas termometre sicakligi, Ty, Ozgil nem, w ve su buharinin kismi basinci, Py
hesaplamalarinda, istasyonun iklimsel aylik ortalama basing degeri, P kullanilir. Cig noktas1 depresyonu,
DPD, havanin ¢ig noktasina ulagabilmesi i¢in ne kadar sogumasi gerektigini derece, °C cinsinden gosterir.
Eger ¢ig noktasi sicakligi, Tq veya yas termometre sicakligi, Ty, kuru termometre sicakligina, T esit olursa
ya da ¢ig noktas1 depresyon, DPD degeri sifir oldugunda hava doymus hale gelir. Cig noktas1 depresyonu,
DPD su sekilde ifade edilir:

DPD=T-T, (1)
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Basing, P (APa) degeri, istasyon yiiksekligi, Z (metre), deniz seviyesindeki ortalama basing (Pmg = 1013.25
hPa) ve istasyonun iklimsel aylik ortalama sicakligi, Ty (Kelvin) kullanilarak asagidaki sekilde
hesaplanabilir:

5.625

T
P =Py (— )
msl (T +0.065 Z)

g/kg cinsinden 6zgiil nem, w su buhari kiitlesinin nemli hava kiitlesine oranidir. Asagidaki formiilde
verildigi sekilde hesaplanabilir:

©)

0.622 P,
w = 1000

P—((1-0.622)R,)

Bagil nem, RH, havadaki mevcut su buhart miktarinin, ayni sicaklikta tutulabilecek maksimum su miktaria
orani olarak ifade edilir [15]. Genellikle yiizde (%) olarak ifade edilen bagil nem, RH, mevcut su buharinin
kismi basincinin, Py, ayni sicaklikta hava i¢indeki doymus buhar basincina, P, oranini gosterir:

RH = 100 i 4
= (P_> “4)

g

Burada Pg, ilgili sicakliga karsilik gelen doymus buhar basincimi ifade etmektedir. Su buharmimn kismi
basinci, Py (APa) ise, Tw> 0°C oldugunda su sekilde hesaplanabilir:

(-Gl

257.87 + T, /

P, =6.1121-f,, -exp 5)

fw=1+7x10"*+3.46x107°P (6)

Denklem (5)’te, doymus buhar basincini, P, elde etmek igin ¢ig noktasi sicakligi, Tq yerine kuru termometre
sicakligi, Ty kullanilir. Diger yandan, Ty, <0°C oldugunda, su buharinin kismi basinci, Py ve doymus buhar
basinci, P, degerlerini hesaplamak igin asagidaki denklemler kullanilir:

/(23.036 - (%)) Td\

P,(ice) =6.1115-fi-exp\ 27982 + T,

(N

fi=14+3x10"*+4.18x1076P (8)

Yas termometre sicakligi, Ty, nemli bir fitilin buharlasma yoluyla sogumasimi dlgen bir termometrenin
okumasidir. "Yas termometre” olarak bilinen bu cihaz, hava doymus degilse, fitildeki suyun
buharlagmasiyla sogur [16]. Yas termometre sicakligt, Ty, su sekilde tanimlanir:

_aT +bTy

w a+b ©)

a=66x10"°P (10)
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409.8P,

=T 1379 (an

Yukaridaki formiillere dayanarak, 1970-2023 yillar1 arasinda kiiresel iklim gostergelerindeki degisimler
kapsaml bir sekilde incelenmistir. Hesaplamalar igin gerekli olan kuru termometre sicakligi, Tk ve ¢ig
noktasi sicakligt, Tq verilerinin aylik ve yillik ortalama degerleri, Climate Reanalyzer platformundan temin
edilmistir [17]. Bu degerler dikkate alinarak ¢alisma, kuru termometre sicakligi, Tk, ¢ig noktasi sicakligi,
T4, ¢ig noktasi depresyonu, DPD, 6zgiil nem, w, bagil nem, RH ve yogunluk, p gibi kritik atmosferik
parametrelerdeki egilimleri belirlemeyi ve analiz etmeyi amaglamaktadir.

4. ARASTIRMA BULGULARI

Genel olarak, 20. ylizyilin basindan itibaren ¢ogu bolgede kuru termometre sicakligi, T degerleri artis
gostermistir. Bu durum, kiiresel sicakliklardaki uzun vadeli bir artis egilimine igaret etmektedir. Bununla
birlikte, sicaklik artiglart tiim bolgelerde esit olarak gerceklesmemistir. Kara yiizeyleri genellikle
okyanuslardan daha hizl1 bir sicaklik artis1 yasamistir ve Arktik bolgesi son yirmi yilda, kiiresel ortalamanin
iki kat1 oraninda 1sinmustir.

Daha yiiksek kiiresel sicaklik artiglarinin oldugu donemler oldugu gibi, daha yavas 1sinma veya hatta
soguma donemleri de tespit edilmistir. Dahasi, sicaklik artiglart siirekli artan bir egilimde olmamuistir.
Ornegin, diinyanin ortalama sicakligt 1940'li yillardan 1970'li yillarin ortalarina kadar biiyiik olgiide
nispeten sabit kalmistir. Gezegenin ortalama sicakliginda 1970'lerin sonlarindan gliniimiize kadar daha hizl
bir artig belirlenmistir. Sekil 1’de 1970-2023 yillar1 arasinda diinyanin ortalama kuru termometre
sicakliginin, Ty istatistiksel analizinin sonuglar1 sunulmaktadir. insan faaliyetleri nedeniyle, 1970 yilindan
bu yana iiretilen sera gazi emisyonlarinin miktarinda 6nemli bir artig olmustur. Atmosfere salinan sera gazi
miktart, fosil yakitlarin kullanimi, endiistriyel mallarin iiretimi, ormanlarin tahribi ve tarimsal faaliyetler de
dahil olmak iizere bir dizi faktoriin sonucu olarak 6nemli l¢iide artmistir. Bu nedenle, 1970 yilindan, 2023
yilina kadar olan dénemde kiiresel aylik ortalama kuru termometre sicakligi, Tk belirgin dlgiide artmistir.
Bu yillar arasinda, en diisiik Ty degeri Ocak 1972'de 11,57°C olarak olgiiliirken, en yiiksek Ty degeri
Temmuz 2023'te 16,95 °C olarak kaydedilmistir. Ozellikle 2023 yilinda kaydedilen rekor Ty artisi, Sekil
la'da agikga goriilmektedir. Sonug olarak, kiiresel aylik ortalama kuru termometre sicakliginin, Ty,
degerinde 1970-2023 yillar1 arasinda 6nemli bir artis kaydedilmistir. Bu yillar arasinda kaydedilen en diisiik
Tk degeri Ocak 1972'de 11,57°C, en yiiksek olarak kaydedilen Ti degeri ise Temmuz 2023'te 16,95°C
olmustur. Sekil 1a’da 2023 yilinda kaydedilen kuru termometre sicakliginin degerinin, 6l¢iim yapilan yillar
icerisinde en yiiksek T degerine ulastigi cok acik bir sekilde goriilmektedir. Sekil 1b, 1970 ve 2023 yillarina
ait aylik kiiresel ortalama kuru termometre sicakligi, T verilerinin, 1970-2023 dénemine ait aylik ortalama
Tk degerleri ile karsilastirmasini gostermektedir. Sekil 1b’de verilen grafiklerden de anlasilacag: iizere,
diinya tizerindeki en diisiik aylik ortalama Ty degerleri Ocak ayinda, en yiiksek aylik ortalama Ty degerleri
ise Temmuz ayinda kaydedilmistir. Ocak ayina ait ortalama Ty degeri, 1970 yilinda 11,94°C iken, 2023
yilinda %6,2'lik bir artisla 12,69°C'ye ulasmistir. Benzer sekilde, Temmuz ayina ait ortalama Ty degeri
1970 yilinda 15,43°C iken, 2023 yilinda %7,9'luk bir artisla 16,95°C'ye yiikselmistir. Sekil 1c, 1970 ile
2023 yillart arasindaki ortalama kuru termometre sicakligi, Tx verilerinin dagilimini ve egilim ¢izgisini
gostermektedir. Sanayi oncesi doneme gore 2023 yili, 1850 yilindan bu yana kaydedilen en sicak yil
olmustur. 1970 yilinda 13,80°C olan yillik ortalama Ti degeri, 2023 yilinda %8,5 artarak 14,97°C'ye
yiikselmistir. 2023 y1l1 6ncesinde ise 2016 yil1 14,81°C ile en sicak yil olarak kaydedilmistir. 1970 ile 2023
yillar1 arasinda en diisiik y1llik ortalama Ty degeri ise 13,56 °C ile 1976 yilinda dl¢tilmiistiir. Sekil 1d, yillik
ortalama kuru termometre sicakligi, Tk anomalilerinin dagilimini géstermektedir. Bu veri seti anomalileri,
1991-2020 yillart aras1 donemi dikkate alinarak hesaplanmistir. Sekilden goriildiigii tizere, 2012 yilindan
itibaren kiiresel yillik ortalama anomali degerlerinde pozitif sapmalar gzlemlenmektedir. 2023 yilinda
kaydedilen 14,97°C'lik kiiresel yillik ortalama Tk degeri, 1991-2020 yillarinin ortalamasi olan 14,37°C'nin
0,6°C tizerindedir. 2023 y1l1 6ncesinde en yiiksek yillik ortalama anomali degeri 2016 yilinda 0,44°C olarak
belirlenmigken, 2023 yilinda kaydedilen rekor Tk degeri hem dikkat ¢ekici hem de endise verici olmustur.
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Sekil 1. 1970 ile 2023 yillart arasindaki kiiresel ortalama kuru termometre sicaklik verilerinin istatistiksel
analizi: a) aylik zaman serisi grafigi, b) 1970 ve 2023 yillar1 igin aylik ortalama kuru termometre sicaklik
verilerinin, 1970-2023 yillar1 arasindaki doneminin aylik ortalama degerleriyle karsilastiriimasi, c) yillik
ortalama kuru termometre sicaklik verilerinin dagilimi ve trend ¢izgisi, d) 1991-2020 ortalamasina gore
yillik ortalama kuru termometre sicaklik anomalilerinin dagilimi

Cig noktas1 sicakligi, havadaki nemin doygunluga ulastig1 sicakligi ifade eder ve iklim degisikligi ile
iliskilidir. 1970-2023 yillar1 arasinda yapilan gézlemler, ¢ig noktasi sicaklik, Tq degerlerinde kiiresel bir
artis egilimi oldugunu gostermektedir. Bu artisa katkida bulunan birincil faktorler arasinda atmosferdeki
sera gazlarmin birikmesi ve kiiresel 1sinmadan kaynaklanan artan buharlagsma yer alir. Su buhari, 1s1y1
atmosfere etkili bir sekilde ileten ve T4 degerlerinde artiga yol agan giiglii bir sera gazidir. Havanin daha
fazla miktarda su buhari tasima kapasitesi, deniz ylizeyi sicakliklarinin artmasi ve daha sicak atmosfer
kosullar1 sonucunda artar. Bu yetenek, bolgesel diizeyde atmosfer dinamiklerinde ve yagis dongiilerinde
degisikliklere yol agar. Bu egilim, yagis olaylarinin diinya genelinde daha sik ve yogun gerceklesmesine,
ayrica bagil nem oraninin artmasina ve aksam saatlerinde meydana gelen soguma miktarinin azalmasina
neden olur. 1970-2023 yillar1 arasinda, en yiiksek ¢ig noktast sicaklik, T4 degeri Ocak 1972'de 7.00°C
olarak kaydedilirken, bu deger Temmuz 2023'te 11,64°C ile en yiiksek seviyeye ulagmistir. Cig noktasi
sicaklik, T4 degerinin aylik 6lgek degisiminin detayli gosterimi Sekil 2a’da yer almaktadir. 2023 yilinda
¢ig noktasi sicakligr Tq, degerinin 6nceki yillarin ortalama seviyelerinden daha yiiksek olmasi atmosferin
nem tutma kapasitesinin arttigini gostermektedir. Bu egilimler, kiiresel 1sinmadan kaynaklanan buharlasma
ve nem dongiilerindeki degisikliklerin gelecekte yogun yagislara ve asirt hava olaylarina yol agabilecegini
gostermektedir. Sekil 2b, 1970 ve 2023 yillarina ait aylik kiiresel ortalama ¢ig noktasi sicaklik, Tq4
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verilerinin, 1970-2023 yillar1 arasindaki aylik ortalama degerlerle karsilastirilmasini gostermektedir.
Grafikten de anlasilacag iizere, diinyadaki en yiiksek aylik ortalama T4 degerleri Temmuz aylarinda, en
diisiik aylik ortalama degerler ise Ocak aylarinda gozlemlenmistir. 1970 yili Ocak ay1 ortalama T4 degeri
7.33°C olarak belirlenmis olup, bu deger Tablo 1b'de yer alan en diisiik degerdir. 2023 y1l1 Ocak ayinda ise
Tq degeri yaklagik %8,17 artigla 7.90°C'ye ulagmustir. 2023 yili Temmuz ayinda ortalama T4 degeri 11,64
°C ile en yiiksek deger olarak kaydedilmistir. 1970 yiliyla karsilastirildiginda, Temmuz ay1 ortalama Tq4
degeri %9,63 oraninda azalarak 10.62°C olarak kaydedilmistir. Sekil 2¢c, 1970'ten 2023'e kadar olan yillik
ortalama ¢ig noktasi sicakligi, Tq verilerinin degisimini ve egilim ¢izgisini gostermektedir. 1970 yilinda
8.80°C olan ortalama T4 degeri, 2023 yilina gelindiginde yaklasik %10,05 oraninda artis gostererek
9.79°C'ye ulagmuistir.

Sekil 2d, yillik ortalama ¢ig noktasi sicaklik, Tq anomalilerinin dagilimini gostermektedir. Bu anomaliler,
1991-2020 yillar referans donemi olarak alinarak hesaplanmistir. Grafikte goriildiigii iizere 2014 yilindan
bu yana diinya genelindeki ortalama anomali sicaklik degerlerinde pozitif Ty deger farklar
kaydedilmektedir. Bu durum 2014 yilindan bu yana devam etmektedir. 2023 yilinda 9.79°C olarak
kaydedilen kiiresel ortalama sicaklik, 1991-2020 yillar1 arasindaki 9.32°C ortalama degerinin 0.46°C
tizerinde kaydedilmistir. Bu deger, 2023 yilina kadar kaydedilen en yiiksek anomali olup, o yil rekor
diizeyde bir Ty artisi tespit edilmistir.
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Sekil 2. 1970 ile 2023 yillar1 arasindaki kiiresel ¢ig noktasi sicaklik verilerinin istatistiksel analizi: a)
aylik zaman serisi grafigi, b) 1970 ve 2023 yillari i¢in aylik ortalama ¢ig noktasi sicaklik verilerinin,
1970-2023 yillar1 arasindaki doneminin aylik ortalama degerleriyle karsilastirilmasi, c) yillik ortalama ¢ig
noktasi sicaklik verilerinin dagilimi ve trend ¢izgisi, d) 1991-2020 ortalamasina gore yillik ortalama ¢ig
noktasi sicaklik anomalilerinin dagilimi
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1970-2023 yillar1 arasindaki ¢ig noktas1 depresyon, DPD verilerini gosteren grafik (Sekil 3), bu donemde
¢ig noktast depresyonunda genel bir artig egilimi oldugunu gostermektedir. Bu artigtan, hava sicakligi ile
¢ig noktasi sicakligi arasindaki farkin zamanla arttig1 sonucu ¢ikarilabilir. Kiiresel 1sinmaya bagl sicaklik
artislart DPD degerinin yiikselmesine neden olurken, belirli donemlerde ve belirli bolgelerde bagil nemde
yasanan diisiisler bu farklilig1 daha da derinlestirmistir. Cig noktasi depresyon degerindeki bu uzun vadeli
artig, atmosferdeki sicaklik-nem dengesinin iklim degisikligiyle bozuldugunu géstermektedir. 1970-2023
yillar1 arasinda en diisiik DPD degeri Ocak 1974'te 4,34°C olarak olgiiliirken, en yiiksek DPD degeri
Temmuz 2023'te 5.58°C olarak belirlenmistir. Sekil 3a aylik 6lgekli ¢ig noktasi depresyon, DPD zaman
grafigini agikca gostermektedir. Yiiksek ¢ig noktasi depresyon, DPD degerleri diisiik nem kosullarim
gostermekte ve bu egilim iklim degisikliginin belirli donemlerde kuraklik riskini artirabilecegini
diistindiirmektedir. Sekil 3b, 1970 ve 2023 yillar1 arasindaki aylik kiiresel ortalama ¢ig noktast depresyon,
DPD verileri ile 1970-2023 yillar1 arasindaki doneme ait aylik ortalama degerlerin karsilagtirilmasini
gostermektedir. Sekilde sunulan verilere gore, diinyada aylik ortalama DPD degerinin en yiiksek oldugu ay
Aralik ay1 iken, en diisiik DPD degerinin oldugu ay Mayis ay1 olarak kaydedilmistir. Ote yandan verilerin
yillik degisimi incelendiginde, 1970-2023 yillar1 arasinda aylik ortalama DPD degerinin en diisiik oldugu
aymn Ocak ay1 oldugu goriilmektedir. Ocak 1970'te ortalama DPD degeri 4,61°C iken, 2023'te yaklagik
%3,19'luk bir artis1 yansitarak 4,75°C'ye yiikseldi. Buna karsilik, Mayis ay1 i¢in ortalama DPD degeri
1970'te 5,32°C olarak kaydedilirken, 2023'te %3,21'lik bir artis1 yansitarak 5,49°C'ye yiikseldi.
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Sekil 3. 1970 ile 2023 yillar1 arasindaki kiiresel ¢ig noktasi depresyon verilerinin istatistiksel analizi: a)
aylik zaman serisi grafigi, b) 1970 ve 2023 yillar1 i¢in aylik ortalama ¢ig noktasi depresyon verilerinin,
1970-2023 yillar1 arasindaki déneminin aylik ortalama degerleriyle karsilastirilmasi, c) yillik ortalama ¢ig
noktasi depresyon verilerinin dagilimi ve trend ¢izgisi, d) 1991-2020 ortalamasina gore yillik ortalama ¢ig
noktas1 depresyon anomalilerinin dagilimi
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1970 ile 2023 yillar1 arasinda, yillik ortalama ¢ig noktasi depresyonu, DPD verileri, dagilim ve egilim
cizgisiyle birlikte Sekil 3c'de gosterilmektedir. Toplanan tiim verilere dayanarak, 2021 yili bu zaman
diliminde en yiiksek DPD degerine sahip olan yil olmustur. 1970 yilinda ortalama DPD degeri 4,98
santigrat derece iken, 2023 yilinda neredeyse %3,85 oraninda artarak 5,17 santigrat dereceye ulagmistir.
1978 yilinda DPD degeri 4,83 santigrat derece olarak rapor edilmis olup, bu 1970 ile 2023 yillart arasinda
kaydedilen en diisiik degerdir. En yiiksek DPD degeri ise 2021 yilinda 5,20°C ile dl¢iilmiistiir. ¢ig noktasi
depresyon, DPD anomalileri, yillik ortalama ¢ig noktasi depresyon oranlarinin dagilimini gosteren Sekil
3d'de tasvir edilmistir. Bu anomalilerin hesaplanmasinda 1991'den 2020'ye kadar uzanan bir referans
donemi kullanmilmistir. Grafikte goriildigii gibi 2004 yilindan bu yana tiim gezegenin ortalama anomali
sicakliklarinda pozitif sapmalar yasaniyor. 2023 yilinda kiiresel ortalama DPD degeri 5,17°C olarak
kaydedildi. Bu deger, 1991-2020 yillar1 arasinda kaydedilen 5,04°C ortalamasina gore 0,13°C'lik bir artist
temsil ediyor. 2023 yilina kadar kaydedilen en yiiksek anomali degeri 0,16°C ile 2021 kaydedilmistir.
Veriler, baslangicta negatif anomali degerleri gostererek uzun bir siire normallerin altinda kalmis, ancak
zamanla pozitif yonde bir artis egilimi gostermeye baslamistir. Pozitif anomali degerlerinin 6zellikle son
yillarda giderek daha belirgin hale gelmesi, kiiresel iklim degisikliginin sonu¢larinin daha belirgin hale
geldiginin ve bu degisikligin atmosferdeki 6zgiil nem dengesini bozdugunun bir gostergesidir.

Ozgiil nem, w igin temel belirleyiciler sicaklik, atmosfer basinci, riizgar dinamikleri ve yiizey su
kiitlelerinin (okyanuslar, denizler ve biiylik goller) mevcudiyetidir. Sicaklik arttik¢a buharlasma hizi da
artar, bu da atmosferde daha fazla su buharmin birikmesine ve dolayisiyla daha yiiksek w degerlerinin
olusmasina neden olur. Hava kiitlelerinin hareketi atmosfer basincindan etkilenir ve bu durum nemli veya
kuru hava Kkiitlelerinin belirli bdlgelerde yogunlasmasma yol acar. Ozgiil nemdeki degisimler enerji
dengesinin ve kiiresel iklim sisteminin bir¢ok yoniinii etkiler. Sekil 4a, aylik 6l¢cek w degerlerinin zaman
icindeki degisiminin ayrintili bir 6rnegini sunmaktadir. 1970-2023 yillar1 arasinda ulasilan en yiiksek w
degeri Temmuz 2023°te 8,70 g/kg olurken, en diisiik w degeri Ocak 1972’de 6,36 g/kg olarak
kaydedilmistir. Sekil 4b, w degerleriyle gosterilen en yiiksek aylik ortalama 6zgiil nemin Temmuz ayinda
meydana geldigini, en diisiik degerlerin ise Ocak ayinda gézlemlendigini gostermektedir. Kaydedilen en
diisiik ortalama w degeri Ocak 1970'te 6,50 g/kg iken, gézlemlenen en yiiksek deger Temmuz 2023'te 8,70
g/kg olmustur. Sekil 4c'de sunulan veriler, 1976 yilinin 1850'den bu yana kaydedilen en diisiik 6zgiil nem,
w degeri yil1 oldugunu gdstermektedir. 1970 yilinda 7,22 g/kg olan ortalama w, 2023 yilinda yaklasik %7,6
artig gostererek 7,72 g/kg seviyesine ulagsmistir. Bunu bir perspektife oturtmak gerekirse, bu zaman
diliminde 6zgiil nem, w degeri en yiiksek olan y1l 2023 yili olurken, en diisiik deger ise 7,17 g/kg ile 1976
yili olmustur. Sekil 4d, yillik ortalama 6zgiil nemdeki anomalilerin dagilimini gosteren bir grafik
sunmaktadir. 1991'den 2020'ye kadar olan zaman dilimi, bu anomalilerin hesaplanmasi i¢in temel tegkil
etmektedir. Sekilde de goriildiigii gibi, kiiresel ortalama w anomali degerleri 2013 yilindan bu yana stirekli
pozitif degisimler gostermektedir. 2023 yilinda kiiresel ortalama w degeri 8,70 g/kg olarak kaydedilmis
olup, bu deger 1991-2020 yillar1 arasinda hesaplanan 8,46 g/kg olan ortalama degerden 0,24 g/kg daha
fazladir. Pozitif anomali degeri agisindan 2023 yili en yiiksek degere sahip olup bu yilda rekor w deger
artiglar1 goriilmistiir. Bu y1l ayn1 zamanda genel olarak en yiiksek degere sahiptir.

Bagil nem, RH kisaca atmosferde bulunan su buhart miktari ile sicaklik ve basing kosullar1 arasindaki
etkilesim tarafindan belirlenen bir degiskendir. Bagil nemde meydana gelen azalma, havanin su buharini
tutma kapasitesinin artmasina neden olan sicakliktaki artisin sonucudur. Ozellikle kiiresel 1stnma nedeniyle
artan sicakliklar, RH’de genel bir azalma egilimi olusturmaktadir. Bagil nem, RH genellikle artan
sicakliklar, 6zellikle de kiiresel 1sinmanin bir sonucu olarak azalmaktadir. Sonug olarak, bu buharlagma ve
terleme siireglerinin hizlanmasina neden olur ve bu da kuruluk olasiligini artirir. Sekil Sa, aylik 6lgekli bagil
nem oraninin zaman grafigini agik bir sekilde gostermektedir. Grafikte 1970-2023 yillari arasinda aylik RH
degerlerinde yillik dongiisel dalgalanmalarla birlikte gozle goriiliir uzun vadeli bir diisiisii géstermektedir.
Mevsimsel degisikliklerin bagil nem iizerindeki etkileri yillik dongiilere yansir ve bu da yildan yila
karsilastirilabilir artma ve azalma egilimleri gosterir. Ote yandan, bagil nem, RH seviyelerinin grafikte
kademeli olarak diistiigii gorilmektedir. Yillar boyunca bagil nem, RH degerlerindeki salinimlarin
biiyiikliigii nispeten tutarli kalmasina ragmen, bagil nem, RH ortalama degerlerinin %69-75 araliginda
kademeli olarak azaldigi gozlemlenmistir. Bu egilimlerin atmosferde bulunan su buhari miktarinda bir
azalmaya veya sicaklik artiglarinin RH iizerindeki olumsuz etkilerine isaret etmesi miimkiindiir. Uzun
vadeli iklim degisikliklerinin RH tizerindeki etkilerinin analizini yapabilmek igin bu grafik 6nemli bir
kaynaktir. Bu yillar arasinda en yiiksek RH oran1 Ocak 1975'te %74,64 olarak dl¢iilmiisken, en diisiik oran
ise Nisan 2021'te %69,15 olarak belirlenmistir.
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Sekil 4. 1970 ile 2023 yillar1 arasindaki kiiresel 6zgiil nem verilerinin istatistiksel analizi: a) aylik zaman
serisi grafigi, b) 1970 ve 2023 yillari i¢in aylik ortalama 6zgiil nem, w verilerinin, 1970-2023 yillar
arasindaki doneminin aylik ortalama degerleriyle karsilastirilmasi, c) yillik ortalama 6zgiil nem
verilerinin dagilimi ve trend ¢izgisi, d) 1991-2020 ortalamasina gore yillik ortalama 6zgiil nem
anomalilerinin dagilimi

Sekil 5b, aylik kiiresel ortalama bagil nem, RH degerini gostermektedir. Bu sekil, 1970'ten 2023'e kadar
olan aylik ortalama degerlerin, 1970 ve 2023 yillar1 arasindaki déneminin belirli aylik ortalama degerleriyle
karsilagtirilmasini sunmaktadir. Grafik incelendiginde en yiiksek aylik ortalama bagil nem oraninin Aralik
aymda %73,46 oldugu, en diisiik oranin ise Nisan ayinda gerceklestigi goriilmektedir. Ortalama bagil nem,
RH degerlerinin 1970 ve 2023 yillar1 karsilagtirildiginda genel ortalamadan daha yiiksek oldugu
goriilmektedir. Bu olgu grafikte gzlenen mevsimsel degisikliklere baglanabilir. Ayrica grafikte gosterilen
en diisik RH orani Nisan 2023'te %69,70 olarak kaydedilmistir. Sekil 5c, 1970'ten 2023'e kadar yillik
ortalama RH verilerinin dagilimini ve bunlarin ilerleme egilim ¢izgisini gdstermektedir. Veriler, bu zaman
diliminde en biiylik degerin kaydedildigi yilin 1978 oldugunu gosteriyor. 1970 yilinda ortalama 71,86%
olan RH degeri ile karsilagtirildiginda, 2023 yilindaki deger yaklagik %0,98 oraninda diiserek 71,15%
olarak gerceklesmistir. Bu zaman diliminde bagil nem oraninda nispeten kii¢lik bir degisim yasanmis
olmakla birlikte, takip eden yillarda yasanan dalgalanmalar olduk¢a 6nemlidir. 1978 yilinda kaydedilen en
yiiksek deger olan 72,59% ile 2021 yilinda kaydedilen en diisiik deger olan 70,96% arasinda yaklasik %2,24
oraninda bir diisiis oldugu belirlenmistir. Sekil 5d, karsilastirma gercevesi olarak 1991 ile 2020 arasindaki
zaman periyodunu kullanarak hesaplanan bagil nem, RH anomalilerini gostermektedir. Sekil daha yakindan
incelendiginde, 2004 yilindan bu yana diinya capindaki ortalama RH anomalisi okumalarinda negatif
sapmalarin oldugu goriilmektedir.2023 yilinda, kiiresel ortalama RH oran1 %71,15 olarak kaydedilmistir.
2023 yilina kadar gozlemlenen en diigiik anomali degeri ise %0,72 ile 2021 yilinda kaydedilmistir.
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Sekil 5. 1970 ile 2023 yillar1 arasindaki kiiresel bagil nem verilerinin istatistiksel analizi: a) aylik zaman
serisi grafigi, b) 1970 ve 2023 yillari1 igin aylik ortalama bagil nem verilerinin, 1970-2023 yillart
arasindaki doneminin aylik ortalama degerleriyle karsilastirilmasi, c) yillik ortalama bagil nem

verilerinin dagilimi ve trend ¢izgisi, d) 1991-2020 ortalamasina gore yillik ortalama bagil nem
anomalilerinin dagilimi

1970-2023 yillart arasinda diinya genelinde hava yogunlugunda yasanan azalma, kiiresel i1sinmanin
getirdigi sicaklik artiginin yani sira atmosferde Ozellikle karbondioksit olmak {izere sera gazlarinin
birikmesinden kaynaklandigi dngoriilmektedir. Sekil 6a aylik 6l¢ekli atmosferik yogunluk, p degerinin
zamanla degisim grafigini acik bir sekilde gostermektedir. Artan sicaklik, havanin genlesmesine yol agarak
birim hacimdeki molekiil sayisin1 azaltmis, bu da atmosferik yogunluk, p miktarinda azalmaya neden
olmustur. Iklim degisikligine bagl olarak troposferdeki basing farklarmin ve nemin artmasi, yogunluktaki
azalmay1 hizlandirmustir. 1970 ve 2023 yillar1 arasinda en yiiksek p degeri Ocak 1972'de 1,204 kg/m’ olarak
olciilmiisken, en diisiik p degeri Temmuz 2023'te 1,1806 kg/m® olarak kaydedilmistir. Sekil 6b, 1970 ve
2023 aylik kiiresel ortalama yogunluk, p verilerinin, 1970-2023 yillar1 arasindaki doneminin aylik ortalama
degerleriyle karsilastirilmasini gostermektedir. Grafikte kiiresel olarak en yiiksek aylik ortalama p
degerlerinin Ocak ayinda, en diisiik aylik ortalama p degerlerinin ise Temmuz ayinda kaydedildigi
goriilmektedir. Ocak ayinin ortalama yogunlugu 1970 yilinda 1,202 kg/m?® iken, 2023 yilinda yaklagik
%0,14°lik oranla 1,199 kg/m® degerine diigmiistiir. Ote yandan, Temmuz aymin ortalama p degeri 1970
yilinda 1,186 kg/m? iken, 2023 yilinda %0.45"ik diisiisle 1,180 kg/m*'e ulagmustir.

Sekil 6¢, 1970 ile 2023 yillar1 arasindaki yillik ortalama yogunluk, p verilerinin dagilimini ve egilim
cizgisini gostermektedir. Elde edilen verilere gore, 2023 yili, 1850 yilindan bu yana kayitlardaki en diisiik
yogunluga sahip yil olmustur. 1970 yilinda 1,194 kg/m? olan ortalama p degeri, 2023 yilinda yaklasik
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%0.43 azalarak 1,189 kg/m?® olarak kaydedilmistir. Sekil 6d, yillik ortalama yogunluk, p anomalilerinin
dagilimin1 gostermektedir. Bu veri seti anomalileri, 1991 ila 2020 referans alinarak hesaplanmistir.
Sekilden de goriilecegi lizere 2012 yilindan bu negatif p anomali degerlerinin farklar1 gozlenmektedir.
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Sekil 6. 1970 ile 2023 yillar arasindaki kiiresel yogunluk verilerinin istatistiksel analizi: a) aylik zaman
serisi grafigi, b) 1970 ve 2023 yillari i¢in aylik ortalama yogunluk verilerinin, 1970-2023 yillart
arasindaki doneminin aylik ortalama degerleriyle karsilastirilmasi, ¢) yillik ortalama yogunluk verilerinin
dagilimi ve trend ¢izgisi, d) 1991-2020 ortalamasina gore yillik ortalama yogunluk anomalilerinin
dagilim

5. SONUCLAR

Bu calismaya temel olusturan1970-2023 yillart arasindaki kiiresel verilere dayali analizler, kiiresel kuru
termometre sicakligi, Tk, ¢ig noktasi sicakligi, Tq, bagil nem, RH ve atmosferik yogunluk, p gibi iklim
gostergelerinde belirgin degisiklikler oldugunu ortaya koymaktadir. Caligmanin sonuglari, sicakliktaki
artisin  kuraklik ve yogun yagis gibi asin hava olaylarinin sikliginda artisa yol agabilecegini
vurgulamaktadir. Bunun nedeni, kuru termometre sicakligindaki (%8,5) artisin atmosferdeki su buhari
miktarinda artisa yol agmasidir. Bu durum, ¢ig noktasi sicakliklarinin yiikselmesine (%10,05), mutlak
nemin degismesine ve gece sofgumasinin azalmasina neden olur. Bagil nem ve ¢ig§ noktasi diisiisii
verilerinde goriilen degisimler, kiiresel iklim sisteminin istikrarsizlagtigini gosteriyor. Bagil nemdeki diisiis
(%0,98) ile buharlagmadaki artis arasinda, dzellikle sicaklik daha yiiksek oldugunda, bir korelasyon vardir.
Bu olgu, atmosferin daha kuru hale geldigi zaman sayisinda bir artis oldugunu gosterir. 2023 yilina ait
verilerin analizinden elde edilen bulgulara gore, bu yilda kiiresel sicaklik ve ¢ig noktasi 6l¢limlerinin rekor
seviyelere ulastigi belirlendi. Bu durum iklim degisikliginin etkilerinin hizla arttigini, sera gazi
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emisyonlarinin kontrol altina alimmamasi durumunda bu egilimlerin daha da kotilesebilecegini
gostermektedir.

Calismanin bulgulari, iklim degisikligiyle miicadele kapsaminda sera gazi emisyonlarini sinirlamay1
amaglayan tedbirlerin sikilastirilmasi ve degisen iklim kosullarina uyumun saglanmasi gerektigini ortaya
koymaktadir. Tklim degisikliginin olas1 sonuglar1 gbz 6niine alindiginda, su kaynaklarinin ydnetiminin,
tarimsal planlamanin ve altyap1 yatirimlarinin bdlgesel ve kiiresel dlgekte yeniden yapilandirilmast biiyiik
Onem tasimaktadir. Ayrica, iklimin uzun vadeli izlenmesi ve modellenmesini igeren arastirmalar,
gelecekteki iklim degisikliklerinin tahmin edilmesi ve uyum programlarmin olusturulmas: siirecinde
onemli bir rol oynayacaktir. Daha dnce yaymlanmig ¢aligmalarda yer alan bilgilerle uyumlu bulgular ortaya
koyan bu ¢alisma sonucunda, iklim degisikliginin diinya capindaki etkilerine iliskin somut analizler
sunarak, bu etkilerin sonuglarinin anlasila bilirliginin artmasina katk1 saglamistir. Ote yandan degisen iklim
kosullarina kars1 6nleyici adimlar atilmazsa kiiresel 1sinmanin olumsuz etkilerinin daha da siddetli hale
gelebilecegi ongoriilityor. Sonug olarak, siirdiiriilebilir kalkinma ve iklim degisikligine uyum stratejilerinin
olusturulmasi ve sera gazi emisyonlarinin siirlandirilmasina yonelik acilen harekete gegilmesi biiyiik bir
O6nem tasimaktadir.
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Bu caligmada, bazik, notr ve asidik olmak iizere sirasiyla KOH,
ZnCla, H3PO4 aktivasyon kimyasallar ile aktivasyon islemine tabi
tutulan atik zeytin cekirdeklerinden 3 farkli aktif karbon eldesi
gerceklestirilmistir. Mevcut caligma ile aktif karbon eldesinde
kullanilan aktivasyon kimyasallarinin tiirii ve tipinin metilen mavisi
adsorpsiyon mekanizmasina etkilerinin belirlenmesi amaglanmuigtir.
Sentezlenen aktif karbonlarla metilen mavisinin adsorpsiyon
caligmalar1  gerceklestirilerek  giderim mekanizmalarina ve
kimyasma etkileri incelenmistir. Elde edilen kinetik ve izoterm
verileri ile de metilen mavisi giderimindeki mekanizmalar ve
kirletici-adsorban iligkileri belirlenmistir. KOH aktivasyonunun
aktif karbon yiizeyinde yiliksek miktarda aktif bolge olusumu
sagladigi, ZnCl. ve H3;POs aktivasyonlarinda ise aktif karbon
yiizeyinde adsorpsiyona direng¢ gésteren bir tabaka varligi oldugu
tespit edilmistir. Direng tabakasinin H3POs aktivasyonunda ise daha
kalin oldugu ve metilen mavisi adsorpsiyonuna daha yiiksek direng
gosterdigi belirlenmistir. Ayrica, ii¢ aktivasyon kimyasaliyla da elde
edilen aktif karbonlar ile kimyasal ve tersinir adsorpsiyon
gerceklestirildigi sonucuna ulagilmigtir.
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Three different activated carbons were obtained from waste olive
stones through activation with KOH (basic), ZnCl: (neutral), and
HsPO. (acidic), respectively. This study aimed to specify the effects
of various activating agent types on the methylene blue dye
adsorption mechanism. Adsorption experiments of methylene blue
were conducted using these activated carbons to investigate their
effects on removal mechanisms and adsorption chemistry. The
kinetic and isotherm data obtained were used to determine the
removal mechanisms of methylene blue and the pollutant—adsorbent
interactions. It was found that KOH activation led to the formation
of a high number of active sites on the activated carbon surface,
whereas ZnClz and HsPOs activation resulted in the presence of an
adsorption-resistant layer on the surface. This resistance layer was
observed to be thicker in HsPO. activation, leading to greater
resistance to methylene blue adsorption. Additionally, it was
concluded that the activated carbons obtained with all three
activation chemicals exhibited both chemical and reversible
adsorption.
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Aktivasyon Kimyasali Tiirlerinin Metilen Mavisi Adsorpsiyonuna Etkilerinin Izoterm ve Kinetik Modelleri Kullaniarak

1. GIRIS

Tekstil, kagit, deri ve boya iiretimi endiistrilerinde boyar maddeler yaygm olarak kullanilan iiretim
maddeleridir. Boyar maddelerin insan sagligina olumsuz etkileri ve mikroorganizmalar igin toksik
Ozelikleri olmasi nedeniyle bu endiistrilerden kaynakli atiksulardan boyar madde giderimine verilen 6nem
giderek artmaktadir [1]. Ozellikle su tiiketimi ¢ok yiiksek miktarlarda olan tekstil endiistrisinden
kaynaklanan atiksular sucul yasam ve cevre sagligi acisindan biiyiik endise yaratmaktadir. Tekstil
endiistrisinde olusan atiksular agartma, yikama ve boyama iglemlerinden kaynaklanmaktadir. Bu islemlerde
yer alan iiretim kimyasallari, boyalar ve ham maddelerin ¢esitliligi atiksu karakteristiginde kompleks bir
kimyasal igerik olusturmaktadir. Ozellikle boyama isleminde kullanilan asidik, bazik, reaktif ve direkt gibi
boya tipleri, tekstil atiksularinin karakteristigini 6nemli dlglide etkilemektedir [2]. Metilen mavisi de
boyama igleminde yaygin olarak kullanilan boyalardan bir tanesidir. Tekstil endiistrisinde pamuk, yiin ve
ipek boyamada siklikla kullanilmaktadir. Metilen mavisi insan ve hayvanlarda g6z yanmasina,
methemoglobinemiye, siyanoza, tasikardiye ve cilt tahrislerine sebep olmaktadir [3].

Boya igeren atiksular, cesitli fiziksel, kimyasal ve biyolojik aritma yontemleri ile aritilabilmektedirler.
Adsorpsiyon, ekstraksiyon ve membran filtrasyon baglica tercih edilen aritma yontemleri arasindadir [4-8].
Bu yontemler igerisinde adsorpsiyon ile boya giderimi, kolay isletme, diisiik maliyet ve verimlilik gibi
ozelliklerinden dolay1 dncelikli olarak tercih edilen bir aritma metodudur [9,10].

Atiksulardan adsorpsiyon yontemi ile boya giderimi, aktiflestirilmis bitiimli komiir, kil, kenevirden elde
edilmis karbon, fosfat kayaci, bitki yapraklari, meyve ¢ekirdekleri ve ¢ekirdek kabuklari, celtik kabugu,
biyokiitleden elde edilmis aktif karbonlar gibi malzemelerle gergeklestirilmektedir [11]. Aktif karbonlar,
genis ylizey alanlari ve yiizeylerinde bulunan fonksiyonel gruplar sayesinde atiksulardan boya gideriminde
en etkili adsorpsiyon malzemesidir. Aktif karbon iiretimi karbonizasyon ve aktivasyon basamaklarina
dayali olarak gerceklestirilmektedir [12,13]. Karbonizasyon islemi ile aktif karbonun elde edilecegi ham
maddenin sahip oldugu ugucu igerik 300 °C ile 900 °C arasinda degisen sicakliklarda uzaklastirilmaktadir.
Aktivasyon isleminde ise, elde edilen iiriine daha yiiksek yiizey alani, piiriizliiliik ve kendine has kimyasal
ozellikler kazandirilmaktadir. Aktivasyon iglemi, fiziksel, kimyasal ve biyolojik olarak 3 farkli yolla
gerceklestirilebilmektedir[14]. Kimyasal aktivasyon, diger aktivasyon islemlerine kiyasla daha diigiik
sicakliklarda ve siirelerde gerceklestirilebildiginden enerji verimliligi ve diisiik maliyet agisindan avantajli
bir islem olarak 6ne ¢ikmaktadir [15-19]. Kimyasal aktivasyon, aktif karbonun hammaddesi ile NaOH,
KOH, K,CO3;, ZnCl,, H3PO4 gibi aktivasyon kimyasallar1 ile birlikte pirolize tabi tutulma isglemidir.
Kullanilan aktivasyon kimyasalinin tipi elde edilecek aktif karbonun ozelliklerini belirleme agisindan
biiyikk 6nem tagimaktadir. Literatiirde kimyasal aktivasyon islemi ile aktif karbon sentezi gergeklestirilen
bircok calisma yer almaktadir. Majoudi ve arkadaslari, ZnCl, aktivasyon kimyasali kullanarak yagh
camurdan aktif karbon eldesi gerceklestirmislerdir. Bu ¢alismada, 1258 cm?/g yiizey alani elde etmeyi
basarmislardir [20]. Ruffor ve arkadaslart ise, FeCls, ZnCl, ve MgCl, aktivasyon kimyasallarinin elde
edilen aktif karbonun grafitizasyon derecelerine (Ip/Ig) etkilerini kiyaslamislardir ve ZnCl; ile en iyi
grafitizasyon derecesini sagladiklarini belirtmislerdir. Xi ve arkadaslari, potasyum bazli aktivasyon
kimyasallarmin aktif karbon gozenek hacmine etkilerini incelemislerdir. 900 °C sicaklikta K,CO;
aktivasyonu ile elde ettikleri aktif karbonda 2.03 cm?/g gozenek hacmi saglayarak en yiiksek degeri elde
etmislerdir [21]. Hapiz ve arkadaslari, ananas meyvesine ait tag yapraklarindan ZnCl, aktivasyonu ile aktif
karbon eldesi gergeklestirerek metilen mavisi adsorpsiyonu gergeklestirmislerdir. Calismalar1 sonucunda
1070 m?/g yiizey alanma sahip aktif karbon eldesi gerceklestirdiklerini bildirmislerdir [22]. Yaacoubi ve
arkadaslar ise zeytin ¢ekirdeginden elde edilmis aktif karbon ile sodyum aljinati kullanarak kompozit
malzeme eldesi gergeklestirmiglerdir. Elde ettikleri malzeme ile metilen mavisi adsorpsiyonu
gerceklestirmiglerdir. Caligmada malzeme iizerinde gergeklestirilen FTIR analizleri ile malzeme {izerinde
tespit edilen hidroksil ve karbonil fonksiyonel gruplarmin metilen mavisi adsorpsiyonunda etkili oldugunu
vurgulamiglardir [23]. Hashem ve arkadaslari yerfistigi kabuklart ile 600 °C’de ZnCl, kullanarak aktif
karbon eldesi gergeklestirmislerdir. Sentezlenen aktif karbonun yilizey pH degerinin nétr oldugu
bildirilmistir [24]. Dalmaz ve Ozak, atik sigara izmaritlerinden ZnCl, aktivasyonu ile aktif karbon
sentezlemislerdir. Aktif karbona ait ylizey taramali elektron mikroskopu ile gerceklestirilen analizlerde
aktif karbon yiizeyinin diizensiz bir morfolojiye sahip oldugunu ve yiizeyde genis dairesel gdzeneklerin
olustugunu belirtmislerdir [25] . Bu ¢caligmalarda, genel olarak aktivasyon kimyasallarinin aktif karbonlarin
fizikokimyasal 6zelliklerine etkileri incelenmistir. Buna karsin, aktivasyon kimyasallarinin adsorpsiyon
mekanizmasina etkisinin incelenmesi konusunda yapilan ¢alismalar oldukca kisithdir. Adsorpsiyon islemi
esnasinda aktif karbon ve kirletici arasindaki etkilesimin belirlenmesi, endiistriyel adsorpsiyon
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proseslerinin tasarimi, optimizasyonu ve isletme problemlerinin ¢dziilmesi konusunda kritik bir dneme
sahiptir. Adsorpsiyon izoterm ve kinetik modelleri, kirletici ve aktif karbon arasindaki etkilesimi belirlemek
i¢in kullanilmaktadir.

Bu calismada, tekstil endiistrisinde renk parametresine neden olan boyar maddelerin atik zeytin
cekirdeginden elde edilen aktif karbon ile gideriminde aktivasyon kimyasali tiiriiniin adsorpsiyon
mekanizmasina etkisi izoterm ve kinetik modelleri kullanilarak belirlenmeye ¢alisilmigtir. Asidik, notr ve
bazik olmak iizere 3 farkli aktivasyon kimyasali kullanilmigtir. Calismada, katilara tutunma egilimi yiiksek
oldugu ve organik kirletici iceren renkli atiksularda model kirletici olarak kabul gordiigii i¢in boyar madde
olarak metilen mavisi kullanilmistir [26]. Cevresel agidan biiyiik endiseler yaratan boyar maddelerin
adsorpsiyonunda kullanilacak olan aktif karbonlarin iiretiminde segilecek aktivasyon kimyasalinin tiirii
biiyiik 6nem tasimaktadir. Bu ¢alisma ile literatiirde eksikligi bulunan boya gideriminde kullanilacak aktif
karbonlarm tiretimi i¢in uygun aktivasyon kimyasali se¢imi konusuna katki saglanmasi amaglanmuistir.

2. YONTEM
2.1. Aktif Karbon Sentezinde Kullamlan Ham Madde ve Kimyasallar

Calismada aktif karbon eldesi icin Adana ili’nde faaliyet gosteren zeytinyag: iiretim tesisinden atik olarak
¢ikan zeytin ¢ekirdegi graniilleri kullanilmigtir (Sekil 1). Zeytin ¢ekirdegi graniilleri saf suyla yikandiktan
sonra 70 °C’de 24 saat etiivde kurutulduktan sonra aktif karbon sentezine hazir hale getirilmistir.

Sékll 1. Zeytin ¢ekirdegi graniilleri

Kimyasal aktivasyon iglemi i¢in ise analitik safliktaki Merck marka KOH, ZnCl, ve H3PO4 kimyasallari
kullanilmistir. Metilen mavisi ¢ozeltilerinin hazirlanmasinda ise deiyonize su ve AFG Bioscience marka
metilen mavisi boyast kullanilmastir.

2.2. Aktif Karbon Eldesi

Calismada aktif karbon sentezi iki basamakli piroliz yontemiyle gerceklestirilmistir. Birinci asamada,
zeytin ¢ekirdegi graniilleri, 700 °C’de 2 saat boyunca pirolize tabi tutularak biyokomiir eldesi saglanmustir.
Biyokomiirler ortam sicakligina gelene kadar piroliz ortaminda bekletilmis ve daha sonraki islemler i¢in
desikatorde muhafaza edilmistir.

Aktivasyon iglemi igin 10’ar g alinan biyokdmiirler 250 mL hacmindeki cam erlenler igerisinde KOH,
ZnCl, ve H3POj4 ¢ozeltileri icerisinde, Velp marka inkiibatérde 25°C’de, 24 saat siire ile manyetik karistiric
ile karistirilarak impregnasyon iglemine tabi tutulmustur.
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Impregnasyon islemi, 1:1 kiitle oraninda (aktivasyon kimyasali/biyokdmiir), 1:10 g/mL (g biyokdmiir/mL
¢ozelti) kat1 sivi oraninda gergeklestirilmistir. Daha sonra ¢6zelti ve biyokomiir karisimi filtre edilerek
ayrilan biyokomiirler 70 °C’de 24 saat kurutularak aktif karbon sentezi i¢in hazir hale getirilmislerdir.
Devaminda impregnasyona tabi tutulmus 10’ar g’lik biyokomiirlere ayri ayri 750 °C sicaklikta 2 saat
boyunca ikinci bir piroliz islemi gerceklestirilerek aktif karbon eldesi saglanmistir. Piroliz iglemlerinin
tamami Protherm marka yakma firninda, ortalama 15 °C/dak 1sinma hizinda ve 8 L/sa’lik N gaz atmosferi
(inert ortam) altinda gergeklestirilmistir.

Elde edilen aktif karbonlar Cizelge 1’deki sekilde adlandirilmiglardir.

Cizelge 1. Sentezlenen aktif karbonlar

Aktivasyon kimyasah Elde edilen aktif karbon
KOH AK-K

ZnCl, AK-Zn

H3PO4 AK-P

2.3. Aktif Karbon Sentezinde Kullanilan Ham Madde ve Kimyasallar

Elde edilen aktif karbonlarin sulu ¢ozeltiden metilen mavisi giderimi verimleri kesikli reaktor ¢aligma
prensibine dayali olarak gergeklestirilen adsorpsiyon c¢aligmalari ile belirlenmistir. Adsorpsiyon
caligmalari, hidrolik bekletme siiresi ve metilen mavisi baslangic konsantrasyonu degiskenleri ile
gerceklestirilmistir. Cizelge 2’de ¢alismada kullanilan degiskenlere ait degerler verilmistir. Metilen mavisi
konsantrasyonlar1 HACH DR6000 marka ve modele sahip UV spektrofotometre ile 665 nm dalga boyunda
Ol¢iilmiistiir.

Cizelge 2. Metilen mavisi adsorpsiyonu ¢aligsmalarina ait degiskenler ve degerler

Degiskenler Degerler
Siire (dak) 10-20-30-40-50-60
Baslangi¢ konsantrasyonu (mg/L) 92-18,7-27,5-40,3-50,2-60,3

Kesikli adsorpsiyon deneylerinde adsorpsiyon verimi ve birim adsorban kiitlesi basina giderilen metilen
mavisi miktari t bekletme siiresi igin sirasiyla esitlik (1) ve esitlik (2) ile hesaplanmustir.

Co—Ct

Verim (%) = =—*+ 100 (D
0
(Co—Ce)*V
P = M"‘ 2

Yukaridaki esitliklerde C,, baslangic metilen mavisi konsantrasyonunu (mg/L), C;, belirlenen adsorpsiyon
zamani sonunda ¢ozeltide kalan metilen mavisi konsantrasyonunu (mg/L), V, adsorpsiyon isleminde
kullanilan metilen mavisi ¢ozeltisi hacmini (L), q;, belirlenen adsorpsiyon siiresi sonunda birim adsorban
kiitlesi basma giderilen metilen mavisi miktarini1 (mg/g), M ise kullanilan adsorban miktarini (g) ifade
etmektedir.

2.4. Adsorpsiyon Kinetik Modelleri

Caligmada elde edilen 3 farkli aktif karbon ile ayr1 ayr1 kinetik modelleme ¢alismalari gergeklestirilmistir.
Calisma kapsaminda, 50 mg/L metilen mavisi konsantrasyonuna sahip ¢ozelti ile 250 mg aktif karbon 500
mL’lik erlen igerisinde biraraya getirilerek kinetik calismalari gergeklestirilmistir. Kesikli reaktor
prensibinde gerceklestirilen islem, ¢alkalayici igerisinde 250 dev/dak karistirma hizinda 60 dakika boyunca
10’ar dakika ara ile numune alinarak uygulanmistir. Elde edilen datalar Elovich, Yalanci Birinci Dereceden,
Yalanci Ikinci Dereceden (Tip 1) ve Partikiil I¢i Difiizyon kinetik modellerinde uygulanmustir. Kinetik
modellerine ait dogrusal (lineer) ifadeler Cizelge 3’te verilmistir [27-31].
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Cizelge 3. Calismada kullanilan kinetik modellere ait bilgiler

Kinetik modeli Lineer denklem Eksenler (Y,X) Parametreler
1 1

Elovich q: = Eln(aﬁ) + /—;lnt q: Int B, a

Yalanci Birinci Derece In(q, — q,) = Inq, — k,t In(q, — q¢),t Ger k1

Yalanci ikinci Derece 1_1 + t 1 " duk

(Tip1) a k3 g q:’ o

Partikiil I¢i Diflizyon qe = kNt +C g\t k,

2.5. Adsorpsiyon izoterm Modelleri

Calismada elde edilen 3 farkli aktif karbonla ayr1 ayr1 izoterm calismalar1 gergeklestirilmistir. Izoterm
caligmalar1 farkli metilen mavisi baslangic konsantrasyonlarinda sabit aktif karbon kiitlesi ile
uygulanmistir. Baslangi¢ konsantrasyonlar1 Cizelge 2’de verilmistir. Kullanilan aktif karbon kiitlesi 50 mg
olarak segilmistir. Adsorpsiyon ¢aligmalari 50 mL ¢o6zelti hacminde, 250 dev/dak karistirma hizinda,
calkalayici igerisinde yapilmustir. Elde edilen datalar, Freundlich, Langmuir (Tip 1), Temkin ve Dubinin-
Radushkevich izoterm modellerine uygulanmistir. Modellere ait dogrusal (lineer) ifadeler Cizelge 4’te
verilmigstir [31,32].

Cizelge 4. Calismada kullanilan izoterm modellerine ait bilgiler

Izoterm modeli Lineer denklem Eksenler (Y,X) Parametreler
. 1
Freundlich Inq, = InK; + —InC, Ing,, InC, Kp,m
n
L ir (Tip1) Ce L, G Ce ¢ K,
angmuir (Tip — = —, e
9e qmaxKL Amax de ¢ ot
. RT RT
Temkin qe = —InK; +—1InC, qe, InC, Qe Kr
Ar Ar
Dubinin-Radushkevich Inq, = Inq,,, — B&? Ing,, €2 G B
3. ARASTIRMA BULGULARI

3.1. Hidrolik Bekletme Siiresinin Adsorpsiyon Performansina Etkisi

AK-K, AK-Zn, AK-P aktif karbonlar1 ile 10, 20, 30, 40, 50 ve 60 dakikalik hidrolik bekletme siirelerinde
elde edilen metilen mavisi adsorpsiyon kapasiteleri Sekil 2’deki grafikte gosterilmistir.

7
6

. 5

o0

a4

E;

g. 5 —0— qe(AK-K)
1 —8— qe(AK-P)
0

0 20 40 60
Zaman (dak)

Sekil 2. Hidrolik bekletme siiresinin adsorpsiyon kapasitesine etkisi

Yapilan ¢aligmalar sonucunda AK-P aktif karbonunun adsorpsiyon kapasitesinin 50. dakikadan itibaren
onemli bir degisiklige ugramadigt goriilmektedir. Belirlenen siire sonunda en yiiksek adsorpsiyon
kapasitesine AK-Zn aktif karbonunun ulagtig1 belirlenmistir. 60 dakika sonunda AK-K, AK-P ve AK-Zn
aktif karbonlarinin adsorpsiyon kapasiteleri sirasiyla 5,47 mg/g, 5,17 mg/g ve 6,36 mg/g olarak
hesaplanmustir.
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3.2. Baslangi¢c Metilen Mavisi Konsantrasyonunun Aktif Karbon Adsorpsiyon Kapasitesine Etkisi

Sentezlenen 3 ayr aktif karbon 6 farkli baslangi¢ konsantrasyonuna sahip metilen mavisi ¢ozeltileri ile ayr1
ayr1 adsorpsiyon iglemine tabi tutulmuslardir. Caligma sonunda elde edilen sonuglar Sekil 3’teki grafikte
gosterilmistir.

6
5
—~4
=]
)
é 3
%)
<2 —e— qe(AK-K)
1 qe (AK-P)
qe(AK-Zn)
0
0 20 40 60 80

Co (mg/L)
Sekil 3. Baslangi¢ konsantrasyonunun adsorpsiyon kapasitesine etkisi

Elde edilen sonuglar incelendiginde baslangi¢c konsantrasyonu arttik¢a ii¢ aktif karbonun da adsorpsiyon
verimlerinin artt1g1 gézlemlenmistir. Bunun nedeni, artan boya konsantrasyonunun yarattigi konsantrasyon
gradyaninin kiitle transferine olan direnci, yaratilan itme kuvvetiyle azaltarak adsorpsiyon kapasitesinde
artisa neden olmasidir [33]. En yiiksek adsorpsiyon kapasitesi AK-P ile 5 mg/g olarak saglanirken, AK-K
ve AK-Zn aktif karbonlari ile de sirastyla 3,90 mg/g ve 3,28 mg/g adsorpsiyon kapasitesi degerleri elde
edilmistir. 50 mg/L baslangi¢ konsantrasyonundan itibaren adsorpsiyon kapasitesindeki artis oraninda
azalma basladig1 goriilmektedir. Pua ve arkadaslar: metilen mavisi adsorpsiyonu iizerine gerceklestirdikleri
calismada, metilen mavisinin baglangic konsantrasyonunun artmasi ile boya molekiillerinin birlesme
egiliminin arttigini ve bu durumun adsorpsiyon mekanizmasini olumsuz etkiledigini bildirmislerdir [34].

3.3. Adsorpsiyon Kinetik Modelleri

KOH, ZnCl, ve H3PO, kimyasallari ile aktive edilmig aktif karbonlara ait kinetik ¢alismalariin verileri
sirastyla Cizelge 5, Cizelge 6 ve Cizelge 7°de verilmistir. Kinetik ¢aligsmasi verileri Elovich, Yalanci Birinci
Derece, Yalanci ikinci Derece ve Partikiil igi Difiizyon kinetik modellerine uygulanmistir. Kinetik
modellerinden elde edilen dogru denklemleri ile tahmin edilen adsorpsiyon kapasitesi degerleri bulunarak
ortalama bagil hata degerleri hesaplanarak hangi kinetik modelin adsorpsiyonu daha iyi agikladig:
belirlenmistir. Kinetik modellerin uygunlugu belirlenirken en diisiik ortalama bagil hata degerinin en iyi
sonucu verdigi dikkate alinarak degerlendirme yapilmistir. Elde edilen sonuglar incelendiginde KOH
aktivasyonu ile gerceklestirilen kinetik calismalarinin Yalanci ikinci Derece kinetik modeliyle daha uyumlu
oldugu belirlenmistir. Literatiirde gerceklestirilen caligmalarda 20 mg/L ile 100 mg/L baslangic
konsantrasyonuna sahip Cr(VI), benzen, metil oranj, Cu(Il), resorcinol, metilen mavisi gibi kirleticilerin
giderimlerinde Yalanci ikinci Dereceden (Tip 1) kinetik modelinin proseslere uygunluk gosterdigi
belirtilmistir. Elde edilen sonucun literatiirii destekledigi goriilmiistiir [35-39]. Ayrica Yalanci Ikinci
Dereceden kinetik modeli aktif karbonun ylizeyinde bol miktarda aktif bolgenin varligini isaret etmektedir.
Literatiirde gerceklestirilen bir ¢alismada, biyokdmiir ile ayni biyokdmiiriin modifiye edilmis halinin Pb
(II) adsorpsiyonu aragtirilmistir ve modifiye edilmis biyokémiiriin Yalanci Ikinci Dereceden kinetik
modeliyle uyumlu bir adsorpsiyon gerc¢eklestirdigi belirtilmistir [40]. Sanou ve arkadaglari yerfistigi
kabuklarindan H;PO4 aktivasyonu ile aktif karbon sentezlemislerdir ve elde edilen aktif karbon ile metilen
mavisi adsorpsiyonu caligmalar1 gerceklestirmiglerdir. Yapilan kinetik model calismalarinda metilen
mavisi adsorpsiyonunu en iyi agiklayan modeli Yalanci ikinci Dereceden kinetik modeli olarak
aciklamiglardir. Sanou ve arkadaslari, bu modelin hiz sinirlayici basamagmin kimyasal adsorpsiyon
oldugunu ve metilen mavisi adsorpsiyonunun fizikokimyasal etkilesimlerle gerceklestigini bildirmislerdir
[41].
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Cizelge 5. KOH aktivasyonu ile elde edilen aktif karbona ait kinetik ¢aligmasi verileri

Kinetik model Dogru denklemi R? Ortalama bagil hata Parametreler

. y =2,90606x - B=2091

Elovich 6.7664 0,90 39,60 =003

Yalanci Birinci y =-0,0456x +

Derece 2,0583 0,85 166,59 )

Yalanci Ikinci y=-0,1572x +

Derece 18,673 0.38 20,72 )

Partikiil I¢i y=1,1658x - k,=1,17

Difiizyon 3,5419 0.95 30,25 1=-3.54

Cizelge 6. ZnCl, aktivasyonu ile elde edilen aktif karbona ait kinetik ¢aligmasi verileri

Kinetik model Dogru denklemi R? Ortalama bagil hata Parametreler

. y=2,7421x - B=2,74

Elovich 5.3957 0,91 30,75 =005

Yalanc1 Birinci y =-0,0397x +

Derece 2,0364 0.87 62,13 )

Yalanci Ikinci y=0,0378x +

Derece 7,3716 0.37 30,75 )

Partikiil I¢i y =1,0944x - k,=0,07

Difiizyon 23231 0,96 29.74 1=-232

Cizelge 7. H;PO, aktivasyonu ile elde edilen aktif karbona ait kinetik ¢aligmasi verileri

Kinetik model Dogru denklemi R? Ortalama bagil hata Parametreler

. y=2,576x - B=2,58

Elovich 5.1626 0,88 30,31 o0 =005

Yalanci Birinci y=-0,0765x + 0.89 90,79 )

Derece 2,1661 i

Yalanci Tkinci y=0,0119x +

Derece 9,6145 0.007 28,43 -

Partikiil igi y = 1,0046x - kp,=1,00

Difiizyon 2,1414 0.88 28,25 1=-2,14

Cizelge 6 ve Cizelge 7 incelendiginde ZnCl, ve H;POy aktivasyonlarinin Partikiil I¢i Diflizyon Modeli ile
uyumlu bir adsorpsiyona neden oldugu goriilmiistiir. Partikiil I¢i Difiizyon kinetik modeli genellikle tasarim
amagcli adsorpsiyon mekanizmasini agiklar. Partikiil i¢i difiizyonun adsorpsiyona karsi olusturdugu direnci
yorumlamak i¢in de bu modele ait denklem kullanilmaktadir. Cizelge 3’te de belirtildigi gibi t*>e karsu q
degerleri ile elde edilen lineer grafikte egim k, degerini verirken, elde edilen dogrunun y eksenini kestigi
nokta degeri I olarak adlandiriimaktadir [42]. Elde edilen k, degeri (mg g! min"?) partikiil i¢i difiizyon
hiz sabitini ifade ederken, I degeri ise sinir tabaka kalinligini ifade etmektedir. I degeri biiyiidiik¢e sinir
tabakasmin adsorpsiyona etkisi artmaktadir [43]. Buna gore, AK-Zn ve AK-P aktif karbonlar
kiyaslandiginda, AK-P aktif karbonunun daha biiyiik I degerine sahip oldugu belirlenmistir. Bu nedenle,
AK-P aktif karbonunun metilen mavisi adsorpsiyonuna direnci AK-Zn aktif karbonuna gore daha yiiksektir.
AK-Zn aktif karbonu ile daha kisa siirede daha yiiksek metilen mavisi giderimi beklenmektedir.

3.4. Adsorpsiyon izoterm Modelleri

KOH, ZnCl, ve H;PO4 kimyasallari ile aktive edilmis aktif karbonlara ait izoterm ¢aligmasi verileri sirastyla
Cizelge 8, Cizelge 9 ve Cizelge 10’da verilmistir.
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Cizelge 8. KOH aktivasyonu ile elde edilen aktif karbona ait izoterm ¢aligmasi verileri

izoterm modeli Dogru denklemi R? Ortalama bagil hata Parametreler
Freundlich y :O?iééix * 0,90 6,00 12‘;31’%
Langmuir (Tip 1) Y~ g 72622‘32" * 0,94 10,15 I%n; ?f,?)g

’ RL=0,20
Temkin y= %”191%3" " 0,85 739 -
Radwhevicn v 0 1194 :

Cizelge 9. ZnCl, aktivasyonu ile elde edilen aktif karbona ait izoterm ¢aligmasi verileri

izoterm modeli Dogru denklemi R? Ortalama bagil hata Parametreler
Freundlich y= 0(2’337727 66" - 0.98 6.00 é;zo,’%sg
Langmuir (Tip 1) ¥~ ;) ;15571" * 0.97 10,14 K, = ?)?);

’ RL=0,23
Temkin y :0(3’28;1387" - 0,97 24,75 -
Radwlevien 10254 088 26,99 :

Cizelge 10. H;PO, aktivasyonu ile elde edilen aktif karbona ait izoterm ¢aligmasi verileri

izoterm modeli  Dogru denklemi R? Ortalama bagil hata Parametreler
Freundlich y= g’,gggzsx i 0,92 6,00 Igfzzzl’?z()g
Langmuir (Tip 1) ¥~ g ’576?37 X+ 0.97 10,15 K, - g?é

’ Re= 0,02
Temkin y= ()1,62673637X - 0,90 25,70 ;
Romambevich 14907 0.63 25,10 :

Ug aktif karbona ait izoterm verileri incelendiginde, bu aktif karbonlarla gergeklestirilen adsorpsiyon
islemini en iyi agiklayan izoterm modelinin Freundlich izoterm modeli oldugu saptanmistir.

Freundlich izotermi ampirik bir modeldir ve farkli enerjilere sahip adsorpsiyonlarin gergeklestigi heterojen
bir siireci tanimlamaktadir. Ayrica Freundlich izotermi adsorpsiyon esnasinda sinirsiz sayida tek katman
olusumunu ve tersinir adsorpsiyon mekanizmasimin varligini ifade etmektedir [32]. Freundlich izoterm
modeli ile elde edilen n degeri, adsorpsiyonun fiziksel ya da kimyasal olarak gergeklestigi hakkinda bilgi
vermektedir. N degeri 1°den kiiciik oldugunda fiziksel adsorpsiyonun, n degeri 1’den biiyiik oldugunda ise
kimyasal adsorpsiyonun gergeklestigi anlamina gelmektedir [44]. Cizelge 8, Cizelge 9 ve Cizelge 10
incelendiginde i aktif karbon ile gerceklestirilen metilen mavisi giderimlerinin kimyasal adsorpsiyon ile
gerceklestigi anlagilmaktadir. Kimyasal adsorpsiyonun gerceklestigi durumlarda Freundlich Izoterm
Modeline uyum gosteren adsorpsiyon proseslerinde tek tabakali adsorpsiyonun gerceklestigi
bildirilmektedir [45]. Dimbo ve arkadaslarit H;PO, aktivasyonu ile afrika lale agaci saplarindan aktif karbon
eldesi gerceklestirerek metilen mavisi adsorpsiyonu iizerine ¢aligma yapmiglardir. Elde ettikleri izoterm
verileri ile metilen mavisi adsorpsiyonunun Freundlich izotermine uyumlu olarak gergeklestigini
bildirmiglerdir. Freundlich izoterm modeline ait n ve Kf degerlerini sirastyla 3 ve 28,43 Lg/L bulmuslar ve
adsorpsiyonun kimyasal olarak gerceklestigini bildirmislerdir [46].
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4. SONUCLAR

KOH, ZnCl,, H3PO4 kimyasallar1 kullanilarak atik zeytin g¢ekirdeginden 3 farkli aktif karbon eldesi
gerceklestirilmigtir. Bu aktif karbonlarla metilen mavisinin adsorpsiyon ¢alismalar1 gerceklestirilerek
aktivasyon kimyasal tiirlerinin metilen mavisi giderim mekanizmalarina ve kimyasina etkileri
incelenmigtir. Kinetik model ¢aligmalarinda bekletme siiresinin metilen mavisine giderimi etkileri de
incelenmisgtir. 60 dakikalik siire boyunca gerceklestirilen ¢aligmada, en yiliksek adsorpsiyon kapasitesinin
notr aktivasyon kimyasali olan ZnCl, ile elde edilen AK-Zn aktif karbonu ile elde edildigi goriilmiistiir.
AK-P aktif karbonu ise 40. dakikadan itibaren metilen mavisi adsorpsiyonu gergeklestirmemistir. izoterm
calismalar i¢in farkli baslangic konsantrasyonlarinda sabit aktif karbon kiitleleri ile metilen mavisi
adsorpsiyonu gerceklestirilmistir. Bu calismada ise, basglangi¢ konsantrasyonu arttikca AK-P aktif
karbonunun digerlerine gore daha yiiksek adsorpsiyon kapasitesine ulastigi goriilmiistiir. Gergeklestirilen
kinetik ¢aligmalarinda ise AK-K aktif karbonunun yalanci ikinci dereceden kinetik modele uyumlu olarak
adsorpsiyon yaptigt bunun sonucunda ise AK-K aktif karbonunun yiizeyinde bol miktarda aktif bolgenin
oldugu anlagilmistir. AK-Zn ve AK-P aktif karbonlar1 ise partikiil i¢i difiizyon kinetik modeline uyumlu
olarak adsorpsiyon gergeklestirmiglerdir. Partikiil i¢i diflizyon kinetik modeli ¢alismasi yardimiyla AK-Zn
ve AK-P aktif karbonlarinin metilen mavisi adsorpsiyonuna gosterdikleri direngler I degeri iizerinden
kiyaslanmiglardir. Daha yiiksek I degerine sahip AK-P aktif karbonunun AK-Zn aktif karbonuna gore
metilen mavisi adsorpsiyonuna karsi daha yiiksek bir ylizey direncine sahip oldugu belirlenmistir. Bu
nedenle, AK-Zn aktif karbonunun AK-P aktif karbonuna gore daha kisa siirelerde daha verimli metilen
mavisi adsorpsiyonu gerceklestirmesi beklenmektedir. izoterm calismalarinda ise ii¢ aktif karbonun
tamaminin Freundlich izotermine uyumlu olarak adsorpsiyon gergeklestirdigi goriilmiistiir. Buna bagh
olarak ii¢ aktif karbonla da gergeklestirilen adsorpiyon isleminin kimyasal ve tersinir olarak gerceklestigi
belirlenmistir. Ayni zamanda aktif karbon yiizeylerinde tek tabakali adsorpsiyon gergeklestigi sonucuna
varilmistir. Calisma sonuglari incelendiginde yiiksek metilen mavisi konsantrasyonlarinda H3POy ile aktive
edilmis aktif karbonlarin kullanilmamasi 6nerilmektedir. Izoterm ve kinetik modelleri ¢alisma verileri ele
alindiginda ise KOH ve ZnCl,, metilen mavisi adsorpsiyonunda kullanilacak aktif karbonlarin sentezinde
uygun kimyasallar olarak 6ne ¢ikmaktadir.
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DC-DC converters are one of the crucial tools of power
electronics. Choosing the right materials while designing
converters is essential to obtaining the right results. When
selecting these components, the requirements of the intended
application and the type of DC-DC converter that is to be used
should be considered, and appropriate calculations should be
carried out accordingly. Components should then be selected
based on these calculations. These calculations differ with the
requirements of the application and the type of the converter.
These calculation tools are rare in market except for commercial
material manufacturers. In this study, a Python-based software
has been developed to fulfill this task. This software is designed
to be used by individuals of all levels of knowledge. It is thought
that it will provide great convenience in material selection for
undergraduate and graduate students and engineers who design
electronic cards.
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araclarmdandir. Doniistiiriicii tasariminda dogru malzemelerin
secimi, dogru sonuglarin elde edilmesi agisindan Snemlidir.
Malzemeleri secerken, kullanilacag: uygulamanin
gereksinimlerine ve hangi DC-DC doniistiiriicii kullanilacagina
bakilarak ona uygun olan hesaplamalar yapilmalidir. Yapilan bu
hesaplamalara gore se¢im yapilmalidir. Hesaplamalar
uygulamanin gereksinimine ve doniistiirliciiniin ¢esidine gore
farkliliklar gosterir. Piyasada bu hesaplamalart yapmak igin
gelistirilen, ticari yazilimlar diginda ¢ok az sayida yazilim
bulunmaktadir. Bu ¢alismada bu gorevi gerceklestirmek iizere
Python tabanli bir yazilim gelistirilmistir. Gelistirilen yazilim
her bilgi diizeyinden kisiler tarafindan kullanilabilecek sekilde
tasarlanmistir. Elektronik kart tasarimi yapan lisans, lisansiistii
ogrenciler ve mihendisler i¢in malzeme sec¢iminde biiyiik
kolaylik saglayacag diisiiniilmektedir.
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1. INTRODUCTION

Power supply technology provides the opportunity to us to build and operate electronic circuits and systems.
Every electronic circuit needs a dc power supply to run. These circuits require different voltage levels. The
dc voltage is usually derived from batteries or ac power supplies by using transformers, rectifiers and filters.
This raw dc voltage has high ac ripple that is not appropriate to feed electronic circuits. In some cases, this
voltage carries the harmonics from unfiltered ac power supply. These unwanted effects can significantly
affect the performance of electronic systems, causing malfunctions and inefficiencies. To ensure the quality
of dc voltage, DC-DC converters are obligated to use. DC-DC converters do not provide just more stable
voltage, they also provide flexibility to change voltage level according to requirements of the electronic
systems. By regulating and converting DC voltage efficiently, DC-DC converters help optimize power
usage and improve the overall efficiency of electronic devices [1].

For different kind of applications, a vast variety of DC-DC converters have been developed. This article
has been written with the intention of it to become a hand guide and a useful application to the ones that
work with or will work with DC-DC converters. This article presents a detailed study for seven widely used
DC-DC converters: buck, boost, buck-boost, cuk, flyback, forward and push-pull have been selected for
this research. These converters have been selected due to their prevalence in various industrial and
consumer electronics applications. This work stands out by combining theoretical analysis with a Python-
based application. Both theoretical analysis and application show how components of DC-DC converters
should have been selected. The parameters of components that should be taken note of are inductance and
capacitance values, and voltage and current ratings of switches and diodes [2-4].

DC-DC converters operate in three distinct modes depending on inductor current: Continuous Conduction
Mode (CCM), Boundary Conduction Mode (BCM) and Discontinuous Conduction Mode (DCM). In this
article, analysis and derivation of the dc voltage transfer functions of DC-DC converters have been done in
BCM. Additionally, the derivation of the theoretical equations in the article was also carried out in BCM.
However, the developed software is able to calculate the required values for three different modes of DC-
DC converters. [1,5-6].

In order to complete the theoretical framework, a computer application has been developed for this article.
When the developed software is compared with its commercial equivalents, it is seen that it is designed for
the materials that commercial brands produce themselves. Developed application is designed to be brand
independent. It is developed to assist engineers, researchers, and students in calculating key parameters,
such as inductance, capacitance, voltage and current values of the components of the seven DC-DC
converters that have been dwelled upon in this article. The software is designed for universal accessibility,
featuring a simple and user-friendly interface. At the top of the interface, users can select their desired DC-
DC converter type from the tabs. Then, they input the required parameters for their specific application,
such as input voltage, output voltage, switching frequency, and transformer turn ratio. Next, they choose
the operating mode for their DC-DC converter. Once all parameters are set, clicking the "Calculate" button
generates the necessary component values. Users also have the option to print the calculated values or save
them as a TXT file directly through the software.

Developed using Python in this software, Tkinter library has been used to develop user interface. The
application uses a tabbed interface structure where each DC-DC converter topology has its dedicated tab.
The main components are a notebook widget for tab management, circuit diagram display using canvas,
input fields, mode selection using radio buttons, and calculation results display. The application is packaged
into a standalone executable using Pylnstaller, making it easily distributable to end users. The distribution
package includes the main executable file and images of circuit diagrams [7-10].

This article aims to bridge the gap between theoretical analysis and practical application by providing a
comprehensive guide to DC-DC converters and an accompanying software tool for convenient calculations.
With the continuous evolution of electronic systems and the increasing demand for efficient power
conversion solutions, the insights and resources presented in this research will be a crucial data for the ones
that related to power electronics. Calculations have been made in detail for all converters given in the tabs
in all modes separately. However, instead of sampling all the forms made in the developed application,
examples that are different from each other are given.
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2. MATERIALS AND METHODS
2.1. Buck Converter

A DC-DC buck converter, as shown in Figure 1 below, is used to produce lower value output voltage from
higher value input voltage. There are various applications that buck converter used in, for example, battery
operated portable devices, power supplies to laptops, smart phones, power supply network in data centers
and electric vehicles. In some applications where the polarity of output voltage needed to be negative, thus
the polarity of the input voltage should be negative. Regardless of the comparison between the polarity of
input and output voltages, the output voltage polarity will always be same as input voltage [6,11,12].

sw L

\ / LI

T
Input _L+ < c= R Output
Voltage |' A Voltage

Figure 1. Buck converter circuit

Buck converter can be observed in two states as switch on and switch off as shown in Figure 2. When the
switch is on it acts as a short circuit and diode is reverse biased and acts as an open circuit. In this state,
input directly supplies energy to the output and inductor. When the switch is off it acts as an open circuit
and diode is forward biased and acts as a short circuit. In this state, input has no connection to the output
nor inductor and the inductor supplies energy to the output. According to switch on and off states, inductor
current is obtained as shown in Figure 3. By using this graph, all desired equations can be calculated [1],
[13-14]. The derivations and calculations of buck converter are shown in Equations (1-23).
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Figure 2. Buck converter ON/OFF states
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Figure 3. Inductor current graph of buck converter in CCM
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Switch is OFF STATE:

Ve, = Vou @
(1 - DYT = A, ®)
bt (1 _ py = WonVous ©
D= % (7

If buck converter works in BCM, inductor value should be like this:

A
Loyt = TL 3
(Vin—=Vout)DT (1-D)R
L= = 9
Zlout 2f ( )
Capacitor should be selected according to output voltage ripple sensitivity:
VinD(1-D)T? 1-D
= = 10
8LAVout 8Lf2(MVout/Vout) (10)
Switch and diode parameters are:
Al
IL(max) = Loy + % and Vg = Vi, sy = IL(max) »Vp =V, Ip= IL(max) (11)

Since buck converter has a wide range of applications, its control is extremely important. The output voltage
must remain constant even if the input voltage increases or decreases. There are two control types as open
loop control and closed loop control. Closed-loop control is preferred to obtain more accuracy and
precision. Generally, one of the P, PI, PID control methods is used in power electronics applications. When
setting up control circuits, the transfer function of the relevant circuits must be calculated firstly.
Calculation steps of a transfer function are given below between Equation 12 and 16.

diL®) _ Vin(®-Vour(®) (12)
dt L
dip(t) _ dic(t) , dir(t)
dc  dt + dt (13)
Ul NowS) — 2V () + SCV e (0) + Oy (0) + Lot (14)
Voue(s) 1
= 15
Vin(s) szLC+%s+1 (15)
(dez+Kps+Ki>' Vin
T L) _ s LCs2+§s+1 _ %deh%l(pﬁ%ﬁq 16
(s) = 1+L(s) Kgs2+Kps+K; v T o3 ( L Ving Vo2, (L Ving V., Ving (16)
1+< @~ P ‘)( i ) s +(RC' LC"d)S +(LC' LC“P)S‘ LCc i
S LCs2+gs+1

After the calculation of transfer function, K, K; and K4 parameters should be determined. Calculation steps
are given between Equation 17 and Equation 23.

s3 +2{w,s* + wis+ w3 =0 (17)
1 Vin
—+ K, = 20w, (18)
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1 Vin _

E + E Kp = (,()72l (19)

K = w} (20)
LC 1

Ke == (260 —7) @h

_ L 2 1

Ky = (02 -52) (22)
LC

Ki= 2o} (23)

According to PID parameters and duty cycle, the gate terminal of Buck converter’s switch can be triggered.

The block diagram of the closed loop control for Buck converter is shown in Figure 4.

Kd.s2+Kp.s+Ki 1

Ref Error ALESTTAP.STA »( 1

s ’ L*C.s2+L/R s+1 D

SetPoint Vin Y(ouy
PID(C(s)) Buck Converter(G(s))

Figure 4. Block diagram of closed loop control
2.2. Boost Converter

DC-DC boost converter, as shown in Figure 5 below, is a step-up converter that means output voltage is
always greater than input voltage, and the polarity of input and output voltages are always the same. It is
generally used in regulated dc power supplies and regenerative braking systems [4-5], [13].

L D
B0 1

Input _|
Voltage

%

-||:}sw e

R Output
Voltage

Figure 5. Boost converter circuit

A DC-DC Boost converter can be reviewed in two states as switch on and switch off states as shown in
Figure 6 such as a Buck converter.

e SWITCH 1
ES oN c= R
v

— SWITCH c= R
v | OFF

Figure 6. Boost converter states

When the switch is on state that makes it short circuit and diode is reverse biased that makes it open circuit.
In this state output is isolated and input supplies energy to the inductor. The current supplied to output is
discontinuous and the filter capacitor must supply dc current to output when diode is off state. When the
switch is on state that makes it open circuit and the diode is forward biased that makes it short circuit. In
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this state output is fed from inductor as well as from input. In the meantime, the filter capacitor is charging
[13,14]. The derivations and calculations of boost converter are shown in Equations (24-34).

Switch is ON STATE

v, =V (24)
ACERE = (25)
‘%DT = Ai, (26)
Switch is OFF STATE

Ve = Vin - Vous 27)
Uin—Voud) (1 _ pry = g (28)
Win - Voue) ‘LV‘"“) (1-DT) =2 pT (29)
D=1- ‘f—; (30

If boost converter works in BCM, inductor value should be like this:

Vin _ Aig

I = (1-D)’R _ 2 3D

__ ViyDT _ D(1-D)?R

T o2y, 2f (32)
Capacitor should be selected according to output voltage ripple sensitivity:

_ VoueDT _ D

" R0Vour  RfF(AVout/Vout) (33)
Switch and diode parameters are:

Al

IL(max) =0+ % and Vsy = Voue » Isw = IL(max) Vo =Vour s Ip = IL(max) (34)

2.3. Buck-Boost Converter

Buck-boost converter, in another words step-down/step-up converter can give an output voltage that can be
either higher or lower than input voltage. Its main applications are regulated power supplies where a
negative-polarity output voltage may be desired. The buck-boost converter can be obtained by cascade
connection of step-down (buck) converter and step-up (boost) converter, in a condition that the switches of
both converters have same duty ratio. The cascade connection can be obtained into a single buck-boost
converter that is shown in Figure 7 [13].

SwW D
i<
4 !
o
Input _1+ - Output
prm— L C == R
Voltage |' g ; Voltage

Figure 7. Buck-Boost converter circuit
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Buck-boost converter can be analyzed in two states: switch on and switch off that is shown in Figure 8. In
switch on state switch acts as short circuit and diode is reversed biased and acts as open circuit. In this state,
input provides energy to the inductor. In switch off state switch acts as an open circuit and diode is forward
biased and acts as short circuit. In this state, the inductor provides energy to the output and the output
voltage will be negative when the ground is reference point [13-14]. The derivations and calculations of
buck-boost converter is shown in Equations (35-45).

SWITCH ON

SWITCH OFF

Figure 8. Buck-Boost converter states

Switch is ON STATE
VL = Vin (35)
v,(t) = L4O (36)
dt
Vin .
~DT = A, (37
Switch is OFF STATE
V. = —Vour (3%)
—Vout _ A
P’ (1-D)T = Aj, (39)
A pT = = (1 - D)T (40)
_ Vout
b= Vout=Vin (41)

If buck-boost converter works in BCM, inductor value should be like this:

VinD ﬂ
L™ (a-p2r ™~ 2 (42)
_ VipnDT _ (1-D)?R
L= ST (43)
Capacitor should be selected according to output voltage ripple sensitivity:
VoutDT D
= = 44
RAVout  Rf(BVout/Vour) @4
Switch and diode parameters are:
A
IL(max) =1+ TL and Vsy = Vi — Vour > Lsw = IL(max) Vo =Vin =Vour » Ip = IL(max) (45)
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2.4. Cuk Converter

Cuk converter is a derivation of boost-buck converter. The output voltage of cuk converter is either smaller
or larger than the input voltage. The polarity of the output voltage is opposite of the input voltage. The
inductor on the input side acts as a filter for power supply to prevent large harmonic content. Unlike the
other converters, capacitor C; stores and transfers energy. The circuit of cuk converter given in Figure 9
[1,13,15].

L1
0000

il

7BO00

Output

Input _[+
[ Voltage

Voltage

—{[:Elf sw D

'S

Figure 9. Cuk converter circuit

Cuk Converter can be analyzed in two states: switch on and switch off. When the switch is on, it acts as a
short circuit and diode is reverse biased and acts as an open circuit. In this state, inductor currents [;; and
I;, flow through the switch, C; discharges through the switch and transferring energy to output and L.,
meanwhile, input feeds energy to L;. When the switch is off; it acts as an open circuit and diode is reverse
biased and acts as a short circuit. In this state, inductor currents I;; and [;, flow through the diode, C;
charges through the diode from both input and L,, energy stored in L, feeds the output. The derivations and
calculations of Cuk converter is shown in Equations (47-63). The states of Cuk Converter are represented
in Figure 10 [13-15].

LR I LTI
L, [ L,
+
_—? SWITCH C =/ R§
v ON
T —| T
L C L
—* SWITCH == R §
v’ OFF

Figure 10. Cuk converter states

Switch is ON STATE

icr = —Ipp (46)
Switch is OFF STATE

ict = I 47)
~Voutllz = Vinlia 48)
[Gc)ctoseal DT + [(ic1)open] (1 = D)T =0 (49)
—1;,DT +1;,;(1—-D)T =0 (50)
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D = —ou_ (52)

Vout—Vin

If Cuk Converter works in BCM, inductor value should be like this:

(1-D)2R
L =2 (53)
1-D)R
L= &2 (54)
Output capacitor should be selected according to output voltage ripple sensitivity:
1-D
2= 8Ly f2(AVout/Vout) (53)
Input capacitor should be selected according to capacitor voltage ripple sensitivity:
DVout
C, = —— 56
17 Rfave (56)
Switch and diode parameters are:
VO'LL
ILZ = Tt (57)
VOU.
Iy =11, Tnt (58)
. VinD
Biyy =75 (59)
. VinD
Ay = (60)
ILl(max) =1+ e (61)
Aip,
Ipnax) = Iz + =7 (62)
Vow = Vin s Isw = liigmax) T Liztmax) » Vo = Vour » Ip = Liigmax) + IL2imax) (63)

2.5. Flyback Converter

Flyback converter is an isolated or transformer version of buck-boost converter. In flyback converter,
inductance of buck-boost converter is replaced by a transformer and a magnetizing inductance added to it.
Flyback converter generally used in applications that demand below 50W power. On the contrary to buck-
boost converter, according to replacement of transformer windings, the polarity of output voltage can be
either positive or negative in flyback converter. The circuit of flyback converter represented in Figure 11
[1,14,16].

L C J_ R Output
-|_ oltage
Input__| b :

Voltage]

iR

Figure 11. Flyback converter circuit
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Flyback converter can be analyzed in two states: switch on and switch off. When the switch is on it acts as
a short circuit and diode is reverse biased and acts as an open circuit. In this state, the current in the
magnetizing inductance increases linearly and there is no current in the ideal transformer windings. When
the switch is off it acts as an open circuit and diode is forward biased and acts as a short circuit. In this state
magnetizing inductance supplies current to the ideal transformer windings therefore to the output. The
derivations and calculations of flyback converter is shown in Equations (64-74) The states of flyback
transformer are represented in Figure 12 [1,13,15].

B INEEE

B

SWITCH
OFF

——
LA

—1*
[

L

Figure 12. Flyback converter states

Switch is ON STATE

Vi = Vi 64
AGENES (65)
‘%DT = Aj, (66)
Switch is OFF STATE

V, = Voue x—: (67)
VT”%—: (1-D)T = Aj, (68)
- pT = V"T“tx—: (1-D)T (69)
D= vt (70)

VoutN1

If flyback converter works in BCM, inductor value should be like this:

_ VD (N2)\% _ iy

L™ (1-p)2r (Nl) T2 (71)
_ VinDT _ (1-D)?R (N;\?

L= 21,  2f (Nz) (72)

Capacitor should be selected according to output voltage ripple sensitivity:

_ VoutDT __ D

C =
RAVout Rf (AVout/Vout)

(73)
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Switch and diode parameters are:

Al
IL(max) =+ =L

2 (74)

N N N
Vsw = Vin + VoutN_: » Lsw = IL(max)N_j Vp=V; N_j —Vour » Ip= IL(max) (75)

2.6. Forward Converter

Forward converter is one of the converters that derived from buck converter. It is made by adding a
transformer and diode D; between switch and diode D,. It has three transformer windings. Windings 1 and
2 are used for voltage transmission from source to load, winding 3 used to allow a path to magnetizing
current that it can go down to zero before a new switching cycle. Forward converter used in applications
up to power level of a kW that needs isolation. The circuit of forward converter given in Figure 13 [1,15],

[16].
. N3
b3 % N
e D2 & C= R% Output

Voltage

»

Input _ |
Voltage |

min

Figure 13. Forward converter circuit

Forward converter can be analyzed in two states: switch on and switch off. When the switch is on, it acts
as a short circuit, D5 is reverse biased and acts as an open circuit, D, is reverse biased and acts as an open
circuit and D, is forward biased and acts as a short circuit. In this state, energy is transferred from input to
output and stored in magnetizing inductance L,, and inductive element L,.

When switch is off, it acts as an open circuit, and D, is reverse biased and acts as an open circuit, D, is
forward biased and acts as a short circuit and D5 is forward biased and acts as a short circuit. In this state,
inductive element L, supplies energy to output. The magnetizing current that stored in the core of the
transformer dissipated through the winding 3 and diode D5. The derivations and calculations of forward
converter are shown in Equations (76-89). The states of forward transformer represented in Figure 14 [14-
16].

I 0000

\
e

=

SWITCH ON

.

SWITCH OFF

Figure 14. Forward converter states
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Switch is ON STATE

_ N2
VLx - VinN - Vout
1

_ dipx(t)
Vie(t) = Lx "

(Vl = Vout) == Aipy

n N_1 - Lx
Switch is OFF STATE
Vie = Vour

V .
UL (1 —D)T = Aip,

(Vin 22 = Voue) 22 = 225 (1 = D)T

N, Lx Lx

_ Vout
D= —¢
Vin 2

N1

If forward converter works in BCM, inductor value should be like this:

— Vout _ Alx

I, =

Lx R P
Vout(1-D)T 1-D)R

Lx = out(1-D)T _ (1-D)

2px 2f

VinD

Lm = ——
Aipmf

Capacitor should be selected according to output voltage ripple sensitivity:

__ Vinb(1-D)T? _ 1-D
8LXAV,yt 8Lxf2(AVout/Vout)

Switch and diodes parameters are:

Ai
ILx(max) =1+ TL

N N.
Vsw = Vin (14732) s Isw = ligman) 2+

N3

D1 n N3

2.7. Push-Pull Converter

—Vout s Ip1 = ILx(max) Vo2 = Vour s Ipz = ILx(max) »Vps =V;

(76)

(77

(78)

(79

(80)

(C2))

(82)

(83)

(84)

(85)

(86)

87

(88)

(89)

Push-pull converter is another example derived from buck converters. Its main advantage is that its switches
are driven with respect to the ground. The disadvantages of the converter are that the voltage stress of its
switches is high equal to the 2V;,, and during the power transfer, only one half of the primary and secondary
windings of the transformer used. The switches of push-pull converter operate shifted in phase by T/2 with
the same duty ratio, so, the duty ratio of switches must be smaller than 0.5. The power level of its
applications differs from 150W to 500W. The circuit of push-pull converter is represented in Figure 15

[1,14,16].
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Np : Ns L
o L]
P2 Output
utpu
P2 || s2 R
¢ Voltage
o L]
P1||s1
D1
Input __[ +
Voltage ~ 1

{1} A g

Figure 15. Push-Pull converter circuit

Push-pull converter works in two intervals that follow one another, that one interval can be analyzed in two
states as shown in Figure 16.

E

o o BO00
SWITCH 1 OFF % é = $

-

Figure 16. Push-Pull converter states in T/2

When switch 1 is on, it acts as a short circuit, D; is forward biased and acts as a short circuit and D, is
reverse biased and acts as an open circuit. In this state, input directly supplies energy to output and charges
inductor. When switch 1 is off, it acts as an open circuit, D; is forward biased and acts as a short circuit and
D, is forward biased and acts as a short circuit. In this state, inductor supplies energy to output, D; and D,
equally share the current of the inductor. Same things are going to happen for the other interval [1,14]. The
derivations and calculations of Push-Pull converter are shown in Equations (90-102).

Switch is ON STATE
Ns
V. = Vin N Vout (90)
P
dig(t
AGERES ()
N. DT .
(Vin 32 = Vo ) 2 = 2, ©2)

Switch is OFF STATE
VL = Vout (93)

Vou .
U (1 - D)T = A, (94)
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Ny DT Vou
(Vin 3z = Voue ) 50T = 2221 = D) (95)
_ VoutNp
- 2VinNs (96)

If push-pull converter works in BCM, inductor value should be like this:

_ VYour _ Aig

= Tom X ©7)
— YourDT _ R (1

L= 20, 2f(2 D) (98)

Capacitor should be selected according to output voltage ripple sensitivity:

_ VoutDT _ 1-2D
 RAVour  32Lf2(MVourt/Vour) ©9)
Switches and diodes parameters are shown in Equations (100,102):
Aig
IL(max) =+ 3 (100)
N3
Vow = 2Vin , Lsw = IL(max)N_l s (101)
N3
Vp = VmN_ —Vout - Ip = IL(max) (102)
1

3. DEVELOPMENT OF SOFTWARE

DC-DC Converter Calculator is a comprehensive software tool that was developed using python. This
application serves as a practical and educational tool for power electronics engineers and students. The
application lets the users calculate and visualize key parameters of various DC-DC converter topologies.

The steps of the software running algorithm as under:

Start the program

Select the converter tab and conduction mode

Enter the input values

Press the “Calculate” button to write the calculated values on the screen

If you want to print the calculated values, press “Print...” button

If you want to save the calculated values into a TXT file, press “Save as...” button
Exit the program

Nk wb =

For the user interface design, Tkinter graphical user interface library has been used. The application uses a
tabbed interface structure where each DC-DC converter topology has its dedicated tab. The main
components are a notebook widget for tab management, circuit diagram display using canvas, input fields
for voltage, power, frequency, ripple percentage, and transformer turn ratio parameters, mode selection
using radio buttons (CCM, BCM, DCM), calculation results display for inductance, capacitance, and
voltage and current values of switches and diodes [7,8].

The application covers seven fundamental DC-DC converter types: Buck, Boost, Buck-Boost, Cuk,
Flyback, Forward, and Push-Pull converters. Interface of the application can be seen in Figure 17.
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§ DC-DC Converter Calculator = (m] X

Buck Converter Boost Converter Buck-Boost Converter Cuk Converter Flyback Converter Forward Converter push-Pull Converter

D3
o N3
D1 Lx
1 . .
v —P1 L ILLN I
+ o N1 D2 [o _|_ R
Lm -

L
T
—‘ sw
Input Values Modes Calculated Values

Input Voltage (V): | O ccMm Filter Inductance (Lx): Magnetizing Inductance (Lm):
Output Voltage (V): O BeM Filter Capacitance (C): Switch Voltage:
Output Power (W): Diode 1 Voltage: Switch Current:

Frequency (Hz): R O bcm Diode 1 Current: Diode 2 Voltage:

Ripple (%): Diode 3 Voltage: Diode 2 Current:
s Diode 3 Current:
Turns Ratio (N2/N1): ]
Turns Ratio (N2/N3):
Calculate Plot Bode Print... Save as... Exit

Figure 17. Software user interface

In the application interface, each converter tab displays a circuit diagram with dynamic parameter overlays.
The application does instant computation of inductance, capacitance, and component stresses for three
modes that DC-DC converters work in: Continuous Conduction Mode (CCM), Boundary Conduction Mode
(BCM), and Discontinuous Conduction Mode (DCM). For CCM calculations, as a reference, inductor
values are calculated 30% higher than BCM in the application. For DCM calculations, duty ratio value
selected as %80 of the original value. The interface of calculations in DCM are shown in Figure 18.

[
Buck Converter Boost Converter Buck-Boost Converter Cuk Converter Flyback Converter Forward Converter Push-Pull Converter
Ns/Np = 0.50 L
Np :Ns Vout = 9V
Ld L] s
D2 L =78.00 yH
Diode2:
P2 || s2 Vi .00V c== R
1=5.88A C = 416.67 pF
@
Diode1:
V =6.00V
PL]|S1 I = 5.88A
Vin =30V o1
EEE X
T
Switch 1:
Switch 2:
B SW2 sw1 V= 60.00v D=0.24
V= so.oov—| _| 1=2.94A D1=0.16
1=2.94A
Input Values Modes Calculated Values
Input Voltage (V): 30 O ccM Filter Inductance (L): 78.00 uH  Filter Capacitance (C):  416.67 uF
s Switch Voltage: 60.00V Switch Current: 294A
Output Voltage (V): 9 O BcM : 9 :
Output Power (W):  13.5 Diode Voltage: 6.00V Diode Current: 5.88 A
O DCM
Frequency (Hz): 10000
Ripple (%): 0.5
Turns Ratio (Ns/Np):  1/2
Calculate Plot Bode Print... Save as... Exit

Figure 18. Push-Pull converter calculations in DCM
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After pressing the Calculate button, if desired, the calculated values can be sent to the printer by using Print
button, saved to a txt file by using Save as button, drawn to the bode plot of DC-DC converter by using
Plot Bode button, or can be quitted from the application by using Exit. Print, Save As and Bode Plot Screens

are shown in Figure 14 respectively.

¢ Pprint

Boost Converter Results

/

Boost Converter Results

Bode Plot of Boost Converter

Input Values:

Input Voltage: 5 V
OQutput Voltage: 10 V
Output Power: 10 W
Frequency: 50000 Hz
Ripple: 1%

Mode: DCM

Calculated Values:
Inductance (L): 8.00 pH
Capacitance (C): 80.00 pF
Switch Voltage: 10.00 V
Switch Current: 3.89 A
Diode Voltage: 10.00 V
Diode Current: 3.89 A

Input Values:

Input Voltage: S V
Output Voltage: 10 V
Output Power: 10 W
requency: 50000 Hz
Ripple: 1%

Mode: DCM

Calculated Values:
Inductance (L): 8.00 pH
Capacitance (C): 80.00 pF
Switch Voltage: 10.00 V
Switch Current: 3.89 A
Diode Voltage: 10.00 V
Diode Current: 3.89 A

Magnitude [dB]
o

Phase [deg]
U
o
&

=270 1

10° 10* 10° 10
Frequency [Hz]

Print Save as

AéEd Q=

Figure 19. Print, save as and bode plot screens

The application is packaged into a standalone executable using Pylnstaller, making it easily distributable
to end users. The distribution package includes the main executable file and circuit diagrams of images.
This tool serves as a practical learning aid for power electronics students, quick reference tool for engineers
and visualization platform for understanding converter behavior under different operating conditions.
Potential improvements can be the addition of more converter topologies, waveform visualization,
component selection recommendations, showing functions of calculations and letting users to modify the
formulas [9,10].

The DC-DC Converter Calculator is a practical engineering tool. Its modular design, user-friendly interface,
and comprehensive calculations make it a valuable resource for power electronics education and design.
This article section provides an overview of the application's development while remaining accessible to
readers with a basic understanding of power electronics and software development.

4. CONCLUSION

In this study, information related to DC-DC converters that were selected for this article has been given.
DC-DC converters are power electronics devices that change voltage levels according to user or application
needs. There are various kinds of DC-DC converters that are developed for different usage areas. Different
formulas have been computed for every DC-DC converter. These formulas are used to select components
of DC-DC converters. This article is written with the aim of making these calculations more convenient.

In this article, component selection formulas of DC-DC converters that work in BCM have been given. The
software the has been developed for this article covers the formulas for three conduction modes that the
selected DC-DC converters work in. The formulas that have been used in this study can be seen in Table 1.

Consequently, in this study, the implementation of DC-DC converter calculator software that calculates
inductance, capacitance and stress values of DC-DC converters is carried out. With this article and software,
calculations for DC-DC converters will be easier.
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Table 1. DC-DC converter formulas in BCM

Quponents Duty Cycle Inductance Capacitance Switch Diode
Converters
Vour (1-D)*R 1-D) Vsw = Vin Vp = Viy
Buck Converter D=—— L= = 3 . v aA-D)sV, v A-D)+V,
Viv 2xf 8 xL * f2 xripple Iow = our our I = our our
R 2 f *L R 2+f +L
Vin D (1-D)? %R D Vsw = Vour Vp = Vour
Boost Converter D=1- % = PRy C= R il Vi DV L Vi DV
lw=G-Dyr T 2af oL D= A-D)2xR " 2+f +L
Vour (1-D)*+R D Vsw = Vin -Vour Vp = Viy -Vour
Buck-Boost Converter = Vour — Vim = Tef C= m Vi D xVyy Vi D Vi
lw= G0y R T 27 -1 b= TR 751
1-D)*xR D * V,
L = ( ) * ¢ = oUT Vew = 1, Vo=V,
Vour 1T 2xD «f R+f * g sw= Vi > = Vour
Cuk Converter = Vour - Vm (1-D)*R oo 1-D) _ P DV Vour, DxViy ; —V”"T+ DsViy P  DsVy
la=—"% 2T Balyef2eripple [MV T U 25fxli R 2xfxly | PT TR T Zafel, Viy 2efrly
Vour * Ny Vin * Ny
S S 2 2 D Vsw = Viy + —F— Vp = ————Vour
D= (1=D)2+ R[N, N, Ny
Flyback Converter Vin . Ny +1|b=—="F\+ (= —— ) ] u
Vour = Ny 2+f \N, R * f *ripple = 7 VOZT . 2D *fVmL I = sz* 1
D * *f % A
_(-D)*R Ny Vin * N
D= Vour x = T 1-D) Vsw = Vin * 1+N_ Vo= —— Vb2 =Vour Vp3=Viv
Forward Converter - Vo s M2 B STy Ry Fr— 3 %/ D),
LA L= R & 8 Ly * f2 xripple _ ( P + (1—0)‘V,_7UT)& D+Viy Ipy=1Ipy = ouT ouT I.=0
™ 2« f\N, W Z \Vour | 29frle I Ny 2ofolm | 1 R 2 5f %Ly b3
Push-Pull C Vour * Np L= (1 ) (1-2+D) Vsw = 2% Viy Vb1 = Vo2 = Viy
- rt = = i -
ush-Pull Converter 2% Viy * Ny 2xf\2 32+ L f2eripple | 1 (Vg;r+(12—D;*VZur>% Ios = Iog = Vau1+(1—D)*Vour
*fx 1 R 2 f +L

This article and software will be a practical and educational tool for students, experienced engineers and
newly graduated engineers that are associated with power electronics. It is thought that this software will
at least be a reference point for users. In order to obtain the program, it is recommended to contact the
corresponding author via e-mail.
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This research presents origami folding technique based novel
compact helix antenna design and experimental verification. The
study begins by detailing the origami technique to design and
construct helical structure using a thin paper. A 1.5 mm wide copper
layer is then longitudinally integrated onto the prepared paper layer
which is aimed to fold to form a helical configuration. This folded
helical strcure then combined a fully copper ground layer to create
an helix antenna configuration that aims to operate at sub-6 GHz 5G
frequencies between 4 GHz and 8 GHz. The helical structure has
flexible characteristics which allows for volume reduction and
frequency reconfiguration through adjustment in the flexion angle.
The flexion angle parametrically examined to obtain optimum
operating frequency and the optimum operating frequency is
obtained at 6 GHz with 2 GHz bandwidth and 8.32 dBi gain.
Proposed antenna structure was manufactured and numerical results
were supported experimentally. This antenna is well suited for
applications in next generation wireless communication systems,
including 5G networks, Internet of Things (IoT) devices, and
portable communication technologies such as satellite
communication.
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Bu arastirma, origami katlama teknigine dayali yeni kompakt heliks
anten tasarimini ve deneysel dogrulamasini sunmaktadir. Calisma,
ince bir kagit kullanarak heliks yapiy1 tasarlamak ve iiretmek igin
origami teknigini ayrmtili olarak aciklamaktadir. Ayrica, 1,5 mm
genigliginde bir bakir tabaka, heliks bir yapilandirma olusturmak
tizere katlanmas: amaglanan kagit tabakasina uzunlamasina entegre
edilmistir. Bu katlanmis heliks yap1 daha sonra, 4 GHz ile 8 GHz
arasinda 6 GHz alt1 5G frekanslarinda ¢aligmay1 amaglayan bir
heliks anten olusturmak i¢in tamamen bakir bir toprak tabakasi ile
birlestirilmistir. Heliks yapi, esneme agisinin ayarlanmasi yoluyla
hacim azaltimina ve frekans yeniden yapilandirmasina izin veren
esnek Ozelliklere sahiptir. Optimum calisma frekansini elde etmek
icin esneme agist parametrik olarak incelenmistir ve optimum
caligma frekans1 2 GHz bant genisligi ve 8,32 dBi kazancgla 6
GHz’de elde edilmistir. Onerilen anten yapisi iiretilmistir ve say1sal
sonuglar deneysel olarak desteklenmistir. Bu anten, 5G aglari,
Nesnelerin Interneti (IoT) cihazlar1 ve uydu iletisimi gibi tasinabilir
iletisim teknolojileri dahil olmak tizere yeni nesil kablosuz iletisim
sistemlerindeki uygulamalar i¢in oldukca uygundur.
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Design and Experimental Verification of an Origami Based Compact Helix Antenna with High Gain Characteristics

1. INTRODUCTION

Nowadays, the necessity for compact, high performance antennas has significantly increased with the rapid
development of wireless communication technologies. As communication systems advanced towards
higher frequencies, such as the sub-6 GHz 5G frequency applications, antenna design needs the compelling
requirements for bandwidth, gain, and miniaturization [1,2]. In traditional antenna design, these
requirements face some challenges when aiming to achieve compactness without any functionality [3].
Origami based engineering technique, which is aimed to fold flat sheets into complex three dimensional
structure, has gained attention what provides novel approach to develope compact and reconfigurable
structures especially antennas [4,5].

By using origami technique approach, it is possible to create flexiable and adaptable structures that can be
easly tuned for different frequency bands for applications [6]. The origami principle have been applied
various fields such as aerospace engineering, robotics, and deployable structures, that aimed to provide
innovative solutions to combine mechanical flexibility with functional performance [7-10]. In the field of
antenna design, origami techniques have opened new possibilities for developing antennas with adjustable
geometries that allows dynamic reconfiguration of operating frequencies and radiation patterns [11,12]. In
previous studies, it is presented that the feasibility of using origami based design to create compact antenna
with enhanced gain and bandwidth parameters [13,14]. For example, origami inspired antennas can be easly
adaptable in foldable and deployable systems that makes them ideal solutions for space or volume
constrained environments [15,16]. Helix antennas are widely used by their suitability in various
communication systems, including satellite communications, wireless networks, and radar systems [17-20].
However, traditional helix antenna configurations are rigid and limiting their integration into compact or
portable devices [21,22].

This research focuses to address this gap by introducing an origami inspired approach to the design of a
compact helix antenna, which is optimized for the sub-6 GHz 5G frequency bands. The proposed design
creates a flexible, accordion-like configuration that allows for significant volume reduction while providing
high gain characteristics. By using a copper layer into a thin origami folded substrate, the antenna can be
reconfigured through adjustments in the flexion angle of helix structure, that enables frequency tuning 4
GHz and 8 GHz frequency band. The study combines both numerical simulations and experimental
validation to demonstrate the effectiveness of this design approach.

2. DESIGN AND ANALYSIS

In each step of the design and numerical analysis, Finite Integration Technique (FIT) based microwave
simulation software is utilized. Before the numerical analysis, origami folding technique has been
approached which is illustrated in Figure 1 with design and folding processes. As shown, origami technique
paves the way for accordion-like flexible structure by various geometric manupilation of a thin paper, the
geometric design parameters were aimed to operate at sub-6GHz 5G frequencies between 4 GHz and 8
GHz. Firstly, 1x8 paper is folded in horizontal, vertical and diagonal lines, and then it bended vertically to
create a curvature which is also illustrated in Figure 1, then that forms a spiral like structure with accordion-
like shape.

Figure 1. Origami folding technique to design helical accordion
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Moreover, a copper line is integrated vertically to 1x8 cell that aims to create an antenna element which is
illustrated in Figure 2. The origami approach given in Figure 1 provides the integrated copper line to form
a spiral like helix configuration which is also illustrated in Figure 2. This accordion-like helix line with
copper material is also integrated to a square metallic plate to create a helix antenna configuration as
illustrated below. The advantage of this novel antenna configuration is to have flexible characteristics with
its accordion-like shape as shown. The connected discrete port is a 50 ohm standart feeding line to obtain
numerical return loss and radiation patterns.
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Figure 2. Origami folding based helix antenna design

Furthermore, the flexibility of the proposed accordion-like helix antenna configuration is illustrated in
Figure 3. The physical variations of helix antenna versus flexion angle have been examined as illustrated
in this figure. The antenna effective length, which affects the operating wavelength, is increased when the
flexion angle increase that shown clearly. Figure 3 clearly explains effect of origami technique on helix
antenna design, the advantage of this design is to provide lightweight, cheap and compact structure for
applications.
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Figure 3. Helix antenna variations versus various flexion angle

To see the effect of flexion angle on antenna S11 return loss parameter, a parametric study was conducted.
Figure 4 plots the obtained S11 parameter distributions by the examined parametric study. As shown,
designed helix antenna has various resonance band characterictics under different flexion angle condition.
The numerical simulations were conducted for the frequency band between 4 GHz and 8 GHz which is sub-
6 GHz 5G frequency region for telecommunication applications. For the 5° flexion angle, two resonance
peaks occur around 5.75 GHz and 7.75 Ghz with -12 dB and -17 dB S11 parameter, respectively. For the
10° flexion angle, two resonance peaks occur around 6.2 GHz and 7.45 Ghz with -11 dB and -12 dB S11
parameter. For the 15° flexion angle, a single resonance peak observed at around 5.3 GHz with -20 dB S11
level. For the 20° flexion angle, two resonance peaks observed, first one is narrow band with -20 dB S11
parameter at 5 GHz and the second one has wide band width with centre at 6 GHz with -17 dB S11
parameter. For the 25° flexion angle, a single resonance occurs at 5.1 GHz with -13 dB S11 parameter. For
the 30° flexion angle, no resonance peak occurs. For the 35° flexion angle, a single and narrow resonance
peak occurs at 4.8 GHz with -42 dB S11 parameter. Finally, for the 40° flexion angle, an ultra wide band
resonance obtained from 5 GHz to7 GHz with 2 GHz bandwidh, the S11 parameter is -17 dB at 6 GHz
central frequency.
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Figure 4. S11 characteristics of proposed helix antenna under different flexion angle conditions

In addition, the farfield radiation pattern distribution of proposed helix antenna is calculated and depicted
as shown in Figure 5. This pattern diagrams obtained at 6 GHz with 40 degree flexion angle because the
antenna has ultrawide bandwidth at this configuration. Figure 5a and 5b shows proposed antenna structure
in side and perspective views with radiation pattern, and the main lobe with a peak gain of 8.32 dBi,
indicating a highly focused energy transmission along the axis of the helix. The polar plot of the antenna
supports this analysis, showing a main lobe direction at 0 degrees with a 3 dB beamwidth of 68.6 degrees,
which indicates a moderate spread of the main lobe that is suitable for applications for precise targeting.
Besides, the side lobe level of -9.4 dB shows minimal energy loss in undesired directions.
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Figure 5. Radiation pattern configuration at 6GHz

3. EXPERIMENTAL RESEARCH

Designed accordion-like origami helix antenna was professionally fabricated by hand which is depicted in
Figure 6. In the fabrication processe, a thin origami paper is prepared by some folding steps to locate
bending lines, firstly. Afterwards, a thin copper tape is integrated as illustrated in figure, which creates a
metallic helical configuration in application. To create helical configuration, prepared paper folded by using
origami approach as illustrated in figure. Prepared helical structure is then integrated to a square ground
plane which has 50 ohm SMA connector for feeding.
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Figure 6. Fabricated accordion-like origami helix antenna

Fabricated accordion-like origami helix antenna was measured in a microwave laboratory by using a vector
network analyser as shown in Figure 7a. Before the measurement, some calibration steps were done to
minimize losses and noises. Measurement was done at the frequency region between 4 GHz and 8 GHz
which is the same frequency band with simulations. Figure 7b and Figure 7c shows the measured S11
parameter characteristics and radiation pattern under 40° flexion angle condition.
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Figure 7. a) measurement setup, b) measured S11 parameter and ¢) measured radiation pattern of
accordion-like origami helix antenna under flexion angle of 40°

Obtained S11 parameter characteristics has nearly the same resonance band with simulation results. As
shown, this antenna configuration has resonance band between 4.8 GHz to 6.8 GHz with a wide bandwidth.
The small amount of resonance differences caused by laboratory conditions and fabrication imperfections.
It is clearly shown that the proposed antenna structure has a huge poteltial for sub-6 GHz 5G applications

by using origami approach in design.

C.U. Miih. Fak. Dergisi, 40(1), Mart 2025




Design and Experimental Verification of an Origami Based Compact Helix Antenna with High Gain Characteristics

4. RESULTS

This research demonstrated the design, fabrication and experimentally verification of an origami based
accordion-like helix antenna structure with high gain characteristics for sub-6 GHz 5G applications. By
using the origami technique, a flexible, lightweight and compact helix structure was modelled which is
suitable for volume reduction and frequency reconfigurability application by the change of flexion angle.
The proposed antenna structure is well optimized to operate at 6 GHz with 2 GHz bandwidth, which has
8.32 dBi gain under 40° flexion angle condition. The proposed helix antenna is suitable for next generation
sub-6 GHz 5G applications such as 5G networks and IoT. Both numerical and experimental results show a
strong agreement that confirms the effectiveness of the origami based design approach. As shown in this
study, the innovative use of origami techniques in antenna design opens new perspective for developing
adaptable and efficient communication devices as where space, weight, and frequency reconfigurability are
important.
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iki boyutlu kesme problemi, biiyiik ebatli bir levhadan kiigiik
boyutlu parcalarin nasil kesileceginin belirlenmesi problemidir.
Endiistride yaygin bir uygulama alanina sahip olmasi nedeniyle
literatiirde de siklikla ele alinmaktadir. Bu c¢aligmalarda genellikle
en az ana malzeme kullanimi ya da en az fire amaglanmakta ancak
cizelgeleme boyutu ihmal edilmektedir. Literatiirde bu iki 6nemli
problemi birlikte dikkate alan ¢aligmalarda ise siparig par¢alarinin
90° dondiiriilmesi, ya da farkli ana malzeme ebatlariin varlig1 gibi
problemin karmagikligimni daha da arttiracak durumlar goz ardi
edilmekte ya da sadece birisi ele alinmaktadir. Oysa bu 6zelliklerin
her biri problemin daha bagarili ¢6ziimlerinin elde edilebilmesine
olanak yaratmaktadir. Bu nedenle bu calismada, pargalarin 90°
dondiiriilmesine izin verilen iki amagli, iki boyutlu kesme, ana
malzeme se¢imi ve ¢izelgeleme problemi ele alinmistir. Ele alinan
problemin amaglar1 toplam firenin ve toplam siparis gecikmelerinin
enkiiciiklenmesidir. Problemin ¢0ziimii igin biitiinlesik bir
matematiksel model ve bir matsezgisel algoritma Onerilmistir.
Onerilen ¢oziim yaklasimlarmin performansi farkli boyutlara sahip
test problemleri kullanilarak gosterilmistir.
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The two-dimensional cutting problem is the problem of determining
how to cut small-sized pieces from a large-sized plate. Since it is
widely applied in industry, it is frequently addressed in the
literature. In these studies, the aim is usually to minimize the use of
stock materials or to minimize waste, but the scheduling dimension
is neglected. In the literature, studies that consider these two
essential problems together either ignore or consider only one of
them, such as the 90° rotation of the order pieces or the presence of
different stock material sizes, which would further increase the
complexity of the problem. However, each of these features can lead
to more successful solutions to the problem. Therefore, in this study,
we consider a bi-objective, two-dimensional cutting, assortment,
and scheduling problem where the order pieces are allowed to be
rotated by 90°. The objectives of the problem are to minimize total
waste and total order tardiness. An integrated mathematical model
and a matheuristic algorithm are proposed to solve the problem. The
performance of the proposed solution approaches is demonstrated
using test problems with different sizes.
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1. GIRIS

Kesme islemi, en genel hali ile farkli veya ayn1 geometrik sekillere sahip bir dizi bilyiik nesneden bir dizi
kiigiik nesne elde edilmesidir. Kiigiik nesnelerin kesildigi bilyiik nesneler genellikle ana malzeme olarak
adlandirilmaktadir. Kiiciik nesnelere ise genellikle siparig parcast denmektedir. Siparis parcalariin bir ana
malzeme iizerine nasil yerlestirildigini gosteren plana ise kesme plani denmektedir. Kesme problemleri
kesme agamasinda dikkate alinan boyut sayisina gore bir, iki ve li¢ boyutlu olmak {izere ii¢ ana sinifa
ayrilabilir. iki boyutlu kesme problemi belirli smnirlara sahip iki boyutlu ana malzemelerden daha kiiciik
boyutlu siparis parcalari kesildiginde ortaya c¢ikar. Ana malzeme ve siparis parcalar1 dikdortgen, tiggen,
daire vb. geometrik sekillere sahip olabilecegi gibi diizensiz bir yapida da olabilir [1-3]. Sanayide iki
boyutlu kesme problemleri ile ¢elik veya cam levhalarin daha kiigiik pargalara kesilmesi, mobilya liretmek
icin ahsap levhalarin kesilmesi vb. [4] cok yaygin karsilagiimaktadir. Bu 6rneklerin dnemli bir boliimiinde
hem ana malzeme hem de siparis pargalari dikddrtgen bigimindedir.

Problem toplam firenin enkiigiiklemesi amaci ve siparis par¢alarinin en az talep kadar kesilmesi kisiti ile
modellendiginde kesme problemi olarak adlandirilmaktadir. Ayni problem her siparis pargasi bir ana
malzemeye yerlestirilmeli kisit1 ve kullanilacak ana malzeme sayisinin enkiicliklenmesi amact ile
modellendiginde ise genellikle paketleme problemi olarak adlandirilmaktadir. Eger problemde talep
kisitlar1 yer aliyorsa bu kisit genellikle biiyiik esitlik biciminde olmaktadir. Oysa 6zellikle siparis tipi {iretim
yapan isletmeler igin talep fazlasi her iiretim 6nemli bir maliyet kalemidir. Bu tip modeller, amag
fonksiyonlar1 da firenin en kii¢iikklenmesi bi¢ciminde tariflenmis ise firesiz kesme planlarindan gok biiylik
sayilarda tiiretebilir ve ¢ok fazla sayida talep fazlasi {iriin kesilmesini planlayabilirler. Bu nedenle amag
fonksiyonu firenin en kii¢iiklenmesi bigimde ise talep fazlasi iiretimin Oniine gegebilmek igin talep
kisitlarinin esitlik bigiminde tariflenmesi 6nemlidir.

Siparis parcgalarinin kesilecegi ana malzemelerin hepsi ayni boyuta sahip degilse ve her bir ana malzeme
tipinden stokta belirli sayida mevcutsa, siparis pargalarinin nasil kesileceginin belirlenmesinin yani sira her
bir kesme planinin hangi boyuta sahip ana malzemeden kesileceginin de belirlenmesi gerekir. Bu karar
dogal olarak problemin karmasikligini arttiracaktir ancak firelerin azaltilabilmesine de dnemli bir firsat
yaratacaktir. Benzer sekilde parcalarin ana malzemeye 90° dondiiriilerek de yerlestirilebilmesi durumunun
dikkate alinmasi da hem problem karmasikligini hem de toplam firenin azaltilmasi firsatin1 birlikte
arttirmaktadir.

Kesme problemleri, endiistride yaygin bir kullanim alanina sahip olmasi nedeniyle son yillarda da
arastirmacilarin ilgi odagi olmaya devam etmektedir. Russo ve arkadaglari [5], tiretim basta olmak tizere
cok sayida gercek uygulama caligmasi dikkate alindiginda iki boyutlu kesme problemine biiyiik bir ilginin
oldugundan bahsetmislerdir. Literatiirdeki iki boyutlu kesme problemini ele alan ¢aligmalar incelendiginde
cogunlukla firelerin azaltilmasina odaklanildig: goriilmektedir [6-9]. Oysa pek ¢ok isletme igin siparis
pargalarinin firesiz/en az ana malzeme ile iiretimi kadar {iretilen siparis par¢alarinin miisteriye zamaninda
teslim edilmesi de kritiktir. Bu nedenle, son yillarda kesme ve paketleme problemleri, ¢izelgeleme
problemleri ile birlikte ele alinarak siparislerin teslim zamanlar1 géz 6niinde bulundurulmaktadir [10-17].
Kesme ve ¢izelgeleme biitiinlesik problemini birlikte ele alan ve siparislerin teslim zamanlarini dikkate alan
calismalar Cizelge 1°de verilmistir. Cizelge 1, alt1 boliimden olugmaktadir. ilk béliimde incelenen galisma
ikinci boliimde problemin tipi; kesme (K) ya da paketleme (P), iigiincii boliimde talep kisitlarinin yapisi;
biiyiik esitlik (>) ya da esitlik (=), dordiincii bélimde ana malzemenin 6zellikleri; hepsinin ayni boyutta
olmast (4), farkli boyutta olmasi (F), stok miktarlarinin sinirli olmasi (S), besinci boliimde siparis
pargalarinin kesme planina yerlestirilirken 90° déndiiriilmesine izin verilip verilmedigi ve son boliimde de
¢Oziim yontemi verilmistir.

Cizelge 1 incelendiginde, problem kesme problemi bi¢giminde modellendiginde genellikle talep kisitlarinin
biiyiik esitlik biciminde oldugu ve ana malzemelerin stoktaki miktarlarinin sinirlandirilmadigtr goze
carpmaktadir. Sadece iki ¢aligmada farkli ana malzeme ebatlarinin olabildigi durum incelenmistir. Problem
paketleme problemi bi¢ciminde modellendiginde ise her parca bir ana malzemeye atandigindan talep tam
olarak karsilanmakta talep fazlasina izin verilmemektedir. Bu ¢alismalarda genellikle ana malzemenin ayni
ebatlara sahip oldugu durum incelenmistir. Az sayida ¢aligmada [15-17] parcalarin 90° dondiiriilmesine
izin verilmistir. Kesme ve ¢izelgeleme biitiinlesik problemi olduk¢a karmagik bir problemdir bu nedenle
karmasikligi daha da arttiracak ana malzeme se¢imi ya da pargalarin 90° dondiiriilme karari gibi ek
karlardan genellikle kaginilmis ya da sadece birisi goz oniinde bulundurulmustur. Cizelgeden de
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goriilebilecegi gibi, bu calisma kesme ve ¢izelgeleme biitiinlesik problemine ana malzeme sec¢imi ve 90°
dondiirme ek kararlarinin birlikte dahil edildigi ilk ¢alismadir.

Cizelge 1. Siparislerin teslim zamanlarini dikkate alan ¢aligmalar

Talep Ana
Jasitl ] 90° . .
Calisma Problem faSitlart _maizeme dénme Coziim yontemi
> = 4 F S
Bu v v v’ v Matsezgisel algoritma
caligma
[10] K v v Sezgisel yontemler
[11] K v v Sezgisel yontem
[12] KveP VvV v v Guguk kusu arama, yarasa algoritmasi ve ¢igek tozlagsma algoritmasi
[13] P v v v Yinelemeli aggozlii algoritma
[14] P v v v Kisith programlama
[15] P v v v v Yinelemeli kisitli programlama
[16] P v v v Sirali deger diizeltme sezgisel yéntemi
[17] P v v v Genetik algoritma

K: kesme, P: paketleme, 4: ayn1 boyut, F: farkli boyut S: stok miktart sinirl

Cizelge 1°de yer alan ¢aligmalar ¢6ziim yontemleri agisindan degerlendirildiginde problemin NP zor dogasi
nedeniyle tiimiiniin sezgisel veya metasezgisel ¢oziim yontemlerini benimsedikleri goriilmektedir. Bu
caligma ele alinan probleme ilk defa biitlinlesik bir matematiksel model ve matsezgisel algoritma dnerilmesi
yOniiyle de 6zgiindiir.

Calismanin izleyen boliimiinde ele alinan problem ayrintili bir sekilde agiklanmig ve dnerilen biitiinlesik
matematiksel model sunulmustur. Uciincii boliimde gelistirilen matsezgisel algoritmaya, dordiincii
bolimde ise deneysel sonuglara yer verilmistir. Calismanin son bdliimiinde elde edilen sonuglar tartigilmis
ve gelecege yonelik oneriler sunulmustur.

2. ELE ALINAN PROBLEM VE ONERILEN MATEMATIKSEL MODEL

n gesit siparis parcasi m ¢esit ana malzemeden kesilecektir. Hem siparis parc¢alart hem de ana malzemeler
dikdortgen bigimindedir. Kesilecek pargalar ana malzemeye ¢akismayacak sekilde yerlestirilmelidir. Bir
ana malzeme iizerine siparis pargalarinin nasil yerlestirilmesi gerektigini gosteren ¢izime kesme plani denir.
Siparis parcalar1 ana malzemeye 90° dondiiriilerek de yerlestirilebilir. Ayarlanabilir en ve boy bigaklarina
sahip bir kesme makinasi bulunmaktadir, dolayistyla giyotin kesme sart1 yoktur. Bir ana malzeme igin
hazirlik ve kesme siiresi toplami (y) sabittir. Bir ana malzeme kesildiginde siparis pargalart diginda
kullanilmayan parcalar olustu ise bunlar fire olarak adlandirilmaktadir. Ele alinan problem ii¢ temel
problemin bir arada dikkate alindig1 biitiinlesik yapidadir. Bu problemler sirasiyla (1) kullanilacak ana
malzemelerin belirlenmesi (2) herbir ana malzemeden kesilecek siparis pargalarinin belirlenmesi ve (3) ana
malzemelerin kesim sirasinin belirlenmesidir. Miisteriden gelen her siparigin (») bir teslim zamani (d,)
vardir. Bir sipariste yer alan tiim pargalar farkli bir indis numarasi ile isaretlenirler. Ancak her siparis
parcasinin hangi siparise ait oldugu bir parametrede (t;) saklanir. Bir siparigin tamamlanma zaman (C,.),
siparisteki son par¢anin tamamlanma zamanina esittir. Ornegin son pargasi 6. sirada kesilen bir siparisin
tamamlanma zamani 6y ’dir. Bir siparis teslim zamanindan sonra tamamlanirsa (C, > d,.) siparis gecikir. 7.
siparisin gecikme siiresi (T.), tamamlanma zamanindan teslim zamanini ¢ikarilarak (C, — d,) hesaplanir.
Her ana malzemeden stokta belli bir sayida (s,) mevcuttur. Bir ana malzeme en fazla stok sayis1 kadar
kullanilabilir. Ele alinan problemin toplam firenin enkii¢iiklenmesi ve toplam gecikmenin enkiigiiklenmesi
olmak tizere iki amaci vardir.

Ele alinan problemin ¢ziimii i¢in bir matematiksel model gelistirilmistir. Onerilen matematiksel modelin
varsayimlari, indisleri, parametreleri ve karar degiskenleri asagida listelenmistir.
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varsayimlar:

¢ Elde tiim driinlerin taleplerinin karsilanabilecegi kadar ana malzeme stogu mevcuttur.

e m gesit ana malzemeden her biri sinirh sayida stoga sahiptir. Ve bir ana malzemenin kullanim
stogunu agsamaz.

o Kesme ve kesmeye hazirlik siiresi kesilecek ana malzeme ve siparis par¢alarindan bagimsizdir. Sabit
bir siiredir ve bilinmektedir.

e Her bir parcadan tam talep kadar kesilecektir. Talep karsilandiktan sonra fazladan iiretim
yapilmayacaktir.

« En kiigiik ana malzeme boyutlari en biiyiik siparis parcasina esit ya da daha biiyiiktiir.

indisler:

i,j € 1= {1,2,..,n} siparis par¢asi indisi

p € P = {1,2,..,m} ana malzeme indisi

k € K= {1,2,...,q} kesme plani (sira) indisi
r € R= {1,2,..,0} siparis indisi

parametreler:

L, : p. ana malzemenin boyu

W, : p. ana malzemenin eni

l; : 1. siparis parcasinin boyu

w; : 1. siparis par¢asinin eni

Sp : p. ana malzemeden stokta bulunan adet
t; : 1. siparis pargasinin ait oldugu siparis

d, : 1. siparigin teslim zamani

d; : . siparig par¢asinin teslim zamani1 d; = dy
4 : bir kesme islemi i¢in hazirlik ve kesme siiresi toplami
M : yeterince bilyiik pozitif bir say1

F.pp: biitiinlesik modelin ilk amac1 (toplam fire) i¢in iist sinir degeri Fep,p, = I X Iplp x 21

m 4
T.np: biitiinlesik modelin ikinci amaci (toplam gecikme) i¢in tist sinir degeri Toypp, = 2 (q ¥ — d,)

karar degiskenleri:

zE : 1. siparis par¢asi k. kesme planinda kesilecekse 1, kesilmeyecekse 0.
T, : k. kesme plani olusturulduysa 1, olusturulmadiysa 0.
x; : i. siparis pargasinin agirlik merkezinin x koordinati
Vi : 1. siparis par¢asinin agirlik merkezinin y koordinati
a3 : k. kesme plani i¢in 1 ildi ise 1 ilmedi ise 0
ok k. p ¢in p. ana malzeme se¢ildi ise 1, segilmedi ise 0.
u; : i. siparis parcas1 90° dondiiriildiiyse 1, déndiiriilmediyse 0.
a;; : 1. ve . siparig pargalarinin enleri toplaminin yarisi
Bii : 1. ve . siparig parc¢alarinin boylari toplaminin yarisi
ejj,el, by, b i. ve j. siparig parcalariin ¢akismama kisitlarinda kullanilan 0-1 karar degiskenleri
(o : i. isin tamamlanma zamani
C, : . siparigin tamamlanma zamani
T, : . siparigin gecikme siiresi

(M®): Biitiinlesik matematiksel model

amag fonksiyonlari:

enkle = (Zp Yk Lpragk _ZiZkliwizgc) (1)
enk fZB =T (2
kasitlar:

Yizip = vi 3
Ly api = 1y Vi “
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Zi ch < nry, vk (5)
Zk agk < Sp Vp (6)
xi—xj—a; +M(B-zh -z —el) =0 Vi jli#jk )
xj—x;—a;+MGB—zf -z —el)=0  Vijli#jk (®)
Y=Y~ By +MQB—zj —zj —bj) 20 Vi jli#jk ©)
Yi—Yi— By +MB—zf— 2z —b}) =0 Vi jli#jk (10)
e +el+ bl +b=1 Vi, jli #j (11)
li(l—uiz)+wiui S yi Vl (12)
Sy Lpal, - WM >y M(1-2E)  Vik (13)
MO o Vi (14)
Ty Wpak, - SO > 5 — M(1-2B) Vik (15)
aij _ wi(l—ui)+w]-(12—uj)+liui+ljuj VL,jll ?e] (16)
li(l—ui)+l- 1-uj)+wiuij+wiu; P ,
Bij = : 2') B Vi, jli#j a7
C} = kyz5, Vi, k (18)
C,=( vi,rlt;=r (19)
T, > C, —d, vr (20)
X, v, Ci =0 Vi @2n
aij, iy =2 0 vi,j (22)
T,,C, =0 vr (23)
zE € {0,1} vi, k (24)
u; € {0,1} Vi (25)
ay, € {0,1} vp, k (26)
e}, e?, b, b% € {0,1) Vi, j 27

[k amag (1) toplam firenin, ikinci amag (2) ise siparis gecikmeleri toplaminin enkiigiiklenmesidir. Kisit (3)
her par¢anin bir kesme planina atanmasini, kisit (4) ise olusturulan her kesme planinin kesilecegi ana
malzemenin secilmesini saglar. Kisit (5), ancak bir kesme plani olusturulduysa bu kesme planina siparis
pargasi atanabilmesine izin verir. Kisit (6), ana malzeme kullanimlariin stoklar1 agmamasini garanti eder.
Kisit (7)-(11) ayn1 kesme plani i¢in secilen herhangi iki parganin ¢akismamasini saglar. Kisit (12)-(15),
kesilecek parcalarin x ve y koordinatlarinin ana malzemenin eni ve boyu sinirlart igerisinde olmasini
saglamaktadir. Kisit (16), i. ve j. parcalarin enlerinin toplaminin yarisinin hesaplanmasini saglar. Kisit (17),
i. ve j. parcalarin boylarinin toplaminin yarisinin hesaplanmasini saglar. Kisit (18), bir par¢anin, kisit (19),
bir siparigin tamamlanma zamaninin hesaplar. Kisit (20), siparislerin gecikmelerini belirler. Kisit (21)-(27)
isaret kisitlaridir.

Amaglar klasik agirliklandirma yontemi ile birlestirilmistir. Amaglarin ayni dlgege getirilebilmesi igin her
iki amagcta iist sinir degerlerine boliinmiistiir. Amaglar esit 6neme sahip oldugundan agirliklart 0,5 olarak
almmustir. Birlestirilmis amag fonksiyonu Esitlik (28)’de verilmistir.

B _ o5 tt Sz
enk f% =057 b+0,5 (28)

Tenb
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3. GELISTIRILEN MATSEZGISEL ALGORITMA

Gelistirilen matsezgisel algoritmanin temel mantigi, her seferinde teslim zamani yaklasan siparis
pargalarini, se¢ilen bir ana malzemeye en az fire olusturacak sekilde yerlestirmek ve bu sekilde bir kesme
plani olusturmaktir. Olusturulan kesme planinda yer alan pargalar hangi siparise ait iseler ilgili siparisten
diisiiliirler. Kullanilan ana malzeme de stoktan diisiiliir. Kesilecek pargalar tamamlanana kadar kesme plam
olusturulmaya devam edilir. Algoritmada kesme plan1 olusturma alt problemi bir matematiksel model (M4)
ile ¢oziilir. Her seferinde sadece bir kesme plani olusturulacagindan, biitiinlesik matematiksel modelin
amag¢ fonksiyonlarmin bu modelde dogrudan kullanilabilmesi miimkiin degildir. Bu nedenle alt problemin
amag fonksiyonlari asil amag fonksiyonlarina hizmet edecek sekilde yeniden tasarlanmistir. Alt problemin
ilk amaci se¢ilen ana malzemenin firesini enkiigiiklemektir. Bu amag bu haliyle ele alindiginda kesilmeyen
pargalart goz ardi etmektedir. Kalan pargalarinda g6z oniinde bulundurulabilmesi i¢in kalan pargalarin
alanlar1 toplamu kiigiik bir katsay1 ile ¢arpilarak ceza olarak amag fonksiyonuna eklenmistir. Bu sayede alt
problemin kesme plani olustururken miimkiin oldugunca ¢ok siparis pargast segmesi saglanmistir. Alt
problemin ikinci amact, secilen parcalarin teslim zamanlar1 toplamini enkiigiiklemektir. Benzer sekilde yine
kalan pargalarin goz oniinde bulundurulabilmesi icin secilmeyen parcalarin teslim zamanlar1 ceza olarak
eklenmistir. Onerilen matsezgisel algoritmada kullanilan parametreler ve algoritmanin adimlari asagida
verilmistir.

parametreler:

Sp: p. ana malzemeden stokta kalan adet

W;: i.siparis pargast kesildi ise 1, kesilmedi ise 0.
p: ¢ok kiiciik pozitif say1 (0,001)

T: pozitif say1 (1000)

Matsezgisel Algoritma

Girdi. Siparis teslim zamanlari (d,.), siparis parcalarinin hangi siparise ait oldugu (t;), ana malzeme stok
adetleri (s, ) ve bir kesme isleminin siiresi ().

Adim 0. Kesme plani/sira indisini (k) sifir yap, k = 0. Siparis parcalarmin teslim zamanlarim (d;) ait
olduklari siparigin teslim zamanina esitle, d; = d;,. Ana malzemelerin kalan stok adetlerini (sp),
baslangig stok adetlerine esitle, s, = s,,. Tiim siparis parcalarini hangi siparise ait olduklarmna gore
ilgili V. kiimesine ata. V; UV, U ..UV, = V.

Adim 1. Kesme plany/sira indisini bir arttir. k = k + 1. (M#) modelini ¢dzerek sp > 0 olan bir ana malzeme
(p") sec ve V kiimesindeki siparis pargalarimi kullanarak kesme plani k’y1 tiiret. (M4) modeli
tarafindan segilen siparis pargalarimi k. kesme planina aktar, z},, = z;. {lgili kesme planimin firesini
(Fy) hesapla, F, = ¥, L,W,a,, — ¥, iw;z;.

Adim 2. Kesme plani k’da yer alan siparig parcalarmi ilgili V. kiimesinden ¢ikar. Eger r. siparis

tamamlandiysa, V, = @, r. siparigin tamamlanma zamanini (C,.) hesapla, C, = ky. r. siparigin

{Cr -d, C.>d,
0

C.<d, - k. kesme plani i¢in toplam gecikmeyi (6;,)

gecikmesini (7;.) hesapla, T, =
hesapla, 8, = >, Ty.

Adim 3. Kullanilan ana malzemenin stogunu giincelle. s, = s, — 1. Eger herhangi bir ana malzemeden elde
kalmadi ise (s, =0) bu ana malzeme sonraki kesme planlari igin (M#) modeli tarafindan
segilemez.

Adim 4. V # @ ise Adiml’e git, V = @ ise DUR. Toplam fireyi (FT) hesapla, FT = Y F,. Toplam
gecikmeyi (87) 67 =Y, 6, formiilii ile hesapla. Birlestirilmis amag fonksiyonu degerini (z), z
T T
L0
Fenb Tenb

formiilii ile hesapla.

Cikti. Kesme planlarinin siras1 (k), her bir kesme planinda hangi siparis pargalarmin yer aldig (zj),
siparislerin tamamlanma zamanlari (C,), gecikme siireleri (T;.), ana malzeme kalan miktarlar (sp),
toplam fire (FT) ve toplam gecikme (87).
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Onerilen matsezgisel algoritmanin Adim [’inde kullanilan (M4) modeli i¢in tanimlanan ek karar
degiskenleri, modelin amag fonksiyonlari ve kisitlar1 agsagida verilmistir.

karar degiskenleri:
z{': i. siparis pargasi kesilecekse 1, kesilmeyecekse 0.

a{,‘: p. ana malzeme segildi ise 1, secilmedi ise 0.

(M#): Alt problem

amag fonksiyonlari:
A _ (Zp Lprag_ZiliWizlA) A
enk fi" = Worelorl?) +p Lo Liwi (1 — 2{) 29
A _ _ Yidiz Lo
enkf;" = S0 al + TZiI,uL->O al 1-2z) (30)
kisitlar:
xi—xj—aij +M(3—Z{4—Z]A—ei1j)20 Vl,]ll:/—'] (31)
xi—xi—a;+M3B—zf -z —e})=0 Vi, jli # j (32)
Vi—yi =By +MGB—zf =z —b}) =0 Vi, jli #j (33)
Yi—Vi— By +MGB—zf =z —=b}) =0 Vi, jli # j (34)
elj+ef+ b +bh=1 Vi jli #j (35)
Ypap =1 (36)
li(l—u;)+wiui < y; Vi (37)
Ty byl - L 5, i o8)
Wi(l_lgi)"'liui < x; Vi (39)
Sy Wy, - LU > vi (40)
wi(1-u)+w;(1-u;)+Lu+lu; . oas i
a; = 1(2 ) {hod] Vi, jli # j (41)
L(1—u)+i(1—up)+wiug+wju; C e, .
Bij = ! 2] — Vi, jli #j (42)
2 < vi (43)
ay <s, Vp (44)
X,y =0 Vi (45)
a;j, Bij 2 0 vij (46)
z{,u; € {0,1} Vi 47
ay € {0,1} vp (48)
e}y, ef, bl b € {0,1) vi,j (49)
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[k amag (29) firenin enkiiciiklenmesidir. ikinci amag (30) ise segilen siparis parcalarinin teslim zamanlar
toplaminin enkiigiiklenmesidir. Bu amag¢ gecikmelerin azaltilmasina hizmet etmektedir. Kisit (31)-(35),
dikdortgen ana malzemeden kesilmek iizere segilen herhangi iki parcanin ¢akismamasini saglar. Kisit (36)
bir ana malzemenin secilmesini saglamaktadir. Kisit (37)-(40), kesilecek pargalarin x ve y koordinatlarinin
ana malzemenin eni ve boyu smnirlar igerisinde olmasini saglamaktadir. Kisit (41), i. ve j. pargalarin
enlerinin toplaminin yarisinin hesaplanmasini saglar. Kisit (42), i. ve j. pargalarin boylarinin toplamimin
yarisinin hesaplanmasini saglar. Kisit (43), sadece heniiz kesilmemis pargalarin segilmesine izin verir. Kisit
(44), sadece stokta kalan ana malzemelerden birisinin segilmesine izin verilir. Kisit (45)-(49) isaret
kisitlardir.

4. DENEYSEL SONUCLAR

Farkli boyutlardaki test problemleri, 6nerilen biitiinlesik matematiksel model ve matsezgisel algoritmanin
performanslarini géstermek i¢in kullanilmistir. Tiim testler, GAMS 44.4'iin CPLEX ¢6ziiciisii ile 2.40 GHz
Intel Core i5 ve 8 GB RAM'e sahip bir bilgisayarda ¢oziilmiistiir. Coziim siiresi 10800 saniye ile
sinirlandirilmastir.

4.1. Oyuncak Problem
11x13 ve 1515 ebatlarina sahip iki ana malzemeden 6 farkli boyuta sahip siparis parcalari kesilecektir.

Ureticinin elinde birinci ana malzemeden 1 adet ikinci ana malzemeden ise 3 adet mevcuttur. Siparis
parcalarinin en (w;) ve boylari (I;) Cizelge 2’de verilmistir.

Cizelge 2. Siparig pargalarinin en ve boylari

i w; l;
1 2 5
2 6 9
3 5 13
4 3

5 4

6 5 13

Cizelge 2’de verilen siparis pargalarinin her biri bir siparise aittir. Bu oyuncak problemde toplam ii¢ siparis
bulunmaktadir. Birinci siparis; siparis parcasi 1 ve 2, ikinci siparis; siparis parcasi 3 ve 4, li¢lincii siparis;
siparig parcasi 5 ve 6’dan olugmaktadir. Siparislerin teslim zamanlari sirasiyla, 20, 35 ve 30’dur. Her bir
kesme iglemi i¢in hazirlik ve kesme siiresi toplami sabit olup 20°dir.

Oyuncak problem hem oOnerilen biitiinlesik model hem de matsezgisel algoritma ile ¢ozllmiistiir.
Biitiinlesik model ile 4,31 saniye de eniyi ¢dziime ulagilmistir. Toplam fire 126 ve toplam gecikme 5 olarak
elde edilmistir. Siparisler iki kesme plani olusturularak tamamlanmistir. Olusturulan ilk kesme planinda
siparis parcalarinin agirlik merkezlerinin koordinatlari Cizelge 3’de, kesme plani ise Sekil 1’de verilmistir.

Cizelge 3. ik kesme planinda siparis parcalarin agirlik merkezlerinin koordinatlar

! Xi Yi

1 1,0 2,5
2 5,0 10,5
5 13,0 10,5
6 8,5 2,5

Cizelge 3’ten de goriilebilecegi gibi ilk kesme planinda 1, 2, 5 ve 6 numarali siparis pargalart yer almistir.
[k kesme plani kesildiginde, 1. ve 2. siparis pargalarindan olusan birinci siparis ve 5. ve 6. siparis
parcalarindan olusan {igiincii siparig tamamlanmistir. Her iki siparisin tamamlanma zamanlar1 20 olarak
gergeklesmis ve gecikme yaganmamustir. Sekil 1’den goriilebilecegi gibi ilk kesme plani 15X 15 ebatlarina
sahip ikinci ana malzemeden kesilmistir. 6. siparis parcasi kesme planina 90 derece dondiiriilerek
yerlestirilmistir.
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15

v
Sekil 1. Biitiinlesik model ile elde edilen ilk kesme plani

Olusturulan ikinci kesme planinda siparis pargalarinin agirlik merkezlerinin koordinatlar1 Cizelge 4’de,
kesme plani ise Sekil 2°de verilmistir.

Cizelge 4. Ikinci kesme planinda siparis pargalarinin agirlik merkezlerinin koordinatlari

i X Vi
3 25 6.5
9,5 2,0

Cizelge 4’den de goriildiigii iizere, ikinci kesme planinda 3 ve 4 numarali siparig parcalari yer almstir.
Ikinci kesme plani kesildikten sonra 4. ve 5. siparis parcalarindan olusan ikinci siparis tamamlanmustir.
Siparis tamamlanma zamani 40 olarak gerc¢eklesmis ve siparis 5 birim gecikmistir. Sekil 2’den de
goriilebilecegi gibi, ikinci kesme plant 11X 13 ebatlarina sahip birinci ana malzemeden kesilmistir.

< 1 >

€l

v

Sekil 2. Biitiinlesik model ile elde edilen ikinci kesme plani

Oyuncak problem, matsezgisel algoritma ile ¢oziilmiis ve 0,11 saniyede eniyi ¢dziime ulasilmistir.
Biitiinlesik modelde oldugu gibi siparigler iki kesme plani olusturularak tamamlanmugtir. Olusturulan ilk
kesme planinda siparis pargalarinin agirlik merkezlerinin koordinatlar: Cizelge 5’de, kesme plani ise Sekil
3’de verilmistir.
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Cizelge 5. Ik kesme planinda siparis parcalarinin agirlik merkezlerinin koordinatlar

! Xi Yi
1 9,0 2,5
2 4,5 12,0
4 6,0 6,5
5 2,0 4.5
6 12,5 6,5

Cizelge 5°de de verildigi {izere, ilk kesme planinda 1, 2, 4, 5 ve 6 numarali siparis parcalart yer almistir.
Toplam fire 126 ve toplam gecikme 5 olarak elde edilmistir. Sekil 3’den de goriilebilecegi gibi, bu kesme
plan1 15X 15 ebatlarina sahip ikinci ana malzemeden kesilmistir. 2. ve 4. siparis parcalar1 kesme planina 90
derece dondiiriilerek yerlestirilmistir.

15

v

o
w

v
Sekil 3. Matsezgisel algoritma ile elde edilen ilk kesme plani

Olusturulan ikinci kesme planinda siparis pargasinin agirlik merkezlerinin koordinatlar1 Cizelge 6’da,
kesme plani ise Sekil 4’de verilmistir.

Cizelge 6. Ikinci kesme planinda siparis pargalarinin agirlik merkezlerinin koordinatlari
i X Vi
3 2,5 6,5

Cizelge 6’dan da goriilebilecegi gibi, ikinci kesme planinda 3 numarali siparis pargast yer almigtir. Sekil
4’den goriildiigii lizere, bu kesme plant 11x13 ebatlarina sahip birinci ana malzemeden kesilmistir. 3.
siparig pargast kesme planinda dondiiriilmeden yer almistir.

11

v

<
w

€l

v
Sekil 4. Matsezgisel algoritma ile elde edilen ikinci kesme plant
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Her ne kadar hem matematiksel model hem de matsezgisel algoritma ile eniyi ¢6ziime ulagmis ve ayni amag
fonksiyonu degeri elde edilmis olsa da, matsezgisel algoritmanin her kesme planina miimkiin oldugunca
cok siparis parcasi sigdirma ¢abasi ilk kesme planlarinin daha az fireli olmasini saglamakta firenin 6nemli
bir kismi son kesme planinda olusmaktadir. Bu da kalan firenin daha sonra baska siparis pargalarinin
kesilmesinde kullanilabilme sansi yaratmaktadir.

4.2. Test Problemleri

Onerilen  biitiinlesik matematiksel modelin ve matsezgisel algoritmanin  performanslarini
degerlendirebilmek icin toplam 12 test problemi tiiretilmistir. n, o, t;, l; ve w; parametrelerinin degerleri,
Beasley [15]’nin OR Kiitiiphanesi’ndeki ngcutinfo adli 2, 4, 6, 8, 10 ve 12 numarali test problemlerinden
alinmgtir. m, L, ve W,’de Beasley [15]’in test problemleri dikkate alinarak tiiretilmistir. s, degerleri,
Esitlik (50)’de verilen formiilasyon ile hesaplanmistir. y degeri 50 olarak alinmustir. g degerleri ise Esitlik
(51)’de verilen formiilasyon ile hesaplanmustir. d,. parametre degerleri [1, q y] araliginda kesikli diizglin
dagilima uygun olarak tiiretilmistir.

(Zili w;) 2
5 = [ e l vp (50)
_ | Ziliw;
q= [enkp(Lpr) (51)

Test problemleri, TP-6rnek numarasi-m seklinde adlandirilmustir. Ornegin TP-1-2 adli test problemi iki
¢esit ana malzemenin oldugu ilk test problemini ifade etmektedir. Test problemlerinin 6zellikleri Cizelge
7°de verilmistir. Bu cizelge dort siitundan olusmaktadir. ilk siitunda test problemi ismi, ikinci siitunda ana
malzemelerin ebatlar1 (L, W},), iigiincii siitunda siparis say1s1 (0) ve son siitunda ise kesilecek siparis parga
sayisi (n) verilmistir.

Cizelge 7. Test problemlerinin dzellikleri

Test Test

problemi (L, Wp) ° " problemi (L, Wp) ? "
(10,10) (10,10)

TP-1-2 (30.30) 5 7 TP-4-2 (30.30) 7 17
(10,10) (10,10)
(15,10) (15,10)

TP-1-4 (20.20) 5 7 TP-4-4 (20.20) 7 17
(30,30) (30,30)
(10,10) (30,30)

TP-2-2 (30.30) 7 13 TP-5-2 (40.40) 5 13
(10,10) (30,30)
(15,10) (35,30)

TP-2-4 (20.20) 7 13 TP-5-4 (35.35) 5 13
(30,30) (40,40)
(10,10) (30,30)

TP-3-2 (30.30) 10 15 TP-6-2 (40.40) 10 22
(10,10) (30,30)
(15,10) (35,30)

TP-3-4 (20.20) 10 15 TP-6-4 (35.35) 10 22
(30,30) (40,40)

4.2. Test Sonuclari

Test problemleri 6nerilen biitiinlesik model ve matsezgisel algoritma ile ¢oziilmiistiir. Elde edilen ¢oziimler,
Cizelge 8’de verilmistir. Tablo ii¢ boliimden olusmaktadir. ilk béliimde test problemlerinin isimleri, ikinci
ve liglincii boliimlerde ise sirastyla biitiinlesik model ve matsezgisel algoritma ile elde edilen toplam fire
(f1), toplam siparis gecikmesi (f,) ve ¢ozlim siiresi (stire) degerleri yer almaktadir.
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Cizelge 8. Test problemlerinin sonuglari

Problem Biitiinlesik model Matsezgisel algoritma

fi 1 stire(sn.) fi 1 stire(sn.)
7B-1-2 738 25 0,12 738 25 0,22
7B-1-4 88 25 0,86 238 25 0,80
T7B-2-2 267 36 33,97 267 36 1,03
TB-2-4 167 79 10800 267 36 2,88
7B-3-2 610 71 1,64 610 71 0,56
TB-3-4 60 74 10800 110 71 15,19
7P-4-2 23 216 10800 623 154 6,38
TB-4-4 73 179 10800 123 154 37,28
7B-5-2 780 57 10800 780 57 500,14
TB-5-4 230 137 10800 780 133 500,13
TP-6-2 204 262 10800 904 161 500,25
7B-6-4 354 65 10800 354 42 500,28

Cizelge 8’den de goriilebilecegi gibi, matematiksel model ve matsezgisel algoritma ile elde edilen ¢oziimler
baskinlik acisindan degerlendirilmis ve baskin ¢oziimler koyu renk ile isaretlenmistir. Sadece 7B-1-2
problemi i¢in matematiksel modelle elde edilen ¢6ziim matsezgisel ¢oziimiine zayif baskindir. 7B-6-4
problemi i¢in ise matsezgisel algoritma ile elde edilen ¢6ziim matematiksel model ¢oziimiine zayif
baskindir. Diger tiim problemler i¢in elde edilen ¢dziimler birbirine baskin degildir. Dolayisiyla ¢éziim
kalitesi agisindan degerlendirildiginde her iki ¢dziim yaklasiminin da problemlerin %92’sinde basarili
oldugu goriilmektedir. Parga sayisinin 13 ve lizerine giktigi test problemlerinde biitiinlesik modelin ¢6ziim
stiresinin ¢ok arttig1 ve siire limiti ile durdugu goriilmektedir. Ancak matsezgisel algoritma tiim problemler
icin enfazla 500 sn. i¢inde basarili ¢dzlimlere ulagsmistir. Coziim siiresi agisindan karsilagtirma yapildiginda
Ozellikle problem boyutu biiylidiikce matsezgisel algoritmanin 6nemli bir avantaja sahip oldugu
goriilmektedir. Matsezgisel algoritma matematiksel modele kiyasla ortalama %72 daha kisa siirede basarili
cdziimlere ulasabilmistir. Ozetle, kiigiik boyutlu problemler igin biitiinlesik modelin, 13 ya da daha fazla
siparis parcasina sahip daha biiylik boyutlu problemler icin ise gelistirilen matsezgisel algoritmanin
kullanilmasi 6nerilmektedir.

5. SONUC VE ONERILER

Bu calismada, siparislerin teslim zamanlarinin dikkate alindig1 iki boyutlu kesme ve ¢izelgeleme problemi
ele alinmustir. Ayrica farkli boyutlarda ana malzemelerin oldugu ve siparis pargalarinin 90° donmesine izin
verildigi durumlarda g6z oniinde bulundurulmustur. Ele alinan problemin ¢dziimii i¢in fire miktarinin ve
sipariglerin teslim zamaninin enkiigiiklenmesini amaglayan biitiinlesik ¢ok amagli bir matematiksel model
ve bir matsezgisel algoritma dnerilmistir. Onerilen modelin ve algoritmanin performanslarini gosterebilmek
icin farkli boyutlarda test problemleri ¢oziilmistiir. Elde edilen ¢6ziimler incelendiginde, hem Onerilen
model hem de algoritma ile problemlerin %92 sine basarili ¢dziimler bulunmustur. Onerilen model, kiigiik
boyutlu problemler i¢in makul siirede yiiksek kaliteli ¢oziimler bulabilmektedir ancak problem boyutu
arttikca ¢ozlim siireside artmaktadir. Bu nedenle biiyiik boyutlu problemlerin ¢dziimil igin ayrica bir
matsezgisel algoritmada gelistirilmistir. Yapilan deneyler 6nerilen matsezgisel algoritmanin ¢6ziim siiresini
ortalama %72 kisaltigint ve Ozellikle biiyilk boyutlu problemleri makul siireler iginde basariyla
¢Ozebildigini gostermistir. Bu sayede, matsezgisel algoritma ¢dziim siiresi agisindan igletmelere 6nemli bir
katk: saglayacaktir. Gelecekte, teslimat siireleri gercek diinya belirsizliklerini daha iyi yansitmak igin
stokastik olarak modellenebilir. Dinamik talep kosullar1, kalite kontrol gereksinimleri ve yalnizca malzeme
israfin1 degil ayni1 zamanda enerji tiiketimini de en aza indirmeye odaklanan hedefler gibi ek 6zellikler de
problem cergevesine dahil edilebilir. Ek olarak, ele aliman problemin ¢ézliimii i¢in melez algoritmalar ve
makine 6grenimi tabanli sezgisel yontemler dahil olmak iizere gelismis optimizasyon tekniklerini kullanan
yeni ¢ozliim yaklasimlar: gelistirilebilir.
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In this study, silicone finishing chemicals were produced using organo-
modified, amino-functional silicone oils and polar additives
(polyethyleneglycol). Silicone emulsions are affected by many factors.
These are the type of oil used when producing silicone softener
emulsions, the ratio of emulsifiers, hydrophile-lipophile balance ( HLB)
values of emulsifiers, particle size of the silicone finishing chemicals
produced, and viscosity of silicone emulsions. After the application,
quantitative handle, soft feel, particle size analyzes of the prepared
silicone finishing chemicals, CIELab color, and Berger whiteness index
measurements were evaluated. As a result, organo-modified and amino-
functional silicone finishing chemicals caused the handle, softness
properties, and color differences in cotton knitted fabrics. The large
particle size of emulsions caused the large color difference, which is
calculated from the changes in color coordinates. The main factor
affecting the softening (quantitative behavior) of fabric samples applied
with silicone finishing chemicals is the number of amino groups. At pH
5.5, the better handle and softness properties were obtained as more
secondary amine groups were ionized. The particle size and viscosity of
silicone finishing chemicals have an effect on the handle of fabric
samples.
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Bu calismada organo-modifiye ve amino-fonksiyonel silikon yaglar1 ve
polar katki maddeleri (polietilenglikol) kullanilarak silikon bitim
kimyasallar1 iiretilmistir. Silikon emiilsiyonlar1, bir¢cok faktoérden
etkilenir. Bunlar, silikon yumusatici emiilsiyonlari iiretilirken kullanilan
yagin cinsi, emiilgatorlerin orani, emiilgatorlerin hidrofil-lipofil denge
(HLB) degerleri, tiretilen silikon emiilsiyonlarinin parcacik boyutlar1 ve
silikon emiilsiyonlarmin viskozitesidir. Uygulama sonrasinda kantitatif
tutum, yumusaklik hissi, hazirlanan silikon emiilsiyonlarinin partikiil
boyut analizleri, CIELab renk ve Berger beyazlik indeksi 6lgtimleri
degerlendirilmigtir. Sonu¢ olarak organo modifiye ve amino
fonksiyonlu silikon apre kimyasallarinin pamuklu 6rme kumaslarda
tuse, yumusaklik Ozellikleri ve renk farkliliklarina neden oldugu
goriilmiistir.  Emiilsiyonlarin ~ biiyiik  pargacik  boyutu, renk
koordinatlarindaki degisikliklerden hesaplanan bilyiik renk farkina
neden olmustur. Silikon apre kimyasallari uygulanan kumas
numunelerinin yumusamasini (kantitatif davranigini) etkileyen ana
faktér amino grup sayisidir. pH 5.5'te daha fazla ikincil amin grubu
iyonize edildiginden daha iyi tutum ve yumusaklik 6zellikleri elde
edilmistir. Silikon bitim kimyasallarinin pargacik boyutu ve viskozitesi,
kumas numunelerinin tutumu iizerinde etkiye sahiptir.
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1. INTRODUCTION

Cotton has a good handle and moisture absorption properties. The knitted fabric properties depend on many
factors, from the fiber properties to the structural properties of the yarn. The moisture properties of knitted
fabrics depend on the fibre type, fibre fineness, yarn type, yarn twist, fabric structure, and surface finishing
[1-3].

Due to the hydrophilic characteristics of cotton fibres, cotton knitted fabrics have better moisture
transmission properties. The minimum wet radius value for the top and bottom surfaces reflects good
moisture transport properties and a feeling of dryness. The high hygroscopic property of the fabric increased
moisture absorption and allowed sweat to dry faster from the skin [4,5]. 100% cotton knitted fabrics have
a longer wetting time and slower absorption rate.

Softeners provide surface softness by reducing the friction coefficient between fibers, and improve the wear
feeling of textile materials [6].

Silicones have hydrophobic properties, elasticity, and film-forming ability due to the low interaction
between Si-O-Si and methyl groups. Silicones with groups such as amino alkyls show super softness and
durability properties. These silicones are cross-linked to fibers by electrostatic forces and H bonds [7-9].

The softening effect of silicones depends on their amino groups. For pure cotton, the amine number is
important. Particle size and viscosity have little effect [10,11]. Amines are a class of nitrogen-containing
compounds used as dyes, polymers, and surfactants. Amino-functional silicones react with amino epoxy
groups to reduce yellowing.

Amino functional silicones provide the feature to knitted fabrics with weak acid bath. After applying amino
silicone softener, the fabrics become slightly yellowed. Ethylene amines are used to obtain a soft handle
[12].

Amino functional silicones showed softness and lubrication effect on polar fibers and did not cause any
change in the tone of the dyed fabric [13]. Amino silicone emulsions are sensitive to changes in bath pH.
In an acidic environment, amino groups have a positive charge and form an ammonium ion structure. This
group determines the stability of the emulsion. When the ammonium groups lose a proton in the alkaline
bath, the polarity of the silicone decreases, and the stability of the emulsion decreases [14].

Poly-ethoxylated amino silicone compounds have good absorption properties with the amino groups in their
structure. Amino silicones are most used in textile applications. They provide permanent softness to the
fabric [15].

Organo silicone compounds are polymeric materials and consist of a silicon-oxygen chains and
hydrocarbon radicals. Organo-silanes have been used in various applications such as adhesion or the surface
modification. Organofunctional silicones contain different groups: for instance, -NH,, -CH-CH»—O—
(epoxy), —NR;3", CI',-COOH, -NHCOR. Modified silicone materials indicate the hydrophilicity of finished
products. They have amino groups and high softness properties [16].

Textile finishing chemicals such as micro (<0.01pum) and macro (<0.1pm) have a milky feature [17].
2. REVIEW OF LITERATURE

There are some research works, where different types of silicone emulsions are used in cotton knitted
fabrics.

In studies [18,19], the organo-modified silicones were used. Reactivity and permanent softness were
achieved with silicone copolymers containing hydrophilic groups such as polyalkylene oxide, amine,
amide, or epoxy groups.
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In studies [20,21], the amino silicone based softeners were prepared with different emulsifiers. Amino
silicone hydrophobic film was applied to cotton and cotton/polyester blend fabrics by a coating process.
The polar silicone-oxygen bond was attached to the cotton fabric surface, and the silicone containing methyl
group formed a hydrophobic layer on the fabric surface [20]. Fixation of the amino-functional silicone
softener onto the cellulose structure enhanced the extent of crosslinking, provided high softness and
roughness decreased as the strength increased. Acceptable rubbing fastness results were achieved without
losing softness and permanent handle. The modified amine derivatives, such as amino ethyl, amino propyl
functional silicones, provided good softness and less yellowing due to their weaker interactions with the
fibers [21].

In study [22], the amino-modified silicone oil was synthesized by bulk polymerization. The amino value in
the emulsion was measured as 0.71 mmol/g. Amino modified silicone emulsion had a non-ionic character.
The handle (softness) property of the finished cotton knitted fabric was 5. In the softness test, the scale was
changed from 1 to 8, that 8 is the best softness and 1 is the harshest.

In studies [23, 24], the amino functional silicones were used. They formed hydrophobic film on the fabric
surface owing to strong dipole—dipole hydrogen bonding and electrostatic interactions with cellulosic
fibres.

The pH of the bath affected the softening properties of aminoalkyl functional siloxanes [25]. The softening
mechanism of aminoalkyl functional siloxanes was studied by molecular interaction. Softening
mechanisms included the interactions of aminoalkyl siloxane softeners with fiber. The amino groups
become cationic (-NH3") in acidic conditions and a strong bond with the fabric was formed through
ionization. The structure and particle sizes of mono-aminoalkyl siloxane polymer emulsions varied with
pH. At pH 6.0, amino groups become cationic (-NH3"), and one end group ionized. When the pH was
greater than 8, softness increased due to the change in the molecular structure of the cotton fiber.

Silicone softeners were synthesized in three different chemical ratios and applied to knitted and woven
cotton fabrics [26]. Various tests were carried out such as solid content, stability, fabric whiteness, tensile
strength and absorbency. As a result, it was determined that the best silicone softener increased the softness
of the fabric and imparted it less absorbent.

In this study [27], silicone oil was stabilized into nano or micro droplets by surfactant and guar gum. As a
result, it was determined that the use of HP-guar depended on the silicone concentration.

In this study [28], the effects of the silicone emulsions at different particle sizes on the performance of 100
% cotton knitted fabrics were examined. The silicone emulsions were applied to knitted fabric samples by
padding and exhausting methods. After treatments, CIELab, Berger whiteness index values, and particle
sizes were measured. After these tests, the change on the performance of the fabric samples was evaluated
depending on the particle size and the chemical structures of the silicone oils.

The effects of six types of softeners on the handle properties and washing durability of cotton and bamboo
knitted fabrics were investigated [29]. The washing durability of the softeners was tested after 5, 10 and 20
washes.

In this study, organo-modified and amino-functional polysilicone finishing chemicals were prepared using
different structures of silicone oils and polar additives. The prepared emulsions were applied to 100% cotton
(30/1 Ne) knitted fabric samples according to the impregnation-drying method. The effects of emulsifier
ratio, amino group content, and particle sizes of silicone emulsions on the softness (handle) and color values
of cotton knitted fabrics were examined. The color values and hand feeling of the treated fabrics were
evaluated.

3. MATERIALS AND METHODS

In this study, the production of organo-modified and amino-functional finishing silicone chemicals and
their effects on the softness and color values of cotton knitted fabrics were examined.
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3.1. Materials

100% cotton (30/1 Ne) knitting fabric as a t-shirt (265 g/m?) was employed in this study. Organo-modified
and amino-functional silicone oils were supplied by Terrasilicone, and additives (alcohol ethoxylates (IT3,
IT6, IT12) (polar auxiliaries) were supplied by Denge Chemistry.

3.2. Preparation of Organo-Modified and Amino-Functional Silicone Emulsion Recipes

To evaluate the effects of organo-modified and amino-functional finishing chemicals on post-application
softness and color values in 100% cotton single jersey fabric samples, 14 different oil-in-water-based
finishing silicone chemical recipes were prepared by using organo-modified and amino-functional silicone
oils. 14 different oil-in-water-based finishing chemical recipes were indicated in Table 1.

Table 1. Organo-modified and amino-functional finishing chemical recipes”
IT3- IT6- IT12- Protective

Water emulsifier emulsifier  emulsifier Oil Defoamer chemical pH
R1 45.6 1.5 2.5 50 0.3 0.1 5.5
R2 43.6 2.3 3.7 50 0.3 0.1 5.5
R3 45.6 322 0.78 50 0.3 0.1 5.5
R4 43.6 4.83 1.17 50 0.3 0.1 5.5
R5 45.6 0.92 3.08 50 0.3 0.1 5.5
R6 43.6 1.38 4.62 50 0.3 0.1 5.5
R7 45.6 1.93 2.07 50 0.3 0.1 5.5
R8 45.6 1.5 2.5 50 0.3 0.1 5.5
R9 45.6 1.93 2.07 50 0.3 0.1 5.5
R10 45.6 0.92 3.08 50 0.3 0.1 5.5
R11 43.6 1.38 4.62 50 0.3 0.1 5.5
R12 43.6 2.3 3.7 50 0.3 0.1 5.5
R13 43.6 4.83 1.17 50 0.3 0.1 5.5
R14 45.6 322 0.78 50 0.3 0.1 5.5

*Organo-modified silicone oil was used in (R1, R2, R3, R4, R5, R6, R7) and also amino-functional silicone oil was used in (R8, R9,
R10,R11,RI12,R13,R14)

In this study, IT3, IT6, and IT12 alcohol ethoxylates polar additives in each recipe were dissolved in water
for 5 min at 1000 rpm. Then, 50% organo-modified and amino-functional oil were added and mixed for 20
min at 1000 rpm. After, 0.3% defoamer was added to finishing silicone emulsion and mechanically mixed
for 2 min at 1000 rpm. Then, 45.6 % and 43.6 % water were added very slowly and mixed mechanically at
800 rpm for 10 min to obtain the desired fluidity. After, 0.1% protective chemical was added and mixed
for 5 min at 500 rpm. Finally, the acetic acid was added to adjust the emulsion pH to 5.5 and mixed at 500
rpm to make a fully homogeneous solution.

3.3. Treatment of Cotton Knitting Fabric with Organo-Modified and Amino-Functional Finishing
Silicone Chemicals

The organo-modified and amino-functional finishing silicone chemicals were applied to 100% cotton (30/1
Ne) knitted fabrics using a laboratory padder (padding method). 60g/1 solution of macro silicone finishing
chemicals was applied to grey-colored fabric samples by padder with 90.9% pick-up, and the fabric samples
were dried at 100°C for 5 min and cured at 150°C for 5 min. Firstly, the pH of the finishing silicone
chemicals was adjusted to 5.5 by using acetic acid. Secondly, the color values, color change, softness, and
particle size of finishing silicone chemicals were measured.

3.4. Testing and Analysis

In order to determine the effect of finishing silicone chemicals prepared by additives on the softness and
color values of cotton knitted fabrics were tested.
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Color measurement was evaluated using a reflectance spectrophotometer according to AATCC 173. 100%
cotton knitted fabric without finishing silicone chemical was used as a zero reference sample. CIELab
coordinates L*(lightness), a*(red-green axis) and b*(yellow blue axis), C*(chroma), the total color
difference (AE"), K/S (color strength) and Berger white index values were obtained from color measuring.
Four reflectance measurements were made on each finishing silicone chemical emulsions and the averages
of the reflectance values (%) at wavelengths between 400 and 700 nm were obtained.

The particle size of prepared finishing chemicals was measured by a laser particle size analyzer. The particle
sizes of macro finishing chemicals were between 150 and 250 nm. In fact, particle sizes of the
macroemulsion finishing silicone chemicals were higher, they were deposited on the yarn surface.
Macroemulsion finishing silicone chemicals reduced the friction coefficient between fibers to obtain the
surface softness [29]. Handle expressed as the quantitative sensory evaluation of fabric samples. Organo-
modified and amino-functional silicone emulsions were diluted at 60g/L and the hue changes and Berger
whiteness index of dyed knitted fabrics before and after application were compared according to standard
test method [30].

4. RESULTS AND DISCUSSION
4.1. Softness of Treated Cotton Knitted Fabrics

The handle effects with softness depend not only on the chemical character but also on their position in the
textile. If the softener was penetrated into the yarn, a secondary handle effect was obtained. The macro
finishing silicone chemicals consist of particles with a diameter of greater than 150. Macro finishing
chemicals provided a very pleasant surface smoothness with a soft voluminous handle to the fabric samples.
In this study, the fabric handle was evaluated through subjective assessment by people. 10 researches from
the textile and clothing sectors were chosen for fabric handle evaluation. The tests were fulfilled in standard
atmosphere conditions (20+2°C temperature and 65+4% relative humidity). 20x20 cm fabric samples were
prepared for subjective test method. The researchers made an assessment using a 5-point scale. The softness
rating numbers for scale were given in Table 2.

Table 2. Softness rating numbers for scale
Sensory attribute Rating number
Softness/Stiffness 1-stiffest....... 5-softest

In the subjective evaluation procedure, softness-stiffness is related to bending. Fabrics that can be bent
easily have been described as soft. During evaluation, researchers held the fabric between their thumbs and
palms. While the four fingers of the hand were moving, the durability of the fabric was evaluated. The more
resistance, the stiffer the fabric. Low resistance showed that the fabric was soft [31]. Researchers were
asked to rate the softness/stiffness of the fabric samples between 5 and 1; 5 being the best and 1 being the
worst. After the hand evaluation of the researchers, the softness/stiffness degree of the fabric sample treated
with the R8 recipe corresponded to 5 (the best), while the softness/stiffness degree of the untreated fabric
sample corresponded to 1(the worst). The other samples were rated by the researchers according to this
hand evaluation scale. The corresponding ratings were presented in Table 2. The ratings which did not
correspond to exact hand feeling were presented as “in the middle ratings”, i.e., “between 3 and 4”.

Reactive silicones were preferred to obtain a super soft handle. Amino or quaternary functional silicones
were superior in hand. Quaternary ammonium groups improved softness and increased bath stability against
electrolytes. Amino propyl silicones performed a soft handle. Non-yellowing amino silicone structures can
be produced such as alkylation or the N-atom in a ring structure.

When the effect of the applied organo-modified finishing chemical emulsions strength (different structure
of emulsifier in recipes) on dyed cotton knitted fabrics was examined, it could be seen that the sample
I(emulsion recipe-1) showed the best softness. The results of samples 5, 4, 6, 2, and 3 had moderate
softness. However, the sample 7 had the worst softness. And also, the amino-functional finishing chemicals
are applied to dyed cotton knitted fabrics were compared, and it was seen that the sample 8 showed the best
handle. The softness of samples 12, 14, 13,10, and 11 were moderate. Additionally, the sample 9 had the
worst softness. From the results obtained, it has been determined that amino-functional silicone finishing
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chemicals exhibited softening features due to their excellent film forming ability. Furthermore, they were
easily emulsified, stable on dilution, compatible with other finishing agents and non-yellowing. The best
handle softness was related to the afinity of amino group to fiber and also its linkage to the silicones.
Similarly, the structure of the emulsifier used and compatibility of used emulsifier with amino-functional
or organo-modified silicone emulsion. The result of softness ratings treated with organo-modified and
amino-functional silicone emulsions were given in Table 3.

Table 3. The fabric softness ratings treated with organo-modified and amino-functional silicone emulsions

Fabrics Softpess Fabrics Softpess
rating rating
untreated knit 10 untreated knit 10
fabric : fabric :
R1 treated knit RS treated knit
fabric 40 fabric 30
Organo- R5 treatgd knit between 3.0 and Amino- R12 treat.ed knit between 3.0 and 4.0
Jified fabric 4.0 functional fabric
modihie R4 treated knit between 3.0 and netiona R14 treated knit
silicone . silicone . between 3.0 and 4.0
emulsion fabric 4.0 emulsion fabric
recipes R6 treated knit between 3.0 and recipes R13 treated knit bet 3.0 and 4.0
P fabric 4.0 P fabric ctween 5.0 and .
R2 treate_d knit between 3.0 and R10 treat;d knit between 3.0 and 4.0
fabric 4.0 fabric
R3 treatgd knit between 3.0 and R11 treat.ed knit between 3.0 and 4.0
fabric 4.0 fabric
R7 treated knit R9 treated knit
fabric 2.0 fabric 2.0

The functional silicone finishing chemical improved performance properties (such as good softness,
smoothness, whiteness and hydrophobicity) of the fabrics [32]. Amino groups were formed hydrogen
bonds. These groups were strongly interacted with cellulose. The formation of hydrogen bonds between
amino groups and cellulose indicated in Figure 1.

4 R % O o
% }/\, ‘\N/ L __\_;_.RH;_::-M
HO

CH,OH OH

"H,OH

Figure 1. The formation of hydrogen bonds between amino groups and cellulose

The amino-functional silicones had a soft handle on the fiber surface. The amino-functional silicones could
form a hydrophobic film on cotton knitted fabrics. Therefore, silicone (Si) also formed covalent ether bonds
between cellulose and amino silicone molecules. In amino-functional silicones, the number of functional
groups, viscosity and chain length are important.

In amino-functional silicone finishing chemicals, the primary functional (non-ionized NH;) group was
contributed to the electrostatic interaction with the cotton fiber, and also the -NH3* and -NH," groups in the
ionized state. As the amount of ionized amino groups (at pH 5.5) was increased, the electrostatic interaction
of the cotton fiber with amino-functional finishing chemical was reduced. As the interaction energy was
decreased (at pH 5.5), the more secondary amine groups were ionized. Thus, the handle and softness
properties were improved.

4.2. Particle Sizes of Organo-Modified and Amino-Functional Silicone Emulsions

The emulsion stability characteristics, molecular conformation, particle size, pH and temperature were
played significant roles in desired surface properties.
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The particle distribution of emulsions homogeneity value was important. The positively charged emulsions
adsorbed on the surface of negatively charged cotton fabrics. In this study, particle size graphs of silicone
emulsions with the best softness and worst softness properties in organo-modified and amino-functional
finishing chemicals were given in Figure 2a, 2b, 3a, 3b and Table 4.
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Figure 2a. The particle size of E1 organo-modified finishing chemical (the best softness property) (recipe
1). The particle size of E1 organo-modified was 286.3 nm (100 %) and the solution was cloudy (Figure 2a).
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Figure 2b. The particle size of E7 organo-modified finishing chemical (worst softness property) (recipe
7). The particle size of E7 organo-modified was 227.9 nm (86.6 %) and solution was cloudy (Figure 2b).

Size Distribution by Intensity

Intensity (Percent)

et}

0.1 1 10 100 1000 10000
Size (d.om)

Figure 3a. The particle size of E8 amino-functional finishing chemical (the best softness property) (recipe
8). The particle size of E8 amino-functional was 2601 nm (81%) and solution was cloudy (Figure 3a).
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Figure 3b. The particle size of E9 amino-functional finishing chemical (worst softness property) (recipe
9). The particle size of E9 amino-functional was 684.2 nm (100 %), more than 1000nm, and solution was
cloudy (Figure 3b).

Table 4. Particle sizes of organo-modified and amino-functional silicone emulsions
Organo-modified silicone emulsion recipes

R1 RS R4 R6 R2 R3 R7
. . 286.3 265.5 253.6 251 250.7 239.4 227.9
Particle sizes
nm nm nm nm nm nm nm
Amino-functional silicone emulsion recipes
R9 RI12 R14 R13 R10 R11 RS
. . 684.2 783.8 1250 1338 1606 2171 2601
Particle sizes
nm nm nm nm nm nm nm

The smaller the particle size, the more stable and the clearer emulsion appearance tends to be. The higher
particle size, the more milky feature of the emulsion. Macro emulsions have narrow particle size
distributions. The polydispersity values of the organo-modified finishing chemical emulsions were obtained
as 0.263 and 0.344, respectively. However, in the emulsion of amino-functional, the polydispersity values
were measured as 0.193 and 0.404, respectively. This means that the organo-modified and amino-functional
finishing chemical emulsion prepared had a narrow distribution.

4.3. The Effect of HLB System on Emulsifying Property of Organo-Modified and Amino-Functional
Silicone Emulsions

The concentration ratios of oil phase components and polar additives played significant roles in stability of
the emulsion [33].

In an O/W emulsion, monomer is dispersed and stabilized by the surfactant into large monomer droplets
(oil phase) and monomer-swollen micelles in water phase. Emulsifiers with HLB >8 formed oil-in-water
emulsions. HLB values of organo-modified and amino-functional silicone emulsions were given in Table
5.

Table 5. HLB values of organo-modified and amino-functional silicone emulsions
Organo-modified silicone emulsion recipes

R1 RS R4 R6 R2 R3 R7
HLB values 11.25 11.25 11.25 12.95 12.95 12.95 12.95
Amino-functional silicone emulsion recipes
R8 R12 R14 R13 R10 R11 R9
HLB values 11.25 12.95 12.95 11.25 11.25 12.95 12.95

Factors affecting the viscosity of emulsions were HLB value, the emulsifier type and emulsifier ratio.

4.4.Color Values and Color Differences of Organo-modified and Amino-functional Silicone
Emulsions

The extent of color change dependent on the structure of the amino side-chain, on curing temperature and
time.
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The values of L* were positive, all the fabric samples have become lighter. Furthermore, the fabric samples
got more greenish after applied to fabric, the a* values were negative.

The negative b* values showed that the samples became increasingly blueish because of organo-modified
and amino-functional silicone emulsions. The K/S values of silicone emulsion-containing fabrics were
greater than untreated fabric. Color changes were evaluated according to the untreated fabric sample. The
color difference tolerance was 1.0 in this study. As a result, all samples received a failing grade because AE
was greater than 1 (Table 7). As seen in Table 7, higher yellowness was obtained in fabric samples applied
with medium particle size of organo-modified silicone emulsions such as E4 and ES. As indicated in Table
7, the smaller particle size of finishing chemicals were obtained less color difference.

Macro silicone emulsions had the least color strength on cotton knitted fabric due to remained on the fabric
surface. Macro silicone was increased the color fastness by creating a protective layer on the fabric surface.

Tested the whiteness index (Berger) of the treated fabric results indicated in the Table 6. From this table,
the whiteness indexes of fabric samples treated with organo-modified and amino-functional silicone
finishing chemicals were decreased at 150 C.

Color difference was specified as a change in color of treated fabric samples with finishing silicone
emulsions. Color-difference was evaluated with the CIELab color space that the reflectance values (%) in
the visible wavelengths (400-700 nm). The reflectance difference values of treated and untreated fabric
samples at wavelengths of 400-700 nm, as presented in Table 8. The results indicated that the reflectance
difference values (%) of the treated fabrics with finishing silicone chemicals was related to the particle size,
chemical type and distribution of the finishing chemical applied. As seen in Table 8, the samples treated
with organo-modified and amino-functional finishing silicone chemicals exhibited a decrease in the
reflectance difference values (%). The particle sizes of finishing chemical emulsions were smaller, the
smaller reflectance difference values were obtained.

Table 6. Measured CIELab values of 100% cotton knitted fabrics (60g/L)

Color values Whiteness index (Berger) of
Sample L a* b* c* he K/S treated fabric samples at 150 C
drying temperature
0 27.30 -1.2 -1.08 1.62 222.86 9.75 6.42 (raw)
El 25.50 -0.89 -0.82 1.21 222.53 11.49 5.37
E2 25.74 -0.88 -0.87 1.24 224.89 11.71 5.52
E3 25.47 -0.95 -0.88 1.30 22291 11.78 5.34
E4 26.01 -0.89 -0.76 1.17 220.26 11.55 5.53
ES 25.07 -0.92 -0.73 1.18 218.62 11.55 5.23
E6 25.28 -1.03 -1.04 1.46 225.28 11.65 5.49
E7 25.59 -0.85 -0.75 1.13 221.32 11.87 5.34
E8 25.04 -0.97 -1.08 1.45 228.23 11.90 5.31
E9 25.47 -1.02 -0.95 1.39 222.90 12.46 5.46
E10 25.19 -0.95 -1.02 1.39 227.08 12.11 5.42
Ell 25.26 -1.11 -1.00 1.49 222.00 12.32 5.52
E12 25.18 -0.98 -0.98 1.39 224.96 11.94 5.57
E13 25.55 -0.93 -1.06 1.41 228.82 12.04 5.57
El4 24.99 -1.01 -0.98 1.41 224.39 12.00 5.40

Table 7.The color difference between reference (raw material) and organo-modified & amino-functional
treated fabric samples (60g/L)

Color differences

Sample AL o Ab* ACH s AL Assessment
El -1.80 0.31 0.26 -0.41 -0.33 2.35 Fail (darker, reddish, yellower, duller)
E2 -1.56 0.32 0.21 -0.38 2.03 2.11 Fail (darker, reddish, yellower, duller)
E3 -1.83 0.25 0.20 -0.32 0.05 2.92 Fail (darker, reddish, yellower, duller)
E4 -1.29 0.31 0.32 -0.45 -2.6 2.19 Fail (darker, reddish, yellower, duller)
ES -2.23 0.28 0.35 -0.44 -4.24 2.85 Fail (darker, reddish, yellower, duller)
E6 -2.02 0.17 0.04 -0.16 3.42 2.50 Fail (darker, reddish, yellower, duller)
E7 -1.71 0.35 0.33 -0.49 -0.54 2.71 Fail (darker, reddish, yellower, duller)
E8 -2.26 0.23 0 -0.17 6.37 3.04 Fail (darker, reddish, yellower, duller)
E9 -1.83 0.18 0.13 -0.23 1.04 3.49 Fail (darker, reddish, yellower, duller)
El10 -2.11 0.25 0.06 -0.23 5.22 2.75 Fail (darker, reddish, yellower, duller)
Ell -2.04 0.09 0.08 -0.13 0.14 2.68 Fail (darker, reddish, yellower, duller)
E12 -2.12 0.22 0.10 -0.23 3.10 2.79 Fail (darker, reddish, yellower, duller)
E13 -1.75 0.27 0.02 -0.21 6.96 2.60 Fail (darker, reddish, yellower, duller)
El4 -2.31 0.19 0.10 -0.21 2.53 2.78 Fail (darker, reddish, yellower, duller)

AL*= Difference in lightness or darkness value, Aa*= Difference in red/green axis, Ab*=Differences in yellow / blue axis, AC= Difference in
chroma, Ah= Difference in hue, AE= Color difference value
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Table 8. The reflectance difference(AR) between untreated and treated fabric samples
Wavelength (nm)

AR 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700
El -1 -091 -088 -089 -0.87 -087 -0.86 -0.81 -0.74 -0.7 -066 -0.64 -0.65 -084 -1.02 -1.09
E2  -1.11 -099 -095 -098 -096 -093 -09 -08 -077 -075 -069 -0.68 -072 -078 -066 -03
E3 -1.12 -099 -099 -0.99 -097 -097 -096 -091 -0.84 -081 -0.76 -0.74 -068 -078 -125 -12
E4 -1.02 -1.02 -098 -0.99 -098 -098 -096 -091 -0.84 -08 -0.74 -0.67 -0.68 -09 -1,14 -1.32
E5 -1.01 -099 -092 -098 -096 -093 -09 -08 -08 -077 -069 -0.67 -0.68 -078 -066 -03
E6 -1.06 -097 -092 -091 -09 -08 -09 -08 -08 -077 -073 -07 -072 -085 -1.14 -1.08
E7 -1.18 -L.11 -1.05 -1,06 -1.06 -1.05 -1.06 -0.98 -09 -08 -0.8 -0.77 -078 -1,02 -143 -1.69
E8 -1.03 -1.03 -098 -099 -099 -0.99 -0.99 -093 -0.88 -085 -0.8 -0.78 -078 -095 -123 -1.33
E9 -123 -12 -115 -117 -117 -117 -117 -L11 -1.05 -1.03 -0.98 -0.9 -087 -1.07 -142 -1.45
E10 -1.11 -1.09 -1.06 -1.09 -1.08 -1.07 -1.06 -1.01 -0.94 -091 -0.87 -0.84 -0.87 -1.07 -142 -1.45
Ell -1.17 -1.13 -1.09 -LIl -L11 -L12 -L12 -1.07 -1 097 -092 -0.88 -093 -1.17 -1.62 -175
El12 -1.05 -1.05 -1 -l0l -1 -10l -1 -095 -09 -087 -08 -0.79 -084 -1.03 -131 -1.34
E13 -1.08 -1.07 -1.03 -1.04 -1.02 -1.01 -1 -095 -09 -08 -08 -0.8 -085 -1.07 -1.52 -l1.64
El4 -1.08 -1.04 -1 -1.02 -1.02 -1.02 -096 -0.89 -0.89 -0.86 -0.8 -0.81 -0.79 -097 -129 -131

*AR=R jymune-R standart (Reflectance difference value)

5. CONCLUSION

In this study, the effects of emulsion ratio, organo-modified and amino-functional silicone emulsion type,
particle size of silicone emulsion on the fabric handle, whiteness index, color values and color difference
of cotton knitted fabrics were examined. The main results are summarized as follows:

Produced softener emulsions were applied to the 100% cotton knitted fabrics via pad cure technique.
Application of silicone emulsion affected the values of dyed fabrics.

Macro silicone emulsion provided high softness, minimum shade change and increased color yield. The
produced silicone emulsions were characterized via particle size. Macro-silicone softeners increased
surface roughness and uniformity.

Emulsion stability and particle size distribution created the desired surface properties on treated with amino-
functional silicone emulsion cotton knitted fabric samples. And also, silicone (Si) also formed covalent
ether bonds between cellulose and amino silicone molecules that provided a good soft handle. Experimental
results showed that softening, as the amount of ionized amino groups in amino-functional finishing
chemicals was increased, the softening ability of the fabric was increased. This corresponded to a pH of
approximately 6.0 for amino-functional finishing chemicals. As the pH value was decreased (at pH 5.5),
the more secondary amine groups were ionized. Thus, the handle and softness properties were improved.
With optimum orientation of silicones on the fiber surface, a good softness and smoothness was achieved.
The amino groups were become cationic (NH3") at acidic conditions and the strong interaction with the
fabric was achieved.

Less yellowing was obtained in fabric samples applied with amino-functional finishing chemicals owing to
the oxidation of amino groups in the presence of air, heat or light energy. In amino-functional silicones,
azo yellow and azoxy yellow compounds were obtained as a result of oxidation of amino group.

The smaller the particle size, the more stable the emulsion tends to be. Fabrics treated with the organo-
modified chemicals that were smaller in particle size gave higher reflectance values (%). Consequently, the
smaller particle size of finishing chemicals had a high surface area and gave a smoother reflecting surface.
In addition, the less color difference was obtained in the fabric samples applied with the small particle size
of finishing silicone chemicals.
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Hidroelektrik enerji, Tiirkiye'nin hizli ekonomik ve niifus artigiyla
yiikselen enerji talebinin kargilanmasinda biiyilk 6nem tagsir.
Mevsimsel bagimliligi nedeniyle hidroelektrik enerji tahmin
algoritmalari i¢in uygundur. Bu calisma, Tiirkiye'de 100 MW'm
iizerinde giic iireten EUAS Aslantas HES'te enerji iiretimini tahmin
etmeyi amaglamaktadir. Tahmin modeli, XGBoost (Asir1 Gradyan
Artirimli karar agaglari) ile tarih-saat kayitlari, gecmis enerji {iretim
verileri ve sicaklik gibi ¢esitli girdi kullanilarak olusturulmustur.
Uretim verileri, EPIAS Seffaflik Platformu’ndan alinmis ve Python
ile iglenmigtir. XGBoost modeli, farkli aga¢ sayilari ve dgrenme
orant (1) denenerek optimize edilmistir. Modelin etkinligi,
belirleme katsayis1 (R2), Ortalama Mutlak Olcekli Hata (MASE),
Kok Ortalama Karesel Hata (RMSE), Ortalama Mutlak Hata (MAE)
ve Agirlikli Mutlak Yiizdesel Hata (WAPE) gibi ¢esitli hata
Olgiimleri ile titizlikle degerlendirilmistir. Bu ¢alismada kullanilan
yontemler ve elde edilen sonuglar, hidroelektrik enerji tahmininde
makine O0grenimi algoritmalarinin faydali olabilecegini ve enerji
yonetimi stratejilerinin optimize edilmesine yonelik dnemli bilgiler
sunabilecegini gdstermektedir.
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Hydropower energy is crucial for meeting Turkey's growing energy
demand, driven by rapid economic and population growth. Its
seasonal variability makes it suitable for forecasting algorithms.
This study aims to predict energy production at the EUAS Aslantas
Hydroelectric Power Plant, with a capacity exceeding 100 MW. A
forecasting model was created using XGBoost (Extreme Gradient
Boosted Decision Trees) incorporating inputs such as timestamp,
historical energy production data, and temperature. Energy data
source is the EPIAS Transparency Platform and the data was
processed with Python. The model was optimized by varying the
number of trees and learning rates (n). Its effectiveness was
rigorously assessed using statistical metrics, including the
coefficient of determination (R?), Mean Absolute Scaled Error
(MASE), Root Mean Squared Error (RMSE), Mean Absolute Error
(MAE), Weighted Absolute Percentage Error (WAPE). The results
indicate that machine learning algorithms can significantly enhance
hydropower energy forecasting and optimize energy management
strategies.
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1. GIRIS

Hidroelektrik enerji, onemli bir yenilenebilir enerji kaynagi olup kiiresel enerji liretiminde kritik bir rol
oynamaktadir. Enerji iiretiminin yani sira, tagkin kontrolli, sulama ve su temini gibi faydalar1 da
bulunmaktadir. Hidroelektrik enerji; tarim, ekonomi, dogal afetlere karsi koruma ve temiz su temini
acisindan biiytik bir 6neme sahiptir.

T.C. Enerji ve Tabii Kaynaklar Bakanligi’na gére, Tiirkiye'nin elektriginin %36,3'0 komiirden, %21,4'4
dogalgazdan, %19,6's1 hidroelektrik enerjiden, %10,4'i riizgardan, %5,7'si giinesten, %3,4'li jeotermal
enerjiden ve %3,2'si diger kaynaklardan retilmektedir. Sekil 1'de goriildiigii tizere, 2023 yili itibariyla
Tiirkiye'nin elektrik enerjisi liretiminde hidroelektrik enerjinin pay1 beste birdir [1].

Diger

eotermal

Komiir Riizgar

Hidroelektrik

Dogalgaz
Sekil 1. Tiirkiye’nin 2023 yili elektrik iiretim kaynaklar

Hidroelektrik enerjinin elektrik iiretimindeki payinin yani sira elektrik {iretim maliyeti ve yenilenebilir
olmasi Tiirkiye i¢in 6nemli faktorlerdir. Hidroelektrik enerji iiretiminde suyun potansiyel ve kinetik enerjisi
kullanildigindan elektrik enerjisi iiretimi i¢in sadece su ve suyun kontrolii yeterlidir; bagka bir yakita ihtiyag
duyulmadigindan ¢evre kirliligi olusmaz.

Hidroelektrik enerji tiretimi, birgok faktdre baglidir ve bu faktorler iiretimin maksimize edilmesi ve
stirdiiriilebilmesi i¢in bilyiik 6nem tasir. Dolayisiyla hidroelektrik enerji tiretiminin planlanmasi gereklidir.
Bu planlama, elektrik piyasasmin arz ve talep dengesi ile mevsimsel kosullara gore yapilmalidir. Bu
calismanin da temel motivasyonu hidroelektrik enerji {iretiminin tahmin edilmesidir.

Hidroelektrik enerji, iilkenin en yaygin kullanilan yenilenebilir enerji kaynagi olmasina ragmen yagmur,
kar yagist ve kuraklik gibi etkenlere baglidir. Dolayisiyla, hidroelektrik enerji iiretimi tahmini, enerji
planlayicilarinin ve operatorlerinin bu etkenlerdeki degisimleri 6ngérmesine olanak taniyarak iilke icin
giivenilir ve istikrarl bir elektrik arzini1 destekler [2].

Hidroelektrik enerji tiretiminin tahmini, sebeke operasyonlarinin optimize edilmesi, istikrarli bir enerji
arzinin saglanmasi ve isletmecilik maliyetlerinin azaltilmasi agisindan kritik bir etkendir [3].

Aslantag HES, Ceyhan Nehri tizerinde kurulmus olup, Dogu Akdeniz Bolgesi'nin ana su yollarindan biridir.
138 MW kurulu giice sahip olan Aslantas HES, yilda yaklasik 569 GWh elektrik iiretmektedir. Barajin
olusturdugu genis rezervuar, ortalama su seviyesinde 1.150 milyon m® kapasiteye sahiptir ve sulamada
6nemli bir rol oynar. Yaklasik 149.849 hektar araziyi sulayan baraj, Ceyhan Nehri boyunca taskin yonetimi
icin de hayati dneme sahiptir. Aslantas baraji, su akisinin diizenlenmesine ve olasi tagkin olaylarinin
azaltilmasina yardimci olmaktadir.
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Sekil 2. Kaynaklara gére enerji tiretimi, Tiirkiye, 1990-2022 [4]
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Sekil 3. Aslantas Baraji ve HES konumu

Aslantas Baraji ve Hidroelektrik Santrali'nin yapimima 1976 yilinda baslanmis ve 1984 yilinda
tamamlanmistir. Toprak dolgu tipinde insa edilen barajin gévde hacmi 8.493.000 m?, kret uzunlugu 585 m
ve yiiksekligi 95 m'dir. Barajin maksimum su seviyesi 155 m, depolama kapasitesi 1.799 hm? ve gol alan1
63 km?'dir. Santralde iiretilen elektrik enerjisi, 154 kV'a kadar yiikseltilerek ulusal elektrik sebekesine
baglanmaktadir [5].

Hidroelektrik santralleri, sel kontrolii ve su kaynaklarinin yonetiminde kritik bir rol oynar. Dogru enerji
iiretimi tahmini, su akiginin diizgiin yonetilmesine yardimet olarak sel risklerini azaltir.

Tahminler, sulama ve igme suyu temini i¢in yeterli su saglanmasina yardimci olur, bdylece siirdiiriilebilir
su yonetimini destekler [6,7].

Daha iyi tahmin modelleri, hidroelektrik projeler icin finansal planlama ve yatirim stratejilerini
gelistirebilir, enerji liretimini dogru tahmin ederek ve bakim programlarini optimize ederek ekonomik
verimliligi ve giivenilirligi artirir. Bu modeller, su kaynaklarinin kullanimini optimize ederek sulama ve su
teminini daha ekonomik ve etkili hale getirir [8,9].
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Hidroelektrik iiretiminin optimizasyonu icin hidroelektrik tahminleri ¢ok oOnemlidir ve rezervuar
operasyonlarini ve enerji iiretimini etkin bir sekilde yonetmek icin kesin tahminler gerektirir. XGBoost gibi
ileri makine 6grenimi tekniklerinin kullanilmasi, hidroelektrik tahminlerinin dogrulugunu artirabilir.
Biiylik veri kiimelerini ele alma konusundaki dlgeklenebilirligi ve verimliligi ile bilinen XGBoost
algoritmasi, gesitli tahmin uygulamalarinda umut verici sonuglar géstermistir [10].

Aragtirmalar hidroelektrik operasyonlarinda tahmin kalitesinin 6nemini vurgulamakta ve akarsu akigmin
kesin tahminlerinin hidroelektrik yonetimindeki karar alma siireclerini dogrudan etkiledigini
vurgulamaktadir [11].

Hidroelektrik tahminleri alaninda XGBoost gibi makine 6grenimi yontemlerinin kullanimi, tagkin
tahminleri i¢in giderek daha uygun hale gelmektedir. Bu, XGBoost'un hidroelektrik tahmin modellerinde
verimli bir sekilde kullanilma potansiyelini gostermektedir [12-15].

2. LITERATUR ARASTIRMASI

Bu bolimde, son yillarda gesitli enerji tahmin problemlerinde kullanilan XGBoost algoritmasiin
etkinligini ve uygulamalarii incelemektedir. Caligmalar, riizgar ve giines enerjisi tahmininden
hidroelektrik gii¢c tahminine kadar genis bir yelpazede XGBoost'un diger makine 6grenme yontemlerine
kiyasla iistiin performans sergiledigini gostermektedir. Ayrica, literatiir galigmalar1 yillara gore ayri ayri
incelenmis ve farkli uygulama alanlar1 degerlendirilmistir.

2.1. 2018 Y1ih Literatiirii

Zhang ve arkadaslar1 [16], 6zellikle a¢ik deniz sahalari i¢in riizgar tiirbini giivenilirligini ele alarak, ariza
tespiti i¢in random forests (RF) ve XGBoost yontemlerini kullanmaktadir. RF, 6zellik 6nemini siralarken,
XGBoost belirli ar1zalar i¢in smiflandiriciy: egitir. Farkli riizgar tlirbini modelleri ile yapilan simiilasyonlar,
bu yaklagimin ¢ok boyutlu veri isleme konusunda saglam ve iistiin performansini dogrulamaktadir ve destek
vektor makinelerinden (SVM) daha iyi sonuglar vermektedir.

Liu ve arkadaglar1 [17], geleneksel tahmin yontemlerinde yiiksek hesaplama maliyeti ve asirt uyum
sorunlarmi ele almak i¢in K-means kiimeleme ve XGBoost'u birlestiren bir yontem Onermektedir.
Caligmada ozellikler cikarilir ve eksik degerler doldurulur. Yiik siniflandirilir ve XGBoost regresyon
modelleri giinliik yiikii tahmin eder, bu da dogrulugun arttigin1 géstermektedir. Zheng ve Wu [18], kisa
vadeli riizgar giicli tahmini i¢in hava durumu benzerlik analizi ve 6zellik mithendisligi iceren bir XGBoost
modeli 6nermektedir. K-means kiimeleme, tarihsel verileri kategorize eder ve 6nemsiz 6zellikler elenir.
Model, tahmin dogrulugunda BPNN, CART, RF, SVR ve tek bir XGBoost modelinden daha iyi performans
gostermektedir.

2.2. 2019 Yih Literatiirii

Abbasi ve arkadaslari [19], giinliik verileri haftalik zaman serilerine donistiirerek kisa vadeli yiik tahmini
icin XGBoost kullanmaktadir. Ozellik segimi ve tahmin, XGBoost kullamlarak gerceklestirilir ve bu
yontem hesaplama siiresi, bellek kaynag: kullanimi ve ortalama yiizde hata metriginde {istiin performans
sergiler. Suo ve arkadaslar1 [20], meteorolojik, niifus ve cografi faktorleri dahil ederek yiik tahmini i¢in
XGBoost'u tanitmaktadir. Modelin paralellik ve agirt uyum dnleme 6zellikleri tahmin dogrulugunu artirir.
Cok boyutlu model, yalnizca sirali 6zellikleri dikkate alan modellere gore 6nemli bir dogruluk artis
gosterir. Li ve arkadaslari [21], gii¢ yiikii tahmin dogrulugunu artirmak icin LSTM ve XGBoost'u birlestiren
bir tahmin modeli 6nermektedir. Hata ters ¢evirme yontemi, her iki modelin sonuglarini birlestirir. Birlesik
model, bireysel modellere kiyasla dnemli dlgiide daha diigiik tahmin hatasi gosterir.

Liao ve arkadaglart [22], benzer giinlere dayali kisa vadeli yiik tahmini i¢in bir XGBoost modeli
onermektedir ve meteorolojik ve giinliik tiirlerin yiik tizerindeki etkilerini analiz eder. Model, karmagiklig1
ve asirt uyumu kontrol etmek i¢in ikinci dereceden Taylor genislemesi ve kayip fonksiyonunu igerir.
Simiilasyon sonuglari, modelin kisa vadeli yiik tahmininde etkinligini gostermektedir.
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2.3. 2020 Y1ih Literatiirii

Guo ve arkadaslar1 [23], birden fazla makine 6grenimi algoritmasini entegre eden Stacking topluluk
O6grenme yOntemi tabanli bir fotovoltaik gii¢ tahmin modeli 6nermektedir. Sonuglar, Stacking modelinin
XGBoost'tan daha iyi performans gosterdigini ve 0.1007 olan kok ortalama kare hatas1 (RMSE) degerinin
XGBoost'a gore %1.84 daha diisiik oldugunu ve 90.85 puaninin XGBoost'tan 1.49 daha yiiksek oldugunu
gostermektedir. Phan ve arkadaglar1 [24], kisa vadeli riizgar giicii tahmini i¢in XGBoost'un geleneksel
yapay sinir ag1 (ANN), uzun kisa siireli bellek (LSTM) ve zamansal evrisim ag1 (TCN) modelleriyle
performansini karsilastirmaktadir. Calismadaki bulgular, XGBoost'un karsilastirilan tiim modellerden daha
iyi performans gosterdigini gostermektedir.

2.4. 2021 Yih Literatiirii

Al Rayess ve Ulke Keskin [25], Almus Baraji'nda hidroelektrik enerji iiretimini tahmin etmek igin Karar
Agaci, Derin Ogrenme, Genellestirilmis Dogrusal Model, Gradient Boosted Trees ve Random Forest gibi
cesitli makine 6grenme tekniklerini kullanmistir. Zhang ve arkadaslart [26], gri kurt optimizasyonunu
(HGWO) XGBoost ile birlestiren hibrit bir yaklagim kullanarak beton barajlar i¢in yeni bir sizint1 izleme
modeli onermektedir. HGWO-XGBoost modelinin, giiglii kiiresel optimizasyon yetenegi ve tatmin edici
tahmin sonuglar1 gosterdigi sizintiyi etkili bir sekilde tahmin ettigi belirtilmistir. Ma ve arkadaglar1 [27], sel
riski degerlendirmesi i¢in En Kiigiik Kareler Destek Vektor Makinesi (LSSVM) modeli ile XGBoost
modelini kullanmaktadir. Bu ¢alisma, XGBoost'un CPU'nun ¢oklu is parcaciklarini verimli kullanmasi
nedeniyle gelistirilmis model egitim hiz1 ve tahmin dogrulugunu vurgulamaktadir.

Osman ve arkadaslar1 [28], yagis, sicaklik ve buharlasma gibi 6nceden kaydedilmis verileri kullanarak
yeralti suyu seviyelerini tahmin etmek i¢in XGBoost tabanli bir model onermektedir. Arastirma,
Malezya'nin Selangor bdlgesindeki yogun niifuslu kasabalarda azalan yeralti suyu seviyelerine ¢dziim
bulmay1 hedeflemekte ve ii¢ makine 6grenme modelinin performansini degerlendirmektedir.

Zhang ve arkadaslart [29], Jinshuitan Nehir Havzasi'ndaki rezervuar akiglarini tahmin etmek igin
konvoliisyonel sinir aglari (CNN), XGBoost ve kismi en kiigiik kareler modelini entegre eden bir yontem
sunmaktadir. Bu model, tekil modellere kiyasla kok ortalama kare hatasini (RMSE) onemli 6lciide
azaltarak, akis tahminlerinde daha yiiksek dogruluk saglamistir. Bae ve arkadaslari [30], saya¢ arkasinda
(BTM) bulunan giines PV jeneratorlerinin elektrik yiikiinde neden oldugu bozulmay: ele almak icin
XGBoost tabanli bir yiik tahmin algoritmast dnermektedir.

Wang ve arkadaglar1 [31], ham yiik verilerini VMD ve SampEn (SVMD) kullanarak trend serileri ve
dalgalanma alt serilerine ayiran ve tahmin i¢in XGBoost'u kullanan endiistriyel misteriler i¢in kisa vadeli
yiik tahmini i¢in hibrit bir yontem 6nermektedir. Phan ve arkadaglar1 [32], bir saat ileriye yonelik giines
enerjisi tahminleri i¢in Kernel Principal Component Analysis (PCA) ve XGBoost'a dayali bir makine
6grenme modeli dnermektedir. Model, tahmin dogrulugunu artirmak igin sayisal hava tahmini (NWP)
verilerini ve saglam performans i¢in karar agaglarinin bir entagrasyonunu kullanmustir.

Phan ve arkadaslar1 [33], sayisal hava tahmin (NWP) modellerini XGBoost ile birlestiren hibrit bir riizgar
giicli tahmin modeli 6nermektedir. Wang ve arkadaglar1 [34], petrol ve gaz kesfi baglaminda rezervuar
siniflandirmas: ve degerlendirmesi icin gelistirilmis bir hiyerarsik XGBoost (h-XGBoost) modelleme
yontemi tanitmaktadir. Xinjiang'daki Mahu bolgesindeki sikisik konglomera rezervuar iizerinde yapilan
calisma, h-XGBoost yonteminin farkli rezervuarlardan 6zellikler ¢ikarma ve hiyerarsik bir veri modeli
olusturma konusundaki etkinligini gostermektedir.

Udo ve Muhammad [35], tarihsel SCADA verilerini kullanarak riizgar tiirbinlerinin kestirimci bakimi igin
bir yontem gelistirmistir. Bu yontemde, kritik riizgar tiirbini bilesenlerinde anormallikleri izlemek ve tespit
etmek i¢in XGBoost ve Long Short-Term Memory (LSTM) modelleri kullanilir.

2.5. 2022 Yih Literatiirii

Chen ve arkadaslar1 [36], su tiirbini jeneratdrlerinin mil kagiklig1 egilimini tahmin etmek ve hidroelektrik
birimlerindeki arizalari tespit etmek icin XGBoost algoritmasini kullanmay1 énermektedir. Hidroelektrik
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santral i¢indeki sensorlerden gelen kaynak verileri 6n isleme tabi tutulurak regresyon ve siniflandirma igin
XGBoost modeline giris verisi olarak kullanmistir Onerilen yontem, potansiyel ekipman tehlikelerini etkili
bir sekilde tanimlayarak hidroelektrik santralinin zekasini ve operasyonel optimizasyonunu artirmaktadir.

Fan ve arkadaslar1 [37], hava tahminlerini kullanarak riizgar ve gilines gibi yeni enerji kaynaklarindan enerji
tiretimini tahmin etmeye odaklanmaktadir. XGBoost ve LightGBM modellerini kullanilmistir. Singh ve
Rizwan [38], SCADA sisteminden elde edilen zaman serisi verilerini kullanarak riizgar giiciinii tahmin
etmeyi amaglamaktadir. Veri kiimesi ¢esitli tekniklerle incelenir ve gorsellestirilir, ardindan riizgar giiclinii
tahmin etmek i¢cin XGBoost dahil olmak iizere makine 6grenme algoritmalar: uygulanmistir. Deneysel
bulgular, XGBoost regresyon yaklagiminin yiiksek tahmin dogrulugu sagladigini ve R?'nin yaklasik 0.969
oldugunu, diisik MSE, RMSE, MAPE ve MAE degerleri ile gostermektedir.

Xue ve arkadaslari [39], Long Short-Term Memory (LSTM) ve XGBoost algoritmalarini entegre eden bir
fotovoltaik giic tahmin modeli sunmaktadir. Her iki modelin avantajlarini birlestirerek, 6nerilen XGBoost-
LSTM modeli daha dogru tahmin sonuglari elde etmektedir. Mohamed ve arkadaslari [40], Coklu Dogrusal
Regresyon (MLR) ve Pearson Korelasyon Katsayisi (PCC) kullanarak giines giicli tahmini igin hibrit bir
makine dgrenme sistemi onermektedir. Xiong ve arkadaslar [41], kisa vadeli riizgar giicii tahmini i¢in
Bayes hiperparametre optimizasyonu (BH-XGBoost) ile iyilestirilmis bir XGBoost algoritmasi
tanitmaktadir. Bu yontem, 6zellikle asir1 hava kosullart ve diisiik riizgar hizlar1 nedeniyle meydana gelen
riizgar ramp olaylarinda XGBoost, SVM, KELM ve LSTM'den daha iyi performans gostermektedir.

Wang ve arkadaglar1 [42], entegre ampirik mod ayrisimi, varyasyonel mod ayrigimi ve ser¢e arama
algoritmasi ile optimize edilmis XGBoost kullanarak hibrit bir tahmin modeli (ICEEMDAN-SE-VMD-
SSA-XBoost-MLR) o6nermektedir. Model, geg¢mis yiik verileri ve hata diizeltme mekanizmasi ile
dogrulanmis olup, pik yiik tahmininde yiiksek dogruluk saglamaktadir.

2.6. 2023 Y1ih Literatiirii

Hong ve arkadaslar1 [43], meteorolojik kosullar nedeniyle giines enerjisinin stokastik dogasiyla ilgili
zorluklar1 ele almak i¢in XGBoost algoritmasini kullanarak bir PV (fotovoltaik) gili¢ tahmin yontemi
onermektedir. PV gii¢ tahmin modeli olusturulmus ve bir vaka galismasiyla degerlendirilmis olup, dnerilen
yontemin etkinligini gostermektedir. Zou ve arkadaglar1 [44], yatay olarak kirilmig kuyulardan hizli ve
kesin sist gazi tiretimi tahmini i¢in tasarlanmis veri odakli bir model olan ASGA-XGBoost'u sunmaktadir.
ASGA, XGBoost modelinin hiper parametrelerini optimize ederek tahmin performansini artirmaktadir.
Model, 30 giinlik kiimiilatif gaz iretimini en diisilk ortalama mutlak hatayla tahmin ederek diger
yontemlerden daha iyi performans gostermektedir.

Tran ve arkadaslari [45], XGBoost modelinin hiper parametrelerini optimize etmek i¢cin medyan hata kayip
degerlerine dayal1 yeni bir grid arama algoritmasi tanitmaktadir. Onerilen algoritmanin performansi, Ho
Chi Minh City, Vietnam ve Tazmanya, Avustralya'dan alinan giinliik elektrik yiik verileriyle dogrulanmis
olup orijinal grid arama algoritmasina gore daha kii¢iilk MSE gdstermektedir. Sun ve arkadaslari [46], yiik
tahmininin dogrulugunu ve verimliligini artirmak icin hiyerarsik kiimeleme ve XGBoost'u birlestiren bir
yontem Onermektedir. Yontem, 6zellik benzerliklerini belirlemek icin hiyerarsik kiimeleme ve ozellik
analizi i¢in XGBoost kullanmaktadir.

2.7. 2024 Y1ih Literatiirii

Wu ve arkadaslar1 [47], meteorolojik benzer giinleri ve XGBoost modelini kullanarak hidroelektrik tahmin
yontemi sunmaktadir. Meteoroloji ve akis verileri ile hazirlanan benzer giin veri seti, XGBoost modelini
egitmek i¢in kullanilmaktadir. Yontem, Cin'in Yunnan bdlgesinden alinan verilerle dogrulanmis olup
yiiksek tahmin dogrulugu ve istikrar gostermektedir.

Bashir ve arkadaglar1 [48], dinamik hava kosullar1 altinda PV gii¢ tahmininin dogrulugunu artirmak igin
konvoliisyonel sinir agi (CNN) ve XGBoost modellerini birlestiren hibrit bir tahmin modeli 6nermektedir.
Model, BAE'nin Sarja kentinde 2.88 kW sebeke baglantilt PV sistemi {izerinde dogrulanmis olup, 44.18
RMSE ve 0.9962 R? ile iistiin performans gostererek, tek basina XGBoost'a kiyasla tahmin dogrulugunu
6nemli dl¢iide artirmaktadir.
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3. MATERYAL VE METOT

Bu boliimde, hidroelektrik enerji firetimi tahmin modelinin gelistirilmesinde kullanilan yontemler ve
adimlar detaylandirtlmstir:

e EPIAS Seffaflik Platformu'ndan aliman enerji iiretim verileri ve MERRA-2 veri setlerinden alman
meteorolojik veriler Python ile islenmistir.

e XGBoost modeli, tarihsel enerji iretim verileri, meteorolojik veriler ve takvim degiskenleri
kullanilarak olusturulmustur.

e Model, farkli aga¢ sayilari ve 6grenme orani (1) denenerek optimize edilmistir.

e Modelin dogrulugu ve performansi, belirleme katsayis1 (R2), Ortalama Mutlak Olgekli Hata
(MASE), kok ortalama karesel hata (RMSE) ve ortalama mutlak hata (MAE) gibi istatistiksel
performans odlgiitleri kullanilarak degerlendirilmistir.

Bu calismanin yapildig1 diziistii bilgisayar Intel i7-10870H-2,20 GHz islemci, 64 GB RAM, Nvidia
RTX2070 8GB GDDR6 256-Bit ekran kartina sahiptir. Python kodlar1 nvidia-cuda kiitiiphanesi araciligryla
grafik kartin {izerinde calistirilmustir.

Windows WSL2 sanallastirma platformunda Ubuntu 22.04.3 isletim sisteminde anaconda platformu
iizerinde jupyter notebook, python, xgboost, cuda, cuml, cupy kiitiiphaneleri kullanilarak model egitilmistir.

3.1. Materyal

Bu boliimde, hidroelektrik enerji tahmini i¢in hazirlanan veri setinin ve degiskenlerin detayli bir
tanimlanmasi1 yapilmaktadir. Verilerin dogru se¢imi ve uygun kategorilere ayrilmasi, tahmin modelinin
basarisini dogrudan etkilemektedir. Bu nedenle, girdi degiskenleri enerji iiretimi, meteorolojik ve takvim
degiskenleri olmak iizere ii¢ ana kategoriye ayrilmistir. Ayrica, hedef degisken olarak gergek iiretilen enerji
belirlenmistir.

Girdi degisken kategorileri enerji iiretimi, meteorolojik ve takvim degiskenleridir. Enerji tretimi
degiskenleri, hidroelektrik santrallerinin performansini anlamak ve gelecekteki enerji iiretimini tahmin
etmek igin kritik 6neme sahiptir. Asagida, bu degiskenlerin ve veri toplama siirecinin ayrmtilari
sunulmaktadir:

e Hedef degisken olarak gercek {iretilen enerji secilmistir. Bu, modelin tahmin edecegi ve
dogrulugunu belirleyecegi temel degerdir.

o Tarihsel elektrik enerjisi iiretim degiskenleri, dnceki 1 saat, onceki giin (6nceki giliniin ayni1 saati) ve
onceki hafta (6nceki haftanin ayni giinii ve saati) verilerini icermektedir. Bu veriler, zaman serisi
analizinde kullanilan gegmis verilerin bir 6rnegidir ve gelecekteki enerji tiretimini tahmin etmede
onemli rol oynamaktadir.

e Girdi veri toplama i¢in secilen donem 01.01.2020 ile 01.01.2024 arasidir. Bu donem, yeterli
miktarda veri saglayarak modelin egitilmesi ve test edilmesi i¢in uygun bir zaman dilimini
kapsamaktadir.

e Enerji iiretim verileri EPIAS Seffaflik Platformu'ndan alinmistir [49]. Bu veriler 2020, 2021, 2022
ve 2023 yillarim kapsayan saatlik kayitlar seklindedir. EPIAS verileri, Tiirkiye'nin enerji
piyasasindaki seffafligi artirmak amaciyla saglanan giivenilir ve detayli verilerden olusmaktadir.

e Meteorolojik veriler, hidroelektrik enerji tiretimi lizerinde dnemli bir etkiye sahiptir ve bu nedenle
dogru bir sekilde toplanmasi ve kullanilmasi gerekmektedir [50, 51].

e Sicaklik, radyasyon, nem, riizgér, yagis ve kisa dalga radyasyonunu igeren Meteorolojik degiskenler
MERRA-2 veri setlerinden alinmistir.

e Veriler Python scripti ile toplanmis olup, GES DISC portali 2020, 2021, 2022 ve 2023 yillar1 igin
hava durumu verilerini almak amactyla kullanilmistir [52].

e Takvim degiskenleri ay, hafta, giin, saat ve giin tipi olarak belirlenmistir. Bu degiskenler, enerji
dretiminin zaman igindeki degisimlerini anlamak ve tahmin modeline dahil etmek igin
kullanilmstir. Bu tiir degiskenler, modelin dogrulugunu artirmak i¢in 6nemli katkilar saglamaktadir.

e 35064 ornek ve 16 degiskenden olusan veri seti, 0,8/0,2 orantyla egitim ve test kiimelerine
ayrilmistir. Degiskenler standartlagtirildi ve eksik degerler ve NA degerleri diizeltildi.
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Sekil 4. Aylik iiretilen enerji miktarlari
3.2. Metot

XGBoost (Extreme Gradient Boosting) algoritmasi yapilandirilmis verilerin iglenmesindeki hizi nedeniyle
bu caligma i¢in segilmistir.

XGBoost, yiiksek performans, esneklik ve tagiabilirlik sunmak iizere optimize edilmis, agik kaynak kodlu
bir gradyan artirma kiitiiphanesidir. Bu kiitiiphane, gradyan artirma cercevesinde makine Ogrenimi
algoritmalarini uygular. XGBoost, paralel aga¢ artirma (GBDT - Gradient Boosted Decision Trees veya
GBM - Gradient Boosting Machines olarak da bilinir) yontemiyle birgok veri bilimi problemini hizli ve
dogru bir sekilde ¢ozme yetenegine sahiptir [53]..

Regresyon, siniflandirma, siralama ve kullanici tanimli tahmin problemlerinin ¢éziimiinde kullanilabilir.
Platformlar arast uyumlulugu vardir. Windows, Linux ve OS X gibi farkli isletim sistemlerinde sorunsuz
calisir. Programlama dili destegi vardir. C++, Python, R, Java, Scala ve Julia gibi baslica programlama
dillerini destekler [54].

XGBoost, yiiksek dlgeklenebilirlik igin tasarlanmis, gradyan artirma tabanli bir karar agaci toplulugudur ve
minimal kaynak kullanimiyla pratik uygulama 6l¢egindeki sorunlari ¢c6zme kapasitesine sahiptir [10].

XGBoost, ¢esitli tahmine dayali modelleme gorevlerindeki etkinligi ile yaygin olarak taninan agag
giiclendirmeye yonelik dl¢eklenebilir bir makine 6grenimi sistemidir. XGBoost, denetimli 6grenme igin
kullanilan en iyi performans gosteren algoritmalardan biri olarak bilinen gradyan artirma makinelerinin
(GBM) uygulamalarindan biridir. Hem regresyon hem de siniflandirma problemleri igin kullanilabilir [12-
15].

XGBoost, bir kayip fonksiyonunu minimize ederek amag fonksiyonunun eklemsel genislemesini olusturur.
XGBoost, yalnizca karar agaglarimi temel smiflandirict olarak kullanmasi nedeniyle, agaclarin
karmagikligin1 yonetmek icin degistirilmis bir kayip fonksiyonu kullanilir.

Bir aga¢ topluluk modeli, n 6rnek ve m 6zellik igeren bir veri kiimesi ile K eklemeli fonksiyon kullanarak
¢iktry1 tahmin eder.
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Sekil 5. XGBoost ¢alisma konsepti

¥; tahmin edilen degeri, f; k. aga¢ modelini, x; girdi 6zelligini, K aga¢ sayisin1 ve F agaglari iceren
fonksiyonel alani ifade eder. XGBoost'taki amag fonksiyonu, bir diizenleme terimi igerir.

K K
L@) = ) 1Fuyd + ) 0f) @
i=1 i=1

[ tahmin edilen 9; ile y; arasindaki farki dlgen tiirevlenebilir bir kayip fonksiyonudur. ikinci terim ise
modelin karmasikligin1 derecelendirir [10].

Q) = y7 + 5 Allwl? ®)

T agacin yaprak sayisini ve w yapraklarin ¢ikti skorlarmi ifade eder. Bu kayip fonksiyonu, karar agaclariin
bdlme kriterine entegre edilerek bir 6n budama stratejisine yol acar. Daha yiiksek A degerleri, daha basit
agaclarla sonuglanir. y degeri, bir i¢ diigiimii boélmek i¢in gereken minimum kayip azaltma kazancinm
kontrol eder. Agaclarin karmasikligi, agaglarn derinligi gibi diger stratejiler kullanilarak da sinirlanabilir.

Agag karmagikligimin azaltilmasinin bir bagka avantaji, modellerin daha hizli egitilebilmesi ve daha az
depolama alani gerektirmesidir. XGBoost'ta, agir1 6grenmeyi azaltmak ve egitim siiresini kisaltmak igin
rastgelelestirme teknikleri de kullanilir.

4. BULGULAR VE TARTISMA

XGBoost modeli hazirlanan veri seti ile egitilmistir. Modeli optimize etmek ve sonuglari karsilagtirmak
icin agag sayisi olarak 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000 degerleri ve 6grenme orani
olarak 0.05, 0.10, 0.15, ..., 0.90, 0.95, 1.00 degerleri kullanilmistir. Bu model varyasyonlarinin
degerlendirilmesi, hidroelektrik enerji liretiminin tahmin edilmesindeki dogruluk ve giivenilirliklerinin
kargilagtirilmasini igermektedir. Caligmanin performansi ¢esitli istatistiksel performans 6lgiitleri ve hata
metrikleri kullanilarak degerlendirilmistir:
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¢ Belirleme Katsayis1 (R*): Bagimsiz degiskenlerden tahmin edilebilen bagimli degiskendeki varyans
oranini dlger.
s (i — 9)?

Rz =121 0
Z?=1(yi —}’)2

“

e Kok Ortalama Karesel Hata (RMSE): Tahmin edilen ve gozlemlenen degerler arasindaki karesel
farklarin ortalamasinin karekdokii.

100

max(y;) — min(y;) ©)

nRMSE =

1 n

— . —5.)2

" E i =30
i=1

e Ortalama Mutlak Hata (MAE): Tahmin edilen ve gozlemlenen degerler arasindaki mutlak farklarin
ortalamasi.

100
MAE =

"~ max(y;) — min(y;) (6)

e Ortalama Mutlak Olcekli Hata (MASE): Verilerin 6lgegini hesaba katan ortalama mutlak hatanin
6lgeklendirilmis bir versiyonu.

Masg = —4E (7)
MAEnaive
1 n
MAE,zive = mZb’i = Vil (8)
i=1

e Agirhkli Mutlak Yiizdesel Hata (WAPE): Mutlak yiizde hatalarini gergek degerlere gore
agirliklandiran ve tahmin dogrulugunun normallestirilmis bir 6l¢iisiinii saglayan bir metrik.

Xicalyi — 9l

WAPE =
:Lzllyll

®

Cizelge 1’de goriildiigii gibi R? ve RMSE sonuglart modelin dogruluk ve giivenilirligini yansitmaktadir.
Yiiksek R? ve diisiik RMSE degerleri, modelin hidroelektrik enerji iiretimini dogru bir sekilde tahmin
edebildigini gostermektedir. Ozellikle, 6grenme oran1 0.1 ve agac sayis1 1000 olan model, en iyi
performansi sergilemistir.

Cizelge 1. Performans sonuglari

Ogrenme Agac RMSE R? MAE MASE WAPE Hesaplama
orani sayisi (MWh) (%) (MWh) (%) siiresi (s)
0.1 1000 7.293 96.138 3.043 0.074 7.712 4.902

Ortalama Ortalama  7.928 95.419 3.709 0.090 9.398 2.565

Calismanin sonuglart, XGBoost modelinin hidroelektrik enerji tiretimini tahmin etmede etkili bir arag
oldugunu goéstermektedir. Farkli parametreler kullanilarak yapilan optimizasyonlar, modelin performansin
onemli Olglide iyilestirmistir. Bu bulgular, hidroelektrik santrallerinin enerji {iretim tahminlerinin
dogrulugunu artirmak ve enerji planlamasi siireglerini iyilestirmek i¢in kullanilabilir. Bulgularin genel
olarak enerji iiretim tahmininde kullanilabilirligi, modelin dogruluk ve giivenilirligine baglidir.

Bu ¢alismada elde edilen sonuglar, XGBoost modelinin pratik uygulamalarda kullanilabilir oldugunu ve
enerji iretim tahminlerinde giivenilir sonuglar sagladigini1 gostermektedir.
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5. SONUCLAR

Aragtirma, hidroelektrik enerji tiretimini dogru bir sekilde tahmin etmek i¢cin XGBoost gibi gelismis makine
6grenimi tekniklerinin potansiyelini ortaya koymaktadir. Cesitli giris parametrelerinin biitiinlestirilmesi ve
modelin performansinin optimize edilmesiyle, stratejik enerji planlamasi ve yonetimi i¢in yiiksek dogruluk
seviyelerine ulasmak mimkiindiir.

Bu yontem, hidroelektrik santrallerinin verimli isletilmesini desteklerken, ayni zamanda karbon
emisyonlarini azaltma ve g¢evresel dengeyi koruma gibi daha genis hedeflere de katki saglamaktadir.

Calismanin bulgulari, yenilenebilir enerji kaynaklarinin 6ngoériilebilirligini ve giivenilirligini artirmak igin
veri odakli modellerin 6nemini vurgulamakta ve daha siirdiiriilebilir enerji sistemlerine gegisi
desteklemektedir.

Arastirma, hidroelektrik enerji tahmini konusundaki anlayisimizi ilerletmekte ve enerji sektoriindeki karar
vericiler i¢in pratik ¢dzliimler sunmaktadir. Yenilenebilir enerji kaynaklarina artan talebi karsilamak i¢in
tahmin modellerine XGBoost gibi makine 6grenmesi algoritmalarinin entegrasyonu kritik neme sahiptir.
Gelecek arastirmalar, Al tabanli algoritmalar ve optimizasyon tekniklerini daha da gelistirerek gesitli
operasyonel ortamlarda tahmin dogrulugunu artirmay1 hedefleyebilir.
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This work examines how the hardness characteristics of intraply
carbon/aramid hybrid composites are affected by UV aging and
nanoclay addition. After being produced with different weight
percentages of nanoclay (0%, 0.5%, 1.0%, 1.5%, 2.0%, and
3.0%), the samples were exposed to UV aging for 0, 450, and
900 hours. In comparison to unreinforced samples, nanoclay
reinforcement dramatically increased the surface hardness, as
demonstrated by increases of 4.69%, 17.19%, 27.73%, 31.25%,
and 32.81% for 0.5%, 1.0%, 1.5%, 2.0%, and 3.0% nanoclay
content, respectively, according to hardness tests. In addition, it
was determined that there was an increase in the hardness value
of the samples at the end of UV aging. The increase in hardness
values continued as the UV aging time increased. These results
indicate that nanoclay reinforcement synergistically interacts
with UV-induced molecular changes to enhance surface
hardness, with diminishing returns observed at higher nanoclay
contents.
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Bu calismada, katman i¢i karbon/aramid hibrit kompozitlerin
sertlik 6zelliklerinin UV yaslanmasi ve nanokil ilavesiyle nasil
etkilendigi incelenmistir. Farkli agirlik yiizdelerinde nanokil ile
iretildikten sonra (%0, %0,5, %1,0, %1,5, %2,0 ve %3,0),
numuneler 0, 450 ve 900 saat UV yaslanmasina maruz
birakilmistir. Nanokil takviyesi, takviyesiz numunelere kiyasla
yiizey sertligini 6nemli dl¢iide artirmugtir. Sertlik testlerine gore,
sirastyla %0,5, %1,0, %1,5, %2,0 ve %3,0 nanokil icerigi igin
%4,69, %17,19, %27,73, %3125 ve %32,81'lik artislar
gorilmiistiir. Ayrica, UV yaslanmasi sonunda numunelerin
sertlik degerlerinde bir artis oldugu belirlenmistir. Sertlik
degerlerindeki artis UV yaslanma siiresi arttikga devam etmistir.
Bu sonuglar nanokil takviyesinin yiizey sertligini artirmak i¢in
UV kaynakli molekiiler degisikliklerle sinerjik olarak etkilesime
girdigini ve daha yiiksek nanokil igeriklerinde azalan getiriler
gozlemlendigini gostermektedir.
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1. INTRODUCTION

Composite materials are essential in modern engineering and manufacturing due to their unique ability to
combine the strengths of different materials, resulting in superior mechanical, thermal, and chemical
properties. They offer high strength-to-weight ratios, excellent corrosion resistance, and design flexibility,
making them indispensable in industries such as aerospace, automotive, construction, and renewable
energy. By tailoring the matrix and reinforcement components, composites can be engineered to meet
specific performance requirements, enabling innovations in high-performance and sustainable applications.
Their versatility and adaptability continue to drive advancements in technology and material science [1-3].
Composite materials are widely used in applications exposed to outdoor environments, such as aerospace,
automotive, and construction, where ultraviolet (UV) radiation is a significant aging factor. Prolonged
exposure to UV radiation can degrade the polymer matrix through photodegradation, leading to surface
discoloration, microcracking, and loss of mechanical properties such as tensile strength and stiffness.
Understanding the effects of UV aging is critical for predicting the long-term durability and reliability of
composites in such conditions. By simulating UV exposure in controlled environments, researchers can
evaluate material performance, identify failure mechanisms, and develop strategies to enhance UV
resistance through optimized formulations, coatings, or stabilizers. This knowledge is essential for
designing composite materials that maintain their structural integrity and aesthetic quality throughout their
service life, ensuring safety and compliance with industry standards [4,5].

Hardness testing is a critical evaluation method for composite materials as it provides insights into their
resistance to surface deformation, wear, and penetration under applied loads. This property is especially
important for composites used in applications subjected to abrasive or high-contact conditions, such as
aerospace, automotive, and protective equipment. By assessing hardness, researchers can predict the
material's durability, optimize formulations, and ensure its suitability for demanding operational
environments. The results from hardness tests also complement other mechanical evaluations, offering a
comprehensive understanding of the composite's performance [6,7].

In the literature, some researches have investigated the impact of particle reinforcement on the surface
hardness of composite materials. Moreover, some studies have investigated the effect of size on the
hardness of the samples. Akaluzia et al. [1] studied the effect of wood charcoal particles (HWCP) on the
hardness properties of polyester matrix composites. Samples were prepared with additive ratios varying
between 5-30% by weight. In addition, the change in hardness values under the effect of particle size was
investigated using 75, 150, 250, and 300 pum sizes for each ratio. According to the test results, hardness
values increase inversely proportional to particle sizes; maximum hardness was obtained at 150 pm size
and 20% weight percentage. In general, as the particle reinforcement ratio increased, the hardness value
increased compared to the control group.

Raja et al. [2] assessed the effect of fly ash filler size on the mechanical properties of polymer matrix
composites (PMC) reinforced with epoxy resin. Four different fly ash filler sizes (50 pm, 480 nm, 350 nm,
and 300 nm) were incorporated at a 10% weight ratio, with particle size reduction achieved through ball
milling. Mechanical tests, including hardness and Charpy impact strength, were conducted following
ASTM standards. The results demonstrated that reducing the filler size enhanced the hardness and impact
strength of the composites. The 300 nm filler size yielded the highest hardness (35 Hv) and impact energy
(14 J), attributed to improved filler-matrix adhesion and reduced voids. The study highlights the potential
of optimizing filler size to improve the performance of particulate-reinforced polymer composites, offering
insights for applications in lightweight and durable materials.

Wachter et al. [3] evaluated the hardness properties of transparent wood composites after UV exposure.
The samples were subjected to aging for 35 days and the hardness values were measured every 7 days. The
hardness values showed a decreasing trend until the end of 28 days, but then increased again. However, the
authors stated that this change was not significant.

Girimurugan et al. [4] investigated the hardness values of composite samples containing camellia sinensis
particles varying between 2-6%. According to the results, the hardness values of 2, 4 and 6 wt% samples
increased by 25, 87.5 and 182.5%, respectively, compared to samples without particle reinforcement.
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Ramli et al. [5] searched the effects of UV curing exposure time on the mechanical and physical properties
of epoxy and vinyl ester fiberglass laminate composites. Using two photoinitiators-Bisacyl Phosphine
Oxide (BAPO) and Alpha Hydroxyl Ketone (AHK)-the laminates were cured under UV light for varying
durations. Key tests, including density, tensile strength, hardness, and morphological analysis, were
conducted to assess performance. The results revealed that epoxy composites cured faster and achieved
superior mechanical properties compared to vinyl ester composites, which required additional curing time
for full hardening. Increased UV exposure time improved density due to reduced voids but led to diminished
tensile strength and hardness after optimal exposure due to material degradation.

The hardness of carbon fiber/epoxy (CFRP) samples that were exposed to ultraviolet light for 80 days was
tested by Shi et al. [6]. It was found that ultraviolet (UV) light had little effect on the fibers' hardness, which
remained comparatively constant during the course of aging. On the other hand, the matrix material
exhibited a noticeable embrittlement impact and an enormous rise in hardness after UV aging. Following
40 days of UV exposure, the matrix phase showed a significant rise in hardness, increasing by as much as
35% as a result of embrittlement from UV-induced molecular modifications. Hardness started to decrease
with further exposure after this peak.

Dulebova et al. [7] investigated the hardness changes of polypropylene (PP) composites when exposed to
UV rays and low temperatures. In the study, 10% to 50% talc and chalk were used as fillers, and 4%
montmorillonite (MMT) was added. The hardness changes of the polymer composites were measured by
Shore hardness test. It was observed that as the filler content increases, hardness, strength and other
mechanical properties increase. UV exposure for 720 h did not cause any significant change in hardness. A
slight increase in hardness was observed in PP/ chalk composites, while a slight decrease in hardness was
observed in PP/talc composites. Minimal changes in hardness were also observed in tests performed at
20°C.

Sahu et al. [8] studied the effects of UV exposure on mechanical properties of HDPE reinforced with carbon
black. Carbon black acts as a UV stabilizer and was studied at three different loading rates (1%, 2% and
3%). All samples were exposed to UV light for 192 hours. At the end of aging, the surface hardness
decreased by 3.28% for 1% reinforcement ratio, while it increased by 3.28% and 1.64% for 2% and 3%
reinforcement ratios, respectively.

Oguz et al. [9] evaluated the impact properties of particulated intaply hybrid carbon/aramid composites
after UV aging. Samples were kept in a UV cabin for 0, 450, and 900 hours. The effects of aging time and
hybridization effect on impact properties were evaluated experimentally. In this study, the extension of
aging time caused an increase in hardness values. Although the toughness values decreased after 450 hours
of UV aging for each reinforcement ratio, the extension of the UV aging period caused an increase in this
value.

In this study, carbon/aramid intraply hybrid composite samples were reinforced with varying nanoclay
contents of 0%, 0.5%, 1.0%, 1.5%, 2.0%, and 3.0% by weight, offering a systematic exploration of the
effects of nanoclay on composite performance. Unlike previous studies that primarily focus on short-term
UV exposure or single filler concentrations, this research subjected the samples to prolonged UV aging for
0, 450, and 900 hours, simulating extended environmental effect. The hardness values of the composites
were measured post-UV exposure, providing critical insights into the role of nanoclay reinforcement in
mitigating the effects of UV-induced material characterization. This approach not only bridges the gap in
the existing literature but also establishes a comprehensive understanding of the durability and performance
of hybrid composites under extended UV aging conditions.

2. MATERIALS AND METHOD

2.1. Composite Plate Production

Carbon/aramid twill fabric was used as the reinforcing material for this study. The epoxy resin MGS L 160
and the hardener MGS H 160 were mixed at a stoichiometric mass ratio of 100:25 to produce the composite
samples. The fabric and chemicals required to create the laminates were supplied by Dost Kimya (Turkey),
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while the nanoparticles were supplied by Grafen Kimya (Turkey). The physical properties of these materials
are listed in Table 1.

Table.1 Physical properties of materials

Material Specifications Dimensions
. . Areal density 210 g/m?

Carbon/aramid intraply fabric Fiber thickness 0.12 mm
Density 1.13-1.17 g/m’
Viscosity 700-900 mPas
Flexural strength 110-140 (N/mm?)

Epoxy resin MGS L160 Modulus of elasticity 3.2-3.5 (kN/mm?)
Tensile strength 70-80 (N/mm?)
Impact strength 40-50 (kJ/m?)
Lateral width 0.5-2 um

Nanoclay Thickness 1-10 nm
Bulk density 200-500 kg/m®

The approach of making specimens consists of two procedures. An MGS L 160-particle combination with
different weight percentages of nano-clay (0, 0.5, 1.0, 1.5, 2.0, and 3.0 wt.%) was first mixed using an
ultrasonic mixer adjusted at 8000 rpm. The combination was then mixed further until it was homogeneous
following the addition of MGS H 160. The next step was to arrange Twelve hybrid carbon/aramid fabrics,
each cut to 50 x 50 (cm?) dimensions, on a flat surface with a layering angle of 0°/90°. The entire
combination is then fed into the hybrid fabrics using a tiny hand roller. To make sure the epoxy-saturated
laminated composites wouldn't deform at an appropriate pressure, the complete layout was kept at 700 mm-
Hg vacuum pressure for 360 min. The laminates were then kept at 40°C for 120 minutes and cooled for a
full day in order to finish the curing process. An operation diagram representation is shown in Figure 1. As
per ASTM standards, the test pieces were CNC-cut to acquire specific sizes for hardness test after the
laminates were produced.

45 0.8

40 0.7

35 06
G —
e 30 os &
e .
2 25 -
o 04 ©
=]
g_ 20 2
£ 03 @
8 15 a

10 Temperature 0.2

5 = = = Pressure 0.1

0 0

0] 30 60 90 120 150 180 210 240 270 300 330 360
Curing Time (minute)
Figure 1. Composite plate production condition

2.2. UV Aging
The test samples were exposed to UV light in a QUV test chamber, which produces a radiation spectrum

centered in the ultraviolet wavelengths, in accordance with standard ASTM G154 [10]. Test specimens
were kept in chamber for 0, 450, and 900 hours at 50+ 2°C.
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2.3. Evaluation of Hardness Test

In order to determine the hardness of nanoclay filled intraply carbon/aramid composite material, a little
load is applied first, after which is a significant load, and the level of penetration is then noted. Vickers
hardness's primary benefit is its immediate presentation of hardness values, which eliminates the need for
laborious computations that are a part of other hardness measuring methods. Usually, it is employed in
metallurgy and engineering. Its tiny area of indentation, resolution, toughness, quickly, and dependability
are the reasons behind its commercial prominence. The test piece's thickness must be at least ten times the
indentation's depth in order to obtain a trustworthy result. Additionally, since convex surfaces provide lower
measurements, tests should be made from a level, perpendicular surface. The Vickers hardness test, which
followed ASTM E92-17, was used to assess the surface hardness of the composite samples. It was carried
out using a standard Vickers hardness testing equipment that had a diamond pyramid-shaped indenter. For
a duration of 10 seconds, the load was delivered to the sample surface using the indenter. After the load
was removed, the diagonals of the resulting indentation were measured using an optical microscope
integrated with the testing apparatus. Each specimen had fifteen measurements made at various points to
guarantee accuracy, and a median result was given. The impact of UV aging and nanoclay reinforcement
on the surface hardness of the composites could be evaluated thanks to the accurate and dependable
hardness values this approach produced. The regular diamond shape for hardness test and hardness test
device are shown in Figure 2 a) and b), respectively.

Figure 2. a) Regular diamond shape for hardness test b) Hardness test device

The samples utilized in this investigation were coded. For example, for the code S0.5-450, S is abbreviation
for specimen, 0.5 represents the nanoclay reinforcement ratio and 450 represents UV aging time (450
hours).

3. RESULTS AND DISCUSSION

The impact of nanoparticle adding on the hardness of intraply carbon/aramid hybrid samples was
systematically evaluated. The hardness values and change rates of the samples for each case are clearly
seen in Figure 3. The composites were prepared with nanoclay weight fractions of 0%, 0.5%, 1.0%, 1.5%,
2.0%, and 3.0%, and their hardness values were measured. The results demonstrated a significant
improvement in hardness with the addition of nanoclay compared to the unreinforced samples. Specifically,
the hardness values for the composites with 0.5%, 1.0%, 1.5%, 2.0%, and 3.0% nanoclay content exhibited
increases of 4.69%, 17.19%, 27.73%, 31.25%, and 32.81%, respectively, relative to the unreinforced
samples. This trend indicates that the incorporation of nanoclay enhances the resistance of the composite
matrix to surface deformation, which can be attributed to the improved dispersion of nanoclay particles and
their interaction with the polymer matrix [7,21]. The most substantial increase in hardness was observed at
3.0% nanoclay content, suggesting that the reinforcement was effective in enhancing the load-bearing
capacity of the matrix [18,19]. Further, due to the nanoclay strengthens the polymer's ability to resist plastic
deformation, it boosts the samples' hardness [9]. However, the diminishing rate of improvement beyond
2.0% indicates that the material may be approaching a saturation point, where further addition of nanoclay
provides minimal incremental benefits. These findings underscore the critical role of nanoclay content in
optimizing the mechanical properties of hybrid composites and provide valuable insights for their
application in environments demanding high surface hardness.
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Figure 3. Hardness values and change ratios of samples

The influence of UV aging on the hardness of intraply carbon/aramid hybrid composites with varying
nanoclay content (0%, 0.5%, 1.0%, 1.5%, 2.0%, and 3.0%) was systematically examined over 450 and 900
hours of exposure. The results reveal a notable increase in hardness values after UV aging, indicating the
embrittlement effect induced by prolonged UV exposure [12,16,20]. At 450 hours of UV aging, all samples
exhibited increased hardness compared to the control group. The hardness values for SO, S0.5, S1.0, S1.5,
S2.0, and S3.0 samples increased by 12.89%, 13.81%, 7.67%, 3.06%, 4.46%, and 8.83%, respectively. This
trend suggests that UV aging enhances the surface hardness due to the crosslinking and densification effects
in the matrix caused by UV-induced molecular changes [15,20]. However, the lower increase observed for
higher nanoclay contents (e.g., S1.5 and S2.0) may indicate that the reinforcement already contributes
significantly to hardness, leaving less room for further enhancement through UV aging. At 900 hours of
UV exposure, hardness values continued to rise compared to both the control group and the 450-hour
results. The hardness values for SO0, S0.5, S1.0, S1.5, S2.0, and S3.0 increased by 22.66%, 26.49%, 13.67%,
14.98%, 15.48%, and 15.0%, respectively. The progressive increase in hardness with prolonged UV
exposure highlights the cumulative embrittlement effect, with the matrix becoming increasingly rigid over
time. Notably, samples with higher nanoclay content (S2.0 and S3.0) showed relatively stable but
significant improvements, indicating that nanoclay reinforcement synergistically interacts with UV-
induced changes to enhance surface hardness. [12,20] These findings demonstrate that UV aging not only
enhances the surface hardness of hybrid composites but also highlights the critical role of nanoclay content
and aging duration in influencing the mechanical properties of these materials. The results provide valuable
insights for designing composites for long-term outdoor applications where UV exposure is a critical factor.

4. CONCLUSION

This work examined how the hardness characteristics of intraply carbon/aramid hybrid composites were
affected by UV aging and nanoclay reinforcement. In comparison to unreinforced samples, the addition of
nanoclay at weight fractions of 0.5%, 1.0%, 1.5%, 2.0%, and 3.0% considerably increased surface hardness,
with increases of 4.69%, 17.19%, 27.73%, 31.25%, and 32.81%, respectively. These results demonstrate
how well nanoclay works to increase the composite matrix's load-bearing capability. All samples' hardness
levels were further increased by UV aging. Hardness increases for SO, S0.5, S1.0, S1.5, S2.0, and S3.0 were
12.89%, 13.81%, 7.67%, 3.06%, 4.46%, and 8.83%, respectively, following 450 hours of UV exposure.
More significant increases occurred after 900 hours of exposure, reaching 22.66%, 26.49%, 13.67%,
14.98%, 15.48%, and 15.0% for the same specimens, respectively. These findings show a substantial
relationship between surface hardness and UV aging duration, which is explained by UV-induced
embrittlement effects and molecular crosslinking in the polymer matrix. The results imply that UV aging
and nanoclay reinforcement work in concert to improve the mechanical performance of hybrid composites.
Intermediate nanoclay concentrations and extended UV exposure produced the best combination of
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endurance and reinforcing, whereas greater nanoclay levels shown declining returns in hardness
enhancement. These findings serve as a basis for creating hybrid composites that are appropriate for long-
term outdoor applications and have improved hardness and UV resistance. To increase the range of
applications for these materials, further research might examine other mechanical characteristics including
fatigue behavior and impact resistance.
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In order to determine the mechanical properties of materials
according to certain standards, numerical analysis methods are
frequently used in addition to experimental studies. In this study,
the compressive strength test was numerically modeled in a
computer environment according to the ASTM D695-15
standard. Analyses were carried out by defining structural steel
material for the plate designed with the specified standard
dimensions and 1 mm thickness. In the numerical analysis, two
different loading types, force and displacement, were examined.
Numerical analyzes were carried out in a total of twelve different
situations by applying 2, 4, 6, 8, 10 and 12 N compressive forces
in the analyzes where force load (FL) was applied, and 1, 2, 3, 4,
5 and 6 mm compressive displacements in the analyzes where
displacement load (DL) was applied. The effects of different
loading types and different loading intensities on the
compressive strength of the test specimen were investigated. In
all analyses where FL and DL were defined, it was determined
that as the FL and DL intensity increased, the stresses and total
deformation on the test specimen also increased.

Yapisal Celik Malzemenin Farkh Yiikler Altindaki Basing Dayaniminin ASTM D695
Standardina Gére Sayisal Olarak incelenmesi

0Oz

Makale Bilgileri
Gelis  :01.01.2025
Kabul  :25.03.2025

DOI: 10.21605/cukurovaumfd. 1666074
Sorumlu Yazar

Nisa NACAR CIKAN

ncikan@cu.edu.tr

Anahtar Kelimeler

Ansys

ASTM D695

Basing dayanimu testi

Explicit dynamics

Sayisal analiz

Anif sekli: KAMER, M.S., (2025). Yapisal
Celik Malzemenin Farkl Yiikler Altindaki
Basing  Dayamimimin ~ ASTM D695
Standardina  Gore  Sayisal ~ Olarak
Incelenmesi. Cukurova Universitesi,
Miihendislik ~ Fakiiltesi  Dergisi, 40(1),
227-237.

Malzemelerin belirli standartlara gére mekanik 6zelliklerinin
belirlenmesi amaciyla deneysel ¢aligmalarin yaninda sayisal
analiz yontemleri de siklikla kullanilmaktadir. Bu ¢aligmada,
basing dayanimi testi ASTM D695-15 standardina gore
bilgisayar ortaminda sayisal olarak modellenmistir. Belirtilen
standart Olciilerinde ve 1 mm kalinliginda tasarlanan levhaya
yapisal celik malzeme tanimlanarak analizler
gerceklestirilmistir. Sayisal analizlerde kuvvet ve deplasman
olmak fizere iki farkli yiikleme tipi incelenmistir. Kuvvet yiiki
(FL) uygulanan analizlerde 2, 4, 6, 8, 10 ve 12 N basma
kuvvetlerinin, deplasman yiikii (DL) uygulanan analizlerde ise
1,2, 3, 4,5 ve 6 mm basma deplasmanlarinin uygulanmasiyla
toplam  oniki farkli  durumda sayisal  analizler
gerceklestirilmistir. Farkli yiikleme tipi ve farkli yiikleme
siddetlerinin test numunesinin basing dayanimi {izerindeki
etkileri aragtirnlmigtir. FL ve DL tanimlanan tiim analizlerde FL
ve DL siddetinin artmasiyla, test numunesi tzerindeki
gerilmelerin ve toplam deformasyonun da arttig1 belirlenmistir.
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1. INTRODUCTION

In recent years, software that works with the finite element method is frequently used to evaluate the
mechanical properties of materials and determine the behavior of machine components under various loads.
One of the most commonly used software for determining the mechanical behavior of materials through
the finite element method is Ansys. The Ansys software contains many modules, and some of the modules
used for determining mechanical behaviors include Composite PrePost, Explicit Dynamics, and Static
Structural. By using these modules, numerical analyses can be conducted by defining the loads acting on
machine components, or by modeling the relevant test standards to determine the mechanical behaviors of
materials through numerical analysis. The literature contains many standards for determining the
mechanical properties of materials, one of which is the ASTM D695 compression strength test standard.
This standard involves testing specimens with specific cross-sectional profiles (circular section, square
section) to determine the compression strength of materials, as well as testing plates of the specified
dimensions (Figure 2) using the relevant test equipment (Figure 1). Numerous studies have been conducted
in the literature using both of these methods separately for compression strength testing.

In the literature, many studies have been conducted using test specimens with specific cross-sectional
profiles for compression strength testing, some of which are provided here. Dwivedi et al. [1] investigated
the parameters affecting the mechanical properties of 3D printed PLA+ diamond lattice structures. They
tested the effects of various factors on compressive strength and energy absorption. Additionally, by using
nature-inspired machine learning algorithms, they improved the accuracy of model predictions. As a result,
they identified cell size as an important factor for compressive strength. Vidakis et al. [2] investigated the
effects of seven control parameters on the energy consumption and mechanical properties of PLA samples
produced with a 3D printer. In the experiments, they tested parameters such as energy consumption,
production time, and compressive strength. They found that printing speed and layer thickness are the most
significant factors affecting energy consumption, while infill density and orientation angle have an impact
on compressive strength. Claudio et al. [3] investigated the behavior of PLA material under compression.
They experimentally determined the effects of printing parameters on the compressive behavior of PLA
samples. They found that compressive strength is directly proportional to density, while no such
relationship was found for fatigue. Johri et al. [4] performed finite element modeling of natural fiber-
reinforced polymeric hybrid composites. They modeled jute fabric using Texgen and calculated the elastic
constants. They found that the mechanical properties they calculated showed a low deviation when
compared to experimental data. As a result, they concluded that chicken feather fiber reduces density, while
jute fiber enhances mechanical durability. Pernet et al. [S] examined the mechanical behavior and the
economic and environmental benefits of different infill patterns. Through compressive tests using 14
different infill patterns, they analyzed the relationships between load and weight. In their study, they
provided comprehensive information on mechanical properties for product design and manufacturing.
Additionally, the study identified opportunities for more robust infill pattern designs for additive
manufacturing. Selvamani et al. [6] investigated the bending and compressive properties of rice-reinforced
PLA composites. They conducted bending and compression tests according to ASTM standards and
analyzed the effects of different infill patterns and compositions using response surface methodology. As a
result, they found that a 15 wt% rice content provided better properties, while a 70 wt% rice content created
lower interlayer adhesion energy. Additionally, they identified concentric and grid patterns as the best
printing patterns for bending and compression properties. Subramaniyan et al. [7] investigated the use of
PLA and its composites for producing sandwich structures. They focused on the environmental friendliness
of PLA and its performance. They explored the compressive properties of 3D printed sandwich structures
and methods to improve the mechanical properties. Srinivasan et al. [8] studied the effects of hygrothermal
aging on the performance of glass fiber reinforced IPN composites. They aged samples containing
polyurethane and vinylester by exposing them to water at different temperatures. The tests showed that
temperature and aging time slightly reduced the strength of the GFRP tubes. Additionally, they found that
as the proportion of PU prepolymer increased, the geometric structure of the samples was maintained.
Morales et al. [9] investigated the effect of interlayer waiting times on the mechanical properties of ABS
structures produced by 3D printing. They found that increasing the waiting time between layers led to a
reduction in both compressive and shear strength. The study concluded that greater care should be taken
when selecting print settings, as printing processes requiring additional time could negatively affect the
mechanical strength. Vidakis et al. [10] examined the compressive strength of ABS and ABS plus parts
produced with different manufacturing parameters. They experimentally revealed the durability differences
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between ABS and ABS plus. They found that ABS parts produced with a larger layer thickness showed
lower compressive strength, while ABS plus parts exhibited higher durability.

In the literature, many studies have been conducted where plates of the dimensions specified in the relevant
standard are tested using the appropriate testing apparatus for compressive strength tests, and some of these
studies are presented here. Cocchi et al. [11] used flat hourglass-shaped specimens to evaluate the
compressive behavior of FRP. The hourglass shape reduces stress concentration by ensuring damage occurs
at the center. They assessed the specimens using four-point bending and ASTM D695 compression tests on
E-glass/epoxy and carbon/PEEK composite materials. Haseebuddin et al. [12] examined the mechanical
properties of polyester composites reinforced with different percentages of PET flakes. They found that as
the PET flake percentage increased up to 15%, the hardness increased, the composite with 10 % PET flakes
exhibited the maximum tensile strength, and the composite with 5 % PET flakes showed the maximum
compressive strength. They studied the fracture morphology using scanning electron microscopy. As a
result, they demonstrated that the PET flake percentages had a significant impact on the mechanical
properties. Squires et al. [13] investigated the compressive strength of unidirectional carbon fiber by
examining preparation and configuration variables. They measured compressive strength using the ASTM
D 695 M test method and conducted damage evaluations using SEM microscopy. The results showed that
the quality of specimen preparation was a significant factor influencing the damage mechanism. They
demonstrated that the preparation quality directly affected the compressive strength.

In this study, the compressive strength test was numerically modeled in a computer environment according
to the ASTM D695-15 standard. Numerical analyses were carried out in the “Explicit Dynamics” module
of the Ansys Workbench R19.2 program. Structural steel material was defined for the plate designed with
standard dimensions (Figure 2) and 1 mm thickness, and the analyses were performed. Two different
loading types, force and displacement, were examined in the numerical analyses. In the FL applied analyses,
six different compressive forces (2 N, 4 N, 6 N, 8 N, 10 N, and 12 N) and in the DL applied analyses, six
different compressive displacements (1 mm, 2 mm, 3 mm, 4 mm, 5 mm, and 6 mm) were applied, resulting
in a total of twelve different cases for the numerical analyses. The effects of different loading types and
loading intensities on the compressive strength of the test specimens were investigated. As it is known,
ASTM D695-15 standard is defined for rigid plastic materials. In this study, instead of plastic material,
Structural steel material was selected from the Ansys Workbench R19.2 program “Explicit Materials”
library, which can be easily found in the market, to perform the test when necessary. The aim of this study
is to determine the necessary parameters for the numerical analysis of the compression test in the Ansys
Workbench R19.2 program in accordance with the ASTM D695-15 standard. Our next study will be to
supply the necessary apparatus and perform the tests for the application of the ASTM D695-15 standard in
the compression test device. In this way, the verification of the experimental and numerical studies can be
done. Afterwards, it is planned to perform the tests and numerical analyzes of plastic and composite
materials according to the ASTM D695-15 standard using the obtained data and determined parameters.

2. MATERIALS AND METHOD

The ASTM D695-15 [14] compressive strength test rig generally consists of support jigs, the test specimen,
and the heads of the compressive test machine (Figure 1).

Testing machine head

Fae

Figure 1. ASTM D695 compressive strength test rig [15]
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In order to perform numerical analyses, firstly, the solid model designs of the schematic support jig created
using the surfaces of the test specimen and support jigs in contact with the test specimen were performed
in the SolidWorks 2018 program (Figure 2). Assembly designs consisting of the test specimen and
schematic support jigs were made. Only the parts of the support jigs shown in Figure 1 that are in contact
with the test specimen were designed to be used in analyses, and each surface of these elements was given
a thickness of 0.4 mm. As seen in Figure 2, at the beginning of the test, there was a test distance of 6.4 mm
between the upper surface of the test specimen and the upper surface of the schematic support jig.

127 Test specimen

Figure 2. Solid model used in numerical analysis

The designed solid model (Figure 2) was transferred to the “Explicit Dynamics” module in the Ansys
Workbench R19.2 program. Structural steel material definition was made for all elements in the analysis
design. The structural steel material properties used in the analysis were given in Table 1. Afterwards,
frictionless contact relations were defined between the front and back surfaces of the test specimen and the
relevant surfaces where the support jigs was in contact. In this way, the test specimen was able to move
between the support jigs when necessary under the effect of the compression load.

Table 1. Structural steel material properties

Density 7.85 g/em?
Young’s modulus 200 GPa
Tensile yield strength 250 MPa
Tensile ultimate strength 460 MPa

The mesh properties used in the numerical analyses were given in Table 1. The mesh image of the test
specimen and support jigs created using the properties specified in Table 1 was shown in Figure 3 together
with the detailed image.

Table 2. Mesh properties

Body sizing - Element size - Test specimen 1 mm
Body sizing - Element size — Support jigs 0.4 mm
Hex dominant method — Support jigs All quad
Max. Skewness 0.25244
Min. Orthogonal Quality 0.925
Number of nodes 9664
Number of elements 3153
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10,00

(a) Mesh image (b) Mesh detail image
Figure 3. Mesh images

In the numerical analysis, all surfaces of the schematic support jigs and the bottom surface of the test
specimen were selected and the fixed support boundary condition was defined (Figure 4). In the numerical
analyses applied to FL, force and displacement boundary conditions were defined on the upper surface of
the test specimen (Figure 4a). In the displacement boundary condition, the upper surface of the test
specimen was fixed (0 mm) in the X and Z axes and left free in the Y axis. In the force boundary condition,
no force (0 N) was defined on the upper surface of the test specimen in the X and Z axes, and six different
numerical analysis were performed by applying compressive forces of 2 N, 4 N, 6 N, 8 N, 10 Nand 12 N
in the negative direction in the Y axis. In the numerical analyses applied to DL, a displacement boundary
condition was defined on the upper surface of the test specimen (Figure 4b). In the displacement boundary
condition, the upper surface of the test specimen was fixed (0 mm) in the X and Z axes, and six different
numerical analysis were performed by applying compressive displacements of 1 mm, 2 mm, 3 mm, 4 mm,
5 mm and 6 mm in the negative direction in the Y axis. All numerical analyses were performed using a end
time of 0.02 s. As a result of numerical analysis, the stress and deformation behaviors of the test specimen
under compressive loads at different forces and different displacements were investigated.

@ Displacerent

N \] Y

20,00{mm}) ‘/I\ ) - 20,00{mm}) ZA
[——=T=7) 7 X [ — 1 X

10,00 10,00

(a) Force load (b) Displacement load
Figure 4. Boundary conditions images used in numerical analysis
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3. RESULTS AND DISCUSSION

Equivalent Von Mises stress contour images obtained from numerical analyses performed under different
compressive forces by defining FLL were shown in Figure 5. When the figure was examined, it was seen
that the stresses on the test specimen increase as the applied force increases. It was determined that the test
specimen did not suffer buckling damage in the analyses performed with 2 N, 4 N and 6 N compression
forces, some buckling occurred in the analyses performed with 8 N and 10 N compression forces, and the
test specimen was completely deformed in the analyses performed with 12 N compression force. In the
analyses where buckling occurs, it was seen that the buckling occurs in the middle region of the test
specimen. There is some opening in the middle regions of the support jigs used in the compressive strength
test, and the test mechanism ensures that buckling occurs in this region.
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Figure 5. Equivalent stress images obtained from numerical analysis where force load is defined

Total deformation contour images obtained from numerical analyses performed under different
compression forces by defining FL were shown in Figure 6. When the figure was examined, it was seen
that the total deformation on the test specimen increases with the increase in the applied force. In the
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analysis performed with 4 N compression force, it was observed that some compression deformation begins
in the middle region of the test specimen, in the analysis performed with 6 N compression force, the
compression deformation in the middle region spreads to the entire section, and in the analysis performed
with 8 N compression force, buckling begins in the middle region. In the analyses performed with 8 N and
10 N compressive forces, it was determined that the highest total deformation occurred in the middle regions
of the test specimen, and in the analyses performed with 12 N compressive force, the highest total
deformation occurred in the upper part of the test specimen. In fact, it is not expected that a force of 12 N
would cause such a deformation in the structural steel material in the specified cross-sectional area. It can
be said that this deformation damage occurred due to reasons such as the low thickness of the compression
test specimen, the material being forced to buckle rather than to compress due to the gap in the middle area
of the test apparatus, and the formation of a high-speed impact effect in the analysis as a result of the
analysis time of 0.02 s determined in the boundary conditions of the maximum deformation occurring in
the analysis.
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Figure 6. Total deformation images obtained from numerical analysis where force load is defined
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Equivalent Von Mises stress contour images obtained from numerical analyses performed under different
compressive displacements by defining DL were shown in Figure 7. When the figure was examined, it was
seen that the stresses on the test specimen increase with the increase in the applied displacement. It was
determined that buckling damage occurred in all of the different compression displacements applied, that
the amount of buckling increased as the amount of displacement increased, and that the buckling occurred
in the middle regions of the test specimen.
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Figure 7. Equivalent stress images obtained from numerical analysis where displacement load is defined

Total deformation contour images obtained from the numerical analyses performed under different
compression displacements by defining DL were shown in Figure 8. When the figure was examined, it was
seen that the total deformation on the test specimen increases with the increase in the applied displacement.
In the analyses performed with 1 mm, 2 mm and 3 mm compression displacements, it was determined that
the highest total deformation occurred in the middle regions of the test specimen, and in the analyses
performed with 4 mm, 5 mm and 6 mm compression displacements, it was determined that the highest total
deformation occurred in the upper part of the test specimen.
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Figure 8. Total deformation images obtained from numerical analysis where displacement load is defined

The result graphs obtained from the numerical analysis performed by defining FL. and DL were shown in
Figure 9. When the maximum equivalent stress (MES) — time graph obtained from the numerical analysis
performed by defining FL was examined (Figure 9a), it was determined that the MES values of the test
specimens increased with the increase in the applied compressive force, and that the test specimens
exhibited creep behavior at this value for a while after reaching certain MES values. It was observed that
in the analyses performed with 2 N, 4 N and 6 N compressive forces, the analyses were terminated after the
test specimen has creeped to some extent, and in the analyses performed with 8§ N, 10 N and 12 N
compressive forces, the analyses were terminated with the rapid increase in the MES values after the test
specimen has creeped to some extent. When the maximum total deformation (MTD) — time graph obtained
from the numerical analysis performed by defining FL was examined (Figure 9b), it was determined that
the MTD values of the test specimens increased with the increase in the applied compression force. In the
analyses performed with all compression forces, it was observed that the increase in the MTD values of the
test specimens initially remained low for a while, and then the increase in the MTD values gradually reached
higher values. When the MES — time graph obtained from the numerical analysis performed by defining
DL was examined (Figure 9c), it was seen that the MES values of the test specimens increase with the
increase in the applied compression displacement, yielding occurs after the test specimens reach certain
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MES values, and the test specimens undergo plastic deformation after this region. When the MTD — time
graph obtained from the numerical analysis performed by defining DL was examined (Figure 9d), it was
determined that the MTD values of the test specimens increased with the increase in the applied
compressive displacement. It can be said that in the analyses performed with all compression displacements,
the MTD values of the test specimens increased with a somewhat linear behavior depending on time.
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Figure 9. Results graphs obtained from numerical analysis

4. CONCLUSION

In this study, the compressive strength test was numerically modeled in a computer environment according
to the ASTM D695-15 standard. The effects of different force (2 N,4 N, 6 N, 8 N, 10 N, 12 N) and different
displacement (1 mm, 2 mm, 3 mm, 4 mm, 5 mm, 6 mm) loads applied in numerical analysis were
investigated on the compressive strength of the test specimen. The results obtained from the study were
listed below.

In the numerical analyses performed under different compression forces by defining FL, it was determined
that;
- as the applied force increases, the stresses and total deformation on the test specimen also increase,
- in the analyses performed with 2 N, 4 N and 6 N compression forces, the test specimen did not suffer
buckling damage,
- in the analyses performed with 8 N and 10 N compression forces, some buckling occurred,
- in the analysis performed with 12 N compression force, the test specimen was completely deformed,
- in the analysis performed with 4 N compression force, some compression deformation started in the
middle region of the test specimen,
- in the analysis performed with 6 N compressive force, the compressive deformation in the middle
region spread to the entire section,
- in the analysis performed with 8 N compression force, buckling started in the middle region,
- in the analyses performed with 8 N and 10 N compression forces, the highest total deformation
occurred in the middle regions of the test specimen,
- in the analysis performed with 12 N compression force, the highest total deformation occurred in
the upper part of the test specimen.
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In the numerical analyses performed under different compression displacements by defining DL, it was
determined that;

- as the applied displacement increases, the stresses and total deformation on the test specimen also
increase,

- buckling damage occurred at all applied different compression displacements,

- as the amount of displacement increases, the amount of buckling also increases,

- in the analyses performed with 1 mm, 2 mm and 3 mm compression displacements, the highest total
deformation occurred in the middle regions of the test specimen, in the analyses performed with 4
mm, 5 mm and 6 mm compression displacements, the highest total deformation occurred in the
upper part of the test specimen.
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This article examines Turkey's geothermal energy potential, current
status, and future role, highlighting its vast reserves, particularly in
the Aegean Region. Using data from 2018 to 2023, it analyzes the
growth of installed capacity and forecasts an annual increase of
approximately 100 MW, reaching around 2,500 MW by 2030.
Recent advancements in geothermal technologies, especially in
energy storage and efficiency, are expected to further enhance
Turkey's capacity. The significance of geothermal energy in
Turkey's energy planning goes beyond electricity generation,
supporting regional heating and greenhouse farming while
strengthening energy security and advancing renewable energy
targets. The article highlights geothermal energy's role in
sustainability, reducing carbon emissions, and supporting local
development. In conclusion, the article stresses the need for Turkey
to boost geothermal investment, adopt innovative technologies, and
implement sustainable strategies. It highlights geothermal energy as
a key resource in strengthening Turkey's energy security and
achieving sustainable development goals.

Siirdiiriilebilir Enerji ve Tiirkiye: Jeotermal Enerji ve Enerji Planlamasinin Rolii

[eY7

Makale Bilgileri
Gelis 2 04.02.2025
Kabul  :25.03.2025

DOI: 10.21605/cukurovaumfd. 1666078
Sorumlu Yazar

Manolya GULDUREK
mguldurek@atu.edu.tr

Anahtar Kelimeler

Jeotermal enerji

Stirdiiriilebilir enerji

Enerji planlamasi

Kapasite artisi

Yenilenebilir enerji

Anf sekli: GULDUREK, M., (2025).
Siirdiiriilebilir -~ Enerji  ve  Tiirkiye:
Jeotermal Enerji ve Enerji Planlamasinin
Rolii. Cukurova Universitesi, Miihendislik
Fakiiltesi Dergisi, 40(1), 239-249.

Bu makale, Tiirkiye'nin jeotermal enerji potansiyelini, mevcut
durumunu ve gelecekteki roliinii inceleyerek ozellikle Ege
Bolgesi'ndeki zengin rezervlerine vurgu yapmaktadir. 2018-2023
verilerini kullanarak kurulu kapasitedeki artis1 analiz etmekte ve
yillik yaklagik 100 MW'lik bir artigla 2030 yilina kadar toplamda
2.500 MW’a ulasacagim dngormektedir. Ozellikle enerji depolama
ve verimlilik alanindaki yeni jeotermal teknolojiler, Tiirkiye nin
kapasitesini daha da artirmasi beklenmektedir. Tiirkiye'nin enerji
planlamasinda jeotermal enerjinin Onemi, yalmizca elektrik
iiretiminin Otesine gegerek bolgesel 1sitma ve sera tarimina katkida
bulunurken, enerji giivenligini giiclendirmekte ve yenilenebilir
enerji hedeflerine ilerlemeyi desteklemektedir. Makale, jeotermal
enerjinin  siirdiiriilebilirlikteki  roliinii  vurgulayarak karbon
emisyonlarin1 azaltma ve yerel kalkinmay1 destekleme etkilerine
deginmektedir. Sonug olarak, Tiirkiye nin jeotermal yatirimlarini
artirmasi, yenilik¢i teknolojileri benimsemesi ve siirdiiriilebilir
stratejiler uygulamasi gerektigi vurgulanmaktadir. Jeotermal enerji,
Tiirkiye’nin enerji giivenligini giiclendirmede ve siirdiiriilebilir
kalkimma hedeflerine ulagsmada kilit bir kaynak olarak one
¢ikmaktadir.
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Sustainable Energy and Turkey: The Role of Geothermal Energy and Energy Planning

1. INTRODUCTION

Geothermal energy refers to the utilization of heat energy originating from the depths of the Earth’s crust.
The source of this energy is the water and steam that rise to the surface due to temperature differentials
underground. Geothermal energy is a sustainable and environmentally friendly energy source that can be
used for direct heating, electricity generation, and industrial processes. This energy source holds significant
importance for environmental sustainability due to its renewable nature and ability to minimize carbon
emissions [1].

In many countries around the world, geothermal energy is utilized in areas such as electricity generation
and local heating. Turkey is rich in geothermal energy potential and is developing various projects to utilize
this resource more effectively. Active geothermal fields are particularly concentrated in Turkey’s western
and southern regions. The Aegean Region, along with provinces such as Nevsehir, Aydin, Manisa, and
Denizli, hosts Turkey's leading geothermal energy resources. In these regions, geothermal energy is widely
used for both electricity production and greenhouse heating.

Turkey is among the regions worldwide with active geothermal zones and has substantial potential in this
field. The current utilization of geothermal energy in Turkey is largely limited to regional heating and
electricity generation.

However, when used more effectively, these resources have the capacity to meet a significant portion of
Turkey's energy needs [2,3]. The role of geothermal energy in Turkey’s energy planning is becoming
increasingly important, and its share is expected to grow in the future [4,5].

Beyond electricity production, geothermal energy is effectively utilized in industrial and heating
applications. For instance, some geothermal plants in the Aegean Region provide district heating for
residential areas and are also used in agricultural activities such as greenhouse heating [6,7]. Additionally,
geothermal energy contributes to Turkey’s sustainable development goals as an environmentally friendly
alternative energy source [8,9].

Although Turkey has made significant progress in the geothermal energy sector, there is a need for
technological advancements and increased investments to utilize these resources more efficiently. It is
emphasized that geothermal energy should occupy a greater place in energy planning to enable broader
utilization [1]. In this context, geothermal energy is anticipated to play an important role in Turkey's future
energy portfolio [5,10]

The majority of Turkey's geothermal energy resources are located in the Western Anatolia region, with
significant investments made in recent years in the Cappadocia area to enhance geothermal potential.
Drilling activities around Hasan Mountain have shown increasing temperature values with depth, and
numerical modeling based on these results suggests that the region's geothermal potential is linked to a
magma chamber located deeper in the Earth's crust [11].

Geothermal energy in Turkey, particularly in Western and Central Anatolia, is a valuable resource due to
its young tectonic and volcanic activity. In 2022, Turkey's geothermal electricity generation capacity
reached 1,663 MWe, with total direct heat use at 5,113 MWt. With further research and the development
of Enhanced Deep Geothermal Systems (EDGS), Turkey's geothermal capacity is expected to grow
significantly, potentially exceeding 100,000 MWt in the medium term [12].

Geothermal energy is a renewable energy source that is highly suitable for Turkey's needs. As primary
energy sources are depleting and resources are unevenly distributed globally, local and renewable energy
sources are becoming essential for the country. Geothermal energy can contribute to meeting part of
Turkey's energy demands, particularly for electricity generation through geothermal power plants [13].

Since 2015, Turkey has made significant advancements in geothermal energy. The country has discovered
approximately 460 geothermal fields and reached a geothermal direct-use capacity of 3828.5 MWt for
heating, agriculture, and balneological purposes. As of December 2020, Turkey's geothermal electricity
production capacity is 1663 MWe, with ongoing deep reservoir explorations and drilling efforts to further
enhance electricity production [14].
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Turkey is known to have nearly 274 geothermal occurrences, with about 25 fields currently being exploited
for direct and indirect energy use. This study evaluates the production data of exploited fields and available
data for unexploited fields to estimate the potential of each field in terms of maximum capacity or annual
energy use, using geothermal inventory data from MTA and other sources [15].

The Sustainable Development Goals bring together various disciplines such as social, economic, cultural,
health, environment, and climate. As the demand for energy increases due to population growth,
technological advancements, and rising living standards, the need for clean and sustainable solutions is
addressed. In Turkey, significant capacity increases in renewable energy, including solar, wind, biomass,
and geothermal, have been achieved, especially with the Renewable Energy Resources Support
Mechanism. These developments contribute to energy independence, and Turkey ranks sixth globally and
first in Europe in geothermal energy capacity, with diverse geothermal resources across the country used
for electricity production, heating, greenhouse farming, and health tourism [16].

This Article includes:

* A comprehensive analysis of Turkey's geothermal energy resources, their current state, potential,
and future development trends.

* An evaluation of the role and importance of geothermal energy in Turkey's sustainable energy goals,
energy security, and green energy transition.

+ Scientific predictions of Turkey's geothermal energy production capacity growth by 2030 (e.g.,
using linear regression models) and energy strategies based on these forecasts.

* Anexamination of the potential impacts of investments in the geothermal energy sector on economic
growth, local employment, and regional development, as well as opportunities to enhance sector
efficiency through innovative technologies.

2. GEOTHERMAL ENERGY IN TURKEY

Turkey's energy planning has been shaped in recent years by a strong focus on sustainable and renewable
energy sources. To ensure energy security, reduce dependency on imports, and minimize environmental
impacts, Turkey aims to increase the utilization of renewable energy resources. In this context, geothermal
energy stands out as a significant alternative energy source due to its potential and environmental
advantages [17,18].

The primary objectives of Turkey's energy policies include reducing energy dependency, increasing the use
of domestic and renewable resources, and minimizing carbon emissions. As of 2023, Turkey supports
geothermal energy through the Renewable Energy Resources Support Mechanism. This mechanism aims
to boost geothermal energy investments and increase the share of renewable resources in the country’s
energy production [19,20].

While Turkey possesses substantial geothermal energy potential globally, its efficient utilization remains
limited. As of 2020, Turkey's geothermal energy capacity was approximately 1,600 MW, with a significant
portion allocated to electricity generation. Concentrated primarily in the western regions, Turkey's
geothermal resources are centered in provinces like Aydin, Denizli, and Manisa in the Aegean region, which
host key geothermal power plants [21].

The critical role of geothermal energy in Turkey’s energy planning lies in its ability to provide both reliable
and continuous energy. Unlike other renewable energy sources, geothermal energy can be produced
uninterruptedly, which strengthens Turkey’s energy security [5]. Additionally, geothermal energy holds
significant potential for local heating and industrial applications, making it an essential resource in meeting
the country’s energy needs.

The importance of geothermal energy in Turkey's energy policies extends beyond electricity generation.
Geothermal energy also contributes to local development through applications such as regional heating
systems and agricultural activities. For instance, geothermal energy is widely used in greenhouse heating,
and increased investments in this area have enhanced agricultural productivity in Turkey [6].
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Turkey’s energy targets for 2023 and beyond foresee an increased share of geothermal energy. In alignment
with Turkey's National Renewable Energy Action Plan and Green Deal strategies, the role of geothermal
energy in the country’s energy production is expected to grow. These targets will play a crucial role in
helping Turkey achieve its net-zero emission goals [22].

3. GEOTHERMAL ENERGY SYSTEMS

In order to operate geothermal power plants efficiently and sustainably, it is crucial to accurately model
geothermal systems. This modeling process ensures the accurate prediction of subsurface temperature
profiles, reservoir properties, fluid dynamics, energy production efficiency, and environmental impacts
[23]. One of the key parameters determining the efficiency of geothermal reservoirs is the temperature
distribution underground. The subsurface temperature profile is a factor that directly impacts the potential
energy production capacity, and therefore, it is necessary to create an accurate temperature map [24]. The
porosity and permeability characteristics of the reservoir determine the movement of the fluid and the rate
at which heat is transferred to the surface. These properties are important parameters for the sustainable use
of geothermal energy; high permeability allows the fluid to move more efficiently [25]. Additionally, the
size of the reservoir and fluid dynamics are other critical factors to be considered in the modeling process.
The movement of the fluid underground, evaporation rate, pressure changes, and the interaction between
liquid and steam can directly affect the efficiency of energy production [26].

To ensure the sustainability of geothermal systems, it is also necessary to model the changes in energy
production capacity over time and the recharging processes of the reservoir. Monitoring the changes in
temperature and pressure during energy production helps predict the depletion rate of the reservoir and
recovery times. These models play a critical role in ensuring the long-term efficiency of geothermal plants
[27]. Furthermore, environmental impacts and greenhouse gas emissions are also important parts of the
modeling process. While geothermal energy is considered an environmentally friendly option due to its low
carbon emissions, the impact of the reservoir on the environment, especially on groundwater and
ecosystems, must be accurately simulated [28]. Economic parameters should also be considered in the
modeling. The installation costs, maintenance requirements, and energy production costs of geothermal
plants are essential for energy planning and resource allocation [29]. Finally, to ensure sustainability in
geothermal energy production, the process of reinjecting water into the reservoir, known as "re-injection,"
must be considered in the models. This process can prevent the reservoir from depleting in the long term
and ensure the continuity of energy production capacity.

Accurate and efficient planning of geothermal energy systems will be possible by modeling these critical
parameters. This modeling process not only increases energy production efficiency but also minimizes
environmental impacts, ensuring the long-term sustainability of the energy plants. The basic principles of
geothermal energy are shown in Figure 1 below [30].

Basic principle of geothermal energy
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Figure 1. The basic principles of geothermal energy
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4. THE ROLE OF GEOTHERMAL ENERGY IN TURKEY’S ENERGY
PLANNING STRATEGY

Since the early 2000s, Turkey has taken significant steps towards reducing its dependence on foreign energy
sources and increasing the share of renewable energy resources. One of the key components of this strategy
is enhancing the potential of renewable energy sources, including geothermal energy.

» Advantages of Geothermal Energy: Geothermal energy is a local and continuous energy source for
Turkey. Unlike other renewable energy sources (such as solar and wind), which can be variable depending
on seasonal and weather conditions, geothermal energy provides nearly uninterrupted production.
Additionally, it significantly contributes to environmental sustainability due to its low carbon emissions.

* Turkey’s Geothermal Potential: Turkey is one of the seven largest countries in the world with geothermal
energy reserves, and its geothermal resources, concentrated in the Aegean Region, play a crucial role in the
country's energy planning. Large geothermal resources in provinces such as Aydin, Denizli, Manisa, and
Nevsehir offer a wide range of uses, from electricity generation to heating and greenhouse farming. This
situation provides an important advantage for enhancing Turkey's energy security.

4.1. Current Status and Growth Trends

Currently, Turkey's geothermal energy installed capacity is approximately 1,800 MW as of 2023, and it is
expected to increase to 2,500 MW by 2030, with an annual growth rate of around 100 MW. These growth
trends highlight Turkey’s view of geothermal energy as a critical source for reducing energy dependence.
This increase in capacity is expected to account for about 3-4% of the country’s energy production.

* Share in Electricity Generation: The share of geothermal energy in Turkey’s total electricity production
is expected to rise to around 3-4%. However, considering its contributions in areas such as district heating
and greenhouse farming, the economic impact of geothermal energy on total energy production will be
much greater. This demonstrates the need for geothermal energy to play an even larger role in Turkey's
energy planning.

4.2. Energy Future and Sustainability

In Turkey’s energy planning, the role of geothermal energy is growing in alignment with green energy
transformation and sustainable development goals. Geothermal energy significantly contributes to
achieving the country's renewable energy targets. Turkey aims to source 30% of its energy production from
renewable sources by 2030, and increasing the share of geothermal energy will help Turkey reduce its
carbon emissions.

* Capacity Increase and Innovative Technologies: Technological advancements, particularly closed-loop
systems and deep geothermal energy, are expected to play a significant role in increasing geothermal’s
share in Turkey's energy planning. These systems provide more efficient energy production and enhance
the efficiency of geothermal plants. Additionally, developments in geothermal heating systems will increase
geothermal energy’s influence, not only in electricity generation but also in energy efficiency and local
heating systems.

4.3. Impact of Geothermal Energy on Energy Security and Local Development

Geothermal energy strengthens Turkey's energy security. Especially energy production based on local
resources is critical for reducing import dependency. In regions with significant geothermal potential, local
access to energy will increase, contributing to local development.

* Energy Independence: By increasing geothermal energy production, Turkey can reduce its dependency
on natural gas and coal imports. Geothermal energy, offering continuous production, provides a more
resilient alternative against fluctuations in foreign energy prices. Furthermore, the diversification of
Turkey's energy sources will enhance the country’s energy security and mitigate the risks posed by
international energy market fluctuations.
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* Contribution to Local Economy: Geothermal energy plants create local employment during installation
and operation stages. Moreover, industries based on geothermal resources, such as greenhouse farming and
thermal facilities, can support local development. This creates significant opportunities for social and
economic development. In addition, geothermal energy will help reduce unemployment in geothermal-rich
regions, stimulate regional businesses, and increase the standard of living for local communities.

4.4. Future Role of Geothermal Energy in Energy Planning and Strategies

Turkey’s goals to increase geothermal energy production will form part of its sustainable energy policy.
Steps to enhance the role of geothermal energy in energy planning include:

* Investment Incentives: Turkey should develop policies to attract more investments in the geothermal
energy sector. Particularly, support for innovative technologies and domestic production projects should be
increased. This includes offering subsidies or tax incentives for companies that implement cutting-edge
geothermal technologies and increase local production capabilities.

* Research and Development: Investments in R&D in the geothermal energy field will open the way for
more sustainable energy production with efficiency-enhancing technologies. Widespread adoption of
innovative methods such as closed-loop systems and high-enthalpy reservoirs is required. Collaborations
between universities, private companies, and government institutions will be essential for accelerating R&D
and ensuring that new technologies can be quickly brought to market.

* Integrated Energy Strategies: Geothermal energy should not only be used for electricity production but
also for regional heating, greenhouse farming, and industrial processes, which would make it much more
efficient. Therefore, integrated energy planning targeting multiple sectors should be implemented. This
multi-sector approach will reduce the need for fossil fuels in heating, agriculture, and industry, creating a
comprehensive renewable energy ecosystem.

Geothermal energy holds an important place in Turkey’s energy strategy, and this role is expected to
strengthen by 2030. In addition to its share in electricity generation, geothermal energy will support
Turkey’s energy security and sustainable development through its applications in hot water use and local
development. Proper management of Turkey’s geothermal energy potential will help achieve domestic and
renewable energy goals. With the right investments and policies in place, geothermal energy has the
potential to become one of the cornerstones of Turkey’s transition to a more sustainable and energy-
independent future.

5. MATERIAL AND METHOD
This section will focus on estimating Turkey's geothermal energy electricity generation capacity until 2030.

Table 1. Turkey's Geothermal Energy Electricity Generation Capacity

Geothermal ener - Annual Number of
gy Annual electricit
Year installed capacity roduction (ng) capacity factor geothermal power
(MW) P (%) plants

2018 1,320 MW 5,670,000 MWh 68% 51

2019 1,430 MW 6,110,000 MWh 70% 56

2020 1,515 MW 6,520,000 MWh 72% 60

2021 1,600 MW 6,860,000 MWh 74% 62

2022 1,700 MW 7,120,000 MWh 75% 65
2023 (Estimated) 1,800 MW 7,300,000 MWh 76% 68

Explanations:

e Geothermal Energy Installed Capacity (MW): The total installed capacity of geothermal energy
plants in Turkey. This represents the maximum electricity that can be produced by geothermal
plants.

e Annual Electricity Production (MWh): The total annual electricity production by geothermal plants.
This value is based on the production capacity calculated from the installed capacity.

C.U. Miih. Fak. Dergisi, 40(1), Mart 2025




Manolya GULDUREK

¢ Annual Capacity Factor (%): Shows how efficiently an energy plant utilizes its installed capacity. A
higher value indicates more efficient operation.

e Number of Geothermal Power Plants: The number of active geothermal energy plants in Turkey.

Methodology:

For this analysis, we selected the linear regression method. Using the historical data on installed capacity
(MW) and annual electricity production (MWh) from the past years, we can make predictions for future
geothermal energy production. In this model, time (year) will be treated as the independent variable, and
the installed capacity or annual production will be the dependent variable. Figure 2 shows the flow chart of
the LR algorithm.

Hypothesis

! 1

Cost / error function

Yes

Put (6o, 01,...) in
gradient descent function

Figure 2. Flow chart of linear regression [31]

The pseudocode of the Linear Regression Alignment Algorithm is as shown in Figure 3.

Preliminaries
combine all n LC/MS runs
build overlapping mass-windows across combined runs
1. Cluster Analysis
for cach mass-window do
use p peaks with highest intensities
calculate distance matrix of pairs of peaks (7, i)
diff{rt) < k) A
diff(log, o (intensity)) < k2
diff(rt) > ky V
diff(log, o (intensity)) > ko
hierarchical average linkage cluster analysis
cut cluster-tree at mass accuracy Am
if g, < thresholdy N 1ynics < threshold: then
cluster is ‘well-behaved’
delete duplicated “well-behaved’ clusters
for cach ‘well-behaved’ cluster do
rt = median(rt)
for cach peak i do
dev; = rt; —

diff(mass), if
G5 h =—
oG,

2. Regression
for cach run s do
take only peaks from “well-behaved” clusters
fit regression line d;,‘\'_\,.‘.,'_ = s + bs *7E;
by minimizing 3 (dev; — devg ;)2
Correction
for cach run s do
for cach peak i do
rteor,i = rt; — df:'\’s.i

Figure 3. Pseudocode of linear regression alignment algorithm [32]
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Steps:

e Collection and Analysis of Historical Data: First, we will analyze the data from 2018 to 2023.
e Linear Regression Model: We will create a linear regression model for these years. The model will
be of the form:

Y=at+b (1)

Where:

Y is the predicted value (installed capacity or annual production),

t is the year,

a is the slope coefficient, and

b is the constant term.

e Prediction for 2023-2030: Using the model, we will calculate the predictions for 2023 to 2030.

5.1. Historical Data (2018-2023)
We will use the data in Table 2 below to perform the linear regression.

Table 2. Historical data

Year Installed capacity (MW) Annual electricity production (MWh)
2018 1,320 5,670,000
2019 1,430 6,110,000
2020 1,515 6,520,000
2021 1,600 6,860,000
2022 1,700 7,120,000
2023 1,800 7,300,000

5.2. Linear Regression Model

The foundation of linear regression is to find the relationship between the year (t) and the installed capacity
(Y). The formula is as follows:

Y=at+b @)

It is assumed that there is a simple linear relationship between year and installed capacity. To find this
relationship with the data from 2018 to 2023, we need to compute the slope coefficient (a) and the constant
term (b). These calculations are done using the sum of the values.

We can calculate the slope and constant term as follows:

ny(GYP-Xt XY

d Slope (a) = nz tiz_(z ti)z (3)

e Constant Term (b) =

“

XYi-aXt;
n

Using these formulas, we computed the slope coefficient and constant term based on the 2018-2023 data.
The results are:

e Slope (a) = 90.57 MW/year
This means the installed capacity increases by an average of 90.57 MW per year.
e Constant Term (b) = 1,141.6 MW

This is close to the starting installed capacity in 2018.
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5.3. Prediction for 2023-2030

Now, we can make annual predictions for installed capacity from 2023 to 2030 using the slope coefficient
we obtained from the model. The formula will be:

Y023 = 1,800 + 90.57 . (t — 2023) )
When this formula is applied for the years 2024-2030, the following predicted results are obtained.

Table 3. Predicted installed capacity

Year Predicted installed capacity (MW)
2024 1,890 MW
2025 1,980 MW
2026 2,070 MW
2027 2,160 MW
2028 2,250 MW
2029 2,340 MW
2030 2,430 MW

5.4. Electricity Production Prediction (MWh)

Electricity production is proportional to installed capacity and determined by the capacity factor. The
capacity factor is expected to vary between 75% and 80% over time. To calculate electricity production,
we can use the following formula:

Annual Production=Installed Capacityx8,760hours/yearxCapacity Factor 6)

Assuming a capacity factor of 76% (0.76) for 2030, we can calculate the predicted electricity production
for that year:

e Predicted Installed Capacity for 2030: 2,430 MW
e Capacity Factor: 76% (0.76)
e Annual Electricity Production (MWh): 2,430 x 8,760 x 0.76 =~ 13,615,000 MWh

The predictions for 2024-2030 are as shown in the table 4 below.

Table 4. The predictions for 2024-2030
Year Predicted installed capacity (MW)

Predicted annual electricity

production (MWh)
2024 1,890 MW 7,515,000 MWh
2025 1,980 MW 7,770,000 MWh
2026 2,070 MW 8,030,000 MWh
2027 2,160 MW 8,290,000 MWh
2028 2,250 MW 8,550,000 MWh
2029 2,340 MW 8,810,000 MWh
2030 2,430 MW 9,070,000 MWh

This prediction shows that Turkey's geothermal energy capacity will continue to grow by approximately
100 MW per year until 2030, and electricity production will increase in parallel with this growth. This
model is based on current growth trends and suggests that, with the influence of innovative technologies
(e.g., closed-loop systems) and increased investments, higher production capacities may be achievable.

6. CONCLUSION

In conclusion, it is expected that Turkey's geothermal energy potential will continue to play a significant
role as an important part of sustainable energy strategies in the future. By 2030, geothermal energy
production capacity is projected to reach 2,500 MW with an average annual increase of 100 MW. This
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growth will not only enhance Turkey’s energy security but also contribute to achieving renewable energy
targets. Furthermore, beyond electricity generation, the use of geothermal energy in areas such as district
heating and greenhouse agriculture will support local development and create economic benefits. Increasing
investments in Turkey's geothermal energy resources, integrating innovative technologies, and
implementing integrated energy planning will contribute to the country's energy independence, while also
significantly supporting environmental sustainability. In this context, it can be said that geothermal energy
will occupy an even stronger position in Turkey's energy future and will be an effective tool in achieving
sustainable development goals.
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birine numara ve baslik verilmeli ve bagliklar ¢izim ve fotograflarmn altina, gizelgelerin iistiine yazilmalidir.

Kaynaklar metinde koseli parantez i¢inde numaralanmali ve kaynaklar listesinde metin i¢inde verilis sirasina uygun
bigimde belirtilmelidir. Etik kurallar1 geregince, alintilar tirnak iginde verilmeli ve bir referans numarasi ile kaynak
belirtilmelidir. Kaynaklarda su bilgiler verilmelidir:

Makale ise: Yazar(lar)in soyadi, adinin bas harfi., y1l. makalenin tam baslig1. derginin adi, cilt, say1, baglama ve bitis
sayfalart.

Kitap ise: Yazar(lar)in soyadi, adinin bas harfi., y1l. kitabin tam adu. cilt numarasi, varsa editorii, yaymlandig: yer, son
sayfa no.

Bildiri ise: Yazar(lar)in soyadi, adinin bas harfi., yil. bildirinin tam baslig1. konferansin adi, yapildig: yer.

Elektronik ortamdan alinmis ise: Bildiri sadece CD/DVD’de yayinlanis ise: Yazar(lar)in soyadi, adinin bag harfi.,
diger yazarlar, yil, bildirinin adi. konferansin adi (CD/DVD), yapildig1 yer, yil. “Konferansin adindan hemen sonra
parantez i¢erisinde CD/DVD oldugu belirtilecektir.”

Tez ise: Yazarin soyadi, adinin bas harfi., yil. tezin adi. derecesi, sunuldugu kurum, son sayfa no.

Rapor ise: Yazarin soyadi, adinin bag harfi., diger yazarlar, yil. raporun adu. tiirli, numarasi, kurulusun adi, yayinlandigi
yer.

Web Sitesi ise: Yazar(lar) belli ise; yazarin soyadi, adinin bas harfi., diger yazarlar, varsa yaymlandig: yil. yazinin
basligi, web adresi (http:/www.xxxxx.xxxx.xxx), Erisim Tarihi: giin.ay.yil.

Kurum/Kuruluslara ait ise; Kurum adi, varsa yaymlandigt yil. yazmin bashg, web adresi
(http://Www.XXXXX.XXXX.XXX), Erisim Tarihi: giin.ay.y1l.

Elektronik kitap/rapor ise: Yazar(lar)in soyadi, adinin bag harfi veya kitap/raporu yayimlayan kurum veya kurulusun
ad1, varsa yaymlandig1 y1l, konunun tam adi, Erisim Tarihi: giin.ay.yil.

C.U. Miih. Fak. Dergisi, 39(4), Aralik 2024





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


