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AMAC ve KAPSAM

Karaelmas Fen ve Mihendislik Dergisi (httPs://dergipark.org.tr/tr/pub/
karaelmasfen), Zonguldak Bilent Ecevit Universitesinin resmi yayin
organidir.

Derginin amacit, Fen Bilimleri, Temel Saglik Bilimleri ve Miihendislik
Bilimleri alanlarinda yapilan 6zgin aragtirma makaleleri, derlemeler, kisa
makaleler, teknik not, kitap elestirileri ve bilimsel nitelikli editére mektup-
lar1 yayinlayan uluslar aras: ve saygin bilimsel bir dergi olmaktur.

Bu dergide yayinlanan makaleler, bagimsiz ve onyargisiz ¢ift-korleme
hakemlik (peer-review) ilkeleri dogrultusunda bir danisma kurulu tarafin-
dan degerlendirilir. Makaleler baglica alt: kategoride yayimlanur: (1) “Arag-
tirma Makaleleri”, (2) “Derleme Makaleler”, (3) “Kisa Makaleler”, (4)
“Teknik Not ve Vaka Takdimleri”, (5) “Editére Mektuplar”, (6) “Kitap ve
Yazilim Programi Elestirileri”. Makaleler Tiirkge veya Ingilizce dillerinde
yazilabilir; Ingilizce veya Tiirkge Ozetler ile anahtar sézciikler igermelidir.

Karaelmas Fen ve Mithendislik Dergisi, Nisan, Temmuz ve Kasim ayla-
rinda olmak tizere yilda ti¢ kez yayinlanmaktadir ve https://dergipark.org.
tr/tr/pub/karaclmasfen internet adresi Uzerinden takip edilebilir.

Yayim Izni

Bireysel kullanim diginda, Karaelmas Fen ve Mihendislik Dergisi'nde
yayimlanan makaleler, sekiller ve ¢izelgeler yazili izni olmaksizin ¢ogal-
tilamaz, bir sistemde arsivlenemez veya reklam ya da tanitim amagh
materyallerde kullanilamaz.

Bilimsel makalelerde, uygun sekilde kaynak gosterilerek alint: yapilabilir.

Abone islemleri

Karaelmas Fen ve Mithendislik Dergisi, Universite Kiitiphanelerine ve
bilim insanlarina diizenli olarak ulagtirilmaktadir. Yayimlanan makalelerin
tam metnine, cizelgelerine ve ézetlerine ¢evrim-igi olarak https://dergi-
park.org.tr/tr/pub/karaclmasfen adresinden tcretsiz olarak erisilebilmek-
tedir.

Yazilarin Bilimsel ve Hukuki Sorumlulugu

Yayimlanan yazilarin bilimsel ve hukuki sorumlulugu yazarlarina aittir.
Yazilarin iceriginden ve kaynaklarin dogrulugundan yazarlar sorumludur.
Editor, Yardimer Editorler, Yayin ve Danigma Kurulu tyeleri ve Yayimei,
dergideki hatalardan veya bilgilerin kullanimindan dogacak olan sonuglar-
dan dolay: sorumluluk kabul etmez.

Yazarlarimizin etik ihlalleri ile ilgili tim iddia ve kesinlesmis siirecler
kendi sorumluluklarinda olup, kesinlesen etik ihlalleri durumunda makale
otomatik iptal edilir.

AIMS and SCOPE

Karaelmas Science and Engineering Journal (https://dergipark.org.tr/
en/pub/karaclmasfen), is the official journal of Zonguldak Biilent Ecevit
University.

The journal’s aim is to be scientific journal publishing original papers,
reviews, short communications, technical book reviews and scientific
editorial letters of science in the following areas: basic sciences, basic
medicine science and engineering fields.

Articles submitted to this journal are evaluated in a double blinded peer-
reviewed fashion by an advisory committee. Articles are published mainly
in six categories: (1) “Research articles”, (2) “Review Articles”, (3) “Short
Communications”, (4) “Technical Notes and Case Reports”, (5) “Letters
to the Editor” and (6) “Book/Software Reviews”. All articles may be
written in Turkish or English, and should include English and Turkish

abstracts and key words.

Karaelmas Science and Engineering Journal is published three issues per
year in April, July and November.

The journal has also been available on-line by a website: https://dergipark.
org.tr/en/pub/karaelmasfen

Permission Requests

Manuscripts, figures and tables published in the Karaelmas Science and
Engineering Journal cannot be reproduced, archived in a retrieval system,
or used for advertising purposes, except personal use.

Citations may be used in scientific articles with proper referral.

Subscriptions

Karaelmas Science and Engineering Journal is delivered complimentarily
to University Library and scientists Tables of contents, abstracts and full
texts of all articles published are accessible free of charge through the web
site https://dergipark.org.tr/en/pub/karaclmasfen

Scientific and Legal Responsibilities

Scientific and legal responsibilities pertaining to the papers belong to
the authors. Contents of the manuscripts and accuracy of references are
also at the authors’ responsibility. Editor, Associate Editors, Editorial and
Advisory Board members and the Publisher decline responsibility for
errors or any consequences arising from the use of information contained
in this journal.

All claims and finalized processes regarding violations of ethics by our

authors are under their own responsibility, and in case of ethical violations,
the article is automatically canceled.
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YAZARLARA BiLGILER

Karaelmas Fen ve Mithendislik Dergisi, Fen Bilimleri, Temel Saglik Bilimleri
ve Mihendislik Bilimleri alanlarinda yapilan 6zgiin aragtirma makaleleri,
derlemeler, kisa makaleler, teknik not, kitap elestirileri ve bilimsel nitelikli
editore mektuplar1 yayinlayan uluslararas: bir dergidir. Nisan, Temmuz ve
Kasim aylarinda olmak tzere yilda t¢ kez yayinlanir. Dergi, https://dergipark.
org.tr/tr/pub/karaelmasfeninternet adresi izerinden takip edilebilir.

Dergide yayinlanacak makale tiirleri asagidaki gibidir.
Arastirma makalesi: Makale mutlaka orijinal ve daha 6nce hi¢ bir dergide

basilmamug veya sunulmamis olmali, makale yayinlamada sayfa sinir1 kaynaklar
dahil 30 sayfayr gegmemelidir.

Derlemeler: Herhangi bir aragtirma alanindaki son yillarda yasanan gelismeleri
ve bu konuda son yillarda yapilmis ¢aligmalarin bir araya getirildigi makale
tiridir. 15 sayfayr gegmemelidir.

Kisa makaleler: Kiigiik capta yapilan ¢aligmalar, orijinal aragtirma deneylerinin
6n sonuglarindan, yeni buluglar ve klinik deneylerden olugsmali ve 5 sayfay1
geememelidir.

Teknik notlar, Olgu sunumlars: Bilimsel olarak 6nemli katk: sunan raporlardan
olugmali ve 3 sayfayr gecmemelidir.

Editore mektuplar: Herhangi bir aragtirma konusuna ait fikirler, haberleri,
nerileri kapsamalidir ve 2 sayfayr gegmemelidir.

Kitap veya yazilim programlarima ait elestiriler: Kitap veya yazilim programi
hakkindaki kisa ve 6zet bilgileri icermelidir ve 1 sayfay: gegmemelidir.

YAYIN KURALLARI

Dergide yayinlanacak makalelerin yazim dili Tiirke veya Ingilizcedir. Yazim
kurallarina uymayan makaleler, hakemlere gonderilmeden diizeltilmek tizere
yazara geri génderilir. Bu nedenle derginin yazim kurallar: dikkate alinmalidir.
Makaleler sekiller ve ¢izelgeler dahil 20 sayfayr gegmemelidir. Dergiye yayin
icin gonderilen makaleler iki uzman hakem tarafindan degerlendirilir ve
yayinlanmasina editdr tarafindan karar verilir. Dergiye génderilen yazilar bagka
bir yerde yaymlanmamis veya yayinlamak {izere gonderilmemis olmalidir.
Dergide yayinlanmak tizere kabul edilmis olan yazilarin yayin haklari Karaelmas
Fen ve Mithendislik Dergisine aittir. Diizeltilmis yazilar 3 ay igerisinde editore
gonderilecektir.

DEGERLENDIRME SURECI

Dergi yonergelerine uymayan yazilar, bilimsel degerlendirme yapilmadan
yazarlara iade edilecektir. Dergi yonergelerine uygun olarak génderilen
makaleler, onlar1 hakemlere atayacak olan Bas Editor veya Yardimer Editor
tarafindan incelenir. Inceleme siireci tek kordiir. Hakem onerileri, alan
editorlerinin gorisleri ve yayinin literatiire katkisi dogrultusunda Editor karar
mektubunu yazar. Incelenmemis tiim yazilar 10 giin i¢inde geri gonderilir ve
yazilarin karar mektuplar1 3-6 ay i¢inde gonderilir.

Makalelerdeki tim degisiklikler yazarlari tarafindan yapilir. Son sekli verilen
ve yayina hazirlanan makaleler tizerinde yazarlarca bir degisiklik yapilamaz.
Her ne nedenle olursa olsun makalesinin yayinlanmasindan vazgegen bir yazar,
makalesini dergiye sunum tarihinden itibaren en fazla iki ay igerisinde ¢ekebilir.

Hayvan deneylerinde etik kurul izin belgesi gereklidir.
MAKALE SUNUMU

Makaleler elektronik ortamda sunulacaktir.

vV

YAZIM KURALLARI

*  Makale A4 boyutlu kagida, tek yiize, tim kenarlardan 2.5 cm bosluk
birakilarak bir buguk (1.5) satir aralikli ve iki yana yash yazilmalidir.
Dergimizin yazim kurallarina ulagmak i¢in litfen linke tiklayiniz.
https://dergipark.org.tr/tr/pub/karaelmasfen/writing-rules

*  Yazim bi¢imi tim metin i¢in Times New Roman yaz: tipi ve 12 punto
Microsoft Word kullanilarak hazirlanmalidir. Metnin tamami siyah-beyaz
renkte olmalidur.

e Satir baslar: ilk sayfadan itibaren stirekli olarak (sekiller, cizelgeler ve
kaynaklar dahil olmak tzere) numaralandirilmalidir. Sayfa numaralari,
sayfalarin alt orta bolimlerine konmalidir.

*  Eserin sisteme yiiklenen Tam Metin dosyasinda kor hakemlikten dolay:
yazara ait bilgiler verilmemelidir. Yazara ait bilgiler Kapak Sayfasinda yer
almalidir.

*  Makalenin ana boliimleri, Tiirkge Oz, ingilizce Oz (Abstract), Giris, Ge-
re¢ ve yontem(ler) (Saha tanimlamalar, ¢alisilan malzeme vd. Yontemler
kisminin altinda alt baglik olarak verilmelidir), Bulgular ve tartigma, Sonug
ve Oneriler ve Kaynaklardan olusur.

e Latince isimler italik olarak yazilmalidr.

*  Makale yayinlamada SAYFA SINIRI kaynaklar dahil 30 sayfayr gegme-

melidir.
Kapak Sayfas1: Kapak Sayfas: ayr1 Microsoft Word dosyasi olmalidir. Kapak
Sayfasinda baglik, tim yazarin tam adi, kurumlar ve ORCID’ler; sorumlu
yazarin iletisim adresi ve e-posta adresi verilmelidir.
Kapak Yazis1 Plan:
e Makale tiri
e Tirkge ve Ingilizce baghk
*  Yazar adlari ve adresleri
*  Sorumlu yazarin adi, adresi ve e-posta adresi
e Kisa baghk
e Tim yazarlarin ORCID’leri
*  Etik gerektiren tim ¢aligmalarin Etik Kurul Karar: eklenmelidir.

Tam Metin Sayfasinin Plans
Tlk sayfa Ozet Sayfasidir. Ozet Sayfasinin plant asagidaki gibi olmalidir:

1. Tirkce makalelerde

a) Tiirkge Baslik (12 Punto) d) Anahtar Kelimeler
b) ingilizce Baglik (Italik, 12 Punto) (12 Punto)*
o) Oz (12 Punto) e) Abstract (12 Punto)

f) Keywords (12 Punto)
2. 1ngilizce makalelerde
a) English Title (12 punto) d) Keywords (12 punto)*
b) Tiirkge Baslik (Italik 12 punto) e) Oz (12 punto)
c) Abstract (12 punto) f) Anahtar Kelimeler
(12 punto)

“Anabtar kelimelerden sadece ilk anabtar kelimenin ilk harfi biyiik digerlerinin ilk
harfleri kiigiik olmalidyr.
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Baglik: Metin ile uyumlu, kisa ve anlagilir olmalidir. Ortalanmus olarak, sadece
Tlk harfi biiyiik sonrakiler kiigiik, 12 punto ve koyu olmalidir.

Yazar adlar1 ve adresleri: Bashigin altindaki yazar isimleri kisaltmasiz
(Akademik unvan kullanilmamalidir), ad: ve soyad: (varsa ikinci ismi veya
soy ismi) kii¢tk harf ile ortalanmig olarak 12 punto ve koyu yaz: karakteri ile
yazilmahdir. Yazar isimlerinden sonra adres belirtmek i¢in st simge olarak
rakam kullanilmalidir (* 2% gibi). Sorumlu yazar isminde yildiz semboli
olmalidir (*). Yazarlarin tam adresleri kiigiik harfle, ortali ve 12 punto olarak
yazilmali, sirasiyla Universite, Fakiilte, Bolim, Sehir ve Ulke belirtilmelidir.
Sorumlu yazarin e-posta adresi, adresinin sonunda mutlaka verilmelidir.

Oz ve Anahtar Kelimeler: Ozetler 12 punto ile yazilmali, maksimum 250
kelime olmalidir. Ozetler makaleden elde edilen sonuglari ortaya koymalidir.
Tiirkge ve Ingilizce 6zetin altinda makale basliginda gegmeyen 3-5 kelimeden
olusan Anahtar kelimeler yazilmalidir. Anahtar kelimeler alfabetik siraya gore
verilmelidir. Anahtar kelimelerden sadece ilk anahtar kelimenin ilk harfi biyik
digerlerinin ilk harfleri kiigiik olmalidir. Anahtar kelimeler virgtl ile ayrilmali
ve sonra bir karakter bogluk birakilmalidur.

Anahtar kelimelerden sonra arada bir satir birakilarak Girig bolimu
baglatilmalidir. Tam metinlerde makaledeki ana bagliklar ve varsa alt bagliklar
anlagilir olmalidir. Ana metin bagliklart sola hizaly, sadece ilk kelimenin ilk
harfi biyiik ve koyu renkli olmalidir. Alt bagliklar kiigiik ve italik yazilmalidur.
Ana ve alt bagliklara numara verilmelidir.

Girig: Aragtirmanin amaci, onemi ve konusunda yapilmis yayinlar arasindaki
yeri belirtilmelidir.

Gereg ve Yontem(ler): Uygulanan yontemler ve teknikler anlagilir bir seklide
verilmelidir. Daha 6nce yapilmis referanslar ile desteklenmelidir. Istatiksel
modeller ve analiz yontemleri agik¢a belirtilmelidir.

Bulgular ve Tartigma: Bu béliimde elde edilen bulgulara yer verilmeli, bulgular
gerekirse sekil ve cizelgelerle de desteklenmelidir. Elde edilen bulgular ilgili
literatiirlerle kargilagtirilmalidir. Bulgularin benzer ve farkliliklari yorumlanarak,
caligmadan elde edilen bulgular 6zetlenmelidir.

Sonug ve Oneriler: Sonuclar 6zetlenmeli ve éneriler yapilmalidir.

Tesekkiir: Aragtirmaya destek olan kisi ve kuruluglara yapilan tesekkiirleri
icermelidir.

Her tiirlii ¢ikar gatigmas, finansal destek, yazarlarin katki beyani, bags ve diger
editoryal (istatistik analiz, Ingilizce/Tiirkge degerlendirme) ve/veya teknik
yardim var ise metnin sonunda sunulmalidir.

Yazar Katkist: Yazar A: ¢aligmay1 planlamug ve tasarlamistir, Yazar B: Caligma
hakkinda verileri toplamig ve analiz etmistir, Yazar C: Caligmanin analizlerini
yaparak makaleyi yazmistir.

Etik Kurul Onay:: Eger varsa etik kurul onay: eklenmelidir. Uzerinde etik

kurul onayini veren kurum, onay numarasi ve tarih yazilmalidur.

Kaynaklar: Gonderilen makalelerin kaynak¢a kismui hari¢ genel benzerlik
orani %20’yi gegmemelidir. Her tirli intihal iceren makale otomatik
olarak reddedilecektir. amis bilgiler kaynak olarak verilmemelidir. Ancak,
tamamlanmig ve jiriden ge¢mis tezler kaynak olarak verilebilir. Kaynaklar,
makale sonunda alfabetik sirada (yazar soyadlarina gére) verilmeli, yazar adi ve
soyadlari, makalenin basim tarihi koyu olarak yazilmaldir.

Intihal Raporu: Génderilen makalelerin kaynakea kismi harig genel benzerlik
orani %20’yi gegmemelidir. Her tiirli intihal iceren makale otomatik olarak
reddedilecektir.

Telif Hakki Devir Sézlesmesi: Sayfada yer alan “Copyright Transfer Form”
baglantisina tiklayarak agilan form doldurulmalidir, imzali yiiklenmelidir.
Dergimizin telif hakk: devir s6zlesmesine ulagmak i¢in liitfen linke tiklayiniz.

https://dergipark.org.tr/tr/pub/karaclmasfen/page/10931

Kaynaklarin metin igerisindeki kullanimi agagida verilmigtir:

(Ornekler APA 7 stili esas alinarak hazirlanmigtir.)

1. Tiirkge Makalelerde:

+ Tek yazarli ¢aligma (Aliskan, 2021). Iki yazarli ¢alisma (Yiddiim &
Topaloglu 2018) seklinde belirtilmelidir.

+ Ug ve daha fazla yazar sdz konusu ise (Yilmaz vd., 2007, Erdem vd., 2022)
seklinde, ayni yazarin birden fazla makalesi kullanilacaksa (Erdem vd.,
2022a; Erdem vd., 2022b) seklinde olmalidir.

* Herhangi bir kaynaktan alinti yapilmigsa: Karahan & Colgecen (2021)e
gore.....seklinde olmustur; Yilmaz vd. (2007)’e gore; diye yazilmalidir.

2. ingilizce Makalelerde:

* Tek yazarli caligma (Aliskan, 2021). Iki yazarli caligma (Yildinm &
Topaloglu 2018). Herhangi bir kaynaktan alinti yapilmigsa ....according to
Unlii & Gergek (2023)... seklindedir diye belirtilmelidir.

+ Ug ve daha fazla yazardan olusan galismalar (Evans et al., 2023; Landen et
al., 2021) seklinde olmalidir. Alint: yapilacaksa ....according to Landen et
al. (2021)...diye yazalmahdur.

* Kaynak gosterilecek yayinda kag isim varsa, kaynaklar béliimiinde timi be-
lirtilmeli, kisaltma yapilmamalidur.

* Tiirkce ve Ingilizce makalelerde, yazthm programlar metin igerisinde ismi
ve yilt belirtilerek (IBM SPSS Statistics 2016) seklinde verilmelidir.

Kaynaklarin metin sonunda verilisi asagidaki gibidir:

Kaynaklar alfabetik siraya gére yazilmalidur.

Makale:

Tek yazarh

* Isinkaralar, K. (2022). Theoretical removal study of gas BTEX onto acti-
vated carbon produced from Digizalis purpurea L. biomass. Biomass Convers.
Biorefin., 12(9): 4171-4181. https://doi.org/10.1007/s13399-022-02558-2

iki yazarl

* Eker Sanli, G., & Tasdemir, Y. (2022). Accumulations and temporal trends
of polychlorinated biphenyls (PCBs) in olive tree components. Environ-
mental Geochemistry and Health, 44. https://doi.org/10.1007/s10653-021-
01046-2

* Yarali, O., &Duru, H. (2016). Investigation into effect of scratch length and
surface condition on Cerchar abrasivity index. Tunnelling and Underground
Space Technology, 60, 111-120. https://doi.org/10.1016/j.tust.2016.08.005

Ug ve daha fazla yazarh

* Erdem, S., Gonca, E., Basoglu, G., & Aydemir, E. (2022). Iskemi sonrast
verilen kannabidiol reperfiizyon ile uyarilan aritmilere karsi koruyucu et-
kilidir. Medical Journal of Western Black Sea, 6(1), Article 1. https://doi.
0rg/10.29058/mjwbs.1016783

* Erkaymaz, O., Senyer Yapici, 1., & Uzun Arslan, R. (2021). Effects of
obesity on time-frequency components of electroretinogram signal using
continuous wavelet transform. Biomedical Signal Processing and Control, 66,
102398. https://doi.org/10.1016/j.bspc.2020.102398

+ Ouztiirk, S., Hazer Y., Kagkatepe, B., Colgecen, H., & Kulak, M. (2023).
Kirmizi kantaron (Hypericum capitatum) bitkisi: fenolik igeriklerinin, an-
tioksidan aktivitesinin belirlenmesi ve klinik izolatlar tzerinde antimik-
robiyal etkinliginin aragtinilmasi. Batt Karadeniz Tip Dergisi, 7(1), 57-65.
https://doi.org/10.29058/mjwbs.1251370

Ayni yazarin iki veya daha fazla caligmas: kullanilmigsa kaynaklar tarih sirasina

gore dizilmelidir.

» Berndt, T'J. (2022). » Berndt, T.J. (2023).

Yedi yazardan fazla ise ilk alti yazarin ad1 listelendikten sonra ti¢ nokta koyup

son yazarin adi eklenir. Yedi isimden fazlasi yer almamalidur.

* Miller, F.H., Choi, M.J., Angeli, L.L., Harland, A.A., Stamos, J.A.,,
Thomas, S.T', . . . & Rubin, L.H. (2009). Web site usability for the blind
and low-vision user. Technical Communication, 57: 323-335. https://doi.
0rg/10.1080/10447310701771472

v


https://doi.org/10.1007/s13399-022-02558-2
https://doi.org/10.1007/s10653-021-01046-2
https://doi.org/10.1007/s10653-021-01046-2
https://doi.org/10.1016/j.tust.2016.08.005
https://doi.org/10.29058/mjwbs.1016783
https://doi.org/10.29058/mjwbs.1016783
https://doi.org/10.1016/j.bspc.2020.102398
https://doi.org/10.1080/10447310701771472
https://doi.org/10.1080/10447310701771472
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Kitap:

* Resat, U. (2001). Uygulamali jeoteknik bilgiler. 4. Basim, TMMOB Jeoloji
Miihendisleri Odas: Yayinlari, Nitelik Matbaacilik, Ankara, 385 s.

* Sanford, R.J. (2003). Principles of fracture mechanics, Prentice Hall,
Pearson Education, Inc. Upper Saddle River, USA, 404 pp.

Kitapta Boliim:

+ Atar, H., & Colgecen, H. (2020). Chapter 7-Bioactive compounds of
oregano seeds. In V. R. Preedy & R. R. Watson (Eds.), Nuts and Seeds in
Health and Disease Prevention (Second Edition) (pp. 73-77). Academic Press.
https://doi.org/10.1016/B978-0-12-818553-7.00007-3

Rapor:

* Makarewicz, J.C., Lewis, T., & Bertram, P. (1995). Epilimnetic phy-
toplankton and zooplankton biomass and species composition in Lake
Michigan, 1983-1992. U.S. EPA Great Lakes National Program, Chicago,
IL. EPA 905-R-95-009.

Kongre, Sempozyum:

* Karahan, H., & Colgecen, H. (2021). Uptake of silver nanoparticles in
natural tetraploid Trifolium pratense L. calli. 10th International Molecular
Biology and Biotechnology Congress, s. 56, Turkey.

Internet:

Eger bir bilgi herhangi bir internet sayfasindan alinmug ise (internetten alinan

ve dergilerde yayinlanan makaleler harig), kaynaklar bolimiine internet sites-

inin ismi ve konu baghg: tam olarak yazilmalidir.

Web sayfasi:

+ TUIK 2023. https://www.tuik.gov.tr/

Yazarli web sayfasi:

* Dawson, J., Smith, L., & Deubert, K. 31 Ekim 2002. http://studytrekk.lis.
curtin.edu.au/ seklinde belirtilmelidir.

Baskida olan makale:

* Evans, MLA. (2023). Makale baglig1. Dergi. (DOI).

Tezler:

* Duru, H. (2020). Gelistirilen cerchar agindiricilik deney aletiyle kayaglarin
spesifik ¢izme enerjisinin aragtirlmasi. Doktora Tezi, Zonguldak Biilent
Ecevit Universitesi, 175 s.

Yazilim:

» SPSS Statistics 24.0. Software, IBM, United States.

Cizelgeler ve Sekiller:

Tum gekil ve cizelgeler makale igerisinde sirayla numaralandirilmali (Cizelge

1, Sekil 1, Cizelge 2 ve 3, Sekil 2 ve 3, Sekil 4, Cizelge 2) (sekil ve cizelgeler

metin igerisinde verilmelidir.), sekillerin sira numaralari ve basliklar1 altta,

cizelgelerinki ise Ustlerine iki yana yasli yazilmalidir, metin i¢inde atiflary

Cizelge 1, Sekil 1 seklinde olmahdir. Grafik ve sekiller sayfa boyutlar dik-

kate alinarak cizilmelidir. Grafikler, cizimler ve fotograflar JPEG, PNG ya

da TIFF formatinda (en az 300 dpi ¢ézintrlikte) siyah-beyaz veya renkli
olarak sunulmalidir. Fotograflarda buyiitmeyi gostermek icin mutlaka bar
kullanilmalidur.

Cizelgede verilecek olan verilerde standart sapma veya standart hatalar (1.42 +

1.36) seklinde, istatistiksel analiz yapilmigsa (731.2ab) seklinde, bunlarin baslik

olarak yazilis gekilleri de (ort + SE; ort + SD, vb.) gibi olmalidur.

Denklemler:

Matematiksel ifadeler Cambria Math yazi stili ile “Equation Editor”

(word ortaminda) kullanilarak 12 punto ve alt ve ist indisler 12 punto

yazilmalidir. Metin icerisinde gegen esitlikler normal parantez ( ) igerisinde

numaralandirilmalidir. Denklem sira numarast ile birlikte (parantez igerisinde)
yazilmalidir.

— b (pp=PV
18 uR

Vv, (1)

VI

Ekler:

Tiim ekler ayr: sayfaya yazilmali ve Romen rakamlar: ile numaralandirilmalidur.
Matematik dalinda yayin gonderecek yazarlarin konu siniflandirma numarasini
(AMS-Mathematical Subject Classification Number) belirtmeleri gerekir.
Semboller ve Birimler:

Metrik sistem veya SI birimleri (kPa, kN/m?® g/cm? m/sn, g/m’, vb.)
kullanilmalidir. Gerek metin icinde ve cizelgelerde, gerekse sekillerde
rakamlarin ondalik béliimlerinin belirtilmesi i¢in nokta kullanilmalidir (10.25
gibi). Yiizdelik birimler (%50) seklinde belirtilmelidir.

Kisaltmalar:

Zamanla ilgili olan kisaltmalar: sn (saniye), dk (dakika), sa (saat), hf (hafta), y
(y1l) olarak belirtilmelidir. Tarihler verilirken giin ay ve yil kisaltma yapmadan
tam olarak yazilmalidir (19 Mayis 2023).

Sayilar:

Sayilar ciimle baglarinda yazi ile verilmelidir. Birden dokuza kadar olan sayilar
yazi ile, 10 ve daha biyiik sayilar rakamla belirtilmelidir. Birden kiiciik olan
sayilar (0.05, 0.56, 0.50, p<0.05, vb.) olarak belirtilmelidir.

Dipnotlar:

Cizelgede kullanilacak olan dipnotlar istatistiksel analiz yapildig1 durumlarda
(*p<0.05; ** p<0.01; ** p<0.001; NS, istatistiksel olarak onemsizdir, vb.)
seklinde olmahdir. Derginin bir sayisinda, ilk isim olarak bir yazarin Ggten
fazla eseri basilamaz. Dénemler igerisinde ticten fazla eser gonderilmigse, ilk
ticti diginda kalanlar daha sonraki sayilara aktarilir.

MAKALE YAZIM KONTROL LISTESI

Makale dergiye sunulmadan 6nce makalenin yazim kurallarina uygun olup
olmadigindan emin olmak i¢in agagida belirtilen kontrolleri yapiniz.

+ Kapak sayfas;, Tam metin sayfasi, Telif hakk: bildirim formu ve Intihal

raporu eklendi mi?

+ Tmla ve dilbilgisi kontrolii yapildi m?

+ Tum sayfa diizeni 1.5 satir aralikli yazildi mi?

» Koselerden 2.5 cm bogluk birakildi mi1?

* Yaz tipi Times New Roman ve biiyiikligi 12 punto mu?

* Metin igerisindeki bagliklar sola hizali, 12 punto ve koyu renkli yazildi mi?

* Tum yazarlarin adlar ve soyadlar: kisaltma yapilmadan belirtildi mi?

* Adresler belirtildi mi?

* Baglik 12 punto koyu yazi karakteri ile ortalanarak yazildi mi?

+ Oz (Abstract) ve Anahtar kelimeler (Keywords) yazildi mi?

* Kaynaklar yazim kurallarina gore ve alfabetik sirayla yazildi mi?

* Ondalik dilimler nokta ile belirtildi mi? (10.25 gibi)

* Yiizdelik gosterimler (%63, %10 gibi) seklinde yapild: mi?

* Cizelgelerin maksimum boyutu 16x20 cm; minimum 8 cm mi?

* Cizelgelerin numaralari (Cizelge 1, Cizelge 2, Cizelge 3 vs.) makale iger-
isinde sirayla verildi mi?

* Orijinal sekiller eklendi mi?

* Sekiller yazim kurallarina uygun olarak diizenlendi mi?

* Sekillerin maksimum boyutu 16x20 cm; minimum 8 ¢cm, minimum 300 dpi
mi?

+ Sekillerin numaralar (Sekil 1, Sekil 2, Sekil 3 vs.) makale icerisinde sirayla
verildi mi?

+ Tum sayfa ve satirlara numara verildi mi?

Dergimizin yazim kurallarina gore yazilmig makale rnegine ulasmak igin liit-

fen linke tiklayiniz.


https://www.tuik.gov.tr/
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ETIiK KURALLAR

Zonguldak Biilent Ecevit Universitesinin yaymn organi olan Karaelmas
Fen ve Mithendislik Dergisi ulusal ve uluslararas: tim kurum ve kisilere
tcretsiz olarak ulagmay1 hedefleyen hakemli bir dergidir.

Dergimize gonderilen bilimsel yazilarda, ICMJE (International Com-
mittee of Medical Journal Editors) tavsiyeleri ile COPE (Committee on
Publication Ethics)un Editor ve Yazarlar igin Uluslararas: Standartlar:
dikkate alinmaktadir.

Yazarlarimizin etik ihlalleri ile ilgili tiim iddia ve kesinlesmis siirecler
kendi sorumluluklarinda olup, kesinlesen etik ihlalleri durumunda ma-
kale otomatik iptal edilir.

Hakemler i¢in Etik Kurallar
Hakemler;

- Degerlendirdigi yazilarin gizliligine sayg1 gosterir ve makaleyi tartig-
maz veya yazi hakkinda bagka herhangi bir kisiyle iletisim kurmaz.

- Olas1 bir ¢ikar ¢atigmasi oldugunda editérii konu hakkinda bilgilen-
dirir.
- Onerileri igin nesnel ve yapici bir agiklama saglar.

- Makaleye iligkin kararlarinin konudan veya yazarlik biciminden etki-
lenmesine izin vermez.

- Giglu bir bilimsel gerek¢e olmadikga yazarin kendi makalelerini be-
lirtmesini istemez.

- Yazarlar tarafindan yayinlanmadan o6nce kendi ¢aligmalarinin higbi-
rinde incelenen makalenin herhangi bir bélimiini veya bilgiyi cogalt-
maz.

- Hakem degerlendirmelerini sadece uzmanliklar: dahilinde ve makul
bir siire i¢inde kabul eder.

- Yazinin yayina ¢ikmasini geciktirecek ertelemeler yapmaz.
- Hakaret, diismanca veya kii¢tik districi bir dil kullanmaz.

- Gonderilen makaleleri ve ilgili tiim materyalleri inceledikten sonra
imha eder.

https://publicationethics.org/files/Ethical guidelines for peer
reviewers_0.pdf

Yazarlar i¢in Etik Kurallar
Yazarlar ve yardimei yazarlar;

- International Committee of Medical Journal Editors ICMJE) tara-

findan belirtilen yazar kriterlerine uygunluk saglanur;

a. Eserin tasarimina veya tasarimina 6nemli katkilar saglayan verile-
rin elde edilmesi, analizi veya yorumlanmasi

b. Calismanin hazirlanmas: veya literatiriin igerik i¢in elestirel ola-
rak gozden gegirilmesi

. Yayinlanacak versiyonun nihai onay1

d. Calismanin herhangi bir boliimiiniin dogrulugu veya butinligi
ile ilgili sorularin uygun sekilde sorusturulup ¢oziilmesini sagla-
mada, ¢aligmanin tiim yonlerinden sorumlu olacak anlagma.

- Gonderilen makaleler yazar(lar)in 6zgin ¢alismast olmalidir ve egza-
manli olarak farkli yayincilara génderilmemelidir

- Yazar(lar) aragtirma Onerisinde, icrasinda ya da aragtirma sonuglarini
raporlarken aragtirma suistimali olarak tanimlanan uydurma, tahrifat
ya da intihalden sorumludur.

- Gonderilen makalelerde ¢ikar catismasi varsa editore bilgi verilmelidir

- Gonderilen makalelerde 6n kontrol, degerlendirme siireci ya da yayin-
lanmis olan stirimiinde yazar veya yardime: yazarlar tarafindan hata
fark edilirse bilgi vermek, diizeltmek ya da geri ¢ekmek i¢in editori
bilgilendirmelidir.

- Makale gonderildikten sonra yazar siralamalari ve yazar ekleme-¢i-
kartmalari 6nerilmemelidir

- Yazar(lar), etik kurul karar1 gerektiren aragtirmalar i¢in etik kurul ona-
y1 aldiing; etik kurul ads, karar tarihi ve sayisi aday makalenin ilk-son
sayfasinda ve yontem bolimiinde belirtmeli, etik kurul kararini goste-
ren belgeyi makalenin bagvurusuyla birlikte sisteme yiiklemelidir.

- Yazarlar olgu sunumlarinda olur/onam formunun alindigina iligkin
bilgiye makalede yer vermelidir.

- Kullanilan fikir ve sanat eserleri igin telif haklari dizenlemelerine ria-
yet edilmesi gerekmektedir.

- Makale sonunda; Aragtirmacilarin Katki Orani beyan, varsa Destek
ve Tegekkiir Beyani, Catisma Beyan: verilmelidir.

http://www.icmje.org/icmje-recommendations.pdf

https://www.case.org.uk/wp-content/uploads/2018/11/d0i.10.20316.
ESE .2018.44.el.tr .pdf

Editorler i¢in Etik Kurallar
Editorler:

- Okuyucular, aragtirmayi veya diger bilimsel ¢aligmalari kimin finanse
ettigi ve fon verenlerin aragtirmada ve yayinlanmasinda herhangi bir
roli olup olmadig: ve eger dyleyse bunun ne oldugu konusunda bil-
gilendirilmelidir.

- Edit6rlerin yayin i¢in bir makaleyi kabul etme veya reddetme kararla-
r1, makalenin 6nemi, 6zginligi ve netligi ile calismanin gegerliligi ve
derginin gorev alanina uygunluguna dayanmalidir.

- Editérler, gonderimle ilgili ciddi sorunlar tespit edilmedikge, gonde-
rimleri kabul etme kararlarini tersine ¢evirmemelidir.

- Ciddi sorunlar tespit edilmedikge yeni editorler, bir 6nceki editor tara-
findan yapilan bagvurulari yayinlama kararlarini bozmamalidir.

- Hakem degerlendirmesi stireclerinin bir agiklamasi yapilmali ve edi-
torler agiklanan streglerden 6nemli sapmalar: ortaya ¢ikarmalidir.

- Yazarlarin editoryal kararlara itiraz edebilmeleri i¢in beyan edilmis bir
mekanizmaya sahiptir.

- Editorler, kendilerinden beklenen her sey hakkinda yazarlara rehber-
lik etmelidir. Bu rehberlik diizenli olarak giincellenmeli ve bu koda
atifta bulunmali veya bu koda baglanti vermelidir.

- Editorler, International Committee of Medical Journal Editors
(ICMJE) onerdigi yazarlik kriterlerini belirtmelidir.

- Editorler, kabul etmeden 6nce gozden gegirenlerin rekabet edebile-
cek potansiyel ¢ikarlar: ifsa etmelerini istemelidir bir sunumu gozden
gecirin.

VII
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Editorler, hakemlerin kimliklerinin korunmasini saglayacak sistemle-
re sahip olmalidir. Yazarlara ve hakemlere bildirilen agik bir inceleme
sistemi kullanir.

Editorler, yeni yayin kurulu tyelerine kendilerinden beklenen her sey
hakkinda kilavuzlar sunmali ve mevcut tyeleri yeni politikalar ve ge-
lismeler hakkinda giincel tutmalidur.

Editorler, derginin kalitesine ve uygunluguna gére ve dergi sahibinin
/ yaymncinin miidahalesi olmadan hangi makalelerin yayinlanacagina
karar vermelidir.

Editérlerin derginin sahibi ve / veya yayina ile iligkilerini belirle-
yen yazili bir sézlesmesi olmalidir. Bu soézlesmenin sartlari Dergi
Editérleri icin COPE Davranig Kurallar: ile uyumlu olmalidir.

VIII

Editorler dergilerindeki hakem degerlendirmelerinin adil, tarafsiz ve
zamaninda yapilmasini saglamak i¢in ¢aba gostermelidir.

Editorler, dergilerine gonderilen materyallerin incelenirken gizli kal-
masini saglayacak sistemlere sahip olmalidir.

Editérler, dergilerdeki bolimlerin farkli amag ve standartlara sahip

olacagini kabul ederek, yayinladiklar1 materyalin kalitesini saglamak
i¢in tiim makul adimlar: atmalidir.

https://publicationethics.org/files/ Code%200f%20Conduct.pdf



https://publicationethics.org/files/Code%20of%20Conduct.pdf
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YAYIN ETiGi

Karaelmas Fen ve Mihendislik Dergisinin yayin etigi beyani, www.
publicationethics.org adresinde bulunan Yayin Etigi Komitesi'nin

(COPE) Davranis Kurallar1 kilavuzuna dayanmaktadr.

Editérlerin Gorevleri
Adil ve editoryal bagimsizlik

Editorler sunulan makaleleri, yazarlarin irki, cinsiyeti, cinsel tercihi,
etnik kokeni, vatandaghgi, dini inanci, siyasi felsefesi veya kurumsal
egilimleri ne olursa olsun, sadece akademik yararlari (6nemi, dzginlik,
calismanin gegerliligi, netligi) ve derginin kapsamiyla olan ilgisine gore
degerlendirirler. Diizenleme ve yayinlama kararlari, hiikiimetlerin veya
derginin disindaki diger kurumlarin politikalar: tarafindan belirlenmez.
Genel Yayin Yonetmeni, derginin tim editoryal igerifi ve bu igerigin
yayinlanma zamanlamasi tizerinde tam yetkiye sahiptir.

Gizlilik

Editorler, gonderilen bir makaleyle ilgili hi¢bir bilgiyi ilgili yazar, gézden
gecirenler, potansiyel gozden gegirenler, diger yayin danismanlari ve
yayinci disinda kimseye agiklamaz.

Agiklama ve gikar ¢catigmalary

Editorler ve yayin kurulu tyeleri, génderilen bir makalede agiklanan
yayinlanmamus bilgileri, yazarlarin agik yazili izni olmadan kendi aragtirma
amaglar1 dogrultusunda kullanmayacaktir. Yazinin iglenmesi sonucunda
editorler tarafindan elde edilen ayricalikli bilgi veya fikirler gizli tutulacak
ve kisisel avantajlari i¢in kullanilmayacaktir. Editorler, makalelere bagli
herhangi bir yazar, sirket veya kurumla rekabet, isbirlik¢i veya diger
iligkilerden/baglantilardan kaynaklanan ¢ikar ¢atigmalari olan yazilarim
dikkate almaktan geri ¢ekilecekler; bunun yerine, yayin kurulunun bagka
bir Giyesinden yaziy1 islemesini isteyecekler.

Yayin kararlar1

Editorler, yayinlanmak tizere degerlendirilen tim makalelerin, alaninda
uzman en az iki gézden gegiren tarafindan hakem incelemesinden geg-
mesini saglar. Sorumlu mudiir, s6z konusu ¢alismanin dogrulanmasina,
aragtirmacilar ve okuyucular i¢in 6nemine, elestirmenlerin yorumlarina ve
iftira, telif hakk: ihlali ve intihal ile ilgili su anda yuriirlikte olan yasal
gerekliliklere dayanarak, dergiye gonderilen yazilardan hangisinin yayinla-
nacagina karar vermekten sorumludur. Sorumlu midir bu karar1 verirken
diger editorler veya yorumcularla goriigebilir.

Sorugturmalara katilim ve igbirligi

Editorler (yayinct ve/veya kurulla birlikte) gonderilen bir makale veya
yayinlanmig makaleyle ilgili etik kaygilar ortaya ciktiginda duyarli
onlemler alacaktir. Etik olmayan yayincilik davraniglarinin rapor edildigi
her eylem, yayimlandiktan yillar sonra kesfedilmis olsa bile incelenecektir.
Editorler, suistimal siphesiyle ugrasirken COPE Akis Semalarini takip
eder. Eger, sorusturma tzerine, etik kayg: iyi kurulmugsa, bir dizeltme,
geri ¢ekme, endigenin ifade edilmesi veya ilgili olabilecek diger notlar
dergide yayinlanacaktir.

Gozden Gegirenlerin Goérevleri
Editoryal kararlara katk:

Akran incelemesi editérlerin editoryal kararlar almalarina yardimei olur ve
yazarlarla editoryal iletisim yoluyla yazarlarin makalelerini gelistirmelerine

yardimer olabilir. Akran incelemesi resmi bilimsel iletigimin 6nemli bir
bilegenidir ve bilimsel ¢abanin merkezinde yer alir.

istem

Bir makalede bildirilen aragtirmayr gézden gecirmek icin niteliksiz
hisseden veya derhal gozden gegirilmesinin imkansiz olacagini bilen davet
edilen her hakem, editorleri derhal bilgilendirmeli ve alternatif hakemlerle
iletisime gegilebilmesi i¢in inceleme davetini reddetmelidir.

Gizlilik

Incelenmek icin alinan tim yazlar gizli belgelerdir ve bu gekilde ele
alinmalidir; Genel Yayin Yonetmeni tarafindan izin verilmedikleri
surece (istisnai ve 6zel durumlarda bunu yapacak olanlar) bagkalariyla
gosterilmemeli veya tartiglmamalidir. Bu, inceleme davetini reddeden,
davet edilen, gézden gegirenler i¢in de gecerlidir.

Nesnellik standartlar:

Incelemeler objektif olarak yapilmali ve gozlemler, yazarlarin makalenin
iyilestirilmesi i¢in kullanabilmeleri amaciyla destekleyici argiimanlarla net
bir gekilde formiile edilmelidir. Yazarlarin kisisel elestirisi uygunsuzdur.

Kaynaklarin kabulii

Hakemler, yazarlar tarafindan atifta bulunulmamis ilgili yayinlanmig
¢aligmalari belirlemelidir. Onceki yayinlarda rapor edilmis bir gozlem,
tiretme veya argiiman olan herhangi bir ifadeye ilgili alint1 eglik etmelidir.
Bir hakem ayrica, incelenmekte olan makale ile hakkinda kigisel bilgi
sahibi olduklari (yayinlanmis veya yayinlanmamis) herhangi bir diger
makale arasindaki herhangi bir 6nemli benzerlik veya ortiismeyi editorlere

bildirmelidir.
Agiklama ve gikar ¢catigmalar:

Makaleye bagl yazarlar, sirketler veya kurumlarla rekabet, isbirlikei
veya diger iliskilerden kaynaklanan ¢ikar ¢atismalari olan davet edilen
hakemler, editorleri derhal ¢ikar ¢atismalarini beyan etmeleri ve alternatif
hakemlerle iletisime gegebilmeleri i¢in inceleme davetini reddetmeleri
konusunda bilgilendirmelidir.

Gonderilen bir yazida agiklanan yayinlanmamis materyaller, yazarlarin
agtk yazii izni olmadan bir elestirmenin kendi aragtirmasinda
kullanilmamalidir. Akran incelemesi yoluyla elde edilen ayricalikli bilgiler
veya fikirler gizli tutulmali ve gbzden gecirenin kisisel avantaji igin
kullanilmamalidir. Bu, inceleme davetini reddeden, davet edilen, gézden
gegirenler icin de gegerlidir.

Yazarlarin Gérevleri
Raporlama standartlar:

Orijinal aragtirmanin yazarlari, yapilan eserin ve sonuglarin dogru bir
agtklamasini sunmali ve ardindan ¢alismanin 6neminin objektif bir
tartigmasini sunmalidir. Yazi, bagkalarinin eseri ¢ogaltmasina izin verecek
yeterli ayrinti ve referanslar icermelidir. Inceleme makaleleri dogru,
objektif ve kapsamli olmali, editoryal ‘gériis’ veya perspektif parcalart
acikca bu sekilde tanimlanmalidir. Hileli veya bilerek yanlis ifadeler etik
olmayan davranislar tegkil eder ve kabul edilemez.

Veri erisimi ve saklama

Yazarlardan, ¢aligmalarinin ham verilerini editoryal inceleme igin yazi
ile birlikte saglamalar istenebilir ve uygulanabilirse verileri kamuya agik

IX
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hale getirmeye hazir olmaldir. Her haliikarda, yazarlar, katihimecilarin
gizliliginin korunmasi ve 6zel verilerle ilgili yasal haklarin serbest
birakilmasini engellememesi koguluyla, bu verilerin yayimlandiktan sonra
en az 10 yil stireyle (tercihen kurumsal veya konu tabanl veri deposu veya
diger veri merkezi araciligyla) diger yetkili profesyonellere erisilebilirligini
saglamalidir.

Ozgiinliik ve intihal

Yazarlar sadece tamamen orijinal eserler yazdiklarindan ve sunduklarin-
dan ve bagkalarinin ¢aligmalarini ve/veya sézlerini kullanmiglarsa, bunun
uygun sekilde atifta bulunuldugunu saglamalidir. Yazida bildirilen eserin
niteliginin belirlenmesinde etkili olan yayinlar da belirtilmelidir. Intihal,
bagka bir makalenin “yazarin kendi makalesi” olarak “aktarilmasindan”,
baska bir makalenin 6nemli béliimlerini kopyalamaya veya paraphrasinge
(atsif yapmadan), bagkalar: tarafindan yapilan aragtirmadan elde edilen so-
nuglarin iddiasina kadar pek ¢ok bi¢im alir. Tim bicimlerinde intihal etik
olmayan yayincilik davranig: tegkil eder ve kabul edilemez.

Coklu, yinelenen, gereksiz veya eszamanl génderim/yayin

Temelde ayni aragtirmayr agiklayan bildiriler birden fazla dergide
veya birincil yayinda yaymnlanmamalidir. Bu nedenle, yazarlar daha
once bagka bir dergide yayinlanmig bir makaleyi degerlendirilmek
tizere gondermemelidir. Bir makalenin ayni anda birden fazla dergiye
gonderilmesi etik dis1 bir yayin davranisidir ve kabul edilemez.

Bazi makale tirlerinin (klinik kilavuzlar, ¢eviriler gibi) birden fazla
dergide yayinlanmasi, belirli sartlarin kargilanmas: koguluyla bazen hakl
gortlebilir. ilgili dergilerin yazarlari ve editorleri, birincil belgenin ayni
verilerini ve yorumunu yansitmasi gereken ikincil yayini kabul etmelidir.
Birincil referans, ikincil yayinda belirtilmelidir.

Makalenin yazarhg

Sadece bu yazarlik kriterlerini karsilayan kisiler, icerigin kamuya agik
sorumlulugunu istlenebilmeleri i¢in makalede yazar olarak listelenmeli-
dir: (i) ¢aligmanin anlagilmasina, tasarimina, yiritilmesine, veri edinil-
mesine veya analizine/yorumlanmasina 6nemli katkilarda bulunmustur;
ve (ii) yazinin hazirlanmasi veya onemli entelektiiel igerik icin elestirel
olarak revize edilmesi; ve (iii) gazetenin son halini gérmis ve onaylamig
ve yayimlanmak Gzere sunulmasini kabul etmis ve kabul etmis. Yazida
bildirilen eserin onemli katkilar: olan (teknik yardim, yazma ve diizenleme
yardimz, genel destek gibi) ancak yazarlik kriterlerini kargilamayan kisile-
rin yazar olarak listelenmemesi, yazili izin alindiktan sonra “Bildirimler”
boliminde kabul edilmesi gerckmektedir. Hgili yazar, tim uygun ortak
yazarlarin (yukaridaki tanima gore) ve uygunsuz ortak yazarlarin yazar
listesine dahil edilmemesini saglamali ve tim ortak yazarlarin makalenin
son halini gériip onayladigini ve yayina sunulmasini kabul ettigini dogru-
lamalidur.

Agiklama ve gikar ¢atigmalar:

Yazarlar mimkiin olan en erken agamada (genellikle génderim sirasinda
bir agiklama formu gondererek ve makaleye bir ifade de dahil olmak tzere),

sonuglari veya makaledeki yorumlarinmi etkilemek i¢in yorumlanabilecek
cikar catigmalarini ifsa etmelidir. A¢iklanmasi gereken potansiyel ¢ikar
catigmalarina 6rnek olarak, fahri, egitim hibeleri veya diger finansman,
konugmaci biirolarina katilim, Gyelik, istihdam, danigmanlik, hisse senedi
sahipligi veya diger hisse senedi ¢ikarlar ile ticretli uzman ifadeleri veya
patent lisanslama diizenlemeleri ile kisisel veya mesleki iligkiler, ilgili kisiler,
bilgi veya inanglar gibi finansal olmayan konular veya makalede tartigilan
materyaller verilebilir. Caligma i¢in tim finansal destek kaynaklari
agiklanmalidir (hibe numarasi veya varsa diger referans numaras: da dahil
olmak iizere).

Kaynaklarin kabulii

Yazarlar, bagkalarinin ¢aligmalarini dogru bir sekilde kabul ettiklerinden
emin olmali ve bildirilen eserin niteligini belirlemede etkili olan yayinlara
da atifta bulunulmalidir. Ozel olarak elde edilen bilgiler (iigiincii sahislar-
la konusma, yazisma veya tartigma) kaynaktan agik, yazili izin alinmadan
kullanilmamali veya rapor edilmemelidir. Yazarlar, bu hizmetlerde yer alan
eserin yazarinin agik yazili iznini almamagsa, yazilara hakemlik veya hibe
bagvurular gibi gizli hizmetlerin saglanmasinda elde edilen bilgileri kul-
lanmamalidur.

Tehlikeler ve insan veya hayvan denekleri

Calisma, kullanimlarinda olagandis: tehlikeler etiit eden kimyasallar, pro-
sediirler veya ekipmanlar iceriyorsa, yazarlar bunlar1 yazida agik¢a tanim-
lamalidir. Eger calisma hayvanlarin veya insan katilimeilarin kullanimin
igeriyorsa, yazarlar tiim prosediirlerin ilgili yasalara ve kurumsal yonergele-
re uygun olarak gerceklestirildiginden ve ilgili kurumsal komitenin bunlari
onayladigindan emin olmalidir; yazi bu yonde bir ifade i¢ermelidir. Yazar-
lar ayrica, insan katilimcilarla deneyler i¢in bilgilendirilmis onam alindi-
gina dair bir ifadeyi de makaleye eklemelidir. Insan katiimeilarin gizlilik
haklarina her zaman uyulmalidir.

Akran incelemesi

Yazarlar, editorlerin ham veri, agiklama ve etik onayi, hasta onaylari ve telif
hakki izinleri i¢in isteklerine derhal yanit vererek akran degerlendirme
sirecine katilmak ve tam igbirligi yapmak zorundadirlar. ilk olarak
“revizyon gerekli” karari verilmesi durumunda yazarlar, hakemlerin
yorumlarina sistematik olarak, her noktasina zamaninda yanit vererek,
makalelerini verilen son tarihe kadar gozden gecirip dergiye yeniden
gondermelidir.

Yayinlanan ¢aligmalardaki temel hatalar

Yazarlar kendi yayinlanmig ¢aligmalarinda 6nemli hatalar veya yanliglik-
lar bulduklarinda, derginin editorlerini veya yayimcisini derhal bilgilen-
dirmek ve ¢alismay1 bir hata biciminde dizeltmek veya geri ¢ekmek igin
onlarla isbirligi yapmak onlarin yiikimliligudir. Editérler veya yayinci,
yayinlanmus bir ¢alismanin 6nemli bir hata veya yanlishik icerdigini tigtinci
bir taraftan 6grenirse, makalenin dogrulugunu dergi editorlerine derhal
dizeltmek veya geri ¢ekmek veya dergi editorlerine kanit sunmak yazar-
larin ytikimlaltgadir.
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INSTRUCTIONS to AUTHORS

Karaelmas Science and Engineering Journal is the international scientific
journal publishing original papers in English or Turkish, reviews, short
communications, technical notes and scientific editorial letters of science in
the following areas: basic sciences, basic medicine science and engineering
fields. This journal publishes three times a year (April, July and November).
Manuscripts should be submitted online by a website: https://dergipark.org.

tr/en/pub/karaelmasfen
Manuscript Categories:

Research articles: Manuscripts should report original information which have
not been published or submitted previously. Full text should not exceed 30
pages including references.

Review articles: Reviews of recent developments in a research fields and ideas
will be accepted. Manuscripts should not exceed 15 papers of printed text. The
use of tables and figures to summarize critical points is encouraged.

Short communications: These include small-scale investigations, innovative
methods, perspectives on existing laboratory techniques and new
methodologies, clinical trials and epidemiological studies. It should no exceed
5 printed pages.

Technical notes or Case Reports: Scientific reports providing important
contributions their area will be considered in this category. It should not be
exceed 3 pages.

Letters to editor: These include opinions, news and suggestions. Letters should
not exceed 2 pages.

Book/Software Reviews: Short but concise description of the book/software, not
exceeding a page. These types are not peer reviewed.

CONDITIONS FOR PUBLICATION

Journal articles are published in Turkish or English. Manuscript should
be suitable to the formal criteria of Instructions to Authors, otherwise, the
manuscript will be sent back to the authors. Manuscripts should not exceed
20 papers of printed text, including tables, figures and references. Manuscripts
that are found suitable for peer review will be assigned to two expert reviewers.
The final decision to accept or reject a manuscript will be made by the Editor-
in-Chief. After review process, the Editor-in-Chief will inform the authors of
acceptance, rejection or necessity of revision of the manuscript. The paper has
not already been published elsewhere and it is not currently being considered
for publication elsewhere. If accepted, Karaelmas Science and Engineering
Journal have exclusive license to publish. Review process is three months.

THE REFEREE PROCESS

Manuscripts that do not comply with the journal’s guidelines will be returned
to the authors without scientific evaluation. Articles submitted in accordance
with the journal’s guidelines are reviewed by the Editor-in-Chief or Assistant
Editor, who will appoint them to referees. The review process is one-blind.
The Editor writes the decision letter in line with the recommendations of the
referees, the opinions of the field editors and the contribution of the publication
to the literature. All unexamined manuscripts are returned within 10 days, and
the decision letters of the manuscripts are sent within 3-6 months.

PRESENTATION
Papers should be submitted online.

The submitted articles should consist of four separate files: “Cover Page”,
“Blind Article-Full Text”, “Plagiarism Report” and “Copyright Transfer

Form”. Articles should be sent to Karaelmas Science and Engineering Journal
via https://dergipark.org.tr/tr/login

WRITING RULES

Manuscripts should be written double space on A4 sized typing paper with 2.5
cm all margins, with 1.5 line spacing and justified on both sides. Please click on
the link to access the writing rules of our journal.
https://dergipark.org.tr/tr/pub/karaclmasfen/writing-rules

e Text should be prepared using Microsoft Word with Times New Roman
font and 12 point size. All text should be in black and white.

e All lines should be numbered continuously (including figures, tables and
references). Page numbers should be placed in the bottom middle of the
pages.

e The author’s information should not be given due to blind refereeing, in
the Full Text. Author’s information should be on the Cover Page.

e Full text should be consist of Turkish Abstract, English Abstract,
Introduction, Materials and method(s) (Area descriptions, Study materials,
e.g. should be cited as subheadings), Results and Discussion, Conclusion
and Suggestions, and References.

*  Latin expression should be typed in italics.

*  Full text should not exceed 30 pages including references.

Cover Page

The Cover Page should be a separate Microsoft Word file. Title, full name of all

author, institutions and ORCIDs on Cover Page; Contact address and e-mail

address of the responsible author should be given.

The Plan of Cover Page

*  'The article type should be write (Research article, review article, technical
note, etc.). The article type should be centered at the top of the page.

*  Turkish and English title

e Author’s names and addresses: All Authors full names must be written as
lower case with bold 12 font size in the middle. After authors name and
surnames, authors addresses should be stated with superscript numbers
(e.g. 12 3). Corresponding author’s full name should be marked with an
asteriks (*). All authors addresses must be typed with lower case 12 font in
the center. The corresponding author’s contact address and e-mail address
should be given, and University, Faculty, Department, City and Country
should be specified, respectively. Names of institutions and cities each
authors also must be stated.

*  Corresponding author’s name, address and e-mail address
e Short title
e ORCID:s of all authors (Authors’ ORCIDs should be added as footnotes.)

e Ethics Committee Decision should be attached to all studies that require
ethics.

https://trdizin.gov.tr/wp-content/uploads/2022/04/TRDizin_etik_
ilkeleri_akis_semasi.pdf

The Plan of the Full Text Page

The first page is the Summary Page. The plan of the Summary Page should be
as follows (Table 1):
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Table 1: The Plan of Full Text Page

The Plan of the Full Text Page
English Title (12 punto)
Abstract (12 punto)

Turkish Title (Italik 12 punto)
Oz (12 punto)
Anahtar Kelimeler (12 punto)

Keywords (12 punto)*

*Of the keywords, only the first letter of the first keyword should be capitalized and the first
letters of the others should be lowercase.

The title: The title should be as short as possible, but give adequate information
regarding the contents. Title must be written on the center with bold 12 font
size. The first letter must be capital and the others must be written as lower
case.

Abstract and Keywords: A brief, informative English and Turkish abstract,
not exceeding 250 words, should be typed in 12 font size. Immediately
following the abstract, authors should provide 3-5 English and Turkish
keywords or phrases that reflect content of the article. Keywords should be
given in alphabetical order. Only the first letter of the first keyword should be
capitalized, the first letters of the others should be lowercase. Keywords must
be separated by commas and followed by a space of one character.

The Introduction section should be started by leaving a line in between after
the keywords. In full texts, the main headings in the article and subheadings, if
any, should be understandable. Main text headings should be left aligned, only
the first letter of the first word should be capitalized and bold. Subheadings
should be written in 12 points and italic. Main and sub-headings should be
numbered.

Introduction: This section should include the topic and importance of the
article and prior works.

Material and Methods: The methods and techniques applied should be
understandable. It should be supported by previous references. Statistical
models and methods of analysis should be clearly stated.

Results and Discussion: The results contain only findings, no writing
comment, and the results should be supported by figures and tables if necessary.
The results should be compared with the relevant literatiire, and compare with
other studies and discuss similarity and distinction.

Conclusion and Suggestions: Results should be summarized and recommen-
dations made.

Acknowledgments: It should include thanks to the people and organizations
supported the research.

Any conflict of interest, financial support, author’s statement of contribution,
donation and other editorial (statistical analysis, English/Turkish evaluation)
and/or technical assistance should be presented at the end of the text.

Author contribution: Author A: Planned and designed the study, Author B:
Gathered and analyzed data about the study, Author C: Wrote the article by
analyzing the study.

Ethics committee approval: If available, ethics committee approval should be
added. The institution giving the ethics committee approval, approval number
and date should be written on it.

References: Unpublished information should not be given as a source.
However, the theses that have been completed and passed the jury can be given
as a source. References should be given at the end of the article in alphabetical
order (according to the surnames of the authors), author’s names and surnames,
and the publication date of the article should be written in bold.

Plagiarism report: The general similarity rate of the submitted articles should
not exceed 20%, excluding the bibliography. Any plagiarizing article will be
automatically rejected.

Copyright transfer agreement: The form opened by clicking on the “Copyright
Transfer Form” link on the page should be filled, signed and uploaded. Please
click on the link to access the copyright transfer agreement of our journal.
https://dergipark.org.tr/tr/pub/karaelmasfen/page/10931
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The use of sources in the text is given below:

(The examples have been prepared based on the APA 7th edition style.)

1. In Turkish Paper:

* One author (Aliskan, 2021). Two authors (Yildirim & Topaloglu 2018).

* In the case of multiple authors, they should be cited as (Yilmaz et al., 2007,
Erdem et al., 2022), multiple publications by same author(s) should be writ-
ten as (Erdem et al., 2022a; Erdem et al., 2022b).

* If any source is cited: According to Karahan & Célgecen (2021), it was
as.....; according to Yilmaz et al. (2007); it should be written.

2. In English Paper:

* One author (Aliskan, 2021). Two authors (Yildirim & Topaloglu 2018).
If any source is cited: According to Unlii & Gergek (2023), it should be
written.

* In the case of multiple authors they should be cited as (Evans et al., 2023;
Landen et al.,, 2021). If any source is cited: According to Landen et al.
(2021)... it should be written.

* References should be given at the end of the text according to alphabetical
order of the first authors surname.

* InTurkish and English articles, software programs should be given as (IBM
SPSS Statistics 2016) by specifying the name and year in the text.

The references at the end of the text are as follows:

References should be given at the end of the text according to alphabetical

order.

Article:

One author

* Isinkaralar, K. (2022). Theoretical removal study of gas BTEX onto activat-
ed carbon produced from Digitalis purpurea L. biomass. Biomass Convers.
Biorefin., 12(9): 4171-4181. https://doi.org/10.1007/s13399-022-02558-2

Two authors

* Eker Sanli, G., & Tasdemir, Y. (2022). Accumulations and temporal trends
of polychlorinated biphenyls (PCBs) in olive tree components. Environ-
mental Geochemistry and Health, 44. https://doi.org/10.1007/s10653-021-
01046-2

* Yarali, O., & Duru, H. (2016). Investigation into effect of scratch length and
surface condition on Cerchar abrasivity index. Tunnelling and Underground
Space Technology, 60, 111-120. https://doi.org/10.1016/j.tust.2016.08.005

Multiple authors

* Erdem, S., Gonea, E., Basoglu, G., & Aydemir, E. (2022). Iskemi son-
rasi verilen kannabidiol reperfiizyon ile uyarian aritmilere karsi koruyucu
etkilidir. Medical Journal of Western Black Sea, 6(1), Article 1. https://doi.
0rg/10.29058/mjwbs.1016783

* Erkaymaz, O., Senyer Yapici, I., & Uzun Arslan, R. (2021). Effects of
obesity on time-frequency components of electroretinogram signal using
continuous wavelet transform. Biomedical Signal Processing and Control, 66,
102398. https://doi.org/10.1016/j.bspc.2020.102398

+ Oztiik, S., Hazer Y., Kaskatepe, B., Célgecen, H., & Kulak, M. (2023).
Kirmizi kantaron (Hypericum capitatum) bitkisi: fenolik igeriklerinin, an-
tioksidan aktivitesinin belirlenmesi ve klinik izolatlar tizerinde antimikro-
biyal etkinliginin aragtinlmasi. Bat: Karadeniz Tip Dergisi, 7(1), 57-65.
https://doi.org/10.29058/mjwbs.1251370

If two or more works by the same author are used, references should be listed

in chronological order.

* Berndt, T.]. (2022). * Berndt, T.]. (2023).

If there are more than seven authors, the names of the first six authors are list-

ed, followed by three dots and the name of the last author is added. No more

than seven names should be included.

* Miller, F.H., Choi, M.J., Angeli, L.L., Harland, A.A., Stamos, J.A,,
Thomas, S.T', . . . & Rubin, L.H. (2009). Web site usability for the blind
and low-vision user. Technical Communication, 57: 323-335. https://doi.
org/10.1080/10447310701771472
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https://doi.org/10.1080/10447310701771472
https://doi.org/10.1080/10447310701771472
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* Resat, U. (2001). Uygulamal: jeoteknik bilgiler. 4. Basim, TMMOB Jeoloji
Miihendisleri Odas: Yayinlari, Nitelik Matbaacilik, Ankara, 385 s.

* Sanford, R.J. (2003). Principles of fracture mechanics, Prentice Hall,
Pearson Education, Inc. Upper Saddle River, USA, 404 pp.

Chapter:

+ Atar, H., & Célgecen, H. (2020). Chapter 7-Bioactive compounds of
oregano seeds. In V. R. Preedy & R. R. Watson (Eds.), Nuts and Seeds in
Health and Disease Prevention (Second Edition) (pp. 73=77). Academic Press.
https://doi.org/10.1016/B978-0-12-818553-7.00007-3

Report:

* Makarewicz, J.C., Lewis, T., & Bertram, P. (1995). Epilimnetic phy-
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The Seed and Pollen Micromorpbology of the Endemic Sabulina mesogitana suésp. ﬂaccida

Havva Karahan' @, Yasin Hazer? ®, Gamze Erikei' ®, Tugce Kog! ®, Hatice Colgegen'

Zonguldak Bilent Ecevit Universitesi, Fen Fakiiltesi, Biyoloji Bolimii, Zonguldak, Tiirkiye
*Zonguldak Bilent Ecevit Universitesi, Eczacilik Fakiiltesi, Farmasotik Botanik Béliimii, Zonguldak, Turkiye

Oz

Bu ¢aligmada Thirkiye’de dogal olarak yetisen Sabulina mesogitana subsp. flaccida endemik tirintin tohum ve polen morfolojisi 151k
ve elektron mikroskobu ile incelenmis; tohum ve polenlerinin in vitro kosullarda ¢imlendirilmesi, polen canlilifinin belirlenmesi,
polen tipt olusumunun gozlemlenmesi ve tohum ile polen mikromorfolojisinin aragtirilmas: amaglanmistir. Turkiye’de korunmas:
oncelikli 9 orman sicak noktadan biri olarak nitelendirilen Kiire Daglart Milli Parki ve onun tampon bolgesini de i¢ine alan Bati
Kiire Daglarindan toplanan §. mesogitana subsp. flaccida’nin tohumlarinin in vitro kosullarda ¢imlendirilmesi amaciyla farkli siikroz
konsantrasyonlar: ve pH degerlerinde Murashige ve Skoog (MS) besin ortamlari hazirlanmistir. In vitro tohum ¢imlendirme
denemelerinde en yiiksek ¢imlenme orani 20 g/L sitkroz igeren ve pH 5.8 olan ortamda %34.3 olarak belirlenmistir. Canli polen
say1s, polen tiipi olusumu ve polen tiipi uzunlugunu belirlemek amaciyla farkli sitkroz konsantrasyonlar: denenmis sonug olarak en
yiksek ¢imlenme oranmi %30 ile 20 g/L siikroz igeren ortamda gerceklesmistir. Calismada ayrica tiiriin polen fertilitesi ortalama %88
olarak tespit edilmistir. Tohum ve polen yiizey morfolojisi taramali elektron mikroskobu (SEM) ile degerlendirilmis; tohumlarin
ventral ve dorsal yiizeylerinin papilli ve tuberkilli yapida, renklerinin koyu kahverengi-siyah; polenlerin ise sferoidal formda ve
polen ornamentasyonlarinin mikroekinat-mikroperforat 6zellikte oldugu belirlenmigtir. Morfolojik karakterler, bitki taksonomisinde
siniflandirmaya katks saglayan 6nemli veriler sundugundan, endemik S. mesogitana subsp. flaccida tirine ait tohum ve polen ¢imlenme
verileri bu ¢alisma ile ortaya konulmugtur.

Anahtar Kelimeler: Endemik tiir, in vitro polen ¢imlendirme, mikromorfoloji, Sabulina mesogitana subsp. flaccida, tohum

Abstract

In this study, seed and pollen morphology of the endemic Sabulina mesogitana subsp. flaccida, which naturally occurs in Turkey, was
examined by light and electron microscopy. The objectives included in vitro germination of seeds, assessment of pollen viability,
observation of pollen tube formation, and investigation of seed and pollen micromorphology. Seeds of S. mesogitana subsp. flaccida,
collected from the Western Taurus Mountains, including the Kiire Mountains National Park, one of the nine forest priority hotspots
for conservation in Turkey, along with its buffer zone, were germinated in vitro using Murashige and Skoog (MS) media prepared
with different sucrose concentrations and pH. The highest germination rate was observed at 34.3% in the medium containing 20 g/L
sucrose and pH 5.8. To determine pollen viability, pollen tube formation, and pollen tube length, different sucrose concentrations
were tested; the highest germination rate achieved was 30% in the medium containing 20 g/L sucrose. Additionally, the pollen
fertility rate of the species was determined to be approximately 88%. Seed and pollen surface morphology was evaluated by scanning
electron microscopy (SEM); seed surfaces on ventral and dorsal sides were found to be papillate and tuberculate, with dark brown
to black coloration, while pollen grains exhibited a spherical shape with micro-echinate and micro-perforate ornamentation. Since
morphological characteristics provide important data for taxonomic classification, this study presents seed and pollen germination data
for the endemic S. mesogitana subsp. flaccida species.

Keywords: Endemic species, in vitro pollen germination, micromorphology, Sabulina mesogitana subsp. flaccida, seed
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1. Giris

Caryophyllaceae familyas: karanfilgiller familyas: olarak da
bilinir ve yaklagtk 100 cins, 3000 tiirden olugur (Ulukus,
2018; Kog vd., 2019). Ulkemizde ise 35 cins ve 540’tan
fazla tiir ile temsil edilen familya, takson sayis1 bakimindan
Thrkiye florasinda 3. sirada yer almakta olup familyanin tiir
gesitliligi ozellikle Akdeniz havzast ve Iran-Turan fitocog-
rafik bolgelerinde yogunlagmaktadir (Davis, 1967; Bittrich,
1993; Hernandez-Ledesma vd., 2015; Xu & Deng, 2017).
Genellikle iliman ya da sicak-1himan bélgelerde yayilis gos-
termekte, tek yillik ya da ¢ok yillik, genellikle otsu nadiren
kiiciik agagst ya da ¢alims: tirlerden olugmakta, ¢ok soguk
ve kurak ortamlarda yetisebilme 6zelliginden dolay: oldukga
kozmopolit tirler icerir (Hernandez-Ledesma vd., 2015).
Bu tirler sts bitkisi olarak, bununla birlikte bitkisel ilaglarin
hazirlanmasinda ve baharat yapiminda da kullanilmaktadir

(Cowie, 2011).

Yapilan filogenetik aragtirmalar sonucunda familya takson-
lar1 arasindaki evrimsel iligkiler ortaya ¢ikarilmigtir. Dillen-
berger ve Kadereit (2014) bu grubun birkag 6rnegini Mi-
nuartia s1’nin filogenetik analizine dahil etmis ve plastid
DNA varyasyonunu incelemis olsalar da taksonlar arasin-
daki evrimsel tarih ve iligkiler hala biytik 6l¢tide ¢oziimsiiz
kalmaktadir (Lipanova vd., 2023). Bitki ¢esitlenmesinde bir
diger glg, cevresel sartlarin ¢esitli zorluklarina uyum sagla-
masinda Greme engellerinin artmast olarak tanimlanan eda-
fik izolasyona bagli tirlesmedir. Agir kimyasal (agir metal-
ler, besin maddeleri veya pH) veya fiziksel kosullar (toprak
nemi, sicaklik) gibi agir1 edafik strese uyum saglama, bit-
kilerde en gtigli adaptif tepkilere 6rnek olup bazen treme
izolasyonuyla da iligkilidir. Kiregli topraklara, agir metallerle
kirlenmis topraklara, tuzlu veya serpantinli topraklara hizli
adaptasyon ornekleri ¢esitli bitki ailelerinde gosterilmis-
tir (Preite vd., 2019; Konecna vd., 2020; Cao vd., 2023).
Sonug olarak, Caryophylloideae Arn., Alsinoideae Burnett ve
Paronychioideae A.St. alt ailelerine Eremogoneae Rabeler &
WLWagner adli yeni bir alt aile eklenmistir (Harbaugh vd.,
2010). Minuartia cinsi, morfolojik olarak diger cinslerden
ug stilus ve kapsiil disleri ile ayirt edilse de molekiiler ¢alig-
malar bu cinsin polifiletik oldugunu géstermistir (Green-
berg & Donoghue, 2011; Dillenberger & Kadereit, 2014;
Mosyakin & Fedoronchuk, 2015). Dillenberger ve Kade-
reit (2014) tarafindan yapilan cpDNA ve nrDNA analiz-
leri, Minuartia mesogitana subsp. flaccida'nin Sabulina cin-
sinide kapsayan bir klad ile yakin iligkili oldugunu ortaya
koymugstur. Bu filogenetik bulgulara dayanarak, taksonun
Minuartia'dan Sabulina cinsine aktarilmasi uygun goérilmis

ve tirtin adi Sabulina mesogitana subsp. flaccida (McNeill)
Ko¢ & Hamzaoglu olarak degistirilmistir.

Ulkemize endemik bir tir olan S. mesogitana subsp. flaccida
Zoni yaylasi ve gevre florasinda, Kiire daglari tizerinde ve
Bartin ile Kastamonu-Sinop il sinirlarinda yayilis goster-
mektedir (Tekebas, 2017). Kayalik yamaglar gibi tashk ve
az toprakli habitatlarda dogal yayilis g6steren tiir mart ve
nisan aylarinda ¢igeklenir. Beyaz renkli ¢igekler genellikle
govde tzerinde veya taban kismindan gelismektedir. Bitki
salg1 (glandiler) tiylerle kaplidir ve bu morfolojik 6zellik
alt tirin tanimlanmasinda ayirt edici bir karakterdir. Ay-
rica bu salg: tiiyleri bitkinin ¢evresel stres kosullarina kar-
s1 korunmasinda ve bazi bocek tiirlerine kargi savunmada
rol oynar. Ulkemize endemik bu tiiriin habitatinin tahrip
edilmeden korunmasi ve canliliginin siirdiirtlebilir bicimde
yonetilmesi ¢ok 6nemlidir. Caryophyllaceae familyasina ait
cesitli tlrlerin tohum ve polen morfolojileri bilim insanla-
r1 tarafindan incelenmis ve kapsamli bir ¢alisma yapilmig
olmasina ragmen (McNeill & Bassett, 1974; Yildiz, 2001;
Yildiz, 2002; Perveen & Qaiser, 2003; Sahreen vd., 2008b),
literatiirde S. mesogitana subsp. flaccida endemik tiird ile il-
gili herhangi bir tohum ve polen mikromorfolojisi ¢aligmasi
bulunmamaktadir. Bu gerekgelerle bu ¢aligma, tiirtin tohum
ve polen mikromorfolojisi hakkinda tutarli, kapsamli, ayrin-
tili ve dogru veriler saglamak amaciyla 151k mikroskopisi ve
taramali elektron mikroskopisi ile S. mesogitana subsp. flac-
cida endemik tirlini analiz etmeye odaklanmistir. Bu ¢alig-
manin sonucunda mikroskobik yontemler kullanilarak elde
edilen veriler taksonomik aragtirmalarin dogrulanmasinda
yardimci olacaktir.

2. Gereg ve Yontemler
2.1. Bitki Materyali

Sabulina mesogitana subsp. flaccida polenleri mart-nisan
2025, tohumlar: ise temmuz 2025 Tirkiye'de korunma-
st oncelikli noktadan biri olan Kiire Daglar1 Milli Park:
ve onun tampon bolgesini de igine alan Bati Kire Daglar:
41°40'18.4"N 32°45'49.5"E lokalizasyondan toplanmugtir.
Ornekler BEUN Eczacilik Fakiiltesi koleksiyonunda kayit
altina alinmigtir. Ortamlar farkli pH degerleri ve farkli siik-
roz konsantrasyonlari igeren %0.7 g/L agar (w/v) Murashi-
ge ve Skoog (MS) modifiye edilerek hazirlanmistir (Cizelge
1). Hazirlanan besi ortamlar1 otoklavlandiktan sonra steril
cam kavanozlara (100 mm x 100 mm x 200 mm) aktarilmig-
tir. Tiirtn tohumlar1 %10’luk sodyum hipoklorit ¢ozeltisi ile
10 dakika muamele edilmis, sonra Ug kez steril distile su ile
durulanmugtir. Sterilizasyonu yapilan 100 adet tohum MS

Karaelmas Fen Miih. Derg., 2026; 16(2):1-7
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Cizelge 1. Tohum ¢imlendirmek i¢in hazirlanan farkli Murashige ve Skoog (MS) ortamlari.

Deneme Siikroz (g/L) pH Sicaklik (°C)
Al 30 5.8 25+2
A2 20 5.8 25+2
A3 20 7.2 25+2
A4 30 7.2 25+2

besiyerlerine ekilerek 24+2°C sicaklikta, 24 saat karanlk
periyotta bitki biiylitme odasinda ¢imlenmesi i¢in inkiibe
edilmistir.

2.2. Polen Canliliginin Belirlenmesi
Polen canliligini belirlemek i¢in 15, 20, 25 ve 30 g/L stikroz

iceren ortamlar hazirlanmis, polenler lam tizerine alinmig ve
15tk mikroskobunda gézlemlenmigtir. Toplam 100 adet po-
lende fertil ve steril polenler sayilarak, toplam polen sayisina
oranla canlilik yiizdesi hesaplanmistir. Fertilite ve sterilite
(Denklem 1) yiizdesi i¢in asagidaki formul kullanilmigtir
(Ullah vd., 2018):

Fertilite= (F/F+S)x100
Sterilite=(S/S+F)x100 (1)

F: okiilerdeki fertil polen sayisi ve S: ayni okilerdeki steril
polen sayisidir.

Polen seklini belirlemek i¢in polenlerin P/E orani (Denk-
lem 2), ayn1 polenin polar ve ekvator ¢apina gore agagidaki

forml kullanilarak ifade edilmistir (Ullah vd., 2018):
P/E=(P/E) (2)

P: polenin uzun ekseni ve E: ayn1 polenin ekvatoriyal (kisa
ekseni) ¢apidir.

Karaelmas Fen Miih. Derg., 2026; 16(2):1-7

Sekil 1. Sabulina mesogitana subsp. flaccida 30 glinlik aseptik fideleri a. A1b. A2 c. A3. d. A4.

2.3. Tohum ve Polen Mikroskopisi

Tohum ve polenin mikromorfolojik 6zellikleri tarama-
I1 elektron mikroskobu (SEM) ile analiz edilmistir. Daha
sonra tim o6rnekler, yan ve dorsal yiizeyleri goriinecek se-
kilde ¢ift tarafli yapigkan karbon iletken diskler kullanilarak
taplara yapistirilmugtir. Ornekler, Zonguldak Biilent Ecevit
Universitesi (ARTMER) biinyesindeki QUANTA 450 Fi-

eld Emission Gun (FEG) cihazinda incelenmistir.

3. Bulgular ve Tartisma
3.1. Tohum Cimlendirme

Bu calismada Sabulina mesogitana subsp. flaccida’ nin tohum
ve polenleri iz vitro kosullarda ¢cimlendirilmis, polen canlili-
g1 belirlenmis, polen tiipii olusumu gozlemlenmis, tohum ve
polen mikromorfolojisi incelenmigtir. Tohum ¢imlendirme
denemelerinde Al ortaminda ilk ¢imlenme 16.glin, A2 or-
taminda 7.giin, A3 ortaminda 11.glin, A4 ortaminda 7.glin
gerceklesmistir (Sekil 1).

Denemelere gore 20 g/L siikroz ve 5.8 pH ortaminin (A2)
diger ortamlara gére daha fazla oranda ¢imlenme ytzdesine
sahip oldugu belirlenmistir (Cizelge 2).
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Cizelge 2. Sabulina mesogitana subsp. flaccida’ya ait tohumla-
rin ¢imlenme ytizdesi.

Siikroz(g/L) pH Cimlenme yiizdesi(%)

Al 30 5.8 20.9
A2 20 5.8 34.3
A3 20 7.2 10.1
A4 30 7.2 18.1

Erdogan (2010) Caryophyllaceae familyasina ait Silene
sangaria tirinde in vitro tohum ¢imlendirme denemeleri
yapmistir. Denemelerde MS ortamu, stikroz (30 g/L), agar
(7g/L) ve giberellik asit kullanilmigtir. Giberellik asit uygu-
lamast MS ortamlarinda ¢imlenmeyi az miktarda uyarmis-
tir. Kum kontrol grubu olarak kullanilmig ve kontrol gru-
bunda ¢imlenme orani %37.5 iken MS ortaminda sirasiyla
bitki bliylime dizenleyicisi i¢ermeyen MS icin %35, %1
icin %40, %3 i¢in %42.5, %5 i¢in %40’tir (Erdogan, 2010).
Ustiiner vd. (2021) yaptigi calismada Caryophyllaceae fa-
milyasina ait Silene sangaria tiriinde in vitro tohum ¢imlen-
dirmigtir. Cimlendirme denemelerinde GA3 bitki biiytime
dizenleyicisinin ¢imlenme ve gelisime etkisini gozlemle-
mek amaciyla farkli GA3 konsantrasyonlarina sahip besi
yerleri hazirlanmigtir. Bu amagla bitki biiytime dizenleyicisi
icermeyen MS, 1, 3 ve 5 mg/L. GA3 konsantrasyonlarinda
farkli MS besi yerleri ve steril olmayan kum kullanilmigtur.
(Ustiiner vd., 2021).

3.2. Polen Cimlendirme ve Canlilik

S. mesogitana subsp. flaccidanin polenlerinde ilk ¢imlen-
me 15 ve 30 g/L siikroz ortamlarinda 2 saat, 20 ve 25 g/LL
sikroz ortamlarinda 20 dk, 35 g/L siikroz ortaminda 25 dk
sonra gozlemlenmis polen tipt gelisimi (Sekil 2b) yiizdesi
Cizelge 3’te gosterilmistir. Fertil ve steril polenler sayilarak
toplam polen sayisina oranla canhlik ytizdesi hesaplanmug;
%88 fertil, %22 steril polen tespit edilmistir (Sekil 2a).

Polenlerin P ve E eksenleri 28.20 + 0.01 pm’dir. Polenlerin
P/E orani, ayni polenin polar ve ekvator ¢aplarinin boliin-
mesiyle belirlenmis, ¢ikan sonug polenin seklinin sferoidal
oldugunu dogrulamistir. Bir¢ok aragtirmaci Caryophylla-

Sekil 2. Sabulina mesogitana subsp. flaccida. a. Olgun bir ante-
rin enine kesitinde fertil ve steril polenler. b. 20 g siikroz besin
ortaminda gelisen polen tipleri.

ceae familyasinin polen morfolojisi tizerine yaptiklari calig-
malarda, bu familyanin polenlerinin 25 ile 50 pm arasinda
degisen orta biiytklikte oldugunu gostermiglerdir (Sahre-
en vd., 2008a; Sahreen vd., 2008b; Ullah vd., 2018; Eroz
Poyraz & Ataglar, 2019). Sonuglar yukarida incelenenlerle

ortlismektedir.
3.3. Tohum ve Polen Mikroskopisi

Tohum mikromorfolojisinin bitki taksonomisindeki belir-
sizliklerin giderilmesinde oldukea bilgilendirici bir kriter
oldugu gosterilmistir. Ancak Sabulina cinsi Gzerine yapilan

Cizelge 3. Sabulina mesogitana subsp. flaccida'da polen tiipti gelisimi ytizdesi.

15 g/L siikroz

Polen tiipii olusumu

20 g/L siikroz

25 g/L siikroz 30 g/L siikroz 35 g/L siikroz

Karaelmas Fen Miih. Derg., 2026; 16(2):1-7
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calismalar sinirli olup, mevcut aragtirmalar yalnizea bir veya
birkag tiire odaklanmustir (Kog vd., 2019; Ozbek, 2023). Bu
calisma ise S. mesogitana subsp. flaccida'nin tohum ve polen
mikromorfolojisine iligkin verileri i¢eren ilk aragtirma olma
ozelligini tasimaktadir. S. mesogitana subsp. flaccida tohum-
larinin ortalama boyutu 0.5 # 0.2 cm olup, bébrek seklinde
ve koyu kahverengi-siyah renklidir (Sekil 3a,c). Tohumla-
rin ventral ve dorsal ytzeyleri papilli ve tuberkiilli yapidadir
(Sekil 3b,d,e,f). Caryophyllaceae familyasinin diger tirleriy-
le kargilagtirildiginda ise papillerin baskin olmasi dikkat ge-
kici bir 6zellik olarak 6ne ¢cikmaktadir (Gucel, 2013; Aktirk
& Yilmaz, 2020).

Karaelmas Fen Miih. Derg., 2026; 16(2):1-7

S. mesogitana subsp. flaccida polenlerinin yizeyinde ho-
mojen dagilimli porlar bulunmaktadir (Sekil 4). Polen tipi
pantoporat olup por sayist 15-19 arasinda degismektedir.
Polen ornementasyonu mikroekinat-mikroperforat karak-
terdedir ve por agikliklarinin boyutu 3.00 + 0.01 pm ola-
rak ol¢tlmistiir. Caryophylloideae alt familyasinin polen-
leri genellikle yar: kiiresel veya uzun formdadir; por sayist
ise turler arasinda farkhilik géstermektedir. Ornegin, Silene
conoidea’da por sayis1 19-35 arasinda degismektedir (Sahre-
en vd., 2008a). . mesogitana subsp. flaccida polenleri, pan-
toporat yapilari ve yiizeyinde gérilen ekinatlarla literatirde

diger tirler i¢in bildirilen 6zelliklerle uyum gostermektedir

(Ullah vd,. 2018).

Sekil 3. Sabulina
mesogitana Subsp.
flaccida tohumlarinin
mikroskopik goriuntileri.
a-tohum- 151k
mikroskobu, b. papiller-
151tk mikroskobu,
c.tohum-SEM, d-e-f.
farkli biyatmelerde

L QUANTA 26 4% Bl papiller-SEM.
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——— 10 ym

FEI QUANTA FEG 450

ND HV

13.1 mm | 17.00 kV

Sekil 4. Sabulina mesogitana subsp. flaccida poleninin SEM

goruntisu.

4. Sonug ve Oneriler

Bu ¢aligma, Caryophyllaceae familyasina ait endemik bir tiir
olan §. mesogitana subsp. flaccida’nin tohum ve polen mor-
folojisini inceleyerek, tiiriin dogru teshisinde ve taksonomik
ayriminda 1s1k mikroskobu ve taramali elektron mikrosko-
pisinin 6nemini ortaya koymaktadir. Turkiye ve diinya lite-
ratiriinde bu tirin tohum ve polen morfolojisine yonelik
gerceklestirilen ilk ¢aligma olma ozelligini tagimaktadir.
Aragtirmanin temel amaci, palinomorfolojik verileri genis-
leterek §. mesogitana subsp. flaccida'ya iliskin taksonomik,
evrimsel ve ekolojik bilgilerin yani sira gelecekte yapilacak
caligmalara katki saglamaktir. Ayrica, tohum yiizey morfo-
lojisinin dagilim stratejileri ve cevresel adaptasyon ile iligkili
oldugu, testa ornementasyonunun ise tiriin ¢evresel kosul-
lara uyumunda rol oynayabilecegi distinilmektedir.

Tesekkiir: Bu ¢alisma, TUBITAK 2209-A Universite Og-
rencileri Aragtirma Projeleri Destekleme Programi tarafin-
dan desteklenmistir.

Yazar Katkisi: Havva KARAHAN: aragtirma ve hipotez
olusturma, yontem planlama, veri toplama ve analizi, ma-
kale yazma, danigmanlik. Yasin HAZER: veri toplama ve
analizi, makale yazma. Gamze ERIKCI: yontem planlama,
veri toplama, makale yazma. Tugge KOC: yontem plan-
lama, veri toplama, makale yazma. Hatice COLGECEN:
aragtirma ve hipotez olusturma, yontem planlama, danig-
manlik.

Etik Kurul Onay:: Calismanin, etik kurul izni gerektirme-
yen ¢aligmalar arasinda yer aldigini beyan ederiz.
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Olii Son Duvarinin Dairesel Su Alma Agzi Membasindaki Hiz Dagilimina Etki

Ettigi Limit Mesafenin Incelenmesi

Eﬁ’ect of a Dead-End Wall on Wlocity Distribution Upsz‘ream af a Circular Intake: Inwesz‘igaz‘ion of the
Limiting Distance

Efe Barbaros* ®, Kerem Tagtan

Gazi Universitesi, Mithendislik Fakiiltesi, Ingaat Miihendisligi Boliimii, Ankara, Turkiye

Oz

Su alma yapilars; kanal, deniz, rezervuar gibi duragan veya hareketli ortamlardan ihtiya¢ duyulan suyun temin edilerek iletim
sistemlerine aktarilmasini saglayan yapilardir. Bu yapilarin etkili ¢alisabilmesi i¢in agiz membasinda olusan hiz dagiliminin dogru
bigimde belirlenmesi biiyiik 6nem tagimaktadir. Literatiirde, kanal tabani veya baraj duvar: gibi fiziksel akim sinirlarinin hiz dagilimina
kayda deger etkileri oldugu gosterilmis olsa da agzin bu sinirlara olan mesafesinin hangi degerlerden itibaren akimi etkiledigine dair
net bir bilgi bulunmamaktadir. Bu ¢alisma kapsaminda, 6li son duvari igerisine yerlestirilmis dairesel kesitli bir su alma agzinin
membasinda olugan hiz dagiliminin sinur etkilerinden bagimsiz hale gelmesi i¢in agiz—duvar arasindaki limit mesafe aragtirilmigtir. Bu
amagla, agzin 6lii son duvarina yerlestirildigi diizenek igin hiz dagilimlari Akustik Doppler Hiz Olger ile deneysel olarak 6l¢iilmiis,
FLOW-3D HYDRO yazilimiyla olugturulan sayisal modeller ise deneysel verilerle dogrulanmigtir. Bulgular, su alma agzinin 6l
son duvarina mesafesinin hiz dagilimi {izerinde 6nemli etkiler yarattigini ortaya koymustur. Ozellikle agzin 6lii son duvari tizerindeki
konumundan 1D mesafeye taginmas: en biiyiik degisimi olustururken, 2.5D mesafesinde farkin ihmal edilebilir diizeye geldigi ve bu
degerin limit mesafe olarak tanimlanabilecegi gorulmustiir. Ayrica, duvar sinir etkileri nedeniyle akim dogrultusundaki hizlarda %33’e
varan artiglar meydana gelebilecegi belirlenmistir. Sayisal ¢alisma sonuglari, agiz akimina baglt hiz dagilimlarinin dogru sekilde elde

edilmesinde FLOW-3D HYDRO yaziliminin givenilir bir ara¢ oldugunu da gostermektedir.

Anahtar Kelimeler: Akim sinirlari, hesaplamali akigkanlar dinamigi, su alma agz:

Abstract

Intakes are hydraulic structures that transfer the required water from static or dynamic sources such as channels, seas, or reservoirs to
conveyance systems. For the efficient operation of these structures, it is important to understand the velocity distribution upstream of
the intake. Although the literature has demonstrated that physical flow boundaries, such as channel beds or dam walls, significantly
affect velocity distributions, there is no clear information on the critical distance at which the intake’s proximity to these boundaries
begins to influence the flow. In this study, the limiting distance between a dead-end wall and a circular intake was investigated to
ensure that the velocity distribution upstream of the intake becomes independent of boundary effects. For this purpose, velocity
distributions were experimentally measured using an Acoustic Doppler Velocimetry in a setup where the intake was placed adjacent
to a dead-end wall, and numerical models developed with FLOW-3D HYDRO were validated using the experimental data. The
findings revealed that the distance between the intake and the dead-end wall significantly affects the velocity distribution. In particular,
moving the intake from the wall to a distance of 1D caused the most significant variation, while at a distance of 2.5D the difference
became negligible, which can therefore be defined as the limiting distance. Furthermore, it was determined that wall boundary effects
could increase flow-direction velocities of up to 33%. The numerical analysis results also demonstrated that FLOW-3D HYDRO is a
reliable tool for accurately predicting intake-related velocity distributions.

Keywords: Flow boundaries, computational fluid dynamics, water intake
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1. Girig

Su alma yapalari, farkli akim ortamlarindan ihtiya¢ duyulan
suyu alarak iletim sistemlerine aktaran mihendislik yapila-
ridir. Bu akim ortamlari, nehir ve kanal gibi hareketli veya
deniz, gol, rezervuar ve regilator gibi duragan olabilir. Bu
yapilarin girig boliimleri ise su alma agzi (emme agzi, a1z,
orifis) olarak adlandirilmaktadir. Bu yapilarin etkili ve ve-
rimli ¢aligabilmesi i¢in tasarim kriterlerinin ve baglica 6zel-
liklerinin tespit edilmesi biiyiik 6nem kazanmaktadr.

Su alma agizlariyla ilgili literatiir incelendiginde, agza hava
girisini ele alan aragtirmalar (Yildirim & Kocabas, 1995;
Eroglu & Bahadirli, 2007; Yildirim & Tastan, 2009; Tagtan
& Yildirim, 2017; Tastan, 2018) ile agiz membasinda se-
diment hareketi sonucu olugan oyulma ¢ukurunu inceleyen
calismalar (Powell & Khan, 2012; Khanarmuei vd., 2016;
Karmacharya vd., 2021; Tagstan vd., 2023; Erat vd., 2024)
dikkat cekmektedir. Agizlara hava girisi, iletilmesi istenilen
debinin iletim sistemlerine ulagmasini engelleyebilir ve hid-
rolik yap: elemanlarinda titresim veya kavitasyon riskine yol
acabilir. Sediment girisi ise yapida aginmaya neden olarak
elemanlarin 6mrind kisaltabilir.

Ote yandan, kat: madde veya hava girisinden bagimsiz ola-
rak, agiz membasinda olusan hiz dagiliminin ve akim 6zel-
liklerinin aragtirilmas: hidrolik yapilarin giivenle ¢aligabil-
mesi agisindan biiyiik 6nem tasgimaktadir. Onceki galigma-
lar, su alma yapilarinda agiz membasindaki hiz dagilimini
cogunlukla deneysel veya teorik yontemlerle aragtirmigtir.
Anayiotos vd. (1995), orifis yakinindaki hiz dagiliminin
yari-eliptik bir form sergiledigini dl¢timlerle géstermistir.
Benzer sekilde, Chanson vd. (2002) dairesel bir tankin ta-
banindaki dikdértgen orifis tizerindeki hiz dagilimini zama-
na bagh akim kosullar altinda incelemistir. Potansiyel akim
yaklagimini kullanan Shammaa vd. (2005), tek noktasal
kuyu modelinin orifis yakinindaki hiz alanini dogru tahmin
edemedigini ortaya koymustur. Arastirmacilar, orifis ylizeyi
boyunca dagitilmis coklu noktasal kuyular ile daha gergekgi
sonuglar elde etmis ve agza yakin alanda yari-eliptik, uzak
alanda ise yari-kiiresel eg-hiz egrilerinin olugtugunu goster-
migtir. Bryant vd. (2008), bu yontemi basing gradyanlarinin
etkisini de dahil ederek gelistirmis ve 6zellikle buyiik orifis-
ler i¢in akim dagiliminin daha dogru tahmin edilebildigi-
ni deneysel verilerle ortaya koymustur. Ote yandan, Islam
ve Zhu (2011), kompleks analiz yontemiyle farkli boyut ve
konumlara sahip dikdértgen agizlarin membasindaki hiz
dagilimlarini incelemis; 6zellikle ¢oklu agiz durumlarinda
stiperpozisyonun uygulanabilir oldugunu géstermistir. Ca-
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ligmalar, hizlanma bélgesinin su derinligi ile agiz boyutu ve
konumuna bagh oldugunu ortaya koymustur.

Bahsi gegen ¢alismalar akim sinirlarinin agiz membasindaki
hiz dagilimina etkisinin olmadig1 durumlar1 aragtirmigtir.
Ancak su alma agzinin kanal tabanina veya yan duvarlarina,
6li son veya baraj gévdesine olan mesafelerinin akim alani
icerisinde onemli degisiklikler yarattig1 bilinmektedir (Yil-
dirim & Kocabas, 1995; Kocabas & Yildirim, 2002; Powell
& Khan, 2012; Tagtan vd., 2023). Sinir etkilerini dikkate
alan aragtirmalardan biri olan, Powell ve Khan (2012) tara-
findan ortaya konan ¢aligma, sabit ve hareketli taban kogul-
lar1 altinda dairesel orifislerin membasindaki akim davrani-
sin1 hem deneysel hem de sayisal yontemlerle incelemistir.
Calismada tg farkl sabit su yiksekligi ve farkli sediment
boyutlar: kullanilarak yapilan deneylerde, yatay ve disey
dizlemlerdeki hiz bilesenleri 6l¢ilmistir. Hem sabit hem
de hareketli taban kogullarinda, yatay ve disey duzlemler-
deki boyuna hiz dagilimlarinin benzerlik gosterdigi; mak-
simum hizin ise her iki durumda da orifis merkez hattinin
altinda gerceklestigi belirlenmistir. Ug boyutlu sayisal mo-
delleme sonuglari deneylerle kargilagtirilmig ve modelin her
iki taban kosulu i¢in de hiz alanini dogru bi¢imde tahmin
ettigi gortilmugtir. Tastan vd. (2023), farkli ag1z geometri-
lerinin, 6li son duvarina sahip kanallardan su alan agizlarin
membasindaki hiz dagilimlar: Gzerindeki etkisini hem teo-
rik hem de sayisal yontemlerle incelemistir. Teorik analizde
potansiyel akim ¢6zimi kullanilirken, sayisal arastirmada
hesaplamali akigkanlar dinamigi yazilimlarindan (HAD)
biri olan FLOW-3D kullanilmistir. Dikd6rtgen, kare, es-
kenar ti¢gen, eskenar dortgen vb. cesitli agiz geometrileri,
akim sinirlarinin olmadig: ve kanal tabani ile yan duvarla-
rinin sinur etkilerinin bulundugu durumlar i¢in analiz edil-
mistir. Bulgular, agiz geometrisinin memba bolgesindeki
hiz dagilimini 6nemli 6l¢ide etkiledigini, ancak agizdan
uzaklastik¢a bu etkinin kayboldugunu géstermistir. Teorik
ve sayisal sonuglarin uyumu tatmin edici bulunmugtur. Erat
vd., (2024) ise, hiz dagilimlarindan ziyade, su alma agzinin
akim sinirlarina olan konumunun oyulma ¢ukuru tzerinde-
ki etkilerini sayisal olarak incelemigtir. Caligmalarinda, agiz
konumunun olusan vorteks yapisi ve sedimente etki eden
kayma gerilmeleri tizerinde 6nemli bir rol oynadigini ortaya
koymuslardur.

Literatiirde gortldigi tizere, agiz membasindaki hiz dag-
limlarin: inceleyen ¢alismalarin biiyiik ¢ogunlugu sinir etki-
lerinin bulunmadig: kosullara odaklanmigtir. Akim sinirla-
rinin dikkate alindig1 ¢alismalarda ise su alma agzinin kanal
sturlarinin yakininda konumlandirilarak hiz dagiliminda
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degisim olusturuldugu gosterilmistir. Bununla birlikte, ag-
zin yatayda duvara olan mesafesinin hangi degerlerden iti-
baren akimu etkiledigine, bir diger ifadeyle limit mesafesinin
ne olduguna iligkin literatiirde bir bilgiye rastlanmamakta-
dir. Oysaki limit mesafenin bilinmemesi, agzin duvardan
gereginden fazla uzak konumlandirilmas: durumunda yap:
boyutlar1 ve dolayisiyla maliyetlerin artmasina; duvara ¢ok
yakin konumlandirilmas: halinde ise hiz artiglarina bagh
olarak sediment taginimi veya kavitasyon gibi istenmeyen
etkilerin olusmasina yol agabilir. Bu ¢alisma kapsaminda,
dairesel kesitli bir su alma agzinin membasindaki hiz dagili-
minin akim sinirlarindan etkilenmemesi i¢in agiz ve 6li son
duvari arasinda gerekli olan limit mesafe sayisal yontemlerle
aragtirilmaktadir.

2. Ag1z Membasindaki Hiz Dagilimina Sinir
Etkileri

Yildirim ve Kocabag (1995), potansiyel akim kabuliine da-
yali olarak dairesel bir su alma agzi etrafinda akim alaninin
kiiresel kuyu yiizeyleri (KKY) ile temsil edilebilecegini gos-
termigtir. Bu yaklagimda, KKY lerin merkezleri su alma agz1
merkezi ile ¢akismakta ve yiizeylerden gegen debi, kiitlenin
korunumu geregi agizdan alinan debiye esit olmaktadir. Do-
layisiyla her bir KKY tizerinden gecen akim miktar: sabit
kalirken, yilizey alani kiigiildik¢e bu alan tzerinden gegen
radyal hizin artmasi zorunlu hale gelmektedir. Elde edilen
¢oziimde debi Q , KKY’nin net etkin yiizey alani (4,) ile
bu yiizey tizerindeki ortalama radyal hizin (V) ¢arpimuy-
la ifade edilmektedir. Béylece, akim alaninda engeller veya

sinirlar nedeniyle etkin yiizey alaninda meydana gelen azal-
malar, radyal hiz degerlerinde artig olarak ortaya ¢ikmak-
tadir. Yazarlar, ayn1 ¢apta secilen farkli KKY yuzeylerini
kargilagtirarak, c¢ikis yapisinin kanal duvarina yakin veya
uzak konumlanmasinin bu hiz dagilim: Gzerinde belirleyici
bir rol oynadigini gostermistir. Sekil 1'de gosterildigi tzere
duvara daha yakin konumlanan bir agizda, KKY nin etkin
alan1 daha kiiciik oldugundan (4, < 4, < 4, ) olusan radyal
hizlar daha biyiik olmaktadir (V> V,,> V). Bu bulgular
agiz membasindaki sediment kaynakli oyulmalar: inceleyen
Tagtan vd., (2023) ve Erat vd., (2024) ¢alismalarinda da go-
rlilebilmektedir.

3. Deneysel Calisma

Sayisal ¢aligmada olusturulan modelin kalibrasyonu i¢in ih-
tiya¢ duyulan veriler, 7.5 m uzunlugunda ve 0.50 m genis-
liginde (B), tabani ve yan duvarlari camdan, yatay bir a¢ik
kanalda gergeklestirilen deneylerden elde edilmistir. Ol
son duvari igerisinde yatay olarak yerlestirilen dairesel ke-
sitteki (D=5.32 c¢m) su alma agzindan merkezka¢ pompast
aracihgiyla cekilen debi (Q=5 1t/s), kanal baglangicinda bu-
lunan tggen savaga iletilmektedir. Kanal merkezine yerles-
tirilen su alma agzinin tabana olan mesafesi (c), literatiirde
belirtildigi tizere sinir etkilerinden uzakta olacak sekilde
2D olarak sabit tutulmustur (Bryant vd., 2008; Powell &
Khan, 2012). Ayn1 zamanda agiz kanal ortasina yerlestiri-
lerek kanal duvarlarina olan mesafesi B/2=4.7D oraninda
tutulmus, bu sayede duvarlarin agiz akimini etkilemesinin
ontine gecilmistir. Agzin 6l son duvarina olan mesafesi (/)
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Sekil 1. Farkli agiz konumlari icin kiiresel kuyu yiizeylerinin degisimi (Olgeksiz).
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ise 0 olacak sekilde diizenek kurulmugtur (Su alma agz: 6l
son duvari tizerindedir). Uggen savak vasitasiyla debi 6lgii-
miu gergeklestirilmekte, kanal baglangicinda bulunan 1zgara-
lar yardimiyla ise meydana gelen diizensizlikler azaltilarak,
akimin sakin bir sekilde kanalda ilerlemesi saglanmaktadir.
Deneyler oncesi kanal su ile doldurulmakta (F//D=4.5),
pompa ¢alistirildiktan sonra kanal icerisindeki su devridaim
yapilmaktadir. Su alma agzi kaynakli hiz dagiliminin etkisi,
agza yakin bolgelerde belirgin olup, agizdan uzaklagildik¢a
azalmaktadir (Shammaa vd., 2005; Powell & Khan, 2012).
Nitekim Tagtan vd. (2023), farkli geometrik 6zelliklere sahip
su alma agizlarinin membasindaki hiz dagilimlarini incele-
dikleri ¢aligmalarinda, yatay ve diisey hiz bilesenlerinin ag1z-
dan yaklasik x/D>2.13 mesafeden itibaren sifira yaklagma
egilimi gosterdigini belirtmistir. Bu sebeple, yaklasik 141D
uzunluga kargilik gelen 7.5 metrelik kanal uzunlugu, su alma
agz1 kaynakli hiz dagiliminin kanal boyunca gelisimini et-

kilemeyecek diizeydedir. Deneylerde, i¢ ¢ap1 5.32 cm olan

agizdan 5 1t/s debi alindiginda, agiz icindeki minimum Rey-
nolds sayist (Re) yaklagik 120 000 olarak hesaplanmaktadir.
Rajaratnam ve Manzurek (2002) ile K6se ve Yanmaz (2010)
caligmalarinda, Reynolds sayis1 2000’in tizerinde oldugun-
da etkisinin ihmal edilebilecegi ifade edilmistir. Ayrica de-
neyler sirasinda agizdan alinan debi kanal baginda bulunan
savaga iletildiginden ve kanala ek bir debi girisi olmadigin-
dan, su alma agzi igerisindeki ortalama hizin (Uv) kanaldaki
kesit alan ortalamali yaklagim hizina (Uw) oraninin etkisi
sabit kalmaktadir (Uo/Uw =(4Q/nD?)/(Q/BH) = 4BH/nD?
= sabit). Kanal duvarlarinda bulunan piring raylar tizerine
yerlestirilen Akustik Doppler Hiz Olger (ADV), tizerinde
konumlandirildig: hazne sayesinde ti¢ yonde hareket ederek,
akim icerisinde istenilen konumda hiz 6l¢timi gerceklesti-
rilmesini saglamaktadir. Ol¢eksiz deney diizenegi Sekil 2'de
gosterilmektedir. Ol¢iimlerin referans noktas, kanal boyun-
ca (x yoni) ve yatayda (y yont) agiz merkezi, derinlik bo-
yunca (z yoni) ise kanal tabanidur.

PLAN

OLU SON
DUVARI

POMPA

YAN GORUNUS

OLU SON

DUVARI ADV

PIRINC RAY

IZGARA

UCGEN
[ SAVAK

11l
NI
il
il

-

PLATFORM

JUu

Sekil 2. Olgeksiz deney diizenegi.

Karaelmas Fen Miih. Derg., 2026; 16(2):8-20

11



Barbaros, Tastan / Dairesel Su Alma Agizlarinda Olii Son Duvari Etkisi

Ug yondeki hiz bilesenlerinin (¥, V, V) dl¢timi Sontek 16
MHz MicroADV araciligiyla gergekle§t1r1lm1§t1r Ol¢iim
suresi 90 saniye, 6rneklem frekans: ise 25 Hz olarak secil-
mistir. Sontek MicroADV kullanim kilavuzunda tavsiye
edildigi tizere dl¢timler esnasinda %70 COR ve 15 dB SNR
degerleri saglanmistir (Sontek, 2007). Ham veri seti, COR
ve SNR kriterleriyle filtrelenmesine ragmen ani sigramalar
(spike) ve aykir1 degerler (outlier) i¢erebilmektedir. Bu ne-
denle bu degerlerin veri setinden ¢ikarilmas: gerekmektedir.
Bu ¢aligmada, Goring ve Nikora (2002) tarafindan onerilen
ve Wahl (2003) tarafindan gelistirilen Faz-uzay: aykiri de-
ger ayitklama yontemi (Phase-Space Despiking) kullanilarak
veri filtrelemesi gergeklestirilmigtir. ADV ol¢timlerine ilig-
kin belirsizlik, cihaz 6zellikleri ve deneysel kosullar dikkate
alinarak degerlendirilebilmektedir. SonTek 16 MHz Mic-
roADV cihaz i¢in uygun sinyal kalitesi saglandifinda, hiz
6l¢umlerinin dogrulugunun odl¢lilen hiz degerinin yaklagik
+%1 dizeyinde oldugu ifade edilmektedir (Sontek, 2007).
Bunun yan: sira, cihazin 0.01 cm/s diizeyindeki hiz ¢6zii-
nurlagt, kicuk 6lgekli hiz dalgalanmalarinin ayirt edilebil-
mesine olanak tanimaktadir. Olgiimlerin yalnizca 0.09 cc
gibi oldukea sinirli bir érneklem hacmi igerisinde gercekles-
tirilmesi ise, mekansal ortalamaya bagl hata kaynaklarinin
azaltilmasina katki saglamaktadir. Buna ek olarak, deneysel
caligmada, ADV’nin t¢ ayakli yapist nedeniyle, agza en ya-
kin 6lgtimler x/D=0.70 noktasindan alinabilmigtir.

4. Sayisal Calisma

HAD uygulamalarinin temel amaci, akim davranigini ve be-
lirli noktalardaki hiz, basing ve kayma gerilmesi gibi para-
metreleri sayisal olarak incelemektir. Bu tiir yazilimlar kiitle,
momentum ve enerji denklemlerini ¢ozerek, fiziksel olayin
iki veya t¢ boyutlu modellenmesini ve modelin hiicrelere
ayrilarak belirli zaman adimlarinda ¢6ziilmesini saglar. Boy-
lece her bir hiicrede istenilen akim 6zellikleri elde edilebilir.
Bu ¢alismada, su alma agzinin 6li son duvarina olan me-
safesinin (/) hangi degerlerden itibaren agiz membasinda-
ki hiz dagilimin: etkilediginin ortaya konulmas: amaciyla,
ag1z ve duvar arast limit mesafe sayisal olarak FLOW-3D
HYDRO yazilimi araciligiyla aragtirilmistir. Yazilim, sonlu
hacimler yontemiyle stireklilik ve Navier-Stokes denklemle-
rini ¢ozebilmekte ve sediment hareketi, kat1 cisim etkilesi-
mi ile 1s1 transferi gibi olaylarin modellenmesine de olanak
tanimaktadir. FLOW-3D yazilimi, Hirt ve Nichols (1981)
tarafindan gelistirilen VOF (Volume of Fluid) yontemi ile
serbest yuizeyli akiglari ve FAVOR (Fractional Area/Volume
Obstacle Representation) yontemi ile kati cisimleri model-
lemektedir. VOF yonteminde, her ¢6zim hiicresine atanan
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hacim orani (¥,) su ve hava varligini tanimlar; 7, = 1 hiic-
renin tamamen su ile dolu oldugunu, 7, = 0 ise tamamen
hava ile dolu oldugunu gosterir. Ara degerler, hiicrede her
iki fazin birlikte bulundugunu ifade eder ve ilgili hiz, ba-
sing ve kayma gerilmesi degerleri bu oranlara gére hesapla-
nir. FAVOR yontemi de benzer sekilde hiicredeki kati cisim
oranini sifir ile bir arasinda bir degerle belirler. Bu baslik ige-
risinde oncelikle yazilimin ¢6zdiigi temel denklemlere yer
verilecek, ardindan da model kurulum agamalari 6zetlenerek
sayisal ¢aligmada kullanilan model tanitilacaktir.

4.1. Temel Denklemler
FLOW-3D yazilimi, akigkanlar mekaniginin temel denk-

lemlerini sayisal olarak ¢ozerek fiziksel olaylarin modellen-
mesine olanak saglar. Siireklilik, momentum ve enerji denk-
lemleri yazilim tarafindan ¢oziiliirken, tirbilansh akimlarin
modellenmesi i¢in farkli tiirbiilans modelleri de kullanila-

bilmektedir.

Sikistirilamaz akisa ait 3 boyutlu kiitle (Es. (1)) ve momen-
tum korunumu denklemleri (Es. (2)) asagida gosterilmekte-
dir. Esitliklerde yonler , y ve z ile, bu yonlere gore hizlar da
u, v ve w ile gosterilmektedir.

R
(qu)+ (vAy)+ - (wA;) = SOR (1)
Pw
6u+1(A 6u+ " 6u+ Aau)_ 10dp
ot Vpuxax "yay Wiz 92) = Dy 0X
R (2-21)
+fi— SOR
9x x pwVF
6v+1(A 6v+ A 6v+ " 617)_ 1ap+
ot Vpuxax ”yay Wiz52) = pw 0y
(2-b)
g +f—RSORv
Y Y pwVF
6w+1(A6w+ " 6w+ A6w>_ 16p+
ot Vpuxax ”yay Wi232) = " b, 0z
R (Z_C)
+f, - SSOR
927 )z pwVr

Bu denklemlerde, o akiskanin yogunlugunu, p basinci, R,
sisteme eklenen veya sistemden ¢ikarilan kitleyi ifade eden
yogunluk kaynak terimini gostermektedir. 4, 4,4, ilgili
yonlerdeki alansal oranlari, # zamani, g, 8 8. yercekimi iv-
melerini, £, ]j /. ise viskoz ivmeleri temsil etmektedir. Ayri-
ca, V, hiicredeki su-hava oranini belirten biiyiklik olup, bu

deger Es. (3) yardimiyla hesaplanmaktadir.
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oF 1,0 9 9
T (E (Faaw) + 5 (FAw) + 3 (FAZw)) =0 3)

Bu esitlikteki F* parametresi, O ile 1 arasinda deger alarak
hiicre igerisindeki su doluluk oranini ifade etmektedir. Esit-
likler sikigtirilamaz ve sabit yogunluklu akis kosullar: i¢in
sadelestirilmistir. Is1 transferi, hareketli cisimler veya ylzey
gecirimliligi gibi modeller bu ¢alismanin kapsami diginda
oldugundan, esitliklerde bu terimlere yer verilmemistir.

4.2. Sayisal Modelin Olusturulmasi

Deneysel ¢alismanin gergeklestirildigi kanal yapisi ve akim
kogullarinin sayisal modele tanimlanabilmesi i¢cin FLOW-
3D yaziliminda yer alan “Model Kurulumu” modilindeki
araglar kullanilmigtir. Model kurulumunda; kanal uzunlugu,
dalga sontimleyici yapisi, ag ¢ozinirligi, ¢6zim stiresi ve
tiurbtilans modeli gibi parametrelerin sonuglar tzerindeki
etkileri incelenmis ve deney verilerine en uygun sonuglari
veren model gelistirilmistir. Oncelikle, 50 cm genisliginde ve
yiiksekliginde, 1 m uzunlugunda dikdértgen bir ¢6zim ag:
tanimlanmugtir. Cézim ag1 sikiligs baglangigta 2 cm olarak
secilmigtir. Kanal tabani, yan duvarlari ve 614 son duvarinin
programa tanimlanabilmesii¢inX /7 Y

min’? ““min’ * min

veY sinir-
larina “Duvar” sinir kogulu, ¢6ziim alaninin atmosfere agilan
ylizeyine ise “Basing” sinir kogulu atanmugtir. Kanal mem-
basini yansitan X yiizeyine, deneylerdeki su yiiksekliginin
daimi olarak saglanabilmesi i¢in hidrostatik basing yuksek-
ligi tanimlanmistir. Su alma agzi i¢in ise, ¢ap1 agiz i¢ ¢apina
esit bir kiitle-momentum kaynag: kullanilmistir (Sekil 3).
Kutle-momentum kayna@ kullanimi, 6zellikle geometrik
boyutlar: ¢6zim alanina kiyasla kii¢iik olan akim girislerinin
modellenmesinde, hesaplama yikiini azaltarak ¢6zim stre-

Dalga Siniimleyici / Rijit Blok

Kiitle momentum kaynagi

sinin kisalmasina katk: saglamaktadir. Bu yontem sayesinde,
¢6zum alani icerisinde belirlenen herhangi bir noktada sabit
veya zamana bagh debi ya da hiz kosullar1 uygulanabilmek-
te; akim yoniine bagh olarak kaynak eleman: giris veya ¢ikis
(kuyu) karakterinde ¢aligtirilabilmektedir.

Bu agamada, 6ncelikle dalga sontimleyicinin 6zellikleri be-
lirlenmistir. Kanalda olusan dalgalarin serbest yiizey yaki-
nindaki hiz degerlerini etkileyebilecegi ve belirli bir stire
sonunda ¢6ziim alanindaki su hacmini gercek degerinden
sapmaya yoneltebilecegi ifade edilmektedir (Wei, 2015). Bu
nedenle memba kismina, kalinlig1 5 cm ve genisligi 50 cm
sabit tutularak 20, 30 ve 40 cm uzunlugunda dalga emici
bloklar ile 30 cm uzunlugunda rijit blok yerlestirilmis ve
kargilagtirmalar yapilmigtir. Mansaptaki akist bozmamak
i¢in dalga kiricinin uzunlugu en fazla 40 cm olarak secilmis,
dalga emici bloklarda ise sontiim katsayisi sifirdan bire lineer
bi¢imde tanimlanmustir.

Farkli dalga sontimleyici yapilarin kabiliyetlerinin kargilas-
tirllmast, kanaldaki akiskan hacmi tizerinden Sekil 4(a)da,
serbest su yiizey alani tizerinden ise Sekil 4(b)de sunulmus-
tur. Sekil 4'ten gorildigi tGzere 40 cm uzunlugundaki dal-

0,145
0,144
&
‘E 0,143
é ......
=
0,142
Z
é Dalga Emici 20 cm
0,141 Dalga Emici 30 cm
Dalga Emici 40 cm
0.140 Rijit Blok 30 cm
0 50 100 150 200

@ Zaman (sn)

0,49020

——— Dalga Emici 20 cm

& 0,49016 —— Dalga Emici 30 cm
ie’ , ———Dalga Emici 40 cm
§ 040012 Rijit Blok 30 cm
g0
2
5 0,49008
>
=
£ 0,49004
17
£
A 0,49000

0,48996

0 50 100 150 200

Zaman (sn)

Sekil 3. Baslangic sayisal modeli (#/D=0).
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Sekil 4. Dalga sontimleyici boyutlarina karar verilmesi (a)
Akiskan hacmi degisimi (b) Serbest su yuzey alani degisimi
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ga emici bloklar, 1 m’lik kanalda dalgalanmay: kayda deger
oletide azaltmaktadir. Ayrica, simiilasyon stresi agisindan
50-100 sn araliginin yeterli oldugu gorilmektedir.

Dalga sontimleyici boyutlar: belirlendikten sonra, kanal
uzunlugunun seg¢imi ele alinmistir. Sayisal modelde, kana-
lin hem deney akim kosullarini yansitacak kadar uzun hem
de simiilasyon siiresini verimli tutacak kadar kisa olmasi
gerekmektedir. Bu dogrultuda, deney diizeninde kullanilan
50 cm'lik kanal genisligi sabit birakilirken, kanal uzunluklar:
60, 80, 100 ve 120 cm olarak kargilagtirlmigtir. Dalga s6-
nimleyicinin a1z akimini etkilememesi amaciyla, séntiim-
leyicinin kanal uzunluguna orani 0.40 olarak korunmugtur.
Sekil 5 kanal uzunlugu boyunca, x yoniindeki hizin derin-
likle degisimini farkli kanal uzunluklar: i¢in gostermekte-
dir. Simiilasyon sonuglar1 #/D=0.88 konumunda (agza olan
kanal boyunca uzaklik) degerlendirildiginde, 0.8 m uzunlu-
gundaki bir kanalin yeterli oldugu gorilmektedir. Sekiller
icerisinde x, y ve z yonlerinde hizlar sirastyla Vx, Vy ve Vz ile
gosterilmekte, boyutsuzlagtirma islemi i¢in ise su alma agzi
icerisindeki ortalama hiz (Uo) kullanilmaktadir.

Sayisal sonuglarin deneysel verilerle ne 6lgtide ortistig,
Hata Kareleri Ortalamasinin Karekoki (Root Mean Squa-
re Error - RMSE) ile Belirleme Katsayis1 (R?) kullanilarak
degerlendirilmigtir. RMSE degeri, sayisal hesaplamalar ile
deneysel veriler arasindaki ortalama sapma miktarini gos-
termektedir. R? katsayisi ise modelin deneysel veri setindeki
degisimi agiklama bagarisini ifade etmektedir. Bu iki ista-
tistiksel gostergenin birlikte ele alinmasi, sayisal modelin
dogruluk diizeyinin incelenmesine olanak saglamaktadir.
RMSE degerinin sifira yakin olmasi, modelden kaynakla-

nan hatalarin sinirli oldugunu ve model dogrulugunun yik-

4,0
3,5
3,0
25
20§
1,5
1,0
05

0,0
0,15 0,10 0,05 0,00
Vx/Uo

] e—]2m e—().8m e—(.6m

x/D=0.88

Sekil 5. Farkli kanal uzunluklar: i¢in boyuna hiz profili kargi-
lagtirmas1 (Vax/Ub).
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sek seviyede bulundugunu gostermektedir. R? katsayisi ise O
ile 1 arasinda deger almakta olup, modelin deneysel veri se-
tindeki degiskenligi aciklama bagarisini ifade etmektedir. R?
degerinin 1'e yaklagsmasi, sayisal sonuglarin deneysel verileri
dogru bir sekilde yansittigini ortaya koymaktadir. RMSE ve
R? hesaplamalarinda kullanilan matematiksel ifadeler sira-
styla Es. (4) ve Es. (5)te verilmigtir.

1
RMSE = \/ﬁzli\gl(%(deney) - yi((.‘FD))2 (4)

RZ =1-— Z?’=1(yi(deney)_ﬁ}’i(cFD))2
z:g\’=1(yi(deney)_ydeney)z

(5)

S6z konusu esitliklerde 2V, analiz kapsaminda degerlendiri-
len toplam veri sayisin1 belirtmektedir. Veri setindeki her bir
deneysel ya da sayisal kargilagtirma i¢in kullanilan 7 ifadesi,
ilgili verinin sira numarasini temsil etmektedir. y, (deney) terimi,
i numarali deneysel 6l¢im sonucunu; y, ., terimi ise ayni
siradaki sayisal model verisini tanimlamaktadir. Bunun yani
sira, V.., ifadesi, veri setinde yer alan deneysel 6l¢timlerin
ortalama degerini gostermektedir.

Sayisal modellemede dikkat edilmesi gereken en kritik
unsurlardan biri, ¢6ziim agindan bagimsiz sonuglarin elde
edilmesini saglayacak uygun ag yapisinin belirlenmesidir.
0.80 m kanal uzunlugu secildikten sonra, ¢6zim ag1 6zellik-
lerinin hiz dagilimina etkileri incelenmistir. Bu kapsamda,
ag1z akiminin yogun olarak etkili oldugu agizdan itibaren
ilk 20 cm’lik bolge ile kalan 60 cm’lik bolim ayri ¢éziim
ag1 bloklar1 olarak tanimlanmistir. Ilk bélgede 1, 0.75 ve
0.5 em’lik ag araliklari karsilagtirilmug, ikinci bolgede ise 2
cm’lik ag arahigr sabit tutulmus ve tim similasyonlar igin
stire 100 saniye olarak belirlenmigtir. Buna bagli olarak, top-
lam hiicre sayilar1 1, 0.75 ve 0.5 cm ag araliklar: kullanilan
modeller i¢in sirasiyla 55 000, 110 877 ve 335 000 olarak
hesaplanmugtir. Farkli ¢6ziim ag1 bloklari i¢in elde edilen
sonuglar Sekil 6da gosterilmektedir. 0.5, 0.75 ve 1 em’lik
ag araliklari i¢in R* ve RMSE degerleri sirasiyla 0.944 ve
0.0079; 0.970 ve 0.0057; 0.964 ve 0.0063 olarak elde edil-
mistir. Sayisal modelden elde edilen degerler ile deneysel
sonuglar arasindaki uyum ve ¢6zim siiresinde optimumun
elde edilmesi kriterleri birlikte degerlendirildiginde 0.75 cm

¢6zim ag1 sikiliginin segilmesine karar verilmistir.

Kanalin fiziksel 6zelliklerinin belirlendigi kistmda sunulan
Sekil 4'te, simiilasyon siiresi i¢in 50-100 saniyelik araligin
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Sekil 6. Cozum ag1 boyutundan bagimsiz sonuglar elde edil-
mesi.

yeterli olabilecegi 6ngorilmiisti. Bu tahmini kesinlestirmek
amactyla, 40, 50, 60, 70, 80 ve 100 saniyelik strelerin hiz
dagilimina etkileri incelenmistir (Sekil 7). 40, 50 ve 60 sani-
yelik ¢oztimler i¢in R? ve RMSE degerleri sirastyla 0.933 ve
0.0086; 0.954 ve 0.0071; 0.968 ve 0.0059 olarak elde edil-
migtir. Céziim stiresinin 60 saniyenin Uzerine ¢ikarilmasi
durumunda ise R* ve RMSE degerlerinin degismedigi ve
0.968 ile 0.0059 olarak sabit kaldig1 gorilmustir. Bulgular,
kanal icerisindeki akigkan hacmi ve serbest yiizey alani (Se-
kil 4) ile degerlendirildiginde, 60 saniyelik similasyon stire-
sinin yeterli oldugu sonucuna varilmigtir.

Turbtilans modelinin segilebilmesi amaciyla RNG, k—e¢,
k—w ve Buytik Cevrinti Modeli (Large Eddy Simulation
— LES) yaklagimlar1 karsilagtirilmigtir. LES yonteminde,
¢6ziim agindan daha biyiik olan enerji tagiyict girdaplar

Navier-Stokes denklemleri kullanilarak dogrudan ¢éziilir-
ken, ag boyutunun altinda kalan kiiciik 6lcekli girdaplarin
etkileri modelleme yoluyla temsil edilmektedir. Bu ¢aligma-
da kullanilan FLOW-3D HYDRO yaziliminda, kigik 61-
cekli tirbilans etkilerinin modellenmesi i¢in Smagorinsky
alt-grid o6lgek (sub-grid scale) modeli uygulanmigtir. Bu
modelde, ¢oziilemeyen kiictik 6lgekli tirbiilansin ana akig
tizerindeki etkisi, yerel sekil degistirme hizina bagl olarak
tanimlanan bir alt-grid viskozitesi (eddy viscosity) aracili-
giyla hesaba katilmaktadir. Ote yandan LES yonteminin di-
ger tlirbiilans modellerine kiyasla daha ince ¢6ziim araliklar:
gerektirdigi bilindiginden, ek olarak 0.25 cm’lik ag araligy
da degerlendirilmistir (Sekil 8). 0.25 cm ag araligina sahip
LES ¢6ziimi i¢in R? ve RMSE degerleri sirasiyla 0.964 ve
0.0063 olarak elde edilirken, diger tiirbilans modellerinde
bu degerler 0.970 ve 0.0057 olmaktadir. Sonuglar arasinda
anlamli bir farklilik gézlenmemesi ve su alma yapilarindaki
akimlar tizerine yapilan 6nceki sayisal ¢aligmalarda bu yak-
lagimin yaygin olarak kullanilmasi (Tokyay ve Constanti-
nescu, 2006; Nakayama ve Hisasue, 2010; Tagtan vd., 2023)
nedeniyle, 0.75 cm ag aralig ile LES modelinin tercih edil-

mesine karar verilmigtir.

Yiritilen stre¢ sonucunda elde edilen ve sayisal analizlerde
kullanilan nihai model 6rnegi Sekil 9°da sunulmugtur.

Nihai hale getirilen sayisal modelden elde edilen sonuglarin,
x/D=0.70, 0.94 ve 1.13 konumlar i¢in deneysel sonuglar-
la karsilagtirilmalar: Vx ve Vz dagilimlar: Gzerinden Sekil
10'da gosterilmektedir. Sekilden de goriildigi uzere sayisal
sonuglar deneysel verilerle uyum igerisindedir.

B Deney 40sn

s 10050

e 5()Sn —70s0

80 sn

e 60sn.

2,0 §

x/D=0.94

014 012 0,10 008 006 004 002 0,00
Vx/Uo

4,5
4,0
3,5
3,0
2,5
2,0
1,5
1,0
0,5
0,0

e RNG
= ().25 cm LES

-l

@m=().75 cm LES

B Deney

— -

z/D

x/D=0.94

0,14 0,12 0,1 0,08 0,06 0,04 0,02 0
Vx/Uo

Sekil 7. Simiilasyon siiresinin boyuna hiz profiline olan etkisi

(Vx/Ub).
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Sekil 8. Tirbiilans modelinin boyuna hiz profiline olan etkisi
(Vx/Upo).
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Sekil 9. Nihai sayisal model (/D>0).

4,0
3,5
3,0
2,5
x/D=0.70 20§
L5
L0
A Deneysel
— Sayisal 0.5
0,0
0,2 0,15 0,1 0,05 0
@A) Va/Uo
0,08
0,06
0,04 o
0,02
)
S
§ 0
0,02
0,04
-0,06 A Deneyscl
— Sayusal x/D=0.70
0,08

S50 4 3 20 -1 0 1 2 3 4 5

5. Bulgular ve Tartigma

Bir 6nceki bolimde detaylar: sunulan sayisal modelin, de-
neysel sonuglarla uyumlu ¢iktilar Gretebildigi gorildikten
sonra, deneysel olarak incelenemeyen farkli dizeneklerin
simiilasyonlar1 gerceklestirilmigtir. Ancak limit mesafenin
belirlenmesine ge¢meden 6nce, su alma agzinin kanal taba-
nina olan 2D mesafesinin ve agizdan alinan debi miktarinin
boyutsuzlastirilmis hiz dagilimini etkilemediginden emin
olabilmek i¢in ek simiilasyonlar ger¢eklestirilmistir. Caligma
kapsaminda gergeklestirilen tim similasyonlar 5 It/s debi
degeri altinda yuritilmis olup, yalnizca Sekil 11'de debi
miktarindaki degisimin boyutsuzlagtirilmis hiz dagilimi
tizerindeki etkisi olmadigini dogrulamak amaciyla standart
debinin yani sira 15 It/s debi koguluna ait sonuglar da su-
nulmugtur. Sekil 11 /D=2, /D=2 i¢in Q=15 1t/s ve /D=4
diizenekleri i¢in boyutsuz hiz dagilimlar: arasinda fark bu-
lunmadigini ve deneysel verilerle uyum saglandigini ortaya
koymaktadir.

Akim alaninda degisiklik yaratacak tek parametrenin su
alma agzinin 6li son duvarina olan uzakligi (/) oldugu ke-
sinlestirildikten sonra /=0, 1,2, 2.5, 3 ve 4 i¢in simtlasyonlar
gerceklestirilmigtir. Sekil 12 x yonitindeki hiz bilegeninin de-
rinlik boyunca degisimini, x/D=0.70 ve x/D=0.94 konum-
larinda farkli //D duzenekleri i¢in gdstermektedir. Sekilden
gorildigi tzere agzin duvara olan mesafesinin arttirilmas:
olugan hizlarin 6nemli miktarda azalmasina sebep olmakta-
dir. Ayrica agzin duvara olan mesafesinden bagimsiz maksi-
mum hizin agiz merkezi hizasinda olustugu gérilmektedir.

Cizelge 1'de sunulan veriler, /D mesafesinin akim alaninda
olusan maksimum boyuna hiz (Vx, ) tizerindeki etkilerini
nicel olarak ortaya koymaktadir. Sonuglar, agzin duvardan

4,0
3,5
3,0

2,5
820

1,5
1,0

0,5

0,0 -
0,08 -0,06 -004 -0,02 000 0,02 004 006 0,08

A Deneysel
== Say1sal

@ Vz/Uo

4,0
35
3,0
2,5
2,0 QN
1,5
1,0
0,5

0,0

A Deneysel emmmmc/D=4  emmmmc/D=2(Q=15lt/s) emm——c/D=2

x/D=0.70

0,20 0,15 0,10 0,05 0,00
Vx/Uo

Sekil 10. Nihai modelden elde edilen sayisal sonuglarin deney-
sel sonuglarla karsilastirilmasi (a) Vx/Uo (b) V3/Ub (c) Va/U.
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Sekil 11. Farkli /D ve debi degerlerinde Va/Uo dagilima.
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Sekil 12. Farkli //D degerleri i¢in kanal boyunca Vx/Uo dagili-
mi (a) x/D=0.70, (b) x/D=0.94.

uzaklagtirilmasinin hiz dagilimi tzerinde 6nemli degisik-
liklere yol agtigini gostermektedir. Ornegin agzin 6li son
tizerinde oldugu konumundan, 1D mesafeye taginmas: ha-
linde x/D=0.70 konumunda maksimum hiz yaklagik %17, x/
D=0.94 kesitinde ise yaklagik %21 oraninda azalmaktadur.
Bu sonuglar, agzin duvardan (#/D=0), 1D mesafesine tagin-
masinin akim Uzerinde en biytk etkiyi yarattigini goster-
mektedir. Ancak mesafe daha da artirildiginda azalma orani
belirgin sekilde dismekte, 1D'den 2D’ye ve 2D'den 2.5D’ye
geciste hiz degisimi %5-6 dizeyine inmektedir. /D=2.5
degerine ulagildiginda hizdaki azalma nispeten kigiik kal-
makta ve bu noktadan sonra degisim ihmal edilebilir dizeye
gelmektedir. /D=0 ve 2.5 degerleri birlikte incelendiginde
ise duvar sinur etkileri dolayisiyla olusan hizlarda %33 mer-
tebesinde bir artig olabilecegi gorulmektedir.

Sekil 13, kanal yatay ekseni (y/D) boyunca farkli /D de-
gerleri i¢in x/D=0.70 ve x/D=0.94 konumlarindaki Va/Uo
hiz dagilimlarini géstermektedir. Maksimum hiz degerleri
Tablo 1'de sunuldugundan burada tekrarlanmamigtir. Hiz
dagilimlar: incelendiginde, /D=2.5 degerine kadar hiz pro-

Karaelmas Fen Miih. Derg., 2026; 16(2):8-20

Sekil 13. Farkli //D degerlerinde yatay diizlemde Vx/Uo dagili-
mi (a) x/D=0.70, (b) x/D=0.94.

Cizelge 1. Farkli / mesafeleri i¢in maksimum hiz degigimi.

x/D=0.70 x/D=0.94
VD  (Va/Uo) ., ~ Fark(%) (Va/Uo) , ~ Fark(%)
0 0.1619 - 0.1165 -
1 0.1381 -17.22 0.0966 -20.52
2 0.1307 -5.73 0.0924 -4.55
2.5 0.1244 -5.01 0.0880 -4.99
3 0.1252 0.59 0.0881 0.02
4 0.1248 -0.31 0.0885 0.48

fillerinin kiigctilmeye devam ettigi, bu noktadan itibaren ise
tst tste geldigi goriilmektedir.

Sekil 14, kanal yatay ekseni (y/D) boyunca farkli /D deger-
leri i¢in /D=0.70 ve x/D=0.94 konumlarindaki 7)/Ub yatay
hiz dagilimlarini gostermektedir. Tablo 2 ise ilgili kesitler-
deki maksimum 73/Uo degerlerinin farkli /D diizeneklerine
gore degisimini gostermektedir.
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0,08

—1/D=0 —1/D=1 —1/D=2 —1/D=2.5 — /D=3 ——1/D=4

0,06
0,04
0,02

0

0,02

0,04

0,06

-0,08

Vy/Uo

x/D=0.70

-5

@

'
IS

y/D

——1/D=0 =——1/D=1 =—1/D=2 ——1/D=2.5 =——1/D=3 ——1/D=4

Cizelge 2. Farkli 1 mesafeleri i¢in 73/Us degisimi.

x/D=0.70 x/D=0.94
(W), .. Fark(%) (/To) ,  Fark (%)

0 0.0588 - 0.0425 -

1 0.0521 -12.85 0.0344 -23.46

2 0.0510 -3.53 0.0331 -3.87
2.5 0.0490 -3.09 0.0321 -3.36

3 0.0488 -0.41 0.0320 -0.33

4 0.0487 -0.21 0.0319 -0.30

0,05
0,04 x/D=0.94
0,03
0,02
0,01

0

0,01

0,02

0,03

0,04

0,05

y/D

Sekil 14. Farkli //D degerlerinde yatay diizlemde 73/Us dagili-
mi (a) »/D=0.70, (b) x/D=0.94.

Vy/Uo

Sekil 14 ve Cizelge 2 incelendiginde, agzin duvardan uzak-
lagtirilmasiyla birlikte y yoniindeki hiz bileseninde (/%) de
belirgin bir azalma oldugu goriilmektedir. Ozellikle /D=0
konumundan 1D mesafesine gelindiginde, maksimum 7/
Uo degerleri sirastyla yaklagik %13 (x/D=0.70) ve %23 (x/
D=0.94) oraninda azalmaktadir. Bu durum, tipk: x yonin-
deki hiz bileseninde oldugu gibi, en biiytik etkinin agzin du-
vara en yakin konumdan 1D mesafesine uzaklagtiriimasiyla
gerceklestigini ortaya koymaktadir. Ancak mesafe 1Dden
daha fazla artinldiginda, hizlardaki degisim giderek azal-
mig ve Ozellikle /D=2.5 degerinden sonra mutlak degisim
miktarlar1 sinirli kalmistir. Bu durum, //D=2.5 mesafesinin
akim davraniginda bir limit deger niteligi tagidigini ve bu
noktadan sonra gerek x gerekse y yontindeki hiz bilesenle-
rinde meydana gelen farkliliklarin ihmal edilebilir diizeye
ulastigini gostermektedir.

Sekil 15 ise x-z diizlemi i¢in es hiz egrileri ve hiz vektorleri
dagiliminin /D=0 ve //D=2.5 diizenekleri i¢in degisimini
gostermektedir.
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Sekil 15. Es hiz egrileri ve hiz vektorleri
(a) /D=0, (b) /D=2.5.
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| l

4 A
s Lsx
@
Sekil 16. Agiz merkez yiiksekliginde olusan akim ¢izgileri
(a) ¥D=0 (b) /D=1.

Sekil 16, su alma agzinin 6l son duvarina bitigik konumda
bulundugu (#/D=0) ve duvardan uzak yerlestirildigi ilk du-
rum i¢in (#/D=1), ag1z merkez yiiksekliginde meydana gelen
akim ¢izgilerini gostermektedir. /D=0 durumunda, suyun
agza yaklasabilecegi alan teorik olarak sadece 6n taraftaki
bir yar1 kiireyle sinirlidir. Agiz duvardan 1D kadar uzaklag-
tiginda ise suyun agzin cevresinden ve hatta duvar ile agiz
arasindan dolanarak girmesi i¢in fiziksel bir hacim olusur.
Bu durum, 6li son duvarinin akim {izerindeki sinirlayici
etkisini zayiflatarak akim ¢izgilerinin boru arka bélgesine
dogru daha genis bir alana yayilmasina neden olmaktadur.

6. Sonuglar

Su alma yapalari, dogal veya yapay su kaynaklarindan belirli
miktarda suyun kontrollii bir sekilde temin edilmesini sagla-
yan hidrolik yapilar olup enerji Gretimi, sulama ve igme suyu
temini gibi ¢esitli amaglarla kullanilmaktadir. Bu yapilarin
hatal: tasarimi, agza hava girisi, vorteks olusumu, kavitas-
yon, sediment taginimi ve yapisal aginma gibi sorunlara yol
acarak debi kapasitesinin azalmasina, bakim maliyetlerinin
artmasina ve hatta iletim hatlarinin iglevsiz hale gelmesine
neden olabilmektedir. Dolayisiyla akim davramisinin anla-
silmasi ve kritik sinir kogullarinin belirlenmesi biiyiik 6nem

Karaelmas Fen Miih. Derg., 2026; 16(2):8-20

tagimaktadir. Bu ¢alisma, dairesel kesitli bir su alma agzinin
6li son duvarina olan mesafesinin, agiz membasindaki hiz
dagilim: tzerindeki etkilerini incelemektedir. Literatiirde
akim sinirlarinin hiz dagilimini 6nemli dl¢iide etkiledigi
ortaya konulmus olmakla birlikte, agiz—duvar mesafesinin
hangi degerden itibaren akimi etkiledigine dair net bir bilgi
bulunmamaktadir. Bu kapsamda, sayisal modelin dogrulan-
mast i¢in gerekli veriler deneysel 6lgtimlerden elde edilmis,
modelin kalibrasyonunun ardindan deneysel olarak incele-
nemeyen diizenekler sayisal yontemlerle analiz edilmistir.
Aragtirmanin 6ne ¢ikan bulgulari su sekilde 6zetlenebilir:

* Su alma agzi duvara bitisik konumda (#/D=0) iken hiz
degerleri en yiiksek diizeyde olup, duvardan uzaklastik¢a
hizlar azalmaktadur.

* Agzin duvara olan mesafesi /D=1 olacak sekilde artiril-
diginda hem x hem de y yoniindeki hiz bilesenlerinde en
biytik degisim gozlenmis, yaklasik %17-21 oraninda bir
azalma meydana gelmistir.

* 1Dden sonraki mesafelerde hiz degisimleri giderek azal-
makta; 6zellikle //D=2.5 degerinden itibaren farklar ih-
mal edilebilir diizeye inmektedir. Bu nedenle, s6z konusu
mesafe limit uzaklik olarak tanimlanmistir.

* /D=2.5 mesafesinden sonra hiz profillerinde meydana
gelen degisimlerin ihmal edilebilir dizeyde olmasi, bu
mesafenin Gzerindeki su alma agz: yerlesiminin hidrolik
acidan ilave bir avantaj sunmadigini ve gereksiz yap: ma-
liyetine yol agabilecegini ortaya koymaktadir.

* Su alma agzinin 6l son duvarina olan mesafesi, akim
dogrultusundaki maksimum hiz degerini %33 oraninda
degistirebilmektedir. Agzin duvara bitisik (#/D=0) ya da
duvara ¢ok yakin (//D<1) konumlandirilmasinin zorunlu
oldugu durumlarda, akim dogrultusundaki maksimum
hizlarda meydana gelen bu belirgin artigin tabanda oyul-
ma ve yapisal elemanlarda aginma riski olusturabilecegi
gorilmektedir.

*  Aymn sekilde, agzin duvara olan mesafesi, kanalin enine
dogrultusundaki maksimum hiz degerlerinde de %24
oraninda bir degisime yol agabilmektedir.

Yazar Katkisi: Kerem Tagtan: Caligmanin kavramsal cerge-
vesini olusturmustur. Efe Barbaros: Veri toplama ve analiz
streglerini yiiriitmus, bulgular: degerlendirmis ve makaleyi
hazirlamigtir.

Etik Kurul Onay:: Bu ¢alisma etik kurul onay: gerektirme-
mektedir.
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'The Association Between Artificial Intelligence Adoption, Trade Facilitation, and
Estimated Trade Cost Reduction Potential: A Regional Qualitative-Quantitative
Exploratory Analysis

Yapay Zeka Benimsenmesi, Ticaretin Kolaylastirilmas: ve Tahmini Ticaret Maliyeti Azaltma
Potansiyeli Arasindaki Lliski: Bolgesel Bir Kesif Analizi

Hakan Kaya*

Republic of Ttrkiye, Kestel Municipality, Department of Engineering, Bursa, Tiirkiye

Abstract

This qualitative—quantitative exploratory analysis investigates descriptive patterns linking regional levels of artificial intelligence
adoption, trade facilitation implementation, and estimated potentials for reduction in international trade costs. By using regional
aggregates (N=7) from the UN Global Survey on Digital and Sustainable Trade Facilitation (2025) and McKinsey’s State of Artifical
Intellegence Report (2025), ridge regression analysis is used solely with the purpose of stabilizing numerical values due to high
multicollinearity Variance Inflation Factor (VIF) > 120. The values derived (8 =~ -0.31 to -0.34) are not interpretable within the
context of causality or inferential explanation, but only indicative of certain heuristics that correspond with the law of diminishing
returns, especially within the early adopting groups. Considering the extremely small sample size, proxy variables, and cross-sectional
nature, all the results are only to be taken as pattern-generating inputs within the formation of hypotheses for future, more robust
research. The results are therefore not to be taken as evidence of inference for regression or for effect sizes but only for descriptive
patterns.

Keywords: Artificial intelligence, digital divide, small sample limitations, trade facilitation, trade costs

Oz

Bu kesifsel ¢aligma, yapay zekd benimsenmesinin bolgesel duzeyleri, ticaretin kolaylastirilmas: uygulamalar: ve uluslararas: ticaret
maliyetlerinde tahmini azalma potansiyeli arasindaki istatistiksel iligkiyi incelemektedir. BM Dijital ve Surdurilebilir Ticaretin
Kolaylastiriimasina Tliskin Kiiresel Anketi (2025) ve McKinsey'in Yapay Zeka Durumu Raporu'ndan (2025) agik olarak erigilebilen
bolgesel toplam verileri (N = 7) kullanarak, siradan en kiictik kareler spesifikasyonlarinda gozlemlenen ciddi ¢oklu dogrusalligs (VIF>
120) azaltmak i¢in ridge regresyon modelleri tahmin edilmektedir. Bulgular, mevcut veri simrlart iginde, yapay zekd benimseme
diizeyleri ile kalan ticaret maliyeti azaltma potansiyeli arasinda gozlemlenebilen betimsel bir egilimi yansitmaktadir (B = -0,31 ila
-0,34). Bu, erken benimseyenlerin verimlilik artiginin biiytik bir kismini zaten elde etmis olduklar: hipoteziyle tutarhidir. Orneklem
buyikliginin oldukea kiiciik olmasi, yiksek ¢coklu dogrusallik, agir1 6grenme riskleri, endojenite endigeleri ve proxy tabanh degisken
ingas1 gibi faktorler gz 6ntinde bulunduruldugunda, bulgularin nedensel, yonli veya genellestirilebilir olmaktan ziyade, daha ¢ok
onctl ve ¢itkarim digt paternler olarak degerlendirilmesi niteliginde yorumlanmalidir ve ileride yapilacak daha kapsamli aragtirmalar i¢in
hipotez olugturma amaci tagimaktadir.

Anahtar Kelimeler: Yapay zeka, dijital ugurum, kii¢iik 6rneklem sinirlamalari, ticaret maliyetleri, ticaretin kolaylagtirilmas:
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1. Introduction

In this research, the correlation between the adoption of ar-
tificial intelligence (AI) and trade facilitation is analyzed,
with the aim of revealing residual potential for cost reduc-
tion. The research does not make conclusive statements but
tries to uncover first correlations with a precisely defined
set of variables relevant to policies in seven international re-
gions.

The sample size available for analysis, albeit limited (N=7),
translates into serious challenges of the study’s power, the
threat of overfitting (with a coefficient of determination
R? (R-squared) of 0.997), and significant multicollinearity
(with VIF values highly in excess of 120). More important-
ly, the chief independent variable, Al adoption, has been
operationalized as the best available regional proxy based
on the results of a survey, which carries underlying assump-
tions. In view of these underlying limitations, rather than
focusing on making estimates informed by this study, it
may be safely said that the value of this study consists of its
cautious quantitative analysis embedded in an interpretation
informed by a consideration of the imperatives of effective
global governance.

However, the purpose of this study is neither to estimate
structural relationships nor test economic hypotheses, nor
produce policy-relevant effect sizes. It instead follows a
qualitative-quantitative exploratory approach, wherein the
role of regression analysis is purely descriptive, with the
objective of hypothesis formulation for future studies. The
presence of strong constraints imposed by the sample size of
N=7 makes the degrees of freedom unsuitable for regression
analysis, regardless of the estimation procedure adopted.

The three exploratory research questions that this inquiry
pursues are: (1) Do the available data reveal any consistent
descriptive patterns? (2) How is the implementation of Al
related to efficiency in the context of trade? (3) To what
extent do regional differences, especially those that distin-
guish emerging nations and the more fragile regions, reflect
the divergent evolution processes regarding the readiness of
digital trade?

The significance of this research becomes apparent at the
intersection of exploration and explanation. In highlighting
the limitations of methodologies while framing the results
using the lenses of governance as well as equity, this research
intends to provide insights rather than dictate a discussion
on the issue of inclusive digital trade. A mixed descriptive
research approach shall be used, in which the information

22

on regions shall combine concepts of policies in the frame-
work of hypothesis formulation, without hypothesis testing.

In the given cross-sectional data and in the existence of pos-
sible endogeneity between the adoption of Al and the facili-
tation of trade, there are no conclusions drawn on causality.
Rather, it is based on the heuristic pattern-generating mode
as presented in Section 2.2.

1.1. Literature Review

1.1.1. Theoretical and Economic Implications of
Artificial Intelligence on International Trade

Al and technological transformation are some of the key
forces that are significantly impacting the realm of glob-
al trade at present. Al may impact the theory of trade by
decreasing costs of production, enhancing logistics, and
overcoming information asymmetry (Goldfarb & Trefler,
2018). The predictive nature of Al, as asserted by Agrawal
et al. (2019), brings uncertainty to the labor market, which
influences the structures of trade. The opportunities and
challenges presented by Al for developing countries, as por-
trayed by Aly (2022), play a significant role in the aspects
affecting international trade. The challenges and opportu-
nities presented by Al for international trade are incorpo-
rated in modern studies. According to a study published by
Ferencz et al. (2022), the early effects of Al on trade are
still apparent, as revealed by OECD research. Ganne et al.
(2024) analyze Al-trade interaction as a “two-way inter-
action” process, where trade influences Al developments,
which, in turn, transform trade operations. Achar (2019)
and Ahmedov (2020) examine the emerging effects of the
digital economy on international trade and identify the role
of digitalization in developing areas of the global communi-
ty in boosting their competitiveness.

1.1.2. Digital Transformation and Facilitating Trade

A new stream of research focuses on the role of digitaliza-
tion in trade facilitation. In this line, Ciuriak and Ptagkina
(2018) argue that the process of digitalization has radically
changed trade, while others describe global trading plat-
forms as “next-generation trade facilitation mechanisms”
(Winn, 2019). Further, Duval and Utoktham (2024) show,
through a structural gravity approach, the results of disag-
gregating trade facilitation indicators with respect to trade
volume. Dong and Liu (2023) emphasize the importance
of the factors concerning the promotion of cross-bor-
der e-commerce in China. Conversely, Ouyang and Park

(2024), and Wang and Zhu (2024) examined the role of
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digital trade facilitation in diversifying exports in the Belt
and Road nations. The facilitation of sustainable electronic
trade in ASEAN has been reported (Lei et al., 2024). The
effect of Al on the facilitation of international trade has
also been explored on Latin American (Quindimil, 2024).
The use of electronic technologies has been considered of
Ukraine (Vorobiova et al., 2023).

1.1.3. AI Adoption Strategies, Digital Readiness, and
Regional Asymmetries

Literature on the adoption processes of Al focuses on the
competitive advantage strategies adopted by businesses.
Theoretical frameworks for digital business strategy are
offered by Bharadwaj et al. in 2013, with emphasis on Al
adoption in the works of Kitsios and Kamariotou in 2021
and Kraus et al. in 2021. Kar et al. (2021), for instance, dis-
cussed the hindrances and motivations for investing in Al
from a strategic management point of view, while models
for online leadership and a study on readiness for Al are
provided by Holmstrém (2022) and Tursunbayeva & Gal
(2024). The role of Al in optimizing supply chain tasks, for
example, is well-articulated by Borges et al. (2021) and Tao
et al. (2025). The extent to which Al and electronic trade
have affected the region varies significantly. According to
Ismail (2021), electronic trade facilitation enhances the vol-
ume of bilateral trade for Asian nations. Kere and Zongo
(2023) argue that the role of electronic technologies is to
promote the growth of regional trade in Africa. Taken to-
gether, it is clear that the adoption of Al is not the same for
all regions and that digital preparedness is an important de-
terminant of trade cost potential differentials across regions.

1.1.4. Governance, Legal Frameworks, and Future
Directions

Data is considered the lifeblood of Al, and data flows are
inevitably connected to trade. Barriers within the institu-
tional framework of international digital trade governance
have been studied by Meltzer (2019), and Burri (2021) has
analyzed big data in international trade law.

The Al and international trade literature covers far more
than just economic aspects, and also includes legal and
governance aspects, among others. Aslam et al. (2024) and
Khan (2024) analyze the impact of Al technology that is
rapidly growing and transforming international trade law,
specifically regarding the sharing of data, intellectual prop-
erty, and jurisdictional voids. The presence of Al technolo-
gy introduced in international trade confronts a number of
legal and governance issues. Shadikhodjaev (2021) analyzes
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the role of technology neutrality regarding digital trade, and
Collins (2023) not only points out potential dangers but also
opportunities for the facilitation of digital trade that concern
the WTO, specifically regarding small and medium-sized
enterprises. In evaluating previous research, some common
themes recur. Menzies et al. (2024) provide a broad agenda
that includes the use, challenges, and future research related
specifically to Al and international business. OECD/BCG/
INSEAD (2025) offers a report on the adoption of Al at
the firm level. The development and governance of digital
trade agreements like DEPA are also important for the fu-
ture digital trade environment (Peters, 2023; Jones, 2023).

Ozturk (2024) also points out the challenges faced by the
trade market through Al, together with the benefits the
technology possesses. Mirzaye and Mohiuddin (2025) focus
on the opportunities presented by the digital revolution and
the challenges related to policies. Recent research has exam-
ined the impact Al can have on the survival plan for SMEs
during a crisis (Tao et al., 2025; Muhammad et al., 2025).

2. Materials and Methods
2.1. Data and Variable Construction

The analysis uses region-level data aggregated from two
primary sources: (1) The Global Survey on Digital and Sus-
tainable Trade Facilitation (UN, 2025), which offers data
on Trade Facilitation Implementation Rate (%) and Trade
Cost Reduction Potential (%) for seven aggregated regions,
and (2) The State of Al (McKinsey, 2025) report, which
uses online survey data to purchase global and sectoral
adoption rates for firms. The State of Al survey in 2025 was
administered online to a total of 1,993 respondents between
June 25 and July 29, 2025. The survey included representa-
tion from 105 nations, regions, industry segments, company
sizes, areas of subject-matter expertise, and organizational
levels. Approximately thirty-eight percent of respondents
were employed within firms earning annual revenues over $1
billion. The method for data acquisition consisted of three
tiers: expert survey completion, verification by desk research
and interviews with UN regional commissions, and valida-
tion with governments. Updates range from 2023 to 2025;
trade-cost data are available up to 2021-2023; the global av-
erage implementation rate increased by 5 percentage points
to 71% across 31 general and digital measures. Some of the
important limitations are the exclusion of non-applicable
measures; the low full-implementation rates in tricky areas,
for example, cross-border paperless trade at 49%; data gaps
on emerging fields like trade finance and green facilitation;
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and challenges on cross-border interoperability, especially
for developing economies and SIDS (Small Island Devel-
oping States). Though regional trends can be generalized
from this dataset, such generalization should therefore take
into account differences in economic capacity, infrastruc-
ture, and policy priorities across countries within regions.
The data collected was adjusted based on how much each
participant’s country contributes to the global gross domes-
tic product (GDP). This was done to ensure that geograph-
ical differences in response rates were balanced. According
to the adoption criterion defined as “the use of Al in at least
one job function,” the 2025 data coincides with that this
rate has reached 78%, and distributing it according to each
region’s share of world GDP (World Bank, 2025) and its
digital infrastructure scores (ITU, 2025). For example, De-
veloped Economies-roughly 60% of global GDP and top-
ranked on the ITU ICT Development Index with scores
over 90-are assigned about 95% Al adoption. In contrast,
SIDS, for which poor connectivity means that even mobile
internet penetration is only 45% (GSMA, 2025), has an es-
timate of 28%. These findings reveal that artificial intelli-
gence technologies have now become a critical operational
component across a broad segment of the global business
world.

2.1.1. Regional Disaggregation of AI Adoption:
Methodology and Assumptions

The regional AT Adoption Level cannot be seen directly, so
it is constructed as a composite proxy that combines eco-
nomic ability and digital infrastructure preparedness, two
recognized facilitators of technology diffusion (OECD,
2021). Let A(global) = 0.78 referring to the McKinsey
(2025) report, this is the global firm-level Al adoption ratio,
which is defined as the proportion of firms that leverage Al
in one or more business functions. Based on this, for region
(r), the adoption level is derived as:

GDP, IDI,
Al = AIglobal [WI ( GDPworld) +W; ( IDlmax) ] @)

In the equation (1), Alge, refers to the global rate of Al
adoption as reported by McKinsey (2025), GDP, / GD-
P, oua stands for the regional share of global GDP (World
Bank, 2025), and IDI, / IDI,,. is the normalized ICT De-
velopment Index score (ITU, 2025). The IDI is a composite
index that consists of different ICT access, use, and skills.
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Normalized means that the region’s score is divided by the
highest score in the region, which ensures that the compo-
nent is between 0 and 1. The weights given to GDP and
IDI, respectively, equal weights of importance (w= w,=0.5)
and are based on both theoretical and pragmatic arguments.

On the one hand, economic scale (measured through GDP)
and digital infrastructure (measured through IDI) are con-
sidered two main factors for technology adoption in the
literature: GDP mirrors market size, firm density, and in-
vestment capacity—major drivers of Al diffusion (Goldfarb
& Trefler, 2018; OECD, 2025). IDI reflects connectivity,
device penetration, and the provision of digital services by
local authorities—necessary conditions for Al implementa-

tion (ITU, 2025; World Bank, 2023).

Due to the lack of firm-level Al adoption data for each
region, the best-fitting weights (e.g., by factor analysis or
regression) cannot be determined in an empirical manner.
Unequal weighting would entail the making of normative
assumptions that are not supported by the existing explor-
ers. Hence, equal weighting has been chosen as a neutral,
clear, and easily repeatable default— in line with the prac-
tice of creating exploratory composite indices when there is

a lack of data (Joint Research Centre, 2008).

The final dataset consists of the following seven regions:
Developed Economies, Southeast and East Asia, Latin
America and the Caribbean, the Middle East and North
Africa, South Asia, Sub-Saharan Africa, and Pacific Islands
(see Table 1).

It should be noted that this proxy method introduces
non-classical measurement error, whose direction and mag-
nitude are not capable of being measured with the given
data. The equal weight method is not proposed as the best
method but only in the sense that it provides transparency
and replicability in the face of very limited data. Any form
of weighted analysis could not be attempted without the in-
troduction of further assumptions.

2.2. Econometric Specification and Methodological

Limitations
2.2.1. Ridge Regression Specification and Diagnostics

The limitations that are being discussed in this text are
structural in nature and not technical. Ridge regression is
being used only for numerical stability in situations with
high multicollinearity, but it does not in any way alleviate
the problem of low degrees of freedom in the given data set

with N=7.
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Table 1. Regional data on trade facilitation, Al adoption, and remaining trade cost reduction potential (negative values indicate
unrealized reduction margins).

Implementation Rate Al Adoption Level Trade Cost Reduction Potential
(%) (%) (%)
Developed Economies 86 95 -5.27
Southeast and East Asia 79 85 -10.30
Latin America and the Caribbean 70 65 -12.38
Middle East and North Africa 68 60 -9.10
South Asia 65 55 -12.28
Sub-Saharan Africa 62 45 -16.91
Pacific Islands 45 28 -23.85

Note: Trade Cost Reduction Potential is expressed as a negative value to denote the remaining margin for cost reduction relative to a fully optimized
benchmark. Larger negative values therefore indicate greater unrealized efficiency potential rather than higher costs.

The R? value of 0.997 obtained in the current dataset is not
consistent with the high explanatory power of the model.
On the contrary, this value is a result of deterministic over-
fitting in a regression performed with two highly correlated
variables (r = 0.99) in a tiny sample size of N = 7. In such
cases, R? should be interpreted as a ‘small sample bias’ rather
than a ‘measure of fit.” Similarly, narrow confidence inter-
vals and low p-values in Ordinary Least Squares (OLS) out-
puts are a reflection of the deterministic nature of the data
rather than statistical reliability. Ridge regression modifies
the OLS loss function by adding a penalty term propor-
tional to the square of the magnitude of the coefficients (L2
penalty). The ridge estimator is defined as (Equation 2):

2
Briage = argming { ¥i_, (J’i = Bo— Zj;l :Bjxij)

] @
+}‘ ijl ﬂ] 2}

Where, A is the penalty parameter controlling the strength
of regularization, f; are the coefficients for the predictors,
and o is the intercept.

Data Preprocessing and Standardization: Before ridge esti-
mation, all predictor variables (Trade Facilitation Imple-
mentation Rate and AT Adoption Level) were standardized
(centered and scaled to have zero mean and unit variance) so
that the regularization penalty would be uniformly applied
across predictors and to avoid scaling biases. The depen-
dent variable (Trade Cost Reduction Potential) was only
centered to keep the interpretability in the original units.
Standardization is essential in ridge regression as the L2
penalty is sensitive to variable scales.

Karaelmas Fen Miih. Derg., 2026; 16(2):21-33

Choosing the Penalty Parameter (1): The best penalty pa-
rameter was determined using Leave-One-Out Cross-Val-
idation (LOOCYV), given the extremely small sample size
(N=7). LOOCYV leaves out one observation at a time, fits
the model with the rest of the six observations, and calcu-
lates the prediction error for the observation that was left
out. The process is done for all observations, and the mean
squared prediction error (MSPE) is computed for each can-
didate A value. The A that leads to the lowest MSPE is the
optimal one. The LOOCYV error curve shown in Figure 2
(Panel B) has a distinct minimum at A=1.0 (log10() = 0).
This was the final value of the penalty parameter.

Explanation for the Very Large Intercept in Ridge Output:
The high intercept value (about 323.9) shown in the ridge
regression output (Table 3, Ridge column) is an immediate
result of centering the predictors but leaving the response
variable only centered (not standardized). When predictors
are standardized (mean-centered) in ridge regression, but the
response variable is simply centered, the intercept can be in-
terpreted as the mean of the centered response when all pre-
dictors are at their mean values (i.e., zero in the standardized
space). The big number is merely a by-product of the scaling
and centering operation, and there is no real interpretation
to be made from it; it shouldn’t be seen as a genuine base-
line trade cost reduction. The main target of ridge estimation
is solely on the coefficients that have been regularized and
stabilized. Ridge regression is a good choice for this situa-
tion because multicollinearity is mitigated by shrinking co-
efficients towards zero as it reduces and stabilizes variance,
despite the introduction of bias (bias-variance trade-off), and
paradoxically, it leads to more accurate and consistent esti-
mates compared to OLS when predictors are correlated.

25



Kaya / The Role of Al and Trade Facilitation in Trade Costs

Risk of overfitting is reduced in the case of the model with
2 predictors and only 7 observations because a penalty term
on the loss function is in place and is meant to limit how
closely coefficients adapt to the noise of the small sample.

The ridge trace plot (Figure 2, Panel A) illustrates the sta-
bilization of standardized coefficients as A is increased. The
plot illustrates that the trade facilitation coefficient is rapid-
ly shrinking towards zero while the Al adoption coefficient
is negatively stable and consistent, which is consistent with
the observation of its stronger hold in this dataset.

Ridge has limitations in this context that are worth men-
tioning. Even though ridge regression may offer numerical-
ly stabilized estimates compared to OLS, it does not address
the fundamental limitations of this study, namely, a very
small sample size (N=7), proxy-based variable construction,
and a cross-sectional design. Thus, ridge coefficients (f_
TF=0.0032, p_AI=-0.3189) should be seen only as indic-
ative patterns for further investigations with larger datasets
and not as accurate or generally applicable causal estimates.
The primary use of this model is heuristic; it helps generate
hypotheses about possible relationships between Al adop-
tion, trade facilitation, and cost reduction potential more
systematically than the untenable OLS specification.

The basic econometric model is specified by the following
equation (Equation 3).

Trade_Cost_Reduction; = fo + p1(TF_Implementation
_Rate;) + p2(AI_Adoption_Level,) + ¢

Here, Trade_Cost_Reduction; is the dependent variable
measuring the trade cost reduction potential of country ..
TF_Implementation_Rate;: The independent variable indi-
cating the extent to which country 1’ implements trade facil-
itation agreements. AI_Adoption_Level;: The independent
variable measuring the intensity of country i’ adoption and
use of artificial intelligence technologies. fo: The constant
term (intercept), B1, P2: The coefficients to be estimated, &;:
The error term.

However, four critical methodological constraints need to
be emphasized:

(1) Sample Size N = 7: There are not enough degrees of free-
dom to do reliable statistical inference with only seven ob-
servations. The very high R? of 0.997 and narrow widths of
Continuous Integration (CI) is artifacts of overfitting and
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unaddressed endogeneity rather than explores of robust ex-
planatory power.

(2) Severe Multicollinearity: The two independent vari-
ables are highly correlated, VIF > 120, suggesting that they
measure overlapping dimensions of digital readiness. This
means that the estimates of the individual coefficients-es-
pecially for trade facilitation unstable and cannot be inter-
preted in isolation. Whereas single-variable regressions for
both predictors yield significant negative effects, as shown
in Table 3 (B_TF =-0.4312, p < 0.001; B_AI =-0.3167, p <
0.001), their joint inclusion renders the OLS estimates sta-
tistically non-identifiable. Critically, due to N = 7 and VIF
> 120, the OLS estimates reported in Table 3 (Full Model
column) must not be used for any inferential purpose. They
are presented solely for diagnostic illustration—to docu-
ment the severity of multicollinearity and justify the use of
ridge regression as a numerically stabilized alternative.

(3) Cross-Sectional and Static Design: The information re-
fers to one point in time, 2025, and cannot show dynamic
feedback loops, where, for instance, Al adoption might be
both a cause and consequence of trade facilitation improve-
ments observed between 2023 and 2025. In light of these
constraints, the OLS results are presented only for diagnos-
tic checks and to demonstrate the extent of multicollinearity
(e.g., VIF > 120, unstable coefficients); they should not be
used for any inferential interpretation about the relationship
between variables. As sensitivity checks, ridge regression (o
= 1.0) and univariate models are reported, but the principal
added value of this analysis lies in descriptive pattern recog-
nition and hypothesis generation, not in causal estimation
or reliable coefficient interpretation. All statistical calcula-
tions have been done in Python. Addressing endogeneity in
small-N cross-sectional data is challenging without instru-
ments or panel structure (Stock & Watson, 2015; Wool-
dridge, 2010).

(4) Measurement Error and Endogeneity: As explained in
Section 2.1.2, the use of the proxy introduces non-classi-
cal measurement error into the analysis. The relationship
between the two variables is probably also distorted by the
presence of endogeneity, with both reverse causality (for ex-
ample, reduced trade costs as a stimulus for the use of Al)
and the presence of unobservables (for example, institutions
influencing both sides) being problems. In this cross-sec-
tion scenario with a small dataset, it is not possible to deal
with either of these issues in a properly identified instru-
mental variables or panel analysis. The coefficients thus
should not be interpreted as causal effects. All substantive
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OLS Regression Results

Dep. Wariable: Trade_Cost_Reduction_Potential R-squared: 8.997
Model: OLS Adj. R-squared: 8.996
Method: Least Squares F-statistic: 766.8
Date: Mon, 25 Aug 2825 Prob (F-statistic): 6.87e-06
Time: B5:51:21 Log-Likelihood: -1.2581
Mo. Observations: 7 AIC: 8.508
Df Residuals: 4 BIC: 8.338
Df Model: 2
Covariance Type: nonrobust

coef std err t Py |t [B.825 8.975]
const 31.7471 3.277 38.689 6.6081 22.658 46.844
Implementation_Rate 8.6281 6.125 8.226 8.833 -8.318 8.374
AI_Adoption_Level -8.3372 .891 -3.7082 8.621 -8.596 -8.084
Omnibus: nan  Durbin-wWatson: 2.543
Prob{Omnibus): nan  Jarque-Bera (JB): 1.876
Skew: .792  Prob{JB): 8.584
Kurtosis: 1.913  Cond. Mo. 1.99%e+63

Figure 1: Full summary.

interpretations in this paper are therefore based exclusively
on ridge regression estimates (which stabilize coefficients
under multicollinearity) and on descriptive pattern recog-
nition from Figure 3 and Table 1. No causal, directional,
or statistical significance claims are made based on OLS
outputs.

The high R? value (0.997) and apparent significance of the
OLS coefficients shown in Figure 1 are a direct result of
overfitting in a sample of only 7 observations under con-
ditions of extreme multicollinearity. These values are not
an indication of the model’s true predictive or explanatory
power. Rather, they are a statistical illusion resulting from
the sample size exceeding the degrees of freedom, highlight-
ing the invalidity of OLS regression in such small datasets.

In Figure 2, A. Ridge trace plot-standardized coefficients
plotted against log10(A). Ridge stabilizes coefficients but
does not overcome structural data weaknesses; LOOCV
(Figure 2) aligns descriptively with variability due to small N.
The trade-facilitation coefficient, the dashed red line, drops
to nearly zero as soon as A becomes positive. Meanwhile, the
Al adoption coefficient, the solid blue line, remains steady
and strongly negative. B. Leave-one-out cross-validation
error curve. The minimum of the mean squared prediction
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error is reached for A = 1.0, shown by the vertical dashed
line, which is selected as the final penalty parameter.

These quantitative results are supported by qualitative data
obtained from major international trade agreements. For
instance, case studies from the USMCA agreement and the
EU-Mercosur agreement registered exports amounting to
€56 billion in 2023 (European Commission, EU-Mercosur
Agreement, 2024)—offer context. Moreover, surveys and
studies, for instance, the UN Global Survey on Digital and
Sustainable Trade Facilitation report in 2025, inform about
the growth use of Al in these trade agreements in facili-
tating the simplification of customs formalities, decreasing
documentation requirements, and improving logistics.

This qualitative information supports the model’s conclu-
sion that while Al is associated with efficiency gains, its di-
minishing returns are an important factor for policymakers
to consider, especially in areas with different levels of tech-
nological advancement.

According to the data in Table 2, multicollinearity was as-
sessed by calculating the VIF values. If a VIF exceeds 120,
it is consistent with that there’s a significant level of mul-
ticollinearity among the independent variables. Under this
condition, one of the important assumptions for running
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A. Ridge Trace
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Figure 2. Ridge regression diagnostics.

Note: Due to the extremely small sample size [N = 7], expected variability exists in the LOOCYV error; however, a minimum was found at A = 1.0
(log10(A) = 0), which will be used as the selected penalty parameter. Predictors were standardized prior to ridge estimation.

OLS regression has been breached; therefore, the standard
errors are not to be trusted. This, in turn, makes it almost
impossible, statistically, for the unique contribution of each
predictor to be seen. In such a context, the coefficient es-
timates and their p-values from the OLS model are not
interpretable. As a result, the insignificant coefficient for
trade facilitation is probably due to its strong overlap with
Al adoption when it comes to explaining reductions in trade
costs. The condition number of 1,990 further reinforces the
existence of multicollinearity. In future research, they might
consider alternative models, like single-variable regressions
or penalized regression techniques such as ridge regression,
to help address this issue.

Table 2. VIF results.
Variable VIF
Const 513.15
Implementation Rate 125.87
Al Adoption Level 125.87

Table 3 is presented to show the model comparison and the
limitations of OLS. The coefficient estimates and p-values
in the ‘Full Model’ column (e.g., 0.0281 for Implementa-
tion Rate and -0.3372 for AI Adoption Level) are unstable
due to VIF > 120 and cannot provide a basis for any statis-
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tical inference or interpretation. These values are merely ex-
plorations of how multicollinearity invalidates the OLS es-
timates. Although ridge regression appears to provide more
stable coefficients under these conditions (B_AI = -0.32),
these estimates also only point to an exploratory pattern and
do not carry a causal interpretation due to the use of a proxy
variable with a small N.

This table is presented for diagnostic purposes to show the
limitations of OLS under conditions of small N and high
multicollinearity and to justify the transition to ridge re-
gression. OLS estimates in the “Full Model” column are
unstable and uninterpretable due to VIF > 120; they only
serve to document the severity of multicollinearity. Univar-
iate models (“Only Impl.” and “Only AI”) are intended to
show the raw individual relationships of variables at a de-
scriptive level; they do not carry any claim to causal or pre-
dictive power. The ridge regression (a=1.0) column should
be referenced for valid coefficient estimates or patterns, but
these estimates are also only exploratory and hypothetical
due to underlying data limitations (N=7, surrogate vari-
ables). Standard errors and p-values in parentheses do not
reflect statistical reliability for N=7.

As seen in Figure 3, the intercept in the ridge regression is
not really interpretable due to the centering and standard-
ization of predictors before estimation. It coincides with the
mean of the centered response variable. Regional compar-
ison of trade facilitation, Al adoption, and cost reduction
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Table 3. Heuristic (Diagnostic) coefficient patterns under extreme multicollinearity (N = 7): for illustrative purposes only.

Variable Full Model Only Impl. Only Al Ridge (a=1.0)
Implementation Rate 0.0281 (0.125) -0.4312** (0.021) - 0.0032
Al Adoption Level -0.3372**(0.091) - -0.3167"* (0.007) -0.3189
Intercept 31.7471%* (3.277) 43.5601"* (1.397) 32.4791%* (0.418) 323.900
R? 0.997 0.988 0.997 -
Adj.R? 0.996 0.986 0.997 -
N 7 7 7 7

Note: Parentheses indicate standard errors. *p < 0.1, *p < 0.05, **p < 0.01. OLS results are reported strictly for diagnostic demonstration of multicol-
linearity and overfitting and must not be interpreted as evidence of statistical association.
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Figure 3. Descriptive co-movements across seven aggregated regions: visual heuristics, not statistical evidence.

potential. Blue bars represent trade facilitation rates (%),
blue circles aligns descriptively with Al adoption levels (%),
and red diamonds show estimated cost reduction potential
(%). Higher cost reduction potential is observed in regions
with lower baseline performance, suggesting substantial
gains from targeted digital interventions.

Since the possible relationship between Al adoption and
trade facilitation might be bidirectional, it would be in-
appropriate to apply directional inference on this topic.
Therefore, this analysis deliberately chooses not to interpret
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regression coefficients as representing causality, lead-lag
relationships, or policy handles. The regression results will
be solely used to examine co-movement relationships across
regions contemporaneously.

3. Findings and Discussion

In conditions with strong multicollinearity (VIF > 120),
ridge regression (with standardized predictors and A chosen
through LOOCYV) was applied for numerically stabilized
parameter estimation, not as a fix for basic inadequacies in
data. The OLS output is presented just to aligns descrip-
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tively with structural problems in the data, such as near-per-
fect collinearity between Al adoption and trade facilitation,
and to explain why there was a move to ridge regression.

Three descriptive patterns come out of the data, cautiously
interpreted as non-causal exploratory tendencies:

First, with the conditions of N=7 and close collinearity,
the ridge-regression coefficient of Al adoption (p = -0.32)
cannot be taken as a meaningful indicator. However, when
taken together with the findings of Figure 3, the coefficient
aligns descriptively with a consistent visual phenomenon
of a region’s proxy-measured Al adoption being inversely
related to the residual trade cost-reduction potential. This
trend is in line with the concept of diminishing returns
among early digital adopters. Nonetheless, almost perfect
correlation obstructs their uncovering through empirical
analysis. In regions that have shown greater intensity in the
use of Al, such as the Developed Economies with 95% or
East Asia with 85%, the potential for trade costs to be fur-
ther reduced remains smaller (-5.27% or -10.30%, respec-
tively), while in regions with lower Al adoption, such as the
Pacific Islands with 28%, this potential remains the highest
(-23.85%). Although this descriptive pattern supports a hy-
pothesis on diminishing returns, statistical testing or infer-
ence using ordinary least squares has not supported this.

Second, the negative sign of the coefficient of adoption of
the regularized Al corresponds to the cross-regional pattern
observed in Figure 3, but it is not evidence of any econom-
ic mechanism. The areas that have less developed digital
infrastructures (such as the Pacific Islands) have high re-
maining potential savings in trade costs, and those with de-
veloped infrastructures (such as the Developed Economies)
show minimal or even negative potential. This observation
can be ascribed to the diminishing returns principle, but did
not require a test. The OLS value obtained in this case is
not significant (f = 0.0281, p-value = 0.833).

Thirdly, the process of Al adoption and regional trade facil-
itation happening together (correlation = 0.99) is indicative
of their interdependence. The regional clustering evident
in Figure 3 also points to a likely efficiency frontier where
regions that are leaders in digital development have already
maximized the low-hanging benefits, but regions that are
lagging behind are yet to realize their potential, subject to
the removal of constraints. This approach also remains a
qualitative insight rather than a result of the regression anal-
ysis. It thus validates the belief that the process of digital
trade transformation happens in an integrated manner and

30

not in isolated ways that can be treated as separate policy
options through regressions.

The relationships revealed in this study are based on an ex-
tremely minimal sample size of N=7, strong multicollineari-
ty, and surrogate variables. Therefore, the findings (e.g., the
negative relationship between the level of Al adoption and
the potential for reduced remaining trade costs) do not carry
definitive causal inferences or generalizable conclusions. In-
stead, they present exploratory propositions and antecedent
patterns that warrant testing with larger datasets. The fol-
lowing policy discussion is developed in light of the broader
literature and theoretical framework, rather than these lim-
ited exploratory findings.

4. Conclusion and Suggestions
4.1. Contribution to the Literature

In light of the very significant challenges presented by the
lack of quality data explored throughout this paper, its value
must lie not in the provision of authoritative and generaliz-
able findings, but in posing a number of key questions for
future study.

The contributions of this research can be categorized into
four aspects:

(1) The key contribution of this paper, rather, is not found
in its empirical findings, which, with an N of 7, are neces-
sarily based on proxies and subject to endogeneity concerns,
but in its clear description of the traps inherent in the pro-
cess of small-N regional regressions. It shows how, despite
the sophisticated nature of techniques such as ridge regres-
sion, the inherent issues with the data remain unaddressed.
This paper, therefore, serves as a methods paper, encourag-
ing the use of larger, panel data sets before policy-relevant
conclusions can be made.

(2) This highlights the empirical connection between the
development of Al and the process of trade facilitation in a
manner that illustrates how the two policies are inseparable
through aggregated data.

(3) The analysis not only improves the digital divide dis-
course by incorporating the themes of “efficiency satura-
tion” and “access disparities” but also includes both aspects
within the concept of trade governance.

(4) The value of this research as a contributor to the exist-
ing knowledge base is clear in its critical evaluation of the
possible problems that could arise in the use of aggregate
data from a small sample in any form of quantitative eval-
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uation. This highlights the significance of research design
in correct proper interpretation in relation to the issue of
transformation.

4.2. Policy-Aware Reflections

The ensuing policy discourse is theoretically informed and
rooted in the literature on digital trade and the governance
of artificial intelligence. The policy implications have not
been derived from the results reported in this study because
they have been considered as descriptive.

All policy proposals outlined in this section are purely ex-
ploratory in nature and should be viewed as if-then thought
experiments rather than data-driven recommendations.
Specifically, given the small sample size (N = 7), the use of
proxies to define variables, high multicollinearity (all VIF
values > 120), as well as the cross-sectional analysis, it is
clear that the model will be unable to support any causal
inferences or generalizable findings. That said, the negative
relationship detected between Al adoption and potential for
reducing trade costs (p -0.32) should be viewed as simply
descriptive rather than inference-based, supporting theo-
retical expectations based on diminishing marginal returns
displayed by early adopters in general, without a strong con-
nection to the directional clues in the data, should they be
confirmed at larger scales.

The negative relationship coincides with above between the
baseline adoption levels of Al and the remaining possible
decrease in trade cost is consistent with that regions that
are more advanced in their adoption levels may be facing
diminishing returns. Finally, this observation should be dis-
tinguished from a conclusion in the form of a policy recom-
mendation.

At the other end of the distribution, areas that embrace
lower levels of Al adoption and trade facilitation seem to
have a larger potential opportunity space for cost savings.
Although it is impossible to make direct inferences, this re-
sult is consistent with the notion that strategic basic invest-
ments are critical to the success of high technologies like Al

Lastly, the close nexus between Al adoption and trade facil-
itation indices at the regional level emphasizes their possible
interdependency. On the policy front, this also tends to out-
line that solely Al-related efforts within the realm of trade
will not be fruitful without contemplating the overall dig-
ital policy and trade facilitation frameworks. Such remarks
should help shape future research discourse without basing
policy actions solely upon the observations of the current
analysis.
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4.3 Final Reflection

The digitization of trade represents a change not only at
the level of technology, but rather the entire world econo-
my requires a socio-technical transition. Unless the entire
world begins to adopt the principles of inclusion, securi-
ty, and legal certainty, the adoption and implementation of
Al technology in the intelligent trade system could result
in a divergent rather than a convergent force. Speed rather
than equity results are not the end result that needs to be
achieved.

Ordinary Least Squares regression outputs are used sole-
ly for diagnostic and expository purposes in this analysis.
What must be kept in mind is that the presence of severe
multicollinearity (VIF value above 120) and a small sample
(N=7) make OLS model parameters highly unreliable for
statistical purposes. Thus, all interpretations regarding co-
efficients drawn from OLS model outputs are to be consid-
ered highly unreliable. The readers are exhorted to note and
follow the overall exploratory trends and qualitative inter-
pretations expounded as key contributions in this research.

In order to avoid any risk of over-interpretation, it must be
reiterated that none of the coefficients, whether regularized
or not, have the goal of approximating any population pa-
rameter or facilitating any process of empirical generaliza-
tion.

4.4. Structural Limitations of the Empirical Framework

However, the analysis is primarily limited by three issues:
(1) the extremely small sample size of N = 7, which provides
too few degrees of freedom for any type of multivariate test;
(2) the use of a proxy for Al adoption which has not been
validated and is not accompanied by any measures of un-
certainty and sensitivity analysis; and (3) the likely two-way
relationship between Al adoption and trade facilitation.
Therefore, none of the coefficients presented in the results
should be taken as an estimate of a population parameter.
This is only meant to provide an illustration of how results
may be presented as being more precise than they actually
are because of the limitations imposed by the data.
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Karbonat Kékenli Dogal Taglarin Fizikomekanik qullikleri ile Katrak
Makinelerinde Kesilebilirlik Performansi Arasindaki Iligkinin Analizi
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Oz

Bu ¢aligmanin amaci, karbonat kokenli on adet farkli dogal tagin fiziksel ve mekanik 6zelliklerini kullanarak, katrak makinelerinde
kesilebilirlik performansini tahmin etmeye yonelik yeni ampirik modeller gelistirmektir. Bu kapsamda, yogunluk, porozite, tek
eksenli basing dayanimi, dolayli ¢ekme dayanimi, Schmidt ¢ekici sertlik degerleri ve Cerchar agindiricilik indeksi ile katrak makinesi
performans géstergesi olan alansal plaka tiretim orani arasindaki iliskiler incelenmistir. Oncelikle, bagimli ve bagimsiz degiskenler
arasindaki dogrusal ve dogrusal olmayan korelasyonlar analiz edilmistir. Ardindan, elde edilen sonuglara dayanarak ¢oklu dogrusal
regresyon modelleri olusturulmugtur. Elde edilen bulgular, katrak makinesi kesim performansinin, dogal taslarin tek eksenli basing
ve dolayli ¢ekme dayanimlari ve Schmidt ¢ekici deformasyon katsayisinin birlikte degerlendirilmesiyle giivenilir bir bi¢gimde tahmin
edilebilecegini ortaya koymaktadir. Ayrica, daha genel ve kapsamli modellerin gelistirilebilmesi i¢in farkli jeolojik kokenlere sahip
dogal taslar ve gesitli katrak makinelerinden elde edilen verilerin analize dahil edilmesi 6nerilmektedir.

Anahtar Kelimeler: Fizikomekanik 6zellikler, katrak makinesi, kesilebilirlik, regresyon analizi

Abstract

This study seeks to establish original empirical models to predict the sawability performance of gangsaw machines by using the
physical and mechanical properties of ten carbonate-origin natural stones. For this purpose, relationships between density, porosity,
uniaxial compressive strength, indirect tensile strength, Schmidt hammer hardness values, Cerchar abrasivity index, and the gangsaw
performance indicator (area slab production rate per active framework) are investigated. Initially, linear and non-linear correlation
analyses are conducted to determine the best relationships between the dependent and independent variables. Subsequently, multiple
linear regression analyses are performed to strengthen the proposed models. The results demonstrate that the performance of gangsaw
machines can be reliably predicted by jointly considering the uniaxial compressive and indirect tensile strengths, and the Schmidt
hammer deformation coefficient of the natural stones. Moreover, it is suggested that the inclusion of data from natural stones with
different geological origins and from various gangsaw machines would facilitate the development of more comprehensive and robust
prediction models.

Keywords: Physicomechanical properties, gangsaw machine, sawability, regression analysis

1. Giris

Dogal taslar diinya c¢apinda ingaat ve dekoratif malzeme
olarak kullanilmaktadir. Dogal tas sektor, farklilagtirilmig
pazar Ozelliklerinin yani sira, teknoloji kullanimi ve islet-
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me Ozellikleri agisindan diger sektérlerden ayiran benzersiz
bir rekabet 6zelligine sahiptir. Son yillarda, strekli gelisen
teknolojiler ve tim diinyada hizla yayilan yenilikg¢i tasarim
fikirleri nedeniyle dogal taglara olan talep oldukea artmistur.
Tirkiye’de dogal tas sektort biiyiik bir ilerleme kaydetmis;
yogun yatirimlarla en son tretim yontemlerine ve teknolo-
jilerine yonelmisgtir.

Ocaklardan elde edilen blok dogal taglar, katrak (lamali blok
kesme) ve S/T gibi farkli kesme makineleri kullanilarak is-

tenilen boyutlarda levhalar ve plakalar seklinde tretilebil-
mektedir. Dogal tas isletmelerinde, ayn: anda birden fazla
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dogal tas levhasi Giretmek i¢in katrak makineleri yaygin ola-
rak kullanilmaktadir. Bu makineler, lamalar tizerine lehim-
lenmis elmas soketler yardimiyla dogal taglari agindirarak
dogrusal kesme islemi yapmaktadir. Katrak makinelerinin
kapasitesine gore kullanilan lamalarin sayisi 10 ile 120 ara-
sinda degisebilmektedir.

Katraklar, kesim sekillerine (yatay veya dikey), blogun kesim
islemi i¢in makineye yiklenme sekline (kapali kasali veya
actk kasali) ve ¢alisma hizlarina (hizli veya yavas) gore sinif-
landirilmaktadir (Bayram, 2002). Bununla birlikte, siniflan-
dirma yéntemi ¢ogunlukla kesim testerelerinin durumuna
bagli olarak uygulanmaktadir. Bu siniflandirmada katraklar;
kumlu (gelik testereli) ve elmas testereli olmak tizere iki gru-
ba ayrilmaktadir (MEGEP, 2011). Ayrica, katrak blok kes-
me makineleri kasnak (¢ap1 3 ile 4 metre arasinda), eksant-
rik kol, ¢elik lamalarin (testerelerin) tutturuldugu cergeve,
testereler ve motor elemanlarindan olugmaktadir (Sekil 1).

Katrak makinelerinin ilk yatirim maliyetleri yiiksektir. Ay-
rica, dogal tas Uretim tesislerinde maliyet tahmini ile planla-

ma streglerini belirleyen iki ana faktér, katrak makinelerinin
dogru secimi ile performanslarinin dogru bir sekilde tahmin
edilmesidir. Dogal taglarin fizikomekanik 6zellikleri ile kat-
rak makinesinin ¢alisma kogullari, tasarim ve teknik 6zellik-
lerin dogru secimi, kesim performansini en fazla etkileyen
parametrelerdir. Ayrica, dogal taglarin kesme performansini
etkileyen parametrelerin belirlenmesi, tiretim verimliligi ve
enerji tasarrufu agisindan biiyiik 6nem tagimaktadr.

Lons (1970) yaptig1 calismalarda, testere makinelerindeki
elmas soketlerine uygulanan kuvvetleri incelemis ve kesme
kuvvetleri ile elmas aginmasi arasinda zayif bir korelasyon
oldugunu ortaya koymusgtur. Brook (2002) kesme hareketi
yapan elmas kesiciler i¢in enerji tiiketimini tahmin etmek
amactyla Brook sertligi ad: verilen yeni bir kaya dayanimi
indeksi gelistirmistir. Wang ve Clausen (2002) elmas bigak-
larla donatilan katrak makinelerinin kesme siirecini incele-
yerek, bu stirecteki kinematik davraniglar: ve kesme meka-
nizmasini analiz etmiglerdir. Literatiirde katrak makineleri-
nin performansini degerlendirmek i¢in alansal plaka (levha)
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tiretim orani (APUO) kullanilmaktadir. Literatiirde katrak
makineleriyle ilgili ¢esitli aragtirmalar yapilmigtir, ancak bu
makinelerin performans tahminiyle ilgili literatiirde olduk-
¢a az ¢alisma bulunmaktadir (Kahraman vd., 2007; Neves
vd., 2016; Dormishi vd., 2018; Dormishi vd., 2019; Shaf-
fiee Haghshenas vd., 2019; Sat: vd., 2023). Bu ¢alismalar-
da, aragtirmacilar katrak makinelerinin farkli dogal taglarda
kesme performansini degerlendirmek i¢in farkls yaklagimlar
onermislerdir. Bayram (2002), elmas lamali katrak makine-
lerinde meydana gelen aginmalari kayaglarin farkli fiziko-
mekanik 6zellikleri ile iligkilendirmeye ¢aligmigtir. Sakecali
(2013), katrak makinelerinde kesilen mermer bloklarin pla-
ka verimi ile P-dalga hizlari arasindaki iligkileri incelemis
ve cesitli mermerler i¢in bu iki parametre arasinda lineer
iligkiler oldugunu belirlemistir. Mikaeil vd. (2014), katrak
makinelerinde ¢alisma 6zellikleri ve kaya kirilganlik indeks-
lerine dayali olarak titresim parametresini tahmin etmek
i¢in ¢oklu regresyon analiz yontemini kullanmiglardir. Bilim
(2012), dogal taslarin blok kesme makinelerinde optimum
kesme hizinin enerji tiiketimi tizerindeki etkisini incelemis
ve kesme parametrelerinin dogru se¢iminin enerji verimli-
ligini 6nemli 6l¢iide artirabilecegini ortaya koymustur. Bu
bulgular, dogal tas kesiminde hem enerji etkinligi hem de
tretim performansinin birlikte degerlendirilmesi gerektigi-
ni gostermektedir. Korman vd. (2015), katrak makinesinin
ozgil kesme enerjisi ile kesme hiz1 arasindaki iligkiyi incele-
migler ve 6zgul enerji ile testere hiz1 azalmas: arasinda dog-
rudan bir iligki oldugunu belirtmiglerdir. Zhang vd. (2016),
caligmalarinda tasarlanan yeni katrak makinesinin, diger
katrak makinelerine kiyasla daha yiiksek kesme verimliligi-
ne ve daha iyi plaka ytizey kalitesine sahip oldugunu géster-
miglerdir. Ayrica, daha diisik oranda elmas parcaciklarinin
kopmasi ve daha yiiksek oranda mikro catlakli elmas parga-
ciklarinin olusumu gozlemlenmistir. Sun vd. (2016), granit
kesimi sirasinda kaya 6zelliklerinin soket aginmasi tizerinde-
ki etkisini incelemek i¢in elmas testereli katrak prototip ma-
kinesinde deneysel bir ¢aligma gerceklestirmislerdir. Neves
vd. (2016), yedi farkli karbonat kokenli kayag Gzerinde kat-
rak makinelerinin performansini incelemis ve levha tretim
parametrelerinin degerlendirilmesi amaciyla, kayaglarin tek
eksenli basing dayanimi, aginma direnci ve bloklarin yiizey
alanina dayali bir ampirik model 6nermislerdir. Dormishi
vd. (2018 ve 2019)’da katrak makinelerinin enerji tiketimi
ve elektrik akimi parametrelerini tahmin etmek icin karbo-
natli kayaglarin bazi fizikomekanik 6zelliklerini kullanarak
yeni modeller gelistirmislerdir. Sarigali (2019), bir mermer
isletmesi i¢in uygun katrak makinesinin secilmesinde kri-
ter agirliklarinin belirlenmesinde KEMIRA-M (Kemeny
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Median Indicator Rank Accordance-Modified) yontemi,
alternatiflerin siralanmasinda ise COPRAS (Complex Pro-
portional Assessment) yontemi kullanilmig; bu iki yonte-
min bitiinlesik kullanimina dayanan yeni bir metodolojik
cerceve literatire kazandirlmigtir. KEMIRA-M yéntemi,
cok kriterli karar verme problemlerinde kriterlerin goreli
6nemlerini belirlemek amaciyla kullanilan, kargilagtirmaya
dayali bir agirliklandirma yontemidir. COPRAS yontemi,
alternatiflerin hem fayda hem de maliyet kriterleri altinda
goreli onemlerini dikkate alarak siralanmasini saglayan bir-
cok kriterli karar verme yontemidir. Sat1 (2020), katrak ve
S/T makinelerinin sedimanter ve metamorfik kokenli dogal
tag kesim performanslarini incelemis ve katrak makinesinin
alansal plaka tretim oraninin S/T blok kesme makinesin-
den 3.91 kat daha yiiksek oldugunu belirlemistir. Sat1 vd.
(2023), alti farkli dogal tagin fizikomekanik degerleri ile
katrak makinelerinin APUO degerleri arasindaki iliskilerin
ortaya konulmasi amaciyla basit ve ¢oklu regresyon analizle-
rinden yararlanmiglardir. Bayram ve Kulaksiz (2021), elmas
soketli katrak makinesinin kaya kesme performansini, elmas
soket aginmasi agisindan degerlendirerek bu aginmanin kaya
ozellikleri ve ilerleme hizi ile iligkili oldugunu belirtmigler-
dir. Shaffiee Haghshenas vd. (2022), on iki farkli mermer
tird tzerinde yapilan laboratuvar deneyleri ve istatistiksel
analizler sonucunda, katrak makinesinin ¢ektigi akimi tah-
min etmeye yonelik modeller 6nermislerdir. Karaabat Varol
(2023), Tiurkiye’deki bir dogal tag kesme fabrikasinda kat-
rak makinelerinin performansini, genel ekipman etkinligi
ve tretim ekipmani etkinligi yontemlerini kullanarak deger-
lendirmistir.

Dogal taglarin katrak makinelerinde gosterdigi kesme dav-
raniginin anlagilmasi, Uretim verimlilifinin artirnlmast ve
proses optimizasyonu agisindan biiyiik 6nem tagimaktadur.
Literatiirde, dogal taslarin kesilebilirlik performansini etki-
leyen faktorler tizerine gesitli aragtirmalar yapilmig olsa da bu
caligmalarin buyiik bir kismi sinirls tag tirleri veya belirli kes-
me sistemleriyle sinirli kalmigtir. Ayrica, karbonat kokenli
dogal taslarin fizikomekanik 6zellikleri ile katrak makinele-
rinin kesme performansi arasindaki iligkiyi kapsamli bi¢im-
de inceleyen ¢aligmalar oldukga azdir. Bu ¢aligma, karbonat
kokenli dogal taslarin fizikomekanik ozellikleri ile katrak
makinesi performans: arasindaki iligkiyi incelemenin yani
sira, literatlirde daha 6nce dikkate alinmamig bir parametre
olan Schmidt ¢ekici deformasyon katsayisini (K) modelleme
stirecine dahil ederek 6zgiin bir katk: sunmaktadir. Bu para-
metre, kayacin yizeysel deformasyon tepkisini temsil etmesi
bakimindan kesme davramiginin anlagilmasina yeni bir bakig
agist kazandirmaktadir. Literatiirde benzer ¢alismalar bulun-
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makla birlikte, bu ¢alisma K parametresinin katrak perfor-
manstyla ilk kez iligkilendirilmesi yontyle farklilagmaktadur.
Ancak, onceki aragtirmalar ile bu c¢aligmanin kapsam ve
yontem bakimindan farklarinin ilerideki ¢alismalarda daha
ayrintili bicimde vurgulanmasy, literatiir baglamindaki konu-
munun daha da giiclendirilmesine katki: saglayacaktur.

Ayrica, kayag gevrekligi, kesme ve agindirma streglerinde
performans: etkileyen 6nemli bir parametre olup, literatiir-
de farkli sekillerde tanimlanmistir. Bu ¢alismada kullanilan
gevreklik tanimi, Altindag (2000, 2002, 2003) tarafindan
onerilen ve tek eksenli basing dayanimi (UCS) ile dolayl
¢ekme dayanimini (BTYS) esas alan (UCSxBTS)/2 esitligine
dayanmaktadir. S6z konusu tanim, sonraki bir¢ok ulusal ve
uluslararas: ¢alismada yaygin bi¢cimde kullanilmistur.

Bu ¢alisma kapsaminda, on farkli dogal tas tizerinde yapi-
lan deneylerle yogunluk (p), porozite (@), tek eksenli basing
dayanimi (UCS), dolayli ¢ekme dayanimi (BTS), Schmidt
¢ekici sertlik (SHH,, SHH, ve K deformasyon katsay:-
s1) degerleri ve Cerchar agindiricilik indeksi (CAI) ile ak-
tif cerceve (lama) bagina digen alansal plaka tretim orani
(APUO) arasindaki iligkiler incelenmistir. Katrak makinesi
performansini etkileyen en 6nemli parametreleri belirlemek
amactyla dogrusal ve dogrusal olmayan korelasyon analizle-
rinin yani sira ¢oklu dogrusal regresyon analizleri uygulan-
mustir. Elde edilen sonuglarin, katrak makinelerinin kesme
verimliliginin daha iyi anlagilmasina ve dogal tas endiistri-
sinde Gretim streglerinin optimize edilmesine katk: sagla-
mast beklenmektedir.

2. Calisgmanin Veritabam

Bu ¢alisma kapsaminda, on farkli dogal tas tizerinde katrak
makinelerinin kesim performans: degerlendirilmistir. Veri-
tabaniyla ilgili detaylar agagidaki boliimlerde 6zetlenmistir.

2.1. Katrak Makinelerinin Saha Performans Veritabani

Katrak makinelerinin performansini degerlendirmek igin
aktif cergeve bagina denk gelen APUO her bir dogal tas 6ze-
linde degerlendirilmistir. Sekil 2’de katrak makinelerinin
kullanildig1 baz: fabrikalarda gerceklestirilen saha caligma-
lar1 sirasinda gekilen fotograflar sunulmustur. Cizelge 1’de
ise dogal taglarin kesiminde kullanilan katrak makinelerinin
performans degerlendirmeleri 6zetlenmistir. Finike Cremo
Cloudy kiregtast ve Finike Cremo Classic kirectast dogal
taglarinda sirasiyla sekiz ve alti farkli performans 6l¢timi
yapilmustir ve bu degerlendirmelerin aritmetik ortalamas:
verilmigtir. Ayrica, Finike Cremo Cloudy kiregtasi, Finike
Cremo Classic kirectast ve Korkuteli Bej dogal taslarinda
farkli boyutlarda bloklar kesilmistir. Katrak makinelerinde
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kullanilan lama (gelik serit) ve tzerindeki elmas soketler,
mermer kesim igleminin temel elemanlaridir. Katrak maki-
nelerinde kullanilan lamalar 6zel alagimli ¢eliklerden uretil-
mektedir. Bu ¢eliklerin kalinlig1 3-5 mm ve genisligi 180-
300 mm arasinda degismektedir. Ayrica, bu makinelerde
blok kesme iglemi, lamalara monte edilmis elmas soketlerin
kayag yiizeyine stirtinmesiyle, kayag tizerinde meydana ge-
len aginma sayesinde gerceklesmektedir. Lamalarin ytzeyi-
ne monte edilen elmas soketler, sentetik elmas taneleri ve
metal baglayicilar (bronz, bakir, kobalt alagimlari) kullani-
larak tretilmektedir. Elmas yogunlugu ve baglayic: sertligi,
kesilecek kayacin sertlik derecesine gore optimize edilmek-
tedir.

2.2. Dogal Taslarin Fizikomekanik Ozellikler Veritabani

Katrak makinelerinin performansimi degerlendirmek igin
dogal taglarin bazi fizikomekanik ozellikleri dikkate alin-
mustir. Bu 6zellikler p, @, UCS, BTS, CAI, SHH,, SHH,
ve deformasyon katsayisini (K) kapsamaktadir. Bu ¢aligma-
da toplam on farkli karbonat kokenli dogal tag 6rnegi tze-
rinde deneysel ¢aligmalar gerceklestirilmistir. Ancak, zaman
ve maliyet tasarrufu saglamak amaciyla, bu érneklerden ye-
disi i¢in daha 6nce gergeklestirilen deney sonuglar: ilgili lite-
ratiirde raporlandif: sekliyle kullanilmigtir (Tumac, 2015).
S6z konusu veriler, ayn1 tag 6rnekleri tzerinde ve biyik
capli dairesel testerelerde yiirttilen 6nceki ¢alismalarin bul-
gularina dayanmaktadir ve mevcut aragtirmanin veritabani-
na bitinlik saglamak amaciyla entegre edilmigtir. Geriye
kalan ti¢ 6rnek tzerinde ise ayni standart deney yontemleri
izlenerek yeni 6l¢timler yapilmustir.

Fizikomekanik ve agindiricilik 6zellikleri belirlemek icin
ISRM (1981), ASTM (2010), Fowell ve McFeat-Smith
(1976) tarafindan belirtilen yontemler dikkate alinmugtir.
Blok numunelerden alinan NX ¢apindaki karot numunele-
rin yiksek hassasiyetli bir terazi ile agirliklar: élgtlerek kut-
leleri belirlenmistir. Ardindan, numunelerin hacimlerinin
hesaplanmasiyla birlikte yogunluk degerleri elde edilmistir.
Her iki ucu diizglin sekilde kesilerek yiizey paralellikleri
saglanan karot numuneleri etiivde 105-110 °C sicaklik ara-
liginda 24 saat boyunca kurutulmugtur. Ettivde kurutulan
numunelerin kuru agirhiklar, yiiksek hassasiyetli bir terazi
yardimiyla belirlenmistir. Daha sonra, kuru agirliklar be-
lirlenen numuneler, su ile doldurulmus bir kapta 48 saat
streyle bekletilmistir. Su i¢inde doygun hale gelen numu-
neler, yeniden hassas terazi ile tartilarak yas agirliklar: 6l¢il-
mistir. Bu él¢timler kullanilarak her bir numune igin po-
rozite degerleri hesaplanmistir. UCS ve BTS deneylerinde
kullanilan karotlarin yiikseklik/cap orani sirasiyla 2.5 ve 0.5
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olarak secilmigtir. Ayrica, bu deneylerde sirasiyla 1.0 kN/s

ve 0.25 kN/s yiikleme hizlari uygulanmistir. Yeni kirilmig
ornekler tzerinde ise CAI deneyleri yapilmistir. Kaya nu-
muneleri, taze yiizeyleri yukar1 bakacak sekilde bir menge-
ne icine sabitlenmigtir. Sertlestirilmis ¢elikten imal edilmis

(Rockwell sertligi 55 HRC), 90° konik uglu ve 7 kg’lik bir
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Sekil 2. Calisma kapsamindaki katrak
makinelerinin kullanildig: fabrikalara ait
fotograflar.

bagliga sabitlenmis ¢elik ug, taze yiizey tzerine dikkatlice
yerlestirilmis ve 1 saniye igerisinde yiizey boyunca 1 cm ¢e-
kilmigtir. Bu prosediir her bir numune i¢in toplam bes ¢e-
lik ug kullanilarak tekrarlanmigtir. Daha sonra ¢elik uglar
mikroskop altinda incelenmis; olusan aginma dizliginin
birbirine dik iki ¢ap1 her bir ¢elik ug i¢in kaydedilmis ve
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Cizelge 1. Dogal taglarin kesiminde kullanilan katrak makinelerinin performans degerlendirmesi.

Gozlem No. 1 2 3 4 5
Afyon agik

- . Afyon beyaz Karacabey Manyas beyaz | Marmara beyaz

Dogal tag ismi kaplan postu . .
mermer siyah kirectast mermer mermer
mermer

Aktif cerceve sayist 60 50 50 50 56
Blok 6l¢listi (cmxcmxcm) 180x240x190 | 150x190x140 | 180x200x140 | 150x240x190 | 180x240x190
Uretilen plaka alani (m?) 4.56 2.66 2.80 4.56 4.56
Toplam kesme stiresi (dak.) 550 300 355 450 485
Alansal plaka tretim orani (m?%saat) 26.86 23.41 23.19 27.36 29.33
Aktif (;erzc;eve bast alansal plaka tiretim 0.45 0.47 0.46 055 052
orani (m?%/saat/cerceve)
Gozlem No. 6 7 8 9 10

. L Milas beyaz Eskigehir Finike cremo Finike cremo .
Dogal tas ismi supreme . 1 Korkuteli bej

mermer K cloudy kirectag1 | classic kiregtast
rectagt

Aktif gerceve sayist 60 55 52* 63" 77
Blok 6l¢tst (cmxcmxcm) 180x200x140 | 175x210x150 - - -
Uretilen plaka alani (m?) 2.80 3.15 3.98* 2.90* 3.24*
Toplam kesme stiresi (dak.) 553 420 364* 343* 555
Alansal plaka tretim orani (m*/saat) 22.48 23.40 31.01* 31.69* 24.87
Aktif cerceve bagt alansal plaka tiretim 037 0.43 0.61 0.50 0.32
orani (m?*/saat/cerceve)

* Bu 6rnekler tzerinde Gg farkli blok tizerinde kesme iglemi yapildig1 i¢in aritmetik ortalama degerler verilmistir.

okunan on adet degerin aritmetik ortalamasi CAI degerleri

olarak alinmugtir.

Schmidt ¢ekici deneyleri laboratuvar ortaminda gergekles-
tirilmistir. Deney sirasinda cihazin gévdesi numune ytizeyi-
ne dik olacak sekilde konumlandirilmigtir. Deneylerde L-9
tipi Schmidt ¢ekici kullanilmigtir. Fowell ve McFeat-Smith
(1976), kayaglarin yerinde sertlik tayini i¢in en uygun ciha-
zin Schmidt ¢ekici (SH) oldugunu belirtmislerdir ve ayrica
SH degerlerine gore kayaglarin deformasyon katsayisini (K)
belirlemislerdir. Deformasyon katsayist Denklem (1)den
elde edilmektedir:

_ SHH,—SHH,
~ SHH,

K x 100 (1)

Burada K, yiizde olarak ifade edilen deformasyon katsayisi-
dir, SHH, ayni1 noktada yaklagik 20 testten sonra elde edilen
sabit degerdir ve SHH, ilk geri tepme degeridir. Cizelge

2'de dogal taslarin fizikomekanik 6zellikleri 6zetlenmistir.
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3. Yeni Model Onerisi

Bu ¢alismada, katrak makinelerinin aktif ¢erceve bagina
denk gelen APUO degerleri ile dogal taglarin laboratuvar-
da elde edilen fizikomekanik 6zellikleri arasindaki iligkiler
iki yontem yardimiyla degerlendirilmistir. Ilk olarak, ¢ikti
(APUO) parametresi ile girdi (fizikomekanik 6zellikler) pa-
rametreleri arasindaki iligkiler korelasyon yaklagimi (bir ba-
gimsiz ve bir bagimli degisken) ile incelenmigtir. Bu yontem
yardimiyla katrak makinelerinin kesme performansini etki-
leyen dogal taglarin en dnemli karakteristikleri saptanmugtir.
Sekil 3’te katrak makinelerinin kesim performansi ile dogal
taglarin fizikomekanik 6zellikleri arasindaki korelasyonlar
ozetlenmigtir. Bu grafikleri elde etmek i¢in girdi parametre-
leri ile ¢ikt: parametresi arasindaki iligkiler dogrusal (linear),
tstel (exponential), logaritmik (logarithmic) ve tisli (power)
fonksiyonlar olarak incelenmis ve determinasyon katsayi-
larina (R?) gore degerlendirilmistir. Bu fonksiyonlardan
hangisi daha yiiksek R? degerine sahipse o korelasyon en
anlamli model olarak se¢ilmis ve dugik R? degerine sahip
korelasyonlarin denklemleri dikkate alinmamigtir. Goriil-
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Cizelge 2. Dogal taslarin fizikomekanik 6zelliklerinin 6zeti.

UCSs BTS SHH, SHH, K

(MPa)  (MPa) (-) (-)
Afyon agik kaplan postu mermer* 2.81 0.27 81.3 5.1 3.05 43.6 51.1 14.7
Afyon beyaz mermer* 2.68 0.16 88.6 6.0 3.50 50.3 54.5 7.7
Karacabey siyah kiregtagr* 2.70 0.50 70.8 5.4 1.86 38.1 47.3 19.5
Manyas beyaz mermer* 2.71 0.40 65.3 3.9 2.00 40.0 51.4 22.2
Marmara beyaz mermer* 2.71 0.20 70.4 4.1 2.15 39.6 53.9 26.5
Milas beyaz mermer* 2.72 0.20 97.3 7.1 2.99 66.5 71.9 7.5
Eskisehir supreme kirectagt* 2.74 0.30 89.0 5.3 2.44 72.0 87.0 17.2
Finike cremo cloudy kiregtast 2.20 16.70 52.6 8.4 0.30 20.0 39.0 48.7
Finike cremo classic kiregtagt 2.44 7.40 19.6 11.0 0.28 33.0 40.0 17.5
Korkuteli bej 2.70 0.40 120.9 9.4 1.29 65.6 71.0 7.6

*Bu dogal taslarin degerleri Tumac (2015)’ten elde edilmistir.

p: yogunluk, ¢: porozite, UCS: tek eksenli basing dayanimi, BTS: dolayli gekme dayanimi, CAI: Cerchar agindinicilik indeksi, SHH, : Schmidt ¢ekici ilk
geri tepme degeri, SHH,: Schmidt ¢ekici ayn1 noktada 20'nci geri tepme degeri, K: deformasyon katsayis1.

diigii gibi, UCS, SHH,, SHH, ve K degerleri ile APUO
degerleri arasinda orta ve giicli diizeyde anlamli korelasyon-
lar belirlenmistir.

Daha sonra, korelasyon yonteminden elde edilen modelleri
glclendirmek i¢in ¢oklu regresyon analizi (bir bagimli de-
gisken ve birden fazla bagimsiz degisken) uygulanmustir. Bu
yontemi uygulamak i¢in Minitab (2016) programi kullanil-
mugtir. En iyi altkiimeler yontemi olas: istatistiksel iligkileri
ve avantajlari tespit etmek i¢in uygulanmistir. Ayrica, mini-
mum giliven sinirt %95 olarak dikkate alinmigtir. Bu giiven
sinirinda maksimum anlamlilik degeri ise 0.05 olarak kabul
edilmistir. Bunun yaninda, ¢oklu dogrusallik probleminden
kaginmak i¢in (bagimsiz/tahmin edici parametreler arasinda
yiiksek korelasyon (|R|20.85)) varyans sisirme faktori (VIF)
de dikkate alinmis ve bu degerin 10’dan diisik olmas: se-
¢ilmistir. Ornegin, yogunluk ve porozite parametreleri ara-
sindaki korelasyon ytiksek oldugu icin bu iki degisken ayni
modele birlikte dahil edilmemistir. Ayrica, bu iki paramet-
renin genel olarak dar bir veri araliginda degisim gdstermesi
nedeniyle, s6z konusu degiskenler modelleme ¢aligmalarin-
da degerlendirme dis1 birakilmigtir. Son olarak, gelistirilen
modellere istatistiksel “t” ve “F” testleri uygulanmis; her iki
testten elde edilen degerlerin kritik tablo degerlerinden bii-
yiik ¢ikmasiyla modellerin anlamlilifi dogrulanmistur.

Denklem (2) ve (3)’te coklu regresyon analizi ile elde edilen
modeller verilmistir. Bu denklemlerdeki R? degerleri diizel-
tilmis determinasyon katsayis1 degerlerini gostermektedir.
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APUO = 0.00410 K — 0.000315 x

UCS x BTS
2

R2=0.87 (2)
) + 0.467

APUO = 0.00399 K— 0.00135 UCS + 0.495 R2=(.78 (3)

Burada, APUO alansal plaka iiretim orani (m%saat/ger-
ceve), K Schmidt cekici deformasyon katsayisi, UCS tek
eksenli basing dayanimi (MPa) ve BTS dolayli ¢ekme da-
yanumi (MPa) gostermektedir. Sekil 4te, bu denklemler
i¢in ol¢iilen ve tahmin edilen degerlerin dagihim grafikleri
verilmistir. Ayrica, denklemlerin istatistiksel analiz sonug-
lar1 Cizelge 3’te 6zetlenmistir. Gorildigi tzere, gelistirilen
modellerin, 1:1 dogrusu etrafinda sinirli sapma ve dusik
dizeyde dagihim sergiledigi gorilmektedir. Ayrica, model-
lerin determinasyon katsayilar orta ve yiiksek diizeyde bir
aciklayiciliga igaret etmekte olup, onerilen bu modellerin
(6zellikle Denklem 2’nin) tahmin yetenegi ve giivenilirligi

oldukga yiiksektir.

Modellerin tahmin performansini degerlendirmek amaciy-
la, ortalama karesel hata koki (Root Mean Square Error
- RMSE) ve ortalama mutlak ytizde hata (Mean Absolute
Percentage Error - MAPE) degerleri hesaplanmistir (Ci-
zelge 4). RMSE degeri, modelin tahmin ettigi ve gozlenen
degerler arasindaki farklarin karelerinin ortalamasinin kare-
kokini ifade ederek tahmin hatalarinin genel buytklagini
gostermektedir. MAPE ise, tahmin hatalarinin yiizde cin-
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Sekil 3. Dogal taslarin fizikomekanik ozellikleri ile katrak makinelerinin performans: arasindaki korelasyonlar.

Cizelge 3. Onerilen modellerin istatistiksel sonuglari.

Denklem N Tahmini Tablo L T Diizeltilmis ~ Tahmini
No. On gosterge t-degeri  t-degeri DELAEs | ALY LS, R%(%) F
Sabit 14.26 0.000 -
2 K 4.55 2.26 0.003 | 124 90.0 87.1 31.43 4.74
%XBTS -3.82 0.007 | 1.24
Sabit 8.26 0.000 .
3 K 3.20 2.26 0.015 | 1.41 | 83.1 78.2 17.18 4.74
ucCs -2.41 0.047 | 1.41
41
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Sekil 4. Olgiilen ve tahmin edilen katrak makinelerine ait APUO parametresinin dagilim grafikleri.

Cizelge 4. Onerilen modellerin istatistiksel sonuglari.

Denklem No. RMSE MAPE (%)
2 0.0006 4.1801
3 0.0011 5.9787

sinden ortalamasini temsil eder ve modelin géreli dogrulu-
gunun degerlendirmesinde kullanilmaktadir. Bu sonuglar,
her iki modelin de yiiksek dogruluk diizeyine sahip oldu-
gunu, ancak Model 1'in, daha digiik hata oranlari nedeniyle
kesilebilirlik performansinin tahmininde daha givenilir ve
duyarh bir yaklagim sundugunu géstermektedir.

4. Bulgular ve Tartisma

Bu ¢aligmada, katrak makinelerinin kesim performansini
tahmin etmek amaciyla yalnizca dogal taglarin fiziksel ve
mekanik 6zellikleri esas alinmigtir. Bununla birlikte, katrak
performansinin yalnizca kayag 6zelliklerinden degil; kesim
yapilan blok boyutlari, makine tasarimi, operasyon para-
metreleri ve ¢evresel kosullar gibi bir¢ok faktérden de et-
kilendigi bilinmektedir. Bu nedenle, bu ¢aligmada énerilen
ampirik modellerin, sinirl sayida parametreye dayali olarak
gelistirilmis 6ncii bir yaklagim oldugu géz éniinde bulundu-
rulmalidir.

Bu ¢aligma, katrak makinelerinin ¢ergeve bagina denk gelen
APUO ile dogal taslarin fizikomekanik 6zellikleri arasinda
bazi korelasyonlarin oldugunu géstermektedir. Bu ¢aligmada

sunulan verilerde APUO ile dogal taslarin UCS, SHH, ve

42

SHH, arasinda ters yonli iligkiler saptanmustir. Ancak, bu
performans parametresi ile Schmidt ¢ekici deformasyon kat-
sayist (K) arasinda dogrudan korelasyon oldugu goriilmek-
tedir. Buna benzer bulgular buyiik ¢apli dairesel testerelerin
(S/T) kesim islemi i¢in de bazi aragtirmacilar tarafindan or-
taya konulmustur (Neves vd., 2016; Sat1 vd., 2023; Tumac,
2015; Tumag & Tolouei, 2017). Tumac (2015), K paramet-
resi ile biiyiik gapli dairesel testerelerin APUO degerleri ara-
sinda dogrudan bir iligki; UCS, SHH, ve SHH, 6zellikle-
ri arasinda ise ters yonlu iligkiler oldugunu belirtmistir. Bu
sonuglar, bu ¢aligmada 6nerilen modelleri teyit etmektedir.
Neves vd. (2016) ise katrak makinelerinde APUO ile dogal
taglarin UCS degerleri arasinda ters yonlii iligki oldugunu
belirtmis ve bu da bu ¢aligmadaki bulgularla 6rtismektedir.
Diger taraftan, Tumag ve Tolouei (2017) ise buyik caplh
dairesel testerelerin APUO ile dogal taglarin UCS ve SHH
degerleri arasinda ters yonli korelasyonlar oldugunu belirt-
miglerdir. Elde edilen sonuglar bu ¢aligmadaki sonuglari des-
teklemektedir. Son olarak, Sati vd. (2023) alt: farkli dogal tag
tizerinde katrak makinelerinin kesim performansina iligkin
degerlendirmeler sonucunda, APUO ile UCS arasinda ters
yonli bir korelasyon oldugunu belirtmiglerdir ve bu durum
bu ¢aligmada 6nerilen modelleri desteklemektedir.

Bu ¢aligmada, CAI deneyleri gergeklestirilmis ve elde edi-
len degerlerin 0.28 ile 3.50 arasinda degistigi belirlenmistir.
Bu aralik, incelenen 6rneklerin agindiricilik agisindan ‘agin-
dirict olmayan’ ile ‘cok agindiricr’ siniflar arasinda genis bir
dagilim sergiledigini gostermektedir. Ancak, sinirli 6rnek
sayst ve CAI degerlerindeki yiiksek varyasyon, istatistiksel
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analizlerde giivenilir ve genellenebilir iliskilerin kurulmasi-
n1 giglestirmigtir. Ayrica, yapilan basit korelasyon deger-
lendirmesinde CAI ile APUO arasinda diisiik diizeyde bir
iligki oldugu belirlenmistir. Bu nedenlerle, CAI parametresi
analiz ve modelleme agamalarinda dogrudan kullanidmamus,
sonuglar yorumlayici nitelikte degerlendirilmistir.

Schmidt ¢ekici sertlik degeri (SHH) bir¢ok aragtirmaci ta-
rafindan hem kayag ve dogal taslarin dayanimlarini tahmin
etmek i¢in hem de kazi veya kesim islemi gerceklestiren ma-
kinelerin performansini degerlendirmek i¢in yaygin bicimde
kullanilmaktadir (Tumac, 2015; Tuma¢ & Tolouei, 2017,
Young & Fowell, 1978; Sachpazis, 1990; Goktan & Ayday,
1993; Kahraman, 2001; Bilgin vd., 2002). Bu ¢alismada,
Schmidt ¢ekici degerinin katrak makinelerinin performan-
sinin tahmin edilmesinde de kullanabilecegi gosterilmistir.
Ozellikle 6nceki galigmalar, genellikle SHH degeri ile ma-
kine performans parametreleri arasindaki iligkiyi incelemeye
odaklanmigtir. Buna kargin, bu ¢aligmada Schmidt ¢eki-
ci deformasyon katsayis1 (K) ilk kez katrak makinelerinin
performansini degerlendirmek amaciyla kullanilmis ve bu
durum, ¢aligmanin yenilik¢i yoni ve 6zgin degerini ortaya

Bu caligmada kullanilan gevreklik parametresi, Altindag
(2000, 2002, 2003) tarafindan 6nerilen tanima dayanmak-
tadir. Kayaclarin kesme ve pargalanma davraniglarini bi-
tiincll bi¢imde temsil eden bu kavram, katrak performan-
sinin yorumlanmasinda agiklayici bir ¢ergeve sunmaktadir.
Bu kapsamda, ¢aligmada onerilen modellerden birinde
(UCSxBTS)/2 parametresi dogrudan kullanilmig; diger
analizler ise dogrudan olgilen fizikomekanik o6zellikler
tzerinden yuritilmugtir. Gelecekte, gevreklik temelli pa-
rametrelerin farkli modelleme yaklagimlariyla katrak perfor-
mansina daha kapsaml bi¢imde entegre edilmesi, konuya

ilave katkilar saglayabilir.

Bu ¢aligmada 6nerilen modeller, yalnizca dogal taglarin bazi
fizikomekanik 6zellikleri kullanilarak gelistirilmis olup; kat-
rak makinelerinin diger operasyonel parametreleri ile kulla-
nilan testere ¢api gibi diger parametreler géz 6niinde bulun-
durulmamigtir. Bu dogrultuda, elde edilen sonuglar dikkatle
yorumlanmali ve ¢aligmanin belirli sinirhliklar: gz 6niinde
bulundurulmalidir. Incelenen katrak makinelerinin APUO
degerleri 0.32-0.61 m?/saat/cerceve araliginda degismistir.
APUO degerleri, katrak makinelerinin performans diizey-

koymustur. lerinin kargilagtiriimasinda 6nemli bir 6lgtit olarak degerlen-
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dirilmektedir. Gorece diisiik APUO degerleri diisiik tiretim
verimliligini temsil ederken, yiksek APUO degerleri daha
etkin ve avantajli bir makine performansini ifade etmekte-
dir. Bu baglamda, Sekil 5’te sunulan APUO araliklari, ince-
lenen makinelerin performanslarinin kargilagtirmali olarak
yorumlanmasina olanak saglamaktadir.

Ayrica, onerilen modellerde yer alan girdi parametreleri-
nin alt ve st sinirlar1 esas alinarak, katrak makinelerinin
performans tahminlerinde bu sinirlarin agilmamasina 6zen
gosterilmelidir. Ilaveten, katrak makinelerinin kesim per-
formansini degerlendirmek amaciyla literatirde onerilen
diger modellerin de kullanilmasi, daha gercekgi performans
tahminleri yapilmasini miimkin kilmaktadir. Bu ¢aligma-
da dnerilen modeller ile literatirde daha 6nce onerilmis
modellerden elde edilen performans tahminlerinin birlikte
kullanilmasi, daha glvenilir ve etkin makine se¢imlerinin
yapilmasina olanak saglayacaktir.

Zaman ve maliyet kisitlamalar: nedeniyle daha 6nce litera-
tirde yayimlanmig yedi kayag ornegine ait deneysel veriler
bu ¢aligmada yeniden degerlendirilmis, bdylece modelin
olusturulmasinda farkli kaynaklardan gelen veriler bitin-
lestirilmigtir. Ancak, 6rnek sayisinin sinirli olmasi modelin
genellenebilirligini kisitlamaktadir. Bu durum, gelecekte
yapilacak ¢aligmalarda daha fazla érnek, farkli jeolojik ko-
kenler ve operasyonel parametrelerin birlikte incelenmesi
gerekliligini ortaya koymaktadir. Gelecekteki ¢alismalar, bu
cahgmadaki veritabanindan farkh teknik 6zelliklere sahip
katrak makineleri ve dogal tag 6rnekleri ile giincellenmelidir.
Ozellikle, farkli jeolojik kokenli dogal taslarin veritabanina
ilave edilmesi 6nerilen modellerin daha genel ve kapsayict
olmasina yardimci olabilecektir. Veritabani genisletildigin-
de, dogal taslarin mineralojik ve petrografik 6zelliklerinin
(6zellikle mineral tane boyutunun) APUOQ iizerine etkisinin
de aragtirilmas: 6nerilmektedir. Ayrica, katrak makineleri-
nin teknik 6zelliklerinin, tasarimlarinin ve ¢alisma kogsulla-
rinin dikkate alinarak yeni ¢alismalarin yapilmasinin faydali
olabilecegi distintilmektedir. Dogal taglarin CAI gibi diger
fizikomekanik 6zelliklerinin katrak makinelerinin perfor-
mansina olan etkisi tizerine daha kapsamli incelemeler ya-
pilmalidir. Buna ek olarak, veri sayist artirilarak, istatistik-
sel belirsizlikle ilgili sorunlart ¢6zmek icin bu ¢aligmadaki
yontemlere alternatif olarak esnek hesaplama yontemlerinin
kullanilmas: da 6nemlidir.

5. Sonuglar

Bu ¢aligmada, karbonat kokenli dogal taglarin fizikomeka-
nik ozellikleri ile katrak makinelerinin kesim performansi
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arasindaki iligkiler incelenmis ve bu iligkileri tanimlamaya
yonelik yeni ampirik modeller gelistirilmistir. On fark-
li dogal tas tizerinde gerceklestirilen laboratuvar deneyleri
sonucunda, yogunluk, porozite, tek eksenli basing dayani-
mi, dolayli ¢ekme dayanimi, Cerchar agindiricilik indeksi
ve Schmidt ¢ekici sertlik degerleri belirlenmistir. Bu veriler
kullanilarak, katrak makinesi performans gostergesi olarak
tanimlanan aktif ¢erceve (lama) bagina disen alansal plaka
tretim oranu ile fizikomekanik parametreler arasindaki dog-
rusal ve dogrusal olmayan iliskiler analiz edilmistir.

Korelasyon analizleri ile ¢oklu dogrusal regresyon uygula-
malarinin sonuglarina gore, katrak makinesi kesim perfor-
mansinin tahmininde en etkili degiskenlerin tek eksenli ba-
sing, dolayli cekme dayanimi ve Schmidt ¢ekici deformas-
yon katsayisi oldugu belirlenmistir. Bu ti¢ parametre birlikte
degerlendirildiginde, dogal taslarin kesilebilirlik performan-
sinin yiiksek dogrulukla 6ngorilebilecegi gorilmustir. Elde
edilen ampirik modeller, Gretim planlamas:i agamasinda
katrak makinesi performansinin tahmini i¢in pratik bir ara¢
sunmaktadir.

Ayrica, ¢alismada kullanilan modellerin farkli jeolojik ko-
kenlere ve genis bir fizikomekanik 6zellik araligina sahip
dogal taslarla test edilmesi, modellerin genellenebilirligini
artiracaktir. Farkl tipte katrak makinelerinden elde edile-
cek performans verilerinin de analize dahil edilmesiyle, daha
guvenilir ve kapsamli tahmin modellerinin gelistirilmesi
mumkiin olacaktir.

Sonug¢ olarak; bu c¢aligma, karbonat kékenli dogal taglarin
fizikomekanik 6zellikleri ile kesilebilirlik performans: ara-
sindaki iligkilerin anlagilmasina 6nemli katkilar saglamis ve
dogal tas endustrisinde tretim verimliliginin artirilmasina
yonelik ampirik bir yaklagim sunmustur.

Tesekkiir: Bu ¢aligmanin gercgeklestirilmesine olanak sag-
layarak kendi fabrikasinda ve is birligi i¢inde olduklar: te-
sislerde gerekli imkanlari sunan Mermeras Ltd. Sti. sahibi
Sayin Emek Kili¢’a tesekkiir ederiz. Ayrica, bej ve kiregtasi
numuneleri tizerinde katrak makinelerinin performans 61-
cimlerini gerceklestirerek bu kapsamda lisans bitirme ¢a-
lismasini tamamlayan Maden Mihendisi Sayin Fevzi Can
Polat’a tesekkir ederiz.

Yazar katkisi: Aydin Shaterpour-Mamaghani: ¢aligmay1
planlamis ve tasarlamigtir, ¢alismanin analizlerini yaparak
makaleyi yazmistir; Deniz Tumag: Calisma hakkinda veri-
leri toplamis ve analiz etmigtir, makaleyi duzeltmistir.

Etik kurul onay:: Etik kurul onay1 gerekmemektedir.
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Oz

Deltametrin, yaygin kullanimi ve diisiik segiciligi nedeniyle ¢evre ve ozellikle bitkiler, hayvanlar ve insanlar Gzerinde zararh etkileri
olan bir bocek ilacidir. Meveut ¢alisma, Allium cepa L. deneysel model organizmasinda deltametrin insektisitinin akut toksisitesini
aragtirmak amaciyla yurttilmistir. Bu amagla, dort gruba ayrilan A. cepa bulblarina 7 giin siiresince ¢esme suyu (kontrol), 0.75, 1.0
ve 1.25 g L-1 deltametrin uygulanmistir. Calisilan tim deltametrin konsantrasyonlari, ¢cimlenme ytizdesi, kok uzamasi, adventif
kok sayist ve taze agirlik gibi morfo-fizyolojik 6zelliklerde 6nemli bir azalmaya neden olmustur. Deltametrin uygulamasini takiben
sitogenetik 6zellikler olan mitotik indekste belirgin bir azalma, mikroniikleus sikligi ve kromozomal anormalliklerde belirgin bir
artis meydana gelmigtir. Deltametrin uygulamasina bagl olarak g6zlenen kromozomal anormallikler arasinda mikroniikleus olusumu,
cekirdekte tomurcuklanma, biloblu ¢ekirdek, kromozomal agliitinasyon, c-mitoz, yapigkan kromozomlar, kromatinin esit olmayan
dagilimi, kromozom fragmentasyonu, kromozom képrileri, halka kromozom, kutup kaymasi, geri kalmig kromozomlar ve vagrant
kromozom yer almistir. Ayrica, cesme suyu ile muamele edilen kontrol bulblarinin kékleri normal ve saghkli iken, deltametrin ile
muamele edilen bulblarda belirgin bir kék anatomik yap: hasar1 gézlenmistir. Deltametrin kaynakli anatomik hasarlar, epidermis ve
korteks hiicrelerinde hiicresel madde birikimi, iletim dokusunda madde birikimi, ¢ekirdek deformasyonu, epidermis ve korteks hiicre
deformasyonu, iletim dokusunda yapisal butinligin bozulmasi, nekroz ve korteks hicre duvarinda kalinlasma olarak belirlenmistir.
Diger yandan, incelenen morfo-fizyolojik, sitogenetik ve anatomik 6zelliklerdeki bozulmalar, deltametrin dozunun artmastyla daha da
belirginlesmistir. Sonug olarak, deltametrin biyoindikatér organizma olan 4. cepa igin ¢ok yonlii toksik bir kimyasal ajandur.

Anahtar Kelimeler: Anatomi, biylime, ¢imlenme, deltametrin, insektisit, kromozom, sogan

Abstract

Deltamethrin is a pesticide with harmful effects on the environment, especially on plants, animals, and humans, due to its widespread
use and high non-selective potency. The current study was conducted to investigate the acute toxicity of deltamethrin insecticide on
the model organism Allium cepa L. For this purpose, 4. cepa bulbs, divided into four groups, were treated with tap water (control),
0.75, 1.0, and 1.25 g L-1 deltamethrin for 7 days. All studied deltamethrin concentrations caused a significant decrease in morpho-
physiological properties such as germination percentage, root elongation, number of hairy roots, and fresh weight. Following the
application of deltamethrin, there was a marked decrease in the mitotic index and a significant increase in the frequency of micronucleus
and chromosomal abnormalities, which are cytogenetic properties. Chromosomal abnormalities observed in relation to deltamethrin
administration included micronucleus formation, nuclear budding, bilobed nucleus, chromosomal agglutination, c-mitosis, sticky
chromosomes, unequal chromatin distribution, chromosome fragmentation, chromosome bridges, ring chromosomes, polar shift,
lagging chromosomes, and vagrant chromosomes. Furthermore, while the roots of the control bulbs treated with tap water were normal
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and healthy, a significant root anatomical structure damage was observed in the bulbs treated with deltamethrin. Deltamethrin-induced
anatomical damages were identified as accumulation of cellular substance in epidermis and cortex cells, substance accumulation in
vascular tissue, nucleus deformation, deformation of epidermis and cortex cells, disruption of structural integrity in the vascular tissue,
necrosis, and thickening of the cortex cell wall. On the other hand, the deteriorations in the morpho-physiological, cytogenetic, and
anatomical properties examined became more pronounced with increasing doses of deltamethrin. In conclusion, deltamethrin is a
multi-faceted toxic chemical agent for the bioindicator organism 4. cepa.

Keywords: Anatomy, growth, germination, deltamethrin, insecticide, chromosome, onion

1. Giris

Pest terimi, hasarat ad: verilen zararli organizmalar: ifade
etmek i¢in kullanilan bir terimdir. Dolayisiyla pest terimi,
zararll organizmalarla mucadele i¢in kullanilan kimyasal
maddeler olan pestisit teriminin koékenidir. Pestisitler ise
insanlar, hayvanlar ve bitkiler izerinde bulunan veya yasa-
yan, ayrica besin maddelerinin tretimi, hazirlanmasi, depo-
lanmasi ve tiiketimi sirasinda onlarin besin degerini azaltan
zararlilart 6ldirmek i¢in kullanilan maddelerdir. Bu zararh
organizmalar; bocekler, yabani otlar, mantarlar, parazitler,
algler, bakteriler, afitler, nematotlar, yumusakealar, ke-
mirgenler ve akarlar gibi canlilardir (Kaya, 2005; Tudi vd.,
2021). Pestisitler, cesitli hastaliklarin 6nlenmesinde, tirtn
kaybinin azaltilmasinda, Giriin veriminin ve kalitesinin iyi-
lestirilmesinde ve trlniin pazar degerinin artirilmasinda
kritik bir role sahip olduklari distincesiyle basit, hizli ve
etkili bir strateji olarak diinya ¢apinda yaygin olarak kulla-
nilirlar (Damalas & Eleftherohorinos, 2011). Yaygin ola-
rak kullanilan pestisitlerin temel siniflari organoklorinler,
organofosfatlar, diamidler, neonikotinoitler, karbamatlar,
fenoksiller ve piretroitlerdir (Doga¢ vd., 2015; Bilal vd.,
2019). Her yil, diinya genelinde ¢esitli uygulamalarda kul-
lanilan yaklagik ti¢ milyar kilogram pestisitin sadece %1’i
hedef zararlilar: 6ldirebilmek amaciyla kullanilirken geriye
kalan pestisitler hedefleri digindaki canlilara ve ¢evreye ab-
sorbsiyon, sizint1, buharlagma, stiriklenme ve akis yolu ile
niifuz ederek ekosistem istikrarini ve insan saghigini olum-
suz etkileyebilmektedir (Bolle vd., 2004; Sharma vd., 2019;
Tudivd., 2021). Toprakla temas halinde, pestisitler bitkinin
kok sistemi tarafindan alinabilir ve daha sonra farkli bitki
doku ve organlarinda birikebilir (Shahid & Khan, 2022) ve
bu da sonugta biiytimenin (Hatamleh vd., 2022), verimin
(Glover-Amengor & Tetteh, 2009) fizyolojik (Shahid vd.,
2021), metabolik (Shahid vd., 2023) ve simbiyotik (Gon-
zalez vd. 1996) ozelliklerin azalmasina ve ayrica hiicrelerde
reaktif oksijen tirlerinin birikmesine, hiicre zarinin hasar
gormesine ve iyon sizintilarinin artmasina neden olan oksi-
datif hasara (Parween vd., 2012) yol agabilir.

Deltametrin, zararlilara karsi genis spektrumda etkili olan
ve hizli sonug veren dibromo-piretroid grubu sistemik bir
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bocek ilacidir (Chauhan vd., 1999). Deltametrin, siis bitki-
lerinde, meyvelerde, sebzelerde ve tahillarda goriilen zararli
bocek tiirleri ile kimyasal miicadelede kullanilan etkili ve
kalic1 bir insektisittir (Barlow vd., 2001; Sekeroglu, 2010).
Ayni zamanda, yaz aylarinda tilkemizdeki belediyelerin si-
neklerle micadele etmek amaciyla kullandiklar: duman kari-
stminin ana maddesini olusturmaktadir (Ozkan & Ustiner,
2012). Diger bazi piretroidler ile kargilagtirildiginda t¢ kat
daha gliclii olmas, diisiik konsantrasyonlarda yiksek etkisi,
kolay parcalanmasi, ucuz olmasi, her yerde bulunabilmesi
ve kullanim kolaylig: gibi temel avantajlart nedeniyle hem
i¢c hem de dis ortamlarda kullaniminin arttig1 bilinmektedir
(Bradbury & Coats, 1989; Ozkan & Ustiiner, 2012; Kumar
vd., 2015).

Deltametrinin bu yaygin kullanimi ve yiiksek secici olma-
yan giict; cevre, ozellikle de bitkiler, hayvanlar ve insanlar
tizerinde zararli etkilere neden olmaktadir (Leake vd. 1985).
Deltametrin son derece lipofilik bir madde oldugu i¢in orga-
nik ¢ozictilerde kolaylikla ¢6zinebilir. Bu lipofilik 6zelligi
sayesinde hiicre zarindan kolaylikla gegerek hizli bir sekilde
hiicre igerisine girebilir. Bu nedenle, deltametrinin sodyum
kanallarinda, zar proteinlerinde, hiicre i¢i membran sistem-
lerinde, karaciger ve bobrek fonksiyonlarinda ve DNA’da
hasarlara neden oldugu bildirmigtir (Chinn & Narahashi,
1986; Cabral vd., 1990; Michelangeli vd., 1990; Chargui
vd., 2012).

Cevre kirliligine neden olan cesitli kimyasal ajanlarin ge-
notoksik, mutajenik ve kanserojen etkilerini belirlemek
amactyla cesitli testler ve bu testlerde farkli organizmalar
kullanilmaktadir. Bu testlerden birisi, uzun yillardir bilim
insanlar tarafindan tercih edilen, 6nerilen ve milkemmel bir
genetik model ve biyoindikator olarak kabul edilen Allium
testidir (Unal vd., 2020). Bu test, prokaryotik ve 6karyotik
organizmalarda bazi kimyasallarin neden oldugu genotoksik
potansiyeli belirlemek ve mitotik indeks, niikleer ve kromo-
zomal anormallikleri degerlendirmek i¢in kullanilan 6nemli
bir toksisite test sistemidir (Khanna & Sharma, 2013). Al-
lium testinde genellikle A//ium cepa L. (sogan) bitkisi kul-
lanilmakla birlikte Al/ium sativum L. (sarimsak), Vicia faba
L. (bakla), Zea mays L. (msir) ve Hordeum vulgare L. (arpa)
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gibi bitki tirleri de kullanilmaktadir (Leme & Marin-Mo-
rales, 2009; Tedesco & Laughinghouse, 2012). Onemli bir
kiltiir bitkisi olan A. cepa, kolay bulunabilmesi, kisa stirede
yetigtirilebilmesi, kromozom sayisinin (27=16) az olmas: ve
kromozomlarinin buyik ve 151k mikroskobunda incelenme-
lerinin kolay olmas: gibi ¢esitli avantajlar1 nedeniyle, Allium
testinde en ¢ok tercih edilen bitki tiirtidiir (Sarac vd., 2019;
Yal¢in vd., 2021). Alternatif, kisa stireli, digtik maliyetli ve
glvenilir bir test olan Allium testi, bilinen diger toksisite
testlerine kiyasla yiksek uyumluluk ve duyarlilik géstermek-
tedir (Khanna & Sharma, 2013). Kok uglar test edilecek
kimyasalla dogrudan temas halinde oldugundan, ilgili ajan-
larin fizyolojik, sitotoksik ve genotoksik etkilerinin belirlen-
mesinde ¢ok 6nemli bir model organizmadir (Barberio vd.,
2011). Ayrica, Allium testi kullanilarak yapilan ¢aligmalar-
dan elde edilen sonuglarin, farkli hayvanlarin kullanildig:
in vivo ¢aligmalardan elde edilen sonuglarla benzer oldugu
birgok aragtirmaci tarafindan bildirilmigtir (Chaparro vd.,
2010; Palmieri vd., 2016). Bu test, ayn1 zamanda hayvanla-
rin kullanildig: deneysel ¢aligmalara kiyasla etik kaygilardan
uzak bir rahatlik saglamaktadir (Ozkul vd., 2016; Bonciu
vd., 2018).

Yapilan literatir aragtirmas: sonucunda, bitki test sistemle-
rinde deltametrinin morfo-fizyolojik, sitogenetik ve anato-
mik 6zellikler Gzerindeki etkilerini akut maruziyet kosullari
altinda birlikte ele alan ¢alismalar sinirlidir. Bu ¢aligmanin
amact, ticari insektisit deltametrinin yiksek dozlarda kisa
streli maruziyete bagl akut toksik etkilerini, givenilir bir
biyoindikatér tir olan Allium cepa L. tzerinde Allium test
modeli kullanilarak kapsaml bi¢imde degerlendirmektir.

2. Gereg ve Yontem
2.1. Test Organizmasi

Deney materyali olarak kullanilan bitki A/ium cepa L.
(2n=16) olup, Isparta ilindeki bir manavdan temin edilmis-
tir. Deneylere baglamadan 6nce, laboratuvarda soganlarin
kuru pullar: ve kurumug kékleri temizlenmistir.

2.2. Test Kimyasallar1 ve LD s, Degerinin Belirlenmesi

Bu ¢alismada kullanilan deltametrin, Hektas firmasindan
temin edilen ve ticari adi Deltharin 2.5 EC olan insekti-
sit formilasyonudur. Caligmada belirtilen konsantrasyonlar
(0.75, 1.0 ve 1.25 g L™"), ticari iiriiniin birim hacimdeki
miktarini ifade etmektedir. Deneylerde kullanidan diger
kimyasallar ise Merck firmasindan satin alinmigtur.

LD, bir kimyasal maddenin tek seferde verildiginde bir

grup test materyalinin % 50’sinin (yarisinin) 6limiine neden
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olan miktaridir. LD _,
me potansiyelini 6lgmenin bir yoludur. LD, (6limciil doz)

bir materyalin kisa stireli zehirlen-

degerini belirlemek amaciyla sogan bulblari ¢esitli konsant-
rasyonlardaki (0.25, 0.50, 0.75, 1.0, 1.25,1.50,1.75ve 2.0 g
L) deltametrin ortamlarinda 7 glin boyunca ¢imlendirilmig
ve bulblarin yarisinin 6limiine neden olan en uygun ve en
yakin deltametrin dozu yani LD, degeri 1.0 g L' olarak
bulunmugtur. 1.0 g L deltametrin dozu, % 60 oraninda
sogan bulblarinin 6limiine neden olmustur. LD, degeriyle
birlikte, % 90 oraninda bulb éliimiine yol agan st dozu 1.25
g L ve % 40 oraninda bulb 6limiine yol agan alt dozu 0.75
g L olarak se¢ilmistir. Bununla birlikte, 1.5 g ! ve tizerin-
deki dozlarda bulb ¢imlenmesi tamamen engellenmis, 0.25
ve 0.5 g L dozlarinda ise sirasiyla % 100 ve % 80 arasinda
cok yiiksek bir ¢imlenme orani gergeklesmistir. Bu ylizden
bu dozlarin ¢alisilmas: uygun bulunmamistir.

2.3. Cimlenme Testi

Negatif kontrol grubunun kullanildigi bu ¢alismada, bilinen
bir genotoksik ajan igeren pozitif kontrol grubuna yer veril-
memistir. Bir negatif kontrol ve ¢ uygulama grubunun her
biri i¢in yirmiser adet temiz, benzer biytklikte ve saglikls
A. cepa bulblar secilmistir. Ardindan, kapaginda bulblarin
girecegi delikler ve icerisinde musluk suyu ve farkli konsant-
rasyonlarda (0.75, 1.0 ve 1.25 g L!) deltametrin bulunan
steril plastik kaplara, sogan bulblar1 tabanlari sivi yiizeyine
degecek sekilde yerlestirilmis ve 7 giin siiresince 20 “C'ye
ayarl bir inkiibatorde karanlikta koklenmeleri tegvik edil-
migtir. Kéklendirme periyodu sonunda, ¢imlenen bulblarin
adventif kok sayilari sayilarak; kok uzunluklart milimetrik
bir cetvelle olgtilerek, taze agirhiklar: hassas terazide tarti-
larak; ¢imlenme ytzdeleri ise esitlik (1) kullanilarak belir-
lenmigtir. 1 ecm koék uzunluguna ulagan bulblar ¢imlenmis
kabul edilmistir.

Cimlenme ytizdesi (%) = [¢imlenen bulb sayis1 /

)
toplam bulb sayisi] x 100

2.4. Sitogenetik Analizler

Mikroskobik degerlendirmeler igin kullanilan kék uglar:
1-2 cm uzunlugunda kesilerek toplanmig ve %70 etanole
aktarilmadan 6nce doymus paradiklorobenzende 4 s boyun-
ca bekletilmis ve daha sonra etanol-asetik asitte (3:1 v/v)
fiksasyona tabi tutulmustur. K6k uglari sonra 60 ‘C’de 17
dk boyunca 1 N HCI'de hidrolize edilmistir. Kok uglari, fe-
ulgen ile 1-1.5 s boyanmuis ve ardindan %45’lik asetik asitte
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lam tizerinde ezilmis, lamel kapatilmig, lamelin etrafina bal-
sam stirtlerek daimi preparat haline getirilmistir. Kromo-
zom fotograflari 100x biyitmede 151k mikroskobu altinda
cekilmigtir (Sharma ve Gupta 1982). Sitogenetik analizler
i¢in, her deney grubu bagina 10 lam (n=10) hazirlanmugtir.
Her lam bagina bin (1.000) hiicre ve deney grubu basina
toplam on bin (10.000) hiicre mitotik indeks (MI), mik-
roniikleus (MN) sikligi ve kromozomal anormalliklerin
(KA’lar) olusumunu belirlemek icin sayilmis ve MI, esitlik
(2) kullanilarak hesaplanmugtir. Ayrica, MN analizi sirasin-
da ti¢ kritik faktér gz 6niinde bulundurulmustur. Birincisi,
MN, ana ¢ekirdegin ¢apinin yaklagik tigte biri kadar bir capa
sahip olmalidir. Tkincisi, MN ve ana cekirdegin boyama
rengi uyumlu olmalidir. Ugiinciisii ise MN ile ana ¢ekirdek
arasinda, birbirlerine degiyor gibi goriinseler bile, net bir ay-
rim olmalidir (Fenech vd., 2003).

MI (%) = [mitoz geciren hiicre sayisi / @
2

toplam hiicre sayis1 | x 100

2.5. Anatomik Yap1 Hasarlarinin Analizi

Anatomik yap1 hasarinin mikroskobik analizi amaciyla 0.75,
1.0 ve 1.25 g L deltametrin ihtiva eden ortamlarda ve ¢es-
me suyu ortaminda yetistirilen 4. cepa bulblarinin kéklerin-
den keskin bir jilet yardimiyla enine kesitler alinmistir. K6k
kesitleri, %2’lik metilen mavisi ile 5 dk boyanmis ve ardin-
dan lam tzerine alinmis, lamel kapatilmig, lamelin etrafina
balsam sirtilerek daimi preparat haline getirilmistir. Ana-
tomi fotograflari, tizerine kamera aparati takili olan bir 151k
mikroskobu altinda 500x buyiitmede ¢ekilmistir.

2.6. Istatistiksel Analiz

Tium deneyler tiger kez gergeklestirilmigtir. Uygulama ya-
pilan gruplarin ve kontrol grubunun morfo-fizyolojik ve si-
togenetik 6zellikleri i¢in elde edilen veriler ortalama * stan-
dart sapma olarak ifade edilmistir. Verilerin varyans analizi,
SPSS 23.0 bilgisayar programu ile gerceklestirilmistir. Orta-
lamalar arasindaki farkliliklarin istatistiksel 6nemini belirle-
mek i¢cin Duncan’in ¢oklu aralik testi kullanilmis ve p<0.05
anlamli kabul edilmigtir.

3. Bulgular ve Tartigma
3.1. Deltametrin Maruziyetinin Morfo-fizyolojik Etkileri

Deltametrin insektisit uygulamasinin ardindan A//ium cepa
L. bulblarinin morfo-fizyolojik 6zelliklerindeki degisimler
Sekil 1’de verilmistir. 7 glinlik inkiibasyon siiresi sonunda,
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kontrol bulblar1 ¢esme suyu ortaminda %100+0.0 oraninda
bir ¢imlenme sergilemistir. 0.75, 1.0 ve 1.25 g L' delta-
metrin dozlarini iceren ortamlardaki bulblarda ise ¢imlenme
oranlari, sirastyla %60+2.8, %40+2.4 ve %10+1.2 olmugstur.
Uygulanan dozlar ve ¢imlenme tepkileri arasinda bir iligki
bulunmugtur. Artan insektisit konsantrasyonlariyla birlikte
¢imlenme oranlarinda belirgin bir azalma meydana gelmis-
tir. Diger yandan, benzer iligki bulblarin taze agirliklari, kok
uzunluklar ve adventif kok sayilar ile uygulanan dozlar
arasinda da bulunmugtur. Kontrol bulblari en yiksek kok
buytimesine (86.4+1.5 mm) sahipken, 1.25 g L deltametri-
ne maruz kalan bulblar en distk kok biytimesine (10.0+0.1
mm) sahip olmustur. Bulblarin kék biytimesinde, kontrole
gore 0.75 g L? deltametrin ortaminda 64.1 mm, 1.0 g L!
deltametrin ortaminda 73.0 mm ve 1.25 g L deltametrin
ortaminda 76.4 mm’lik ciddi bir inhibisyon meydana gel-
migstir. Kontrol bulblarinin ortalama adventif kék sayist
52.5+0.9 olarak sayilmistir. Adventif kok sayisi, 0.75 g L!
deltametrin dozundaki bulblarda ortalama 29.1+0.5, 1.0 g
L? deltametrin dozundaki bulblarda ortalama 25.0+0.4
ve 1.25 g L' deltametrin dozundaki bulblarda ortalama
11.0+0.2 olarak sayilmustir. 1.25 g L™ en yiiksek deltamet-
rin dozunda, adventif kok sayist kontrole kiyasla 3.8 kat
azalmigtir. Kontrol bulblarin ortalama taze agirlig1 16.6+0.6
g iken, 0.75, 1.0 ve 1.25 g L' deltametrine maruz kalan
bulblarin ortalama taze agirliklar: sirasiyla 13.1+0.5, 9.7+0.2
ve 6.9+0.1 g olarak tartilmistir. Incelenen tiim morfo-fiz-
yolojik 6zelliklerdeki azalmalar p<0.05 dizeyinde anlamli
bulunmustur (Sekil 1).

Deltametrin insektisitinin toksik etkilerinin incelendigi si-
nirlt sayidaki ¢aligmalarda, bu insektisitin uygulanan kon-
santrasyonuna ve uygulama siiresine bagli olarak ¢imlenme
yiizdesi, kok uzamas: ve taze agirhik gibi morfo-fizyolojik
ozellikleri azalttigi yoniinde sonuglara ulagilmigtir. Ornegin,
Yekeen ve Adeboye (2013), 48 sa boyunca 1, 5, 10, 20 ve 40
ppm deltametrin konsantrasyonuna maruz birakilan A//ium
cepa L. bulblarinin kok uzamasinda konsantrasyon artigina
paralel olarak belirgin bir inhibisyonun meydana geldigini
rapor etmiglerdir. Benzer gekilde, Karaismailoglu ve Inceer
(2017), farkli doz (0.25, 0.5, 1 ve 2.0 ppm) ve stirelerde (24,
36 ve 48 saat) deltametrinle muamele edilen Helianthus an-
nuus L. (ay¢icegi)un kok uzamasinda doz ve streyle iligkili
olarak ciddi bir azalmanin meydana geldigini tespit etmis-
lerdir. Yine Kutluer vd. (2019), deltametrin insektisitinin 5,
10 ve 20 mg L! konsantrasyonlari ile 72 sa muamele edilen
A. cepa bulblarinin ¢imlenme yizdeleri, kok uzunluklar: ve
taze agirhiklarinin ¢aligilan tim konsantrasyonlarda kontro-
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Sekil 1. Soganin morfo-fizyolojik (¢imlenme yuzdesi, kok
uzunlugu, adventif kok sayist ve taze agirhik) ozelliklerinde
deltametrinin neden oldugu bozulmalar. 20 adet (n=20) sogan
bulbu incelenmis ve deneyler ti¢ kez tekrarlanmugtir. Grafikler-
deki veriler ortalama + standart sapmadir. a, b, ¢ ve d harfle-
rinden olusan dort farkh harf, istatistiksel stiregte bu dért grup
arasindaki anlamli farkliliklari (p<0.05) gostermektedir.
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le kiyasla 6nemli derecede azaldigini belirlemiglerdir. Bi-
tiin bu bulgular, mevcut ¢aligma bulgularimizla benzerdir.
Bununla birlikte, mevcut aragtirmamiz deltametrinin sogan
bitkisinin adventif kok sayisi tizerindeki etkisini arastiran ilk
caligmadir.

Izin verilen yasal sinirin tizerinde pestisit kullanimi 6zellik-
le bitkilerin farkli yasam evrelerinde ciddi zararlara neden
olmaktadir. Pestisitlerin bitkilere olan zararli etkileri, baz1
bitkilerde ¢imlenme ve kok biiytime testleri ile makroskobik
olarak, kromozom anormalliklerinin tipleri ve sikliklar1 da
dahil olmak tizere sitogenetik testler ile mikroskobik olarak
izlenebilir (Smaka-Kincl vd., 1996; Kamal vd., 2020). Del-
tametrin pestisitine maruziyetin ardindan sogan bitkisinin
morfo-fizyolojik 6zelliklerinde meydana gelen azalmalarin
pek ¢ok nedeni olabilir. Cimlenme i¢in gerekli depo mad-
delerinin inhibisyonu, hidrolitik enzimlerin baskilanmasi ve
bozulmus protein metabolizmas: gibi faktorler, ¢imlenmede
gozlenen azalmanin sebebi olabilir (Dhungana vd., 2016).
Kokler tarafindan yeterli su ve mineral madde alinimi ve
taginiminin gerceklestirilememesi, fidelerin taze agirlik ve
su icerigindeki azalmanin nedeni olabilir. Dolayisiyla, ye-
tersiz su ve mineral madde alinimi kék hicrelerinde yapisal
bozukluklara yol agabilir, mitoz bélinmeyi olumsuz etki-
leyebilir ve boylece kok uzunlugu ve kokeiik sayisindaki
azalmalar meydana gelebilir (Aktar vd., 2009; Begum vd.,
2019). Ayrica, deltametrinin lipofilik 6zelligi sayesinde hizli
bir sekilde hiicre icerisine girebilmesi de ¢imlenme ve bii-
yimenin baskilanmasinda énemli bir rol oynayabilir. Zira,
deltametrin bu 6zelligi sayesinde zar proteinlerinde, hiicre
ici membran sistemlerinde ve DNA molekiilinde hasarla-
ra neden olmaktadir (Cabral vd., 1990; Michelangeli vd.,
1990; Chargui vd., 2012).

3.2. Deltametrin Maruziyetinin Sitogenetik Etkileri

Mutajenik potansiyele sahip bir¢ok kimyasal, genetik ma-
teryalde zararli ve kalitsal degisimlere yol acabilmeleri ne-
deniyle test edilmektedir (Nwangburuka & Oyelana, 2011;
Panneerselvam vd., 2012). Deltametrinin ticari formu olan
Deltharin 2.5 EC, tarimda yaygin olarak kullanilan ve biyo-
lojik sistemler tizerinde toksik etkilere yol agabildigi bildi-
rilen bir insektisit olmasi nedeniyle bu ¢alismada deneysel
olarak incelenmistir. Bitki test sistemlerinde deltametrinin
morfo-fizyolojik, sitogenetik ve anatomik ozellikler tizerin-
deki etkilerini birlikte ele alan ¢aligmalar sinirlidir. Bu ¢alig-
manin amaci, ticari insektisit deltametrinin doza bagl akut
toksik etkilerini, A//ium cepa L. tizerinde Allium test modeli
kullanilarak kapsamli bicimde degerlendirmektir.
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M1, hiicre bslinme sikliginin tahmin edilmesini saglayan ve
toksik kimyasallarin takibi i¢in siklikla kullanilan bir para-
metredir (Linnainmaa vd., 1978; Marcano vd., 2004). M,
kontrole kiyasla uygulanan tim insektisit konsantrasyonla-
rinda belirgin sekilde azalmistir. M1 yiizdesi, kontrol bulb-
larinin kok hucrelerinde %12.4+1.5 iken, 0.75, 1.0 ve 1.25
g L7 deltametrin uygulanan bulblarinin kék hucrelerinde
sirastyla %9.121.0, %6.9+0.7 ve %4.6+0.3’ya dismusgtir.
Goriildiigii gibi kontrol grubuyla kargilastirldiginda, MI
uygulama gruplarinda sirasiyla %27, %44 ve %63 oraninda
azalmustir (Sekil 2). Deltametrin insektisitinin MI tizerin-
deki benzer etkileri, bir¢ok aragtirmaci tarafindan Allium
cepa L. (Chauhan vd., 1986; Yekeen & Adeboye, 2013;
Kutluer vd., 2019), Allium sativum L. (Saxena vd. 2009) ve
Helianthus annuus L. (Karaismailoglu & Inceer, 2017)'da da
gozlemlenmistir. Deltametrinin kullanilan biitin konsant-
rasyonlarinda MI’yi anlamli derecede diistirmiis olmas: gii¢-
lii sitotoksik potansiyelini gostermektedir. MI'deki azalma,
hiicre déngiistiniin G, fazinin baskilanmasindan (Shene-
iderman vd., 1971), hiicre dongtistinin S fazinda DNA
sentezinin inhibisyonundan (Van’t Hof, 1968) veya hiicre
dongiisiiniin G, fazindaki bir bloke sonucu hiicrenin mitoza
girmesinin engellenmesinden (Sudhakar vd., 2001) kaynak-
lanabilir. Bununla birlikte, pestisitlerin etkisi sonucu olusan
metabolik hasarlar hiicre boliinmesinin inhibisyonuna sebep
olabilir, bu da RNA, DNA, protein ve enerji sentezini etki-
leyebilir (E1-Ghamery vd., 2000; Adesuyi vd., 2018). Rank
ve Nielsen (1997), toksisite analizi i¢in kullanilan en ytiksek
konsantrasyonun LD, degerinin altinda olmast durumun-
da, MI'nin kontroliin %50’sinin altina diigmeyecegini ileri
surmuslerdir. Mevcut ¢caligmada, kontrolle karsilasgtirildigin-
da 1.25 g L deltametrin konsantrasyonda MI’'deki azalma
yiizdesi yaklagik %63 olmustur. Bununla birlikte, 0.75 ve 1.0
g L1 (LD, degeri) deltametrin konsantrasyonunda MT’deki
azalma ytizdesi sirastyla %27 ve %44 olmus ve kontrolin
%50’sinin altina dismemistir (Sekil 2).

MN ve KA testleri, kimyasallarin genotoksisite potansiye-
linin belirlenmesinde 6nemli bir role sahiptir. MN olusum
sikligi ve KA yiizdesi, kontrolle kargilagtirildiginda artan
deltametrin konsantrasyonlariyla kademeli olarak artmugtir.
Bu bulgu, uygulanan deltametrinin genotoksisitesinin kon-
santrasyonuna bagli oldugunu ileri siiren 6nceki ¢aligmalarla
(Saxena vd., 2009; Yekeen & Adeboye, 2013; Karaismailog-
lu & Inceer, 2017; Kutluer vd., 2019) uyumludur. Kontrol
bulblarinin kdk meristem htcrelerinde %0.7+0.2 oraninda
dustik bir MN olusum siklig1 gozlenirken, farkl deltametrin
konsantrasyonlarina (0.75, 1.0 ve 1.25 g L") maruz biraki-
lan bublarin kék meristem hiicrelerinde sirastyla %5.6+0.6,
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Sekil 2. Sogan kok ucu hiicrelerinde deltametrinin neden oldu-
gu sitogenetik (mitotik indeks, mikrontikleus siklig1 ve kromo-
zomal anormallikler) ozelliklerdeki bozulmalar. Grafiklerdeki
veriler ortalama * standart sapmadir. a, b, ¢ ve d harflerinden
olugan dort farkl harf, istatistiksel stirecte bu dort grup arasin-

daki anlamli farkliliklar: (p<0.05) géstermektedir.

%9.6+0.9 ve %12.0+1.3 oraninda MN siklig1 belirlenmisg-
tir. Kontrole kiyasla, en yiksek deltametrin konsantrasyo-
nu olan 1.25 g L'”de MN siklig1 17.1 kat artmistir. Ayrica,
mikroskobik incelemeler sonucunda en diisik KA ytizdesi
kontrol bulblarinin kék hiicrelerinde %0.9+0.5 olarak bu-
lunmustur. Bu anormallik ytzdesi, 0.75 g L deltametrin
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ortamindaki bulblarda %57.8+1.1, 1.0 g ! deltametrin or-
tamindaki bulblarda 78.6+1.8 ve 1.25 g L' deltametrin or-
tamindaki bulblarda 90.9+2.5 olarak hesaplanmugtir. Ozel-

likle, 1.25 g L' deltametrin konsantrasyonunda KA yiizdesi
kontrole kiyasla 101 kat artmistir (Sekil 2).

Normal mitotik evreler Sekil 3’te, deltametrin uygulamasina
bagli mitotik ve kromozomal anormallikler ise Sekil 4'te ve-
rilmistir. Sogan kok ucu meristem hiicrelerinde kromozom
organizasyonundaki degisiklikler incelenmis ve en yaygin
anormallikler; mikrontkleus olusumu (Sekil 4a), triloblu ce-
kirdekte tomurcuklanma (Sekil 4b), biloblu ¢ekirdekler (Se-
kil 4¢), kromozomal agliitinasyon ($ekil 4d), c-mitoz (Sekil
4e), yapiskan kromozomlar ($ekil 4f), anafazda kromatinin
esit olmayan dagilimi (Sekil 4g), anafazda kromozom frag-
mentasyonu (Sekil 4h), anafazda kromozom képrileri ve
halka kromozom ($ekil 41), telofazda kutup kaymasi (Se-
kil 4j), telofazda kromozom fragmentasyonu ile geri kalmag
kromozomlar (Sekil 4k) ve telofazda vagrant kromozom

(Sekil 41) olarak kaydedilmistir.

Bu kromozom anormalliklerin pekgogu, 4. sativum (Saxena
vd. 2009), H. annuus (Karaismailoglu & Inceer, 2017) ve 4.

cepa (Kutluer vd., 2019) kok hicrelerine farkli konsantras-
yonlarda deltametrin uygulandiktan sonra da bazi aragtirma-
cilar tarafindan gozlenmigtir. MN, hiicre dongiisii boyunca
tim kromozomlarin veya asentrik parcalarin ana ¢ekirdekle
birlesememesi sonucunda olusmaktadir (Fenech & Crott,
2002). Klastojenik etkiye sahip genotoksik kimyasallar MN
olusumunu artirmaktadir (Fernandes vd. 2006). Bu bilgi,
artan MN sikliginin, gozlemlenen bolinen hicrelerdeki
KA’larin proliferasyonuna yol a¢tigini ortaya koymaktadir
(Fiskesjo, 1997). Hiicre dongtistiniin S fazi sirasinda DNA
sentezinin bloke edilmesi, ¢ekirdekte tomurcuk olusumuna
yol agmakta ve bu tomurcuklu ¢ekirdekler MN’lara oldukea
benzemektedir (Fenech & Crott, 2002; Sutan vd., 2014).
Uygulanan kimyasalin tibilin-SH grubuyla etkileserek
distilfit baglarin1 bozmasi, gicli mitotik ig ipliginin hasar
gormesine ve bunun sonucunda c-mitoza neden olmakta-
dir (Kuriyama & Sakai, 1974). Kromatid tipi bir anormallik
olan kromozom yapiskanhig: (Klasterska vd., 1976), kro-
mozomlar arasinda subkromatik baglantilar: saglayan kro-
matin ipliklerinin bozulmasinin (Mc-Gill vd., 1974) veya
periferal proteinlerin etkilenmesinin (Datta vd., 2018) bir

©

Sekil 3. Sogan kok meristem
htcrelerinde normal mitoz evreleri.
a. profaz, b. metafaz (2n=16
kromozom), c. anafaz, d. telofaz,

olcek cubugu: 10 pum.

Karaelmas Fen Miih. Derg., 2026; 16(2):47-60

53



Cavusoglu, Cavusoglu / Deltametrinin Doza Bagli Potansiyel Toksisitesinin Degerlendirilmesi

sonucu olarak ortaya ¢ikmaktadir. Kromozom yapiskanligi,
geri doniistimsiiz olup sonugta hiicre 6liimune yol agmakta-
dir (Panda & Sahu, 1985). Kimyasal madde uygulamas: ile
olusan anafazda kromatinin esit olmayan dagilims, ig ipligi
proteinlerindeki bozulmalarla iliskilendirilmektedir (Amer
ve Ali 1974).

Bu ¢alismada, ayrica deltametrin insektisiti, 4. cepa kok
meristem hucrelerinde hem andjenik (ig ipligi tzerinde)
hem de klastojenik (DNA tzerinde) etkiye sahip oldugu-
na isaret eden, geri kalmig kromozomlar, kutup kaymalari,
kromozom koprileri ve kromozom fragmentasyonu gibi
anormalliklere de yol agmugtir. Hiicredeki ig iplikleri kis-
men etkilenmigse, geri kalmig kromozomlar ortaya ¢ikar ve

bu durum MN olusumuna sebep olur. Dolayisiyla, MN’lerle
birlikte hiicreden genetik materyal kayb: gergeklesir (Pan-
da & Sahu, 1985). Fragmentasyonlar ise kromozomlarda
ortaya ¢tkan kromatid veya kromozom kiriklarinin yapisal
sonuglaridir (Ahmad & Yasmin, 1992). Anafazdaki kro-
mozom képrileri, kromozomlarin metafaz evresindeki ya-
piskanhigindan veya kromozomlarin kirilmasi ve yeniden
birlesmesinden kaynaklanmaktadir (EI-Ghamery vd., 2000;
Ozkara vd., 2015). Telofaz sathasinda gozlenen kutup kay-
malari, if bozukluklarindan (Kalcheva vd., 2009), vagrant
kromozomlar ise esit olmayan kromozomlara sahip kardes
hiicrelerdeki diizensiz sekilli veya esit olmayan boyuttaki ge-
kirdeklerden tiiremislerdir (EI-Ghamery vd., 2003).

K.
A/\
k-

Sekil 4. Sogan kok meristem hiicrelerinde
deltametrin uygulamasina bagli olarak
gozlenen mitotik ve kromozomal
anormallikler. a. mikrontikleus olugumlar:
(oklar), b. triloblu ¢ekirdekte tomurcuklanma
(ok), c. biloblu ¢ekirdekler, d. kromozomal

agliitinasyon, e. c-mitoz, f. yapigkan

o
b~

kromozomlar, g. anafazda kromatinin

esit olmayan dagilimi (oklar), h. anafazda
kromozom fragmentasyonu (ok), 1. anafazda
kromozom képriileri (ok) ve halka kromozom
(kesikli ok), j. telofazda kutup kaymas: (ok),
k. telofazda kromozom fragmentasyonlar:
(oklar) ve geri kalmig kromozomlar (kesikli
ok), L. telofazda vagrant kromozom (ok),

6lgek cubugu: 10 pm.
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3.3. Deltametrin Maruziyetinin Anatomik Etkileri

Karasal bitkilerin toprak icerisinde gelisen organi olan kok-
lerin, bitkiyi topraga baglamak ve desteklemek, bitki i¢in
gerekli su ve suda erimis besin maddelerini almak ve depola-
mak ve ayrica bazt hormon ve organik bilesikleri depolamak
ve salgilamak gibi temel gorevleri vardir. Toprakla temas
halinde olan kokler, cesitli cevresel streslere ve toksik kim-
yasallara maruz kalabilmekte ve bunun sonucunda anatomik
yapisinda ciddi hasarlar meydana gelmektedir (Cavusoglu
& Cavusoglu, 2023).

Ug farkli deltametrin konsantrasyonunun 4. cepa bitkisinin
kok anatomik yapisinda neden oldugu hasarlara ait mikros-

kop gortntileri Sekil 5’te sunulmugtur. Kontrol bulblarina
ait kok enine kesitlerinin 1tk mikroskobu ile incelenmesi
neticesinde herhangi bir anatomik hasar gézlenmemigtir
(Sekil 5a-d). Fakat, 0.75, 1.0 ve 1.25 g L' deltametrin uygu-
lanan bulblarinin kok enine kesitlerinde, insektisit dozunda-
ki artigla iligkili olarak ciddi anatomik hasarlar gézlenmistir
(Sekil 5e-1). Uygulama grubu bulblarina ait kok enine kesit-
leri dikkatli bir sekilde taranmis ve en yaygin 9 anormallik
tipi: epidermis hticrelerinde hiicresel madde birikimi (Sekil
5Se), korteks hucrelerinde hiicresel madde birikimi (Sekil
51), iletim dokusunda madde birikimi (Sekil 5g), ¢ekirdek
deformasyonu (Sekil 5h), epidermis hiicre deformasyonu
(Sekil 51), korteks hiicre deformasyonu (Sekil 5j), iletim
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Sekil 5. Deltametrin insektisitinin sogan koklerinin anatomik yapisi tGizerindeki etkisi. Cesme suyu ile muamele edilen kontrol
grubu bulblarinin kok enine kesitlerinde; a. epidermis hiicrelerinin normal gériiniimd, b. korteks hiicrelerinin normal gortinimd,
c. iletim dokusunun normal goriinimi, d. hiicre ¢ekirdeklerinin normal goriinimi. Deltametrin ile muamele edilen uygulama
grubu bulblarinin kok enine kesitlerinde; e. epidermis hiicrelerinde hiicresel madde birikimi (oklar), f. korteks hiicrelerinde hiic-
resel madde birikimi, g. iletim dokusunda madde birikimi, h. ¢ekirdek deformasyonu (oklar), 1. epidermis hiicre deformasyonu,
j. korteks hiicre deformasyonu, k. iletim dokusunda yapisal bitiinligin bozulmast, 1. nekroz (oklar) ve korteks hiicre duvarinda

kalinlagma (beyaz oklar).
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dokusunda yapisal bitinligin bozulmas: (Sekil 5k), nek-
roz ve korteks hiicre duvarinda kalinlagma (Sekil 51) olarak
kaydedilmistir. Detayli literatiir taramast sonucunda, bitki
test sistemlerinde deltametrin insektisitinin kok anatomik
yapist tzerindeki roline dair sadece Kutluer vd. (2019)’nin
yaptig1 ¢calismaya rastlanmugtir. S6z konusu ¢aligmada, Kut-
luer vd. (2019), 72 s boyunca 5, 10 ve 20 mg L' deltametrin
konsantrasyonuna maruz birakilan 4. cepa bulblarinin kék
anatomik yapisinda ¢ekirdek deformasyonu, nekroz, iletim
dokuda bazi maddelerin birikimi, korteks hiicre ¢eperinde
kalinlagma, iletim dokusunda yapisal biitinligiin bozulmas:
ve hiicre deformasyonu hasarlarini gézlemlemis ve hasar-
larin siddetinin deltametrin dozuna bagli olarak arttigini
tespit etmiglerdir. Bununla birlikte, tiyametoksam (Cavu-
soglu vd., 2012), permetrin (Himtag vd., 2024), triflumuran
(Biyiksiz vd., 2025), ometoat (Karagdl vd., 2025) ve esfen-
valerat (Sarsar vd., 2025) gibi diger baz: insektisitlerin 6zel-
likle test materyalimiz olan A. cepa’nin kék anatomik yapisi
uzerindeki etkilerini ortaya koyan ¢alismalar da mevcuttur.
Bu ¢aligmalarda kullanilan s6z konusu insektisitlerin neden
oldugu anatomik hasarlarin pek¢ogu, deltametrin insektisiti
ile yaptigimiz mevcut ¢alismamizda da goézlemlenmistir.

Deltametrin maruziyeti sonucunda anatomik yapida goz-
lemlenen epidermis (Sekil 51) ve korteks (Sekil 5j) hiicre
deformasyonlari, séz konusu hiicrelerin sayisindaki artig ve
bu artigla iligkili olarak komsgu htcrelerin birbirini sikigtir-
masi sonucu ortaya ¢ikan i¢ basingtan kaynaklanabilir. Aym
zamanda bu deformasyonlar, deltametrinin epidermis ve
korteks hiicrelerinin zarlarinda lipit peroksidasyonunu te-
tiklemesi sonucunda zar yapisinin bozulmasindan da kay-
naklanabilir. Ayrica, epidermis ve korteks hiicrelerinde i¢
basincin artmasi, bu hiicrelerin ¢ekirdeklerinde deformas-
yona (Sekil Sh) da sebep olabilir. Bununla birlikte, DNA
¢ift sarmal yapisinin, DNA hacminin ve niikleer prote-
in konsantrasyonunun bozulmas: da ¢ekirdeklerin hacim
ve seklinde degisikliklere yol agabilir (Dauer & Worman,
2009). Deltametrin maruziyetinin ardindan meydana gelen
korteks hiicrelerinde duvar kalinlagmas: (Sekil 51) ile epi-
dermis (Sekil 5e), korteks (Sekil 5f) ve iletim (Sekil 5g) do-
kusu hiicrelerinde belirli kimyasallarin birikmesi, insektisit
maruziyetine karsi gelistirilen savunma adaptasyonlardur.
Lignifikasyon ve siiberizasyon sonucunda yapisal bir savun-
ma mekanizmasi olan hiicre duvari kalinlagmas: meydana
gelmekte (Belete, 2018) ve bu da gesitli kimyasal ajanlara
kars1 bir bariyer olusturup merkezi silindire akis1 azaltmakta
(Singh vd., 2015) ve béylece toksik kimyasal ajanlarin bit-
kideki taginimi sinirlanmaktadir. Dahasi, bitkilerin tagiyict
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proteinleri yardimiyla toksik kimyasallar1 belirli dokularda
biriktirerek diger dokulara ge¢isini sinirladiklar: da bilin-
mektedir (Mithéfer & Maffei, 2017). Yaptigimiz mikros-
kobik incelemeler sonucunda, epidermis ve korteks doku-
sundaki hticresel madde birikiminin iletim dokusundakine
gore oldukea fazla oldugu tespit edilmistir. Diger yandan,
bitkilerin yiksek konsantrasyonda toksik kimyasallara ma-
ruz kalmasi, kok anatomik yapilarinda degisimden ¢ok, ha-
sara neden olmaktadir. Mevcut ¢alismamizda, epidermis ve
korteks hiicrelerinde gézlemlenen kahverengi/siyah renkli
ve geri dontstimstz nekrozlar (Sekil 51) ile hiicre deformas-
yonlarinin (Sekil 51, j) en yiiksek deltametrin dozunda (1.25
g L") daha fazla olmasi bu gortistimizi desteklemektedir.

4. Sonuglar

Mevcut arastirma, kiresel bir gida kaynag: ve okaryotik bir
model organizma olan soganda (A/fium cepa L.) dibromo-
piretroid bir insektisit olan deltametrinin ¢ok yonli akut
toksik etkilerini ayrintili bir sekilde incelemistir. Literatiir-
de, A. cepa bitkisinin ¢esitli morfo-fizyolojik, anatomik ve
sitogenetik Ozellikleri tizerinde deltametrin insektisitinin
doza bagli akut toksisitesini ortaya koyan sinirh sayida arag-
tirma mevcuttur. Bu aragtirmadan elde edilen bulgular, del-
tametrinin kok uglarinda hiicre ¢ogalmasini engelledigini,
cesitli kromozomal ve anatomik hasar olusumlarini destek-
ledigini, ayrica ¢imlenme ve biytimeyle ilgili morfo-fizyo-
lojik 6zellikleri de azalttigini gostermistir. Bu sebeple, ta-
rimsal mucadelede bu insektisitin ¢if¢iler tarafindan mim-
kiin oldugunca az tercih edilmesi, izin verilen yasal sinirin
tzerinde kullanilmamas: ve kullanim donemleri, siireleri ve
yonergelerine harfiyen uyulmasinin saglanmasi gerekmek-
tedir. Aksi taktirde deltametrin hedefi disindaki canlilara ve
cevreye niifuz ederek ekosistem istikrarini ve insan sagligini
olumsuz etkileyebilecektir. Diger yandan, bu ¢alisma hem
literatlire 6nemli bir katk: saglayacak hem de gelecekte ya-
pilacak toksisite testleri i¢in bir referans gorevi gorecektir.

Yazar katkisi: Dilek Cavusoglu ve Kiirsat Cavusoglu calig-
may1 planlamis ve tasarlamig, calisma hakkinda verileri top-
lamag ve analiz etmis, ¢caligmanin analizlerini yaparak maka-
leyi yazmistur.

Etik kurul onayr: Etik kurul izni gerektirmeyen bir ¢aligma
olup, herhangi bir kurumdan etik kurul izni alinmamugtir.

Karaelmas Fen Miih. Derg., 2026; 16(2):47-60



Cavusoglu, Cavusoglu / Deltametrinin Doza Bagli Potansiyel Toksisitesinin Degerlendirilmesi

Kaynaklar

Adesuyi, A. A., Njoku, K. L., Ogunyebi, A. L., Dada, E. O.,
Adedokun, A. H., Jolaoso, A. O., & Akinola, M. O.
(2018). Evaluation of the cytogenotoxic effects of emulsifi-
able concentrate form of amitraz pesticide on Allium cepa L.
J. Applied Sci. Env. Manag., 22(11), 1841-1847. https://doi.
org/10.4314/jasem.v22i11.20

Ahmad, S., & Yasmin R. (1992). Effects of methyl paration and
tri-miltox on the mitosis of Alium cepa. Cytologia., 57, 155-
160.

Aktar, W., Sengupta, D., & Chowdhury, A. (2009). Impact of
pesticides use in agriculture: their benefits and hazards. In-
terdiscip. Towicol., 2(1), 1-12. https://doi.org/10.2478/v10102-
009-0001-7

Amer, S. M., & Alj, E. M. (1974). Cytological effects of pesti-
cides-effects of some herbicides on Vicia faba. Cytologia., 39,
633-643.

Barberio, A., Voltolini, J. C., & Mello, M. L. S. (2011). Stan-
dardization of bulb and root sample sizes for the A/ium cepa
test. Ecofoxicol, 20(4), 927-935. https://doi.org/10.1007/
s10646-011-0602-8

Barlow, S. M., Sullivan, F. M., & Lines, J. (2001). Risk assess-
ment of the use of deltametrin on bednets for the prevention
of malaria. Food Chem. Toxicol., 39(5), 407-422. https://doi.
0rg/10.1016/50278-6915(00)00152-6

Begum, N., Qin, C., Ahanger, M. A., Raza, S., Khan, M. L.,
Ashraf, M., Ahmed, N., & Zhang, L. (2019). Role of arbus-
cular mycorrhizal fungi in plant growth regulation: implica-

tions in abiotic stress tolerance. Front. Plant. Sci., 10, 1068.
https://doi.org/10.3389/1pls.2019.01068

Belete, T. (2018). Defense mechanisms of plants to in-
sect pests: from morphological to biochemical approach.
Trends Tech. Sci. Res., 2, 30-38. https://doi.org/1019081/
TTSR.2018.02.555584

Biyiksiz, G., Kalefetoglu Macar, T., Cavusoglu, K., & Yal¢in,
E. (2025). A study investigating the multifaceted toxicity in-
duced by triflumuron insecticide in Alium cepa L. Sci. Rep., 15,
24839. https://doi.org/10.1038/s41598-025-10777-6

Bilal, M., Igbal, H. M., & Barcelo, D. (2019). Persistence of
pesticides-based contaminants in the environment and the-
ir effective degradation using laccaseassisted biocatalytic
systems. Sci. Total Environ., 10, 695, 133896. https://doi.
org/10.1016/j.scitotenv.2019.133896

Bolle, P., Mastrangelo, S., Tucci, P., & Evandri, M. G. (2004).
Clastogenicity of atrazine assessed with the Alfium cepa
test. Environ. Mol. Mutagen., 43(2), 137-141. https://doi.
org/10.1002/em.20007

Karaelmas Fen Miih. Derg., 2026; 16(2):47-60

Bonciu, E., Firbas, P., Fontanetti, C. S., Wusheng, J., Karais-
mailoglu, M. C., Liu, D., & Schiff, S. (2018). An evaluation
for the standardization of the A//ium cepa test as cytotoxicity
and genotoxicity assay. Caryologia., 71(3), 191-209. https://
doi.org/10.1080/00087114.2018.1503496

Bradbury, S. P., & Coats, J. R. (1989). Toxicokinetics and toxi-
codynamics of pyrethroid insecticides in fish. Environ. Toxicol.

Chem., 8: 373-380. https://doi.org/10.1002/etc.5620080503
Cabral, J. R.P., Galendo, D., Laval, M., & Lyandrat, N. (1990).

Carcinogenicity studies with deltamethrin in mice and rats.
Cancer Lett., 49(2), 147-152. https://doi.org/10.1016/0304-
3835(90)90151-m

Chaparro, T. R., Botta, C. M., & Pires, E. C. (2010). Biodegra-
dability and toxicity assessment of bleach plant effluents trea-
ted anaerobically. Water Sci. Technol., 62, 1312-1319. https://
doi.org/10.2166/wst.2010.944

Chargui, 1., Grissa, 1., Bensassi, F., Hrira, M. Y., Haouem, S.,
Haouas, Z., & Bencheikh, H. (2012). Oxidative stress, bioc-
hemical and histopathological alterations in the liver and kid-
ney of female rats exposed to low doses of deltamethrin (DM):
a molecular assessment. Biomed. Environ. Sci., 25(6), 672-683.
https://doi.org/10.3967/0895-3988.2012.06.009

Chauhan, L. K. S., Dikshith T. S. S., & Sundararaman, V.
(1986). Effect of deltamethrin on plant cells I. cytological
effects on the root meristems of Allium cepa. Mutat. Res./
Genet. Toxicol., 171(1), 25-30. https://doi.org/10.1016/0165-
1218(86)90005-4

Chauhan, L. K. S., Saxena, P. N., & Gupta, S. K. (1999). Cyto-
genetic effects of cypermethrin and fenvalerate on the root
meristem cells of Allium cepa. Environ. Exp. Bot., 42(3), 181-
189. https://doi.org/10.1016/50098-8472(99)00033-7

Chinn, K., & Narahashi, T. (1986). Stabilization of sodium
channel states by deltametrin in mouse neuroblastoma cells.
J. Physiol., 380(1), 191-207. https://doi.org/10.1113/jphysi-
01.1986.sp016280

Cavusoglu, K., & Cavusoglu, D. (2023). Investigation of the
potential role of fusicoccin, a fungal phytotoxin, in mitiga-
ting salt stress in onion roots. Sci. Rep., 13, 9801. https://doi.
0rg/10.1038/541598-023-36917-4

Cavusoglu, K., Yal¢in, E., Tiirkmen, Z., Yapar, K., & Sagr, S.
(2012). Physiological, anatomical, biochemical and cytogene-
tic effects of thiamethoxam treatment on Allium cepa (Amary-
llidaceae) L. Environ. Toxicol., 27(11), 635-643. https://doi.
0rg/10.1002/tox.20680

Damalas, C. A., & Eleftherohorinos, I. G. (2011). Pesticide
exposure, safety issues, and risk assessment indicators. Int.
J. Environ. Res. Public Health., 8(5), 1402-1419. https://doi.
org/10.3390/ijerph8051402

57


https://doi.org/10.1080/00087114.2018.1503496
https://doi.org/10.1080/00087114.2018.1503496
https://doi.org/10.1002/etc.5620080503
https://doi.org/10.1016/0304-3835(90)90151-m
https://doi.org/10.1016/0304-3835(90)90151-m
https://doi.org/10.2166/wst.2010.944
https://doi.org/10.2166/wst.2010.944
https://doi.org/10.3967/0895-3988.2012.06.009
https://doi.org/10.1016/0165-1218(86)90005-4
https://doi.org/10.1016/0165-1218(86)90005-4
https://ui.adsabs.harvard.edu/link_gateway/1999EnvEB..42..181C/doi:10.1016/S0098-8472(99)00033-7
https://doi.org/10.1113/jphysiol.1986.sp016280
https://doi.org/10.1113/jphysiol.1986.sp016280
https://doi.org/10.1038/s41598-023-36917-4
https://doi.org/10.1038/s41598-023-36917-4
https://doi.org/10.1002/tox.20680
https://doi.org/10.1002/tox.20680
https://doi.org/10.3390/ijerph8051402
https://doi.org/10.3390/ijerph8051402
https://doi.org/10.4314/jasem.v22i11.20
https://doi.org/10.4314/jasem.v22i11.20
https://doi.org/10.2478/v10102-009-0001-7
https://doi.org/10.2478/v10102-009-0001-7
https://doi.org/10.1007/s10646-011-0602-8
https://doi.org/10.1007/s10646-011-0602-8
https://doi.org/10.1016/s0278-6915(00)00152-6
https://doi.org/10.1016/s0278-6915(00)00152-6
https://doi.org/10.3389/fpls.2019.01068
https://doi.org/1019081/TTSR.2018.02.555584
https://doi.org/1019081/TTSR.2018.02.555584
https://doi.org/10.1038/s41598-025-10777-6
https://doi.org/10.1016/j.scitotenv.2019.133896
https://doi.org/10.1016/j.scitotenv.2019.133896
https://doi.org/10.1002/em.20007
https://doi.org/10.1002/em.20007

Cavusoglu, Cavugoglu / Deltametrinin Doza Bagli Potansiyel Toksisitesinin Degerlendirilmesi

Datta, S., Singh, J., Singh, J., Singh, S., & Singh S. (2018). As-
sessment of genotoxic effects of pesticide and vermicompost
treated soil with A/ium cepa test. Sustain. Environ. Res., 28(4),
171-178. https://doi.org/10.1016/j.serj.2018.01.005

Dauer, W. T., & Worman, H. J. (2009). The nuclear envelope as
a signaling node in development and disease. Dev. Cell., 17(5),
626-638. https://doi.org/10.1016/j.devcel.2009.10.016

Dhungana, S. K., Kim, I. D., Kwak, H. S., & Shin, DH. (2016).
Unraveling the effect of structurally different classes of in-
secticide on germination and early plant growth of soybean
[Glycine max (L.) Merr]. Pestic. Biochem. Physiol., 130, 39-43.
https://doi.org/10.1016/j.pestbp.2015.12.002

Dogag, E., Kandemir, 1., & Taskin, V. (2015). Geographi-
cal distribution and frequencies of organophosphateresistant
Ace alleles and morphometric variations in olive fruit fy po-
pulations. Pest. Manag. Sci., 71(11), 1529-1539. https://doi.
0rg/10.1002/ps.3958

El-Ghamery, A. A., El-Kholy, M. A., & Abou El-Yousser, M.
A. (2003). Evaluation of cytological effects of Zn?* in relati-
on to germination and root growth of Nigella sativa L. and
Triticum aestivum L. Mutat. Res., 537(1), 29-41. https://doi.
0rg/10.1016/s1383-5718(03)00052-4

El-Ghamery, A. A., El-Nahas, A. 1., & Mansour, M.M. (2000).
The action of atrazine herbicide as an inhibitor of cell divisi-
on on chromosomes and nucleic acids content in root meris-
tems of Allium cepa and Vicia faba. Cytologia., 65(3), 277-287.
https://doi.org/10.1508/cytologia.65.277

Fenech, M., Chang, W. P., Kirsch-Volders, M., Holland, N.,
Bonassi, S., & Zeiger, E. (2003). HUMN (human micronuc-
leus) project: detailed description of the scoring criteria for the
cytokinesis-block micronucleus assay using isolated human
lymphocyte cultures. Mutat. Res., 534(1-2), 65-75. https://
doi.org/10.1016/s1383-5718(02)00249-8

Fenech, M., & Crott, J. W. (2002). Micronuclei, nucleoplasmic
bridges and nuclear buds induced in folic acid deficient human
lymphocytes-evidence for breakage-fusion-bridge cycles in the
cytokinesis block micronucleus assay. Mutat. Res., 504(1-2),
131-136. https://doi.org/10.1016/s0027-5107(02)00086-6

Fernandes, T. C. C., Mazzeo, D. E. C., & Marin-Morales, M.
A. (2006). Mechanism of micronuclei formation in polyploidi-
zated cells of Allium cepa exposed to trifluralin herbicide. Pest.
Biochem. Physiol., 88(3), 252-259. https://doi.org/10.1016/].
PESTBP.2006.12.003

Fiskesjo, G. (1997). Allium test for screening chemical evaluation
of cytological parameters. Wang, W., Gorsuch, JW., Hughes,
JS. [eds.], Plants for Environmental Studies New York. NY:
CRC Lewis Publishers, pp. 307-333.

Glover-Amengor, M., & Tetteh, F. (2009). Effect of pestici-
de application rate on yield of vegetables and soil microbial
communities. West Afr. J. Appl. Ecol, 12, 1-7. https://doi.
org/10.4314/wajae.v12i1.45749

58

Gonzalez, A., Gonzalez-Murua, C., & Royuela, M. (1996).
Influence of imazethapyr on Rhizobium growth and its symbi-
osis with pea (Pisum sativum). Weed Sci., 44, 31-37. https://
doi.org/10.1017/50043174500093516

Hatamleh, A. A., Danish, M., Al-Dosary, M. A., El-Zaidy, M.,
& Alj, S. (2022). Physiological and oxidative stress responses
of Solanum lycopersicum (L.) (tomato) when exposed to diffe-
rent chemical pesticides. RSC Adwv., 12, 7237-7252. https://
doi.org/10.1039/D1RA09440H

Himtag, D., Yalgin, E., Cavusoglu, K., & Acar, A. (2024). In-
vivo and in-silico studies to identify toxicity mechanisms of
permethrin with the toxicity-reducing role of ginger. Envi-
ron. Sci. Pollut. Res., 31, 9272-9287. https://doi.org/10.1007/
s11356-023-31729-5

Kalcheva, V. P., Dragoeva, A. P., Kalchev, K. N., & Enchev, D.
D. (2009). Cytotoxic and genotoxic effects of Br-containing
oxaphosphole on Allium cepa L. root tip cells and mouse bone
marrow cells. Genet. Mol. Biol., 32, 389-393. https://doi.
0rg/10.1590/51415-47572009000200028

Kamal, A., Ahmad, F., & Shafeeque, M. A. (2020). Toxicity of
pesticides to plants and non-target organism: a comprehensive
review. Iran. J. Plant. Physiol., 10(4), 3299-3313. https://doi.
org/10.22034/ijpp.2020.1885628.1183

Karagél, S., Macar, O., Cavusoglu, K., & Yalain, E. (2025).
Toxicological assessment of omethoate insecticide in Allium
cepa L. Sci. Rep., 15, 18663. https://doi.org/10.1038/s41598-
025-03923-7

Karaismailoglu, M. C., & Inceer, H. (2017). Evaluation of po-
tential genotoxic and cytotoxic effects of deltamethrin insec-
ticide on somatic chromosomes of Helianthus annuus L. Car-
yologia., 70(4), 295-301. https://doi.org/10.1080/00087114.2
017.1339173

Kaya, E. (2005). Klorprifos ve deltametrinin kan ve beyin lipit pe-
roksidasyon ve antioksidan enzim aktivitelerine etkileri. Yik-
sek Lisans Tezi, Stleyman Demirel Universitesi, 69 s.

Khanna, N., & Sharma, S. (2013). A//ium cepa root chromosomal
aberration assay: a review. Indian J. Pharm. Biol. Res., 1, 105-
119. https://doi.org/10.30750/ijpbr.1.3.15

Klasterska, I., Natarajan, A. T, & Ramel, C. (1976). An interp-
retation of the orgin of subchromatid aberrations of chromo-
some stickiness as a category of chromatid aberrations. Heredi-
tas., 83, 153-162. https://doi.org/10.1111/1.1601-5223.1976.
tb01581.x

Kumar, A., Sasmal, D., & Sharma, N. (2015). An insight into
deltametrin induced apoptotic calcium, p53 and oxidative
stress signalling pathways. Toxicol. Environ. Health Sci., 7(1),
25-34. https://doi.org/10.1007/s13530-015-0217-1

Kuriyama, R., & Sakai, H. (1974). Roles of tubulin-bound gua-
nosine triphosphate during microtubule assembly. J. Biochem.,
76, 651-654.

Karaelmas Fen Miih. Derg., 2026; 16(2):47-60


https://doi.org/10.1017/S0043174500093516
https://doi.org/10.1017/S0043174500093516
https://doi.org/10.1039/D1RA09440H
https://doi.org/10.1039/D1RA09440H
https://doi.org/10.1007/s11356-023-31729-5
https://doi.org/10.1007/s11356-023-31729-5
https://doi.org/10.1590/S1415-47572009000200028
https://doi.org/10.1590/S1415-47572009000200028
https://doi.org/10.22034/ijpp.2020.1885628.1183
https://doi.org/10.22034/ijpp.2020.1885628.1183
https://doi.org/10.1038/s41598-025-03923-7
https://doi.org/10.1038/s41598-025-03923-7
https://doi.org/10.1080/00087114.2017.1339173
https://doi.org/10.1080/00087114.2017.1339173
https://doi.org/10.30750/ijpbr.1.3.15
https://doi.org/10.1111/j.1601-5223.1976.tb01581.x
https://doi.org/10.1111/j.1601-5223.1976.tb01581.x
https://doi.org/10.1007/s13530-015-0217-1
https://doi.org/10.1016/j.serj.2018.01.005
https://doi.org/10.1016/j.devcel.2009.10.016
https://doi.org/10.1002/ps.3958
https://doi.org/10.1002/ps.3958
https://doi.org/10.1016/s1383-5718(03)00052-4
https://doi.org/10.1016/s1383-5718(03)00052-4
https://doi.org/10.1508/cytologia.65.277
https://doi.org/10.1016/s1383-5718(02)00249-8
https://doi.org/10.1016/s1383-5718(02)00249-8
https://doi.org/10.1016/s0027-5107(02)00086-6
https://doi.org/10.1016/J.PESTBP.2006.12.003
https://doi.org/10.1016/J.PESTBP.2006.12.003
https://doi.org/10.4314/wajae.v12i1.45749
https://doi.org/10.4314/wajae.v12i1.45749

Cavusoglu, Cavusoglu / Deltametrinin Doza Bagli Potansiyel Toksisitesinin Degerlendirilmesi

Kutluer, F., Cavusoglu, K., & Yal¢in, E. (2019). Deltametrin’in
Allium cepa L.daki fizyolojik, anatomik ve genotoksik etkile-
rinin aragtirilmast. Diizce Univ. Bilim ve Teknoloji Derg., 7(3),
961-972. https://doi.org/10.29130/dubited.457074

Leake, L. D., Buckley, D.S., Ford, M. G., & Salt,D. W. (1985).
Comparative effects of pyrethroids on neurones of target and
non-target organisms. Neurofoxicology., 6(2), 99-116. PMID:
4022454

Leme, D. M., & Marin-Morales, M. A. (2009). Allium cepa
test in environmental monitoring: A review on its applicati-
on. Mutat. Res./Rev. Mutat. Res., 682(1), 71-81. https://doi.
o0rg/10.1016/j.mrrev.2009.06.002

Linnainmaa, K., Meretoja, T', Sorsa, M., & Vainto, H. (1978).
Cytogenetic effects of styrene and styrene oxidei. Mutar.
Res., 58(2-3), 277-286. https://doi.org/10.1016/0165-
1218(78)90020-4

Marcano, L., Carruyo, I., Del Campo, A., & Montiel, X.
(2004). Cytotoxicity and mode of action of maleic hydrazide
in root tips of Allium cepa L. Environ. Res., 94(2), 221-226.
https://doi.org/10.1016/50013-9351(03)00121-x

Mec-Gill, M., Pathak, S., & Hsu, T. C. (1974). Effects of ethidi-
um bromide on mitosis and chromosomes: A possible material
basis for chromosomes stickiness. Chromosoma., 47(2), 157-

167. https://doi.org/10.1007/BF00331803

Michelangeli, F., Robson, M. J., East, J. M., & Lee, A. G.
(1990). The conformation of pyrethroids bound to lipit bi-
layers. Biochim. Biophys. Acta (BBA)-Biomembranes., 1028(1),
49-57. https://doi.org/10.1016/0005-2736(90)90264-O

Mithofer, A., & Maffei, M. E. (2017). General mechanisms
of plant defense and plant toxins. In Plant Toxins; Sprin-
ger: Dordrecht, The Netherlands, pp. 3-24. https://doi.
0rg/10.1007/978-94-007-6464-4_21

Nwangburuka, C. C., & Opyelana, O. A. (2011). Cytological ef-
fects of chloroquine on root mitosis of Alfium cepa (L.). Acta
SATECH., 4(1), 25-35.

Ozkan, O., & Ustiiner, O. (2012). Investigations about genoto-
xicity of deltamethrin. Kafkas Univ. Vet. Fak. Derg., 18, 69-74.
https://doi.org/10.9775/kvtd.2011.4858

Ozkara, A., Akyil, D., Eren, Y., & Erdogmus, S. F. (2015).
Potential cytotoxic effect of anilofos by using Al/ium cepa as-
say. Cytotechnology., 67(5), 783-791. https://doi.org/10.1007/
s10616-014-9716-1

Ozkul, M., Ozel, C. A., Yiizbasioglu, D., & Unal, F. (2016).
Does 2,4-dichlorophenoxyacetic acid (2,4-D) induce geno-
toxic effects in tissue cultured Allium roots?. Cytotechnology.,
68(6), 2395-2405.  https://doi.org/10.1007/s10616-016-
9956-3

Karaelmas Fen Miih. Derg., 2026; 16(2):47-60

Palmieri, M. J., Andrade-Vieira, L. F., Trento, M. V. C,,
Eleutério, M. W. F., Luber, J., Davide, L. C., ... & Marcus-
si, S. (2016). Cytogenotoxic effects of spent pot liner (SPL)
and its main components on human leukocytes and meris-
tematic cells of Alfium cepa. Water Air Soil Pollut., 227, 156.
https://doi.org/10.1007/511270-016-2809-Z

Panda, B. B., & Sahu, U. K. (1985). Induction of abnormal
spindle function and cytokinesis inhibition in mitotic cells of
Allium cepa by the organophosphorus insecticide fensulfotion.
Cytobios., 42, 147-155.

Panneerselvam, N., Palanikumar, L., & Gopinathan, S. (2012).
Chromosomal aberrations induced by glycidol in Allium. Inz
J- Pharm. Sci. Res., 3(2), 300-304.

Parween, T., Jan, S., Mahmooduzzafar, M., & Fatma, T.
(2012). Evaluation of oxidative stress in Vigna radiata L. in
response to chlorpyrifos. Inter. J. Environ Sci. Technol., 9(4),
605-612.

Rank, J., & Nielsen, M. H. (1997). Allium cepa anaphase-te-
lophase root tip chromosome aberation assay N-methyl-N-
nitrosourea, malic hydradize, sodium azide, ethyl meyhyl
sulfonate. Mutat. Res., 390(1-2), 121-127. https://doi.
0rg/10.1016/50165-1218(97)00008-6

Sarac, 1., Bonciu, E., Butnariu, M., Petrescu, 1., & Madosa, E.
(2019). Evaluation of the cytotoxic and geno-toxic potential
of some heavy metals by use of Allium test. Caryologia., 72(2),
37-43. https://doi.org/10.13128/cayologia-256

Sarsar, O., Macar, O., Kalefetoglu Macar, T., Cavusoglu, K.,
Yalgin, E., & Acar, A. (2025). Multifaceted investigation of
esfenvalerate-induced toxicity on Alfium cepa L. Sci. Rep., 15,
16977. https://doi.org/10.1038/s41598-025-01638-3

Saxena, P.N., Murthy, R. C., & Gupta, S. K. (2009). Evaluation
of cytogenetic effects of deltamethrin in root meristem cells
of Allium sativum and Allium cepa: a possible mechanism of
chromosome damage. Toxicol. Environ. Chem., 91(3), 577-
594. https://doi.org/10.1080/02772240802268965

Shcneiderman, M. H., Dewey, W. C., & Highfield, D. P.
(1971). Inhibition of DNA synthesis on synchronized Chinese
hamster cell treated in G1 with cycloheximide. Exp. Cell Res.,
67, 147-155. https://doi.org/10.1016/0014-4827(71)90630-6

Shahid, M., & Khan, M. S. (2022). Tolerance of pesticides and
antibiotics among beneficial soil microbes recovered from
contaminated rhizosphere of edible crops. Curr. Res. Microb.
Sci., 3, 100091. https://doi.org/10.1016/j.crmicr.2021.100091

Shahid, M., Khan, M. S., Ahmed, B., Syed, A., & Bahkali, A.
H. (2021). Physiological disruption, structural deformation
and low grain yield induced by neonicotinoid insecticides in
chickpea: a long term phytotoxicity investigation. Chemosp-
here., 262, 128388. https://doi.org/10.1016/j.chemosphe-
re.2020.128388

59


https://doi.org/10.1007/S11270-016-2809-Z
https://doi.org/10.1016/s0165-1218(97)00008-6
https://doi.org/10.1016/s0165-1218(97)00008-6
https://doi.org/10.13128/cayologia-256
https://doi.org/10.1038/s41598-025-01638-3
https://doi.org/10.1080/02772240802268965
https://doi.org/10.1016/0014-4827(71)90630-6
https://doi.org/10.1016/j.crmicr.2021.100091
https://doi.org/10.1016/j.chemosphere.2020.128388
https://doi.org/10.1016/j.chemosphere.2020.128388
https://doi.org/10.29130/dubited.457074
https://doi.org/10.1016/j.mrrev.2009.06.002
https://doi.org/10.1016/j.mrrev.2009.06.002
https://doi.org/10.1016/0165-1218(78)90020-4
https://doi.org/10.1016/0165-1218(78)90020-4
https://doi.org/10.1016/s0013-9351(03)00121-x
https://doi.org/10.1007/BF00331803
https://doi.org/10.1016/0005-2736(90)90264-O
https://doi.org/10.1007/978-94-007-6464-4_21
https://doi.org/10.1007/978-94-007-6464-4_21
https://doi.org/10.9775/kvfd.2011.4858
https://doi.org/10.1007/s10616-014-9716-1
https://doi.org/10.1007/s10616-014-9716-1
https://doi.org/10.1007/s10616-016-9956-3
https://doi.org/10.1007/s10616-016-9956-3

Cavusoglu, Cavugoglu / Deltametrinin Doza Bagli Potansiyel Toksisitesinin Degerlendirilmesi

Shahid, M., Singh, U. B., & Khan, M. S. (2023). Metabolomics-
based mechanistic insights into revealing the adverse eftects of
pesticides on plants: an interactive review. Metabolites., 13(2),
246. https://doi.org/10.3390/metabo13020246

Sharma, A., Yuan, H., Kumar, V., Ramakrishnan, M., Kohli,
SK., Kaur, R, ... & Zheng, B. (2019). Castasterone attenu-
ates insecticide induced phytotoxicity in mustard. Ecotoxicol.
Environ. Saf., 179, 50-61.

Sharma, P. C., & Gupta, P. K. (1982). Karyotypes in some pulse
crops. Nucleus., 25(3), 181-185.

Singh, D, Pal, M., Singh, R., Singh, C. K., & Chaturvedi, A.
K. (2015). Physiological and biochemical characteristics of

Vigna species for Al stress tolerance. Acta Physiol. Plant., 37,
1-13. https://doi.org/10.1007/s11738-015-1834-7

Smaka-Kincl, V., Stegnar, P., Lovka, M., & Toman, M. ]J.
(1996). The evaluation of waste, surface and ground water qu-
ality using the Allium test procedure. Mutat Res., 368(3-4),
171-179. https://doi.org/10.1016/s0165-1218(96)90059-2

Sudhakar, R., Ninge Gowda, K. N., & Venu, G. (2001). Mito-
tic abnormalities induced by silk dyeing industry effluents in
the cell of Allium cepa. Cytologia., 66(3), 235-239. https://doi.
0rg/10.1508/cytologia.66.235

Sutan, N. A., Popescu, A., Mihaescu, C., Soare, L. C., & Ma-
rinescu, M. V. (2014). Evaluation of cytotoxic and genotoxic
potential of the fungicide Ridomil in Alfium cepa L. Analele
Stiint Univ. A/ I Cuza lasi., 60(1-5), 5-12. http://www.bio.
uaic.ro/publicatii/anale_vegetala/anale_veg_index.html

Sekeroglu, V. (2010). Thiakloprid ve deltametrin insektisitlerinin
tek baslarina ve karigim halinde kullanildiklari zaman sigan
kemik iligi htcrelerinde in vivo (Rattus Norvegicus Berkenho-
ut, 1769) genotoksik etkileri. Doktora Tezi, Ondokuz Mays
Universitesi, 148 s.

60

Tedesco, S. B., Laughinghouse, I. V. H. D. (2012). Bioindicator
of genotoxicity: The Allium cepa test. Srivastava J. [ed.], Envi-
ronmental Contamination. Croatia: InTech, pp. 137-156.

Tudi, M., Ruan, H. D., Wang, L., Lyu, J., Sadler, R., Connell,
D., ... & Phung, D.T. (2021). Agriculture development,
pesticide application and its impact on the environment.
Int. J. Environ. Res. Public Health., 18(3), 1112. https://doi.
org/10.3390/ijerph18031112

Unal, F., Tiilek, N. D. H., Yiizbagioglu, D., & Celik, M. (2020).
Methidathion insektisit/akarisitinin sitotoksik ve genotoksik

potansiyelinin A//ium testi ile incelenmesi. Gazi Univ. Fen Fak.
Derg., 1-2, 1-12. https://doi.org/10.5281/zenodo.4317924

Van’t Hof, J. (1968). The action of IAA and kinetin on the
mitotic cycle of proliferative and stationary phase excised
root meristem. Exp. Cell Res., 51(1), 167-176. https://doi.
0rg/10.1016/0014-4827(68)90167-5

Yalgin, E., Macar, O., Kalefetoglu Macar, T., Cavusoglu, D.,
& Cavusoglu, K. (2021). Multi-protective role of Echinacea
purpurea L. water extract in A/fium cepa L. against mercury (II)
chloride. Environ. Sci. Pollut. Res., 28, 62868-62876. https://
doi.org/10.1007/s11356-021-15097-6

Yekeen, T. A., & Adeboye, M. K. (2013). Cytogenotoxic effects
of cypermethrin, deltamethrin, lambdacyhalothrin and endo-
sulfan pesticides on A/lium cepa root cells. African J. Biotech.,
12(41), 6000-6006. https://doi.org/10.5897/AJB2013.12802

Karaelmas Fen Miih. Derg., 2026; 16(2):47-60


https://doi.org/10.3390/ijerph18031112
https://doi.org/10.3390/ijerph18031112
https://doi.org/10.5281/zenodo.4317924
https://doi.org/10.1016/0014-4827(68)90167-5
https://doi.org/10.1016/0014-4827(68)90167-5
https://doi.org/10.1007/s11356-021-15097-6
https://doi.org/10.1007/s11356-021-15097-6
https://doi.org/10.5897/AJB2013.12802
https://doi.org/10.3390/metabo13020246
https://doi.org/10.1007/s11738-015-1834-7
https://doi.org/10.1016/s0165-1218(96)90059-2
https://doi.org/10.1508/cytologia.66.235
https://doi.org/10.1508/cytologia.66.235
http://www.bio.uaic.ro/publicatii/anale_vegetala/anale_veg_index.html
http://www.bio.uaic.ro/publicatii/anale_vegetala/anale_veg_index.html

Karaelmas Fen ve Miih. Derg. 16(2):61-77, 2026

Karaelmas Science and Engineering Journal Research Article
Journal home page: https://dergipark.org.tr/tr/pub/karaelmasten Received / Gelis tarihi  : 25.12.2025
DOI: 10.7212/karaelmasfen.1849045 Accepted / Kabul tarihi :10.04.2026

Modeling and Prediction Methods for Energy Consumption of Electric Vehicles
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Abstract

In recent years, growing environmental issues and concerns over energy sustainability have driven major changes in the transportation
sector. Electric vehicles (EVs) have appeared as a key solution to reduce the environmental impact of fossil fuel use. Their increasing
adoption makes understanding energy consumption and its determinants crucial, as it directly affects range anxiety, charging
infrastructure, and ownership costs. EV energy consumption depends on vehicle characteristics, driving behavior, environmental
conditions, and auxiliary systems. For instance, vehicle weight and aerodynamics influence energy use, while driver acceleration and
braking patterns can substantially increase it. Declining battery performance and intensive use of heating or air conditioning also
raise consumption. This study examines the factors influencing EV energy use and predicts consumption using both an analytical
model and machine learning (ML) techniques. Comparative evaluation showed that the Random Forest (RF) method achieved the
highest prediction accuracy, while the analytical model performed competitively. According to the RF feature importance analysis,
Acceleration, Timestamp, and Elevation Smoothed were the most influential variables, emphasizing the dominant role of driving
dynamics and road topography. The results demonstrate that integrating physically meaningful parameters with data-driven methods
enhances prediction accuracy and supports sustainable energy use.

Keywords: Electric vehicles, energy consumption, extended electric vehicle energy dataset (E-VED), optimization

Oz

Son yillarda, artan gevre sorunlari ve enerji stirdirtilebilirlifi konusundaki endiseler ulagim sektoriinde biiyiik degisikliklere neden
olmugtur. Elektrikli araglar (EV’ler), fosil yakit kullaniminin gevresel etkisini azaltmak i¢in kilit bir ¢6zim olarak ortaya ¢ikmugtr.
Artan benimsenmeleri, enerji tiiketimini ve belirleyicilerini anlamay1 ¢ok énemli hale getiriyor, ¢linki menzil kaygisini, sarj altyapisim
ve miilkiyet maliyetlerini dogrudan etkiliyor. EV enerji tiiketimi ara¢ 6zelliklerine, stiriis davranigina, ¢evre kosullarina ve yardimei
sistemlere baghdir. Ornegin, arag agirhg ve aerodinamik enerji kullanimini etkilerken, siriicii hizlanmast ve frenleme modelleri
bunu 6nemli 6l¢ude artirabilir. Azalan pil performans: ve yogun 1sitma veya klima kullanimi da tiketimi artirir. Bu ¢alisma EV enerji
kullanimin: etkileyen faktorleri inceler ve hem analitik bir model hem de makine 6grenimi (ML) tekniklerini kullanarak tiiketimi
ongorur. Kargilagtirmali degerlendirme, Rastgele Orman (RF) yonteminin en yiksek tahmin dogrulugunu elde ettigini, analitik
modelin ise rekabetci bir sekilde performans gosterdigini gosterdi. RE 6zellik 6nem analizine gére, Hizlanma, Zaman Damgas: ve
Yiikseklik Dumanls, stiriis dinamiklerinin ve yol topografyasinin baskin roliinii vurgulayan en etkili degiskenlerdi. Sonuglar, fiziksel
olarak anlamli parametrelerin veri odakli yontemlerle entegre edilmesinin tahmin dogrulugunu artirdigini ve siirdiirilebilir enerji
kullanimin: destekledigini géstermektedir.

Anahtar Kelimeler: Elektrikli araglar, enerji tiketimi, genisletilmis elektrikli arag enerji veri seti (E-VED), optimizasyon
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1. Introduction

Global environmental challenges, such as climate change,
fossil fuel dependence, and urban air pollution, have intensi-
fied the focus on sustainable transportation. In this context,
electric vehicles (EVs) have gained prominence over internal
combustion engine (ICE) vehicles due to their significantly
lower carbon footprint and higher energy efficiency. As EV
technologies evolve and infrastructure investments expand,
accurate energy consumption prediction has become a crit-
ical necessity for mitigating “range anxiety” and optimizing
smart grid operations by aligning charging demand with re-
newable energy supply.

'The factors influencing EV energy consumption are highly
heterogeneous, encompassing vehicle specifications, driving
behavior, road topography, and meteorological conditions.
Recent studies have extensively utilized the Vehicle Energy
Dataset (VED) to decode these complexities. For instance,
Abd El-Latif & El-dosuky (2025) implemented explainable
deep learning models for energy estimation in sustainable
cities, emphasizing the importance of temporal and spa-
tial features. However, energy consumption forecasting
remains a complex, multivariate problem that requires ro-
bust modeling strategies. In this regard, various algorithms
have demonstrated high performance; Hussain et al. (2025)
compared 11 different models and reported that the Ex-
tra Trees Regressor achieved an $R"2$ of approximately
0.9592, while Zhang et al. (2025) successtully utilized XG-

Boost to estimate hourly charging demand in California.

Despite these advancements, a significant gap exists be-
tween purely deterministic physical models and stochastic
data-driven methods. Traditional physical models, while
interpretable, often struggle to capture real-world variabili-
ty such as fluctuating traffic patterns. As noted by Polymeni
et al. (2026), conventional linear modeling lacks the ability
to represent the nonlinear relationships found in real-world
scenarios, highlighting the need for comprehensive statisti-
cal frameworks. Conversely, while machine learning (ML)
excels at learning hidden patterns, it often lacks physical
transparency. Recent hybrid approaches have attempted to
bridge this gap by combining physical simulations with ML
techniques, such as Random Forest and Boosting (Huang et
al., 2024), or by focusing on key physical variables like road
slope and ambient temperature (Janpoom et al., 2023). A
summary of recent studies, their methodologies, and objec-
tives is presented in Table 1.

'The primary contribution of this research is the integration
of an analytical (physical) model based on vehicle dynamics
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with advanced ML techniques, providing both predictive
accuracy and physical interpretability. Unlike many existing
works that focus on a single paradigm, our approach ensures
methodological consistency by utilizing the same physical
features across both models—specifically using timestamps
for derivative calculations like acceleration. Furthermore,
we employ a dual interpretability framework using both RF-
based feature importance and SHAP (SHapley Additive ex-
Planations) to pinpoint the most critical variables influenc-
ing EV energy consumption. By systematically comparing
physics-based and data-driven methods, this study provides
actionable guidance for vehicle design, route planning, and
energy-efficient operations.

The remainder of this paper is organized as follows: Sec-
tion 2 describes the dataset and the proposed methodology,
including data preprocessing and analytical formulations.
Section 3 reports the experimental results, performance
evaluations, and a detailed discussion on feature influence.
Finally, Section 4 concludes the study and outlines future
research directions.

2. Material and Methods

In this section, the dataset and methodologies employed in
the study are described in detail. The characteristics of the
data, the preprocessing steps, and the approaches used for
energy consumption prediction are presented. Furthermore,
the proposed solution approach and the steps involved in
the modeling process are explained.

2.1. Data Definition and Components

The dataset used in the study was created by the Univer-
sity of Michigan (UM), the Argonne National Laborato-
ry and the Idaho National Laboratory to study the energy
consumption behaviors of drivers and the energy-saving
potential of eco-driving technologies. To create the data-
set, personal vehicle owners living and/or working in Ann
Arbor, Michigan were recruited into a large pool of partici-
pants and in-car diagnostics II (OBD-II) data loggers were
installed in their vehicles with their consent. The installed
devices collected driving records for one year, sent OBD-
IT signals to a database via real-time data and cellular con-
nections, including GPS trajectories (Wu et al., 2015). The
dataset spans a one-year period from November 1, 2017,
to November 1, 2018. The dataset includes 27 Plug-Hy-
brid Electric Vehicle (PHEV)- Electric Vehicle (EV) and
357 Internal Combustion Engine (ICE) vehicles. The first
set of data (VED) did not include an energy consumption
metric, a subsequently expanded dataset added an energy
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Table 1. Literature review.

Reference Year Purpose Method Future Research
Measurement and estimation of . . . Verification of the m cthod
W et al 2015 enerey consumption of electric Physical modeling and analytical and energy efficiency
) &y vehiP(): les energy prediction model improvement studies with
: larger data sets.
Estimation of electric vehicle
De C energy consumption and Multiole 1i . hicl Verification of models in
tel AW 9015 examination of associated ukilp f. rnear regtressmni ve. e more vehicle types and
et ak parameters based on real-world NELC parameters analysis. climatic conditions.
data.
Enrichment with new
Enriching VED data and making it GPS calibration, QGIS,
Zhangetal.| 2022 suitable for deep learning models. OpenStreetMap API datasets anfi further' traffic
scenario analysis.
Rathore Estimating EV energy Random f‘rc:;:is;ﬁ(GBoost, Enrichment of data
2023 consumption based on historical ! sets and testing of more
et al. charwe data neural networks (ANN and complex models
ge data. DNN). p :
Comparison of physical modeling . . Development (.)f l}ybr}d
Shen et al 2023 | and ML-based methods for energ Experimental comparison of models and optimization
' rediction Y physics-based and ML methods | studies for different driving
P ’ conditions.
Yilmaz and 2024 Est1ma:10n oilelnerg}i)consurgllp Flon Deep neural networks (DNN), Testing more models for
Yagmahan on roclllyzzlri?c az‘évrsltaZicC(c)liammg time series clustering (DTW) estimation of route types.
Teimoori Determlnatlon of the p arar.netffrs Deep transfer learning (DTL), Application of transfer
etal 2024 affecting energy consumption in collaborative learnin learning to wider datasets
’ electric vehicles by transfer learning. & g ’
Develop a smart grid-based energy .
Ramoliya 2024 management framework for electric | ML, statistical analysis, 3-tier Mzri concllpilex cha'rgu;’gd
et al. vehicle energy consumption and smart grid architecture. mode’s and cynamic git
: . load balance analysis.
charging stations.
Evaluation of prediction and . .
Zhu et al 2025 model uncertainties based on field | ML is integrated with physical TZ;?S% g:;ieisnglgife;?t
Lot data of electric vehicle energy data, QRNN. IV ane enen lg
consumption. ower uncertainty intervals.

consumption component (Huang et al., 2024). In total, the
dataset consists of 35 distinct features, which are detailed

in Table 2.

Each variable in the data set shown in Table 2 captures
distinct aspects of vehicle movement and context, provid-
ing a comprehensive foundation for subsequent statistical
analysis. These features enable the assessment of temporal,
spatial, and behavioral patterns, supporting a deeper un-
derstanding of urban mobility dynamics. Data statistics are

given in Table 3.

Karaelmas Fen Miih. Derg., 2026; 16(2):61-77

Having these metrics recorded systematically enables elabo-
rate quantitative analysis, primarily to identify correlations,
anomalies, and patterns of urban transportation. These sub-
sequent descriptive statistics will show the range and cen-
trality of each feature, which would facilitate explaining the
comprehensive story of vehicular activity across the city.

By systematically capturing values such as speed limits,
directional data, and vehicle-specific readings, the dataset
establishes a foundation for robust exploration of urban
mobility. Visualization tools have been employed, includ-
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Table 2. Data components.

Feature Description

Date The calendar date on which the data is recorded (YYY-MM-DD format)
DayNum The day of the week is the number (for example, Monday = 1, Sunday = 7)
Vehld Vehicle-specific identification number

Trip Defines each driving session (travel ID)

Timestamp (ms)

Expresses the timestamp in milliseconds (ms)

Trip Duration (seconds)

Shows driving time in seconds.

Latitude[deg] 'The latitude degree of the vehicle position.

Longitude[deg] 'The longitude degree of vehicle position.

Vehicle Speed[km/h] Vehicle speed is in kilometers/hours.

MAF([g/sec] Mass air flow rate is measured in grams/seconds.

Engine RPM[RPM] Specifies the number of turns (rpm) of the motor per minute.
Absolute Load [%] The percentage of load applied to the engine.

OAT[DegC] The outdoor temperature is in degrees Celsius

Short Term Fuel Trim Bank 1[%]

Short-term fuel correction (for cylinder bank 1)

Short Term Fuel Trim Bank 2[%]

Short-term fuel correction (for cylinder bank 2)

Long Term Fuel Trim Bank 1[%)]

Long-term fuel correction (for cylinder bank 1)

Long Term Fuel Trim Bank 2[%]

Short-term fuel correction (for cylinder bank 2)

Elevation Raw[m]

‘The raw height value from the GPS is in meters

Elevation Smoothed[m]

Filtered, streamlined height data

Gradient Indicates the path slope (positive = uphill, negative = downhill)
Matchted Latitude[deg] Corrected latitude value after map matching

Matched Longitude[deg] Corrected longitude value after map matching

Match Type Information showing how GPS data is mapped to the road network
Class of Speed Limit Specifies the category of the speed limit (e. in/out of layout)

Speed Limit[km/h] Valid legal speed limit (km/h)

Speed Limit with Direction[km/h]

Direction specific speed limit (such as one-way path)

Intersection

Specifies whether there is an intersection near the vehicle (0 = none, 1 = exist)

Bus Stops

Indicates if there is a bus stop near the vehicle (0 = none, 1 = there is)

Distance to Intersection (m)

Distance of the vehicle to the nearest intersection (meter)

Minute

'The value of minutes in a day

Is_Weekend

Weekend information (1 = Saturday/Sunday, 0 = Weekdays)

Stop Duration (seconds)

Time spent when the vehicle stopped (seconds)

Distance from City Center (km)

Distance between vehicle and city center (kilometer)

Proximity to Bus Stops (m)

Distance to the nearest bus stop of the car (meter).

Energy_Consumption (Wh) (Target Variable)

‘The amount of energy consumed (usually in Wh or kWh)
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Table 3. Data statistics.

Feature Mean Std Min Max
Timestamp(ms) 719670.30 607665.70 72700.00 80086.00
Trip Duration (seconds) 1529.59 1022.09 0.00 8291.40
Vehicle Speed[km/h] 39.27 11.31 10.18 89.50
MAF[g/sec] 11.03 4.27 0.33 34.38
Engine RPM[RPM] 1231.56 308.45 55.37 2522.61
Absolute Load [%] 30.12 23.59 0.96 642.63
OAT[DegC] 9.50 12.13 -33.04 45.32
Short Term Fuel Trim Bank 1[%] -0.28 2.18 -10.90 14.24
Short Term Fuel Trim Bank 2[%] -0.55 2.99 -11.39 22.95
Long Term Fuel Trim Bank 1[%] 0.73 3.46 -12.12 16.25
Long Term Fuel Trim Bank 2[%] 0.60 3.68 -8.72 16.06
Elevation Raw[m)] 262.14 10.54 236.86 294.44
Elevation Smoothed[m] 262.14 10.54 236.86 294.44
Gradient 1.23E-06 0.0002 -0.001 0.001
Speed Limit[km/h] 55.60 13.23 24.00 89.00
Speed Limit with Direction[km/h] 57.41 9.94 40.00 111.56
Energy_Consumption (Wh) 0.003 0.002 -0.0001 0.019

ing heat maps and relational diagrams, to better understand
how variables interact spatially and temporally across the
cityscape. Figure 1 shows the spatial distribution of elec-
tric vehicle energy consumption densities across the road
network within the study area. The color scale ranges from
green (low energy consumption) to red (high energy con-
sumption). In the city center, heavy traffic and frequent
stop-and-go driving conditions increase energy consump-
tion, while in the peripheral areas more streamlined traffic
flow is characterized by relatively lower energy consump-
tion. Ultimately, this visualization demonstrates that elec-
tric vehicle energy consumption should be evaluated not
only by numerical values but also in a spatial context. The
road network visualized by the color scale shows that energy
consumption is directly related to driving conditions, traf-
fic density and road location. Thus, the extent to which the
forecasting models developed or used in the study reflect the
actual field conditions is visualized.

'The intensity of the heatmap shows natural log of the data
density. A grid with the intensity 10 contains ¢' times more
data compared to a grid with the intensity of 0. Figure 2 is

Karaelmas Fen Miih. Derg., 2026; 16(2):61-77

a distribution graph (scatter plot), showing the relationship
between vehicle speed (Vehicle Speed) and energy con-
sumption (Energy Consumption). In Figure 2 while x-axis
shows vehicle speed (km/h), y-axis shows energy consump-
tion (in unit). Additionally, red dots denote each observa-
tion (car speed — consumption pair).

As can be seen from the chart, a positive correlation is ob-
served between the increase in vehicle speed and energy con-
sumption. Consumption at lower speeds (especially 20-40
km/h) is concentrated at lower values, while consumption
increases at some extreme values when the speed increases
to 60 km/h and above. This suggests that vehicle speed is a
significant variable that directly affects energy consumption,
especially at high speeds.

2.2. Data Preprocessing

The raw dataset was originally compiled using a broad
framework encompassing both electric vehicles (EVs) and
internal combustion engine (ICE) vehicles. Since the scope
of this research is strictly limited to EV energy consump-
tion, 357 ICE vehicles and their unique diagnostic param-
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eters—such as Short-Term/Long-Term Fuel Trim Bank 1
& 2—were excluded during the preprocessing stage.

'The remaining EV-only dataset focuses on variables directly
governing energy consumption dynamics, including vehi-
cle speed, acceleration, road gradient, and battery-related
parameters such as HV battery current, voltage, and state
of charge (SOC). Furthermore, auxiliary components like
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HVAC power (air conditioning and heater power) were
retained to capture secondary energy demands. To avoid
location-dependent bias, purely geographic identifiers (e.g.,
latitude and longitude) were removed, while physically sig-
nificant derived features such as elevation and gradient were
preserved. This rigorous filtering and selection procedure
was implemented to ensure physical consistency and en-
hance the interpretability of the predictive models.
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'The final dataset consists of the following features: Time-
stamp (s), Latitude, Longitude, Vehicle Speed (m/s), OAT
(°C), Air Conditioning Power (W), Heater Power (W),
HV Battery Current (A), HV Battery SOC (%), HV Bat-
tery Voltage (V), Elevation Smoothed (m), Gradient, Class
of Speed Limit, Speed Limit (km/h), and Acceleration. The
inclusion of the Timestamp feature is critical for maintain-
ing consistency between the analytical and ML models.
Physically, vehicle dynamics such as acceleration are derived
from the change in speed over time (a = dv/dt). By providing
the timestamp, ML models are granted the same temporal
reference used in the analytical equations, allowing them to
better capture time-dependent patterns such as battery dis-
charge trends and thermal effects (Polymeni et al., 2026).

'The target variable used in all ML models is the original
Energy_Consumption (Wh) variable provided in the data-

set.

Although the dataset includes an energy consumption vari-
able, it is reported that these values are estimated rather
than directly measured (De Cauwer et al., 2015). To pro-
vide a physics-based reference, an analytical model was also
developed in this study. In this analytical approach, addi-
tional features were derived and energy consumption was
recalculated based on vehicle dynamics equations. Instan-
taneous power was computed using longitudinal dynamics,
and energy consumption was obtained by integrating power
over time, while regenerative braking conditions were rep-
resented as negative power/energy contributions.

It is important to note that the analytically computed en-
ergy consumption values are not used as target variables
in the ML models. Instead, both the analytical model and
the ML models independently estimate the same original
energy consumption values provided in the dataset. Perfor-
mance metrics are then calculated by comparing model pre-
dictions with these original values. This approach ensures a
fair and consistent comparison between physics-based and
data-driven methods using identical input features and tar-
get values.

2.3. Analytical Implementation

An analytical formula has been developed for calculating the
energy consumption of electric vehicles (Wu et al., 2015).
According to the basic theory of vehicle dynamics, the en-
ergy demand varies according to vehicle speed, acceleration,
and road characteristics. The analytical model, expressed by
Equations (1-4), serves as a physical baseline to estimate the
energy consumed in the dataset.
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Bn=—7 (ma + kv® + f,ymg + mgsin®) ()

P, = v(kv? + fymg + mgsin) (3)

P, = mav 4)

In Equation 1, the model calculates the total power required
during the electric vehicle’s movement through physical
force components such as P, P,, P, (in Watt). In Equation
2, P, denotes the power losses generated by the motor. Here,
v (in m/s) denotes the vehicle speed, m (in kg) represents the
vehicle mass, € (in degree) indicates the road gradient, and
a (in m/s?) corresponds to the vehicle acceleration. Also in
this context, ma is the acceleration force required for the
vehicle’s acceleration, kv? represents the aerodynamic drag
coeflicient which increases proportionally with the square
of the speed, f; mg represents the rolling resistance result-
ing from friction between the tire and the road surface, and
mgsin® is the gravitational force which varies depending on
the road’s slope, collectively determine the instantaneous
dynamic load to which the vehicle is subjected. In this
equation the sum of kv?, f,, mg, mgsin and ma gives the
traction force F, (in Newton). Together these components
determine the instant dynamic load of the vehicle. In Equa-
tion 3, Pt is associated with the traction power losses arising
from travel resistance. The total traction power required by
the electric motor to maintain the vehicle’s forward motion
consists of the sum of all resistance components and inertial
loads in the system. In equation the parenthesis is a force
in the Newton (V) unit; when the velocity is multiplied by
v(m/s) the result is watts (), which ensures the physical/
dimensionality of the model. In equation 4, Pg refers to
the potential energy loss or gain associated with accelera-
tion and deceleration. When the vehicle is operating under
deceleration, negative acceleration, or inclined road condi-
tions, (the term Pg=mayv goes negative) regenerative braking
takes place. Energy recovery occurs in this scenario when
the electric motor switches to generator mode, and mechan-
ical energy is converted into electrical energy and fed back
into the battery and the total power P goes negative. The
negative energy consumption values shown in Table 5 can
be explained by this regenerative state.

While this analytical model provides a robust physical foun-

dation, it operates under certain simplifying assumptions. It
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is assumed that parameters such as the aerodynamic drag
factor (k) and the rolling resistance coeflicient (f;;) remain
constant throughout the journey. Furthermore, this deter-
ministic approach lacks the flexibility to explicitly incorpo-
rate high-dimensional, non-linear factors such as auxiliary
HVAC system loads or complex battery thermal behavior.
These inherent limitations serve as the primary motivation
for integrating data-driven ML methods, which can capture
the complex patterns that remain outside the scope of tradi-
tional physics-based equations.

These inherent limitations of the analytical framework—
specifically the difficulty in modeling dynamic auxiliary
loads and varying environmental conditions—serve as the
primary motivation for integrating data-driven ML meth-
ods in this study. By leveraging ML, we aim to capture the
complex patterns that remain outside the scope of tradition-
al physics-based equations, thereby enhancing overall pre-
dictive accuracy.

The total use of electricity for a trip (E) is calculated by inte-
grating power over journey time (T) in Equation 5.

T
E= fo P(t)dt (5)

Time discretization is employed to apply numerical integra-
tion since the measurements are recorded at discrete time
intervals. ‘The total energy consumption (E) is calculated
using the following summation (Equation 6):

E ~ %L P.At; (6)

n this equation, represents the instantaneous power at sam-
In this equation, rep ts the instant p t
pling step i (measured in Watts), and is the sampling inter-

Table 4. Parameter values.

val (converted to hours). To maintain unit consistency, the
power is multiplied by the time interval in hours to obtain
results in Watt-hours (Wh). For standardized reporting,
these values are converted to kilowatt-hours (kWh) where
necessary, using the standard conversion factor of 1 kWh =

1000 Wh.

'The vehicle information contained in the data set and the
instant energy consumed by the vehicles were calculated us-
ing the equation above. Parameter values used to calculate
energy consumption are shown in Table 4. In a study, values
suggested by The Engineering Toolbox (2013) (Wu et al,,
2015).

2.4. Machine Learning Methods

In this study, four ML algorithms were applied to model
and predict vehicle energy consumption.

2.4.1. Linear Regression

Linear regression (LR) analysis aims to create a model that
predicts the desired variable by starting from the variable (s)
that can be detected more easily or earlier than the desired
variable. If another normally distributed numerical variable
unknown to a known normal distributed numeric variable
is applied for estimation of another normally distributed
numerical variable with a relationship between them, then
simple LR is used to estimate a variable by using more than
one variable, while LR is applied to modelling It examines
the relationship between the dependent variable (y) and the
independent variable(s) (x). It is formulated as Y=a+bX or
Y=B+B X. When the value of one of the variables is known,
the value of the other is found (Kilic, 2013). LR is widely
used in both social sciences and engineering, especially due
to its simplicity, interpretability and applicability. The elec-
tric vehicle is also preferred as the starting model in energy
consumption estimation (Hussain et al., 2025).

Parameters Values

Coeflicient of rolling resistance, f; 0.006
Coeflicient of aerodynamic resistance, k = %CdAf [kg/m] 1.30
Armature constant and magnetic flux product, K=K,.0®d [vs] 10.08
Motor resistance (in general), r [Q] 0.11
Tire radius, R [m] 0.50
Gravity, g [m/s,] 9.81
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2.4.2. Random Forest

It is an ensemble learning algorithm based on decision trees.
It is essentially an ensemble method formed by combining
multiple decision trees. Random Forest (RF) trains each
tree differently and then combines their predictions to cre-
ate a more robust and balanced predictor. Each decision tree
randomly samples the dataset. This ensures that each tree is
trained on a different subset. Each decision tree is trained
using a subset of features at each node. This ensures that
each tree is trained on a different set of features. After each
decision tree is trained, the predictions are combined. In
the case of classification, the majority of classes are taken,
while in the case of regression, the average value is taken.
It generally outperforms other classification and regression
algorithms. Combining multiple trees reduces the risk of
overfitting and performs well on a variety of datasets and
teatures. RF has been successfully used in many ML prob-
lems such as classification, regression, and feature selection

(Aslan, 2024).
2.4.3. Extreme Gradient Boosting

Extreme Gradient Boosting (XGBoost) is a ML algorithm
that uses gradient boosting and is based on decision trees.
Its basic operating principle is to create a new model that
minimizes the errors of the existing model. In this process,
a step size is calculated based on the second derivative of the
loss function. This step helps adjust the output of the new
model to minimize the errors of the existing model (Sahin

etal., 2025).
2.4.4. Support Vector Machine
A supervised learning model called Support Vector Ma-

chine (SVM) can be utilized for classification and regression
tasks. Its primary function is to identify a hyperplane that
effectively separates data points into distinct classes while
maximizing the margin. These principles are extended to
regression problems by Support Vector Regression (SVR).
Both SVM and SVR models depend on a subset of the
training data, as their cost functions ignore points beyond
the margin or those with predictions close to their targets

(Hussain et al., 2025).
2.5. Proposed Solution Approach

'The proposed solution approach consists of three main steps.
'The flow chart of the energy prediction process is shown in
Figure 3. The steps are summarized as follows:

Step 1. Data Preprocessing: The EVED dataset contains var-
ious features related to energy consumption. Data prepro-
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cessing was performed to ensure data quality and to prepare

the dataset for modeling. The key preprocessing steps in-
cluded:

* Handling Missing Data: Missing values were removed
to maintain dataset integrity.

* Data Transformation: Feature values were scaled using
Min-Max normalization to standardize the range of in-
put variables.

* Feature Engineering: New features were derived from
existing variables to enhance model learning and predic-

tive capability.

Step 2. Energy Consumption Modeling: In the prediction of
energy consumption, two parallel approaches were consid-
ered: an analytical model and ML models. Each of these
methods has been used in this dual strategy to take full
advantage of their complementary strengths: the physical
principles on which the analytical model is based provide
insight, while ML models can capture complex nonlinear
patterns present in the data that are difficult or impossible
to represent analytically.

In this study, the target variable used for training and test-
ing all ML models is the original “Energy_Consumption
(Wh)” variable provided in the EVED dataset. The analyt-
ically computed energy consumption values were not used
as training targets for the ML models. Instead, both the
analytical model and the machine learning models inde-
pendently predict the same observed energy consumption
values from the dataset, and their predictive performances
are compared using performance (Root Mean Square Error,
RMSE, Mean Absolute Error, MAE, and Coefficient of

Determination, R?) metrics.

Step 2.1. Analytical (Physical) Model: This approach relies on
fundamental physical principles and engineering knowledge
affecting energy consumption.

*  Model Formulation: A mathematical model was devel-
oped considering the primary factors influencing energy
consumption.

* Parameter Estimation: Model parameters were calibrat-
ed to best fit the observed data.

Step 2.2. Machine Learning Model Development: ‘This ap-
proach applies ML algorithms to grasp complex patterns
within the data:

* Model Development: Algorithms such as LR, RF,
XGBoost, and SVM were implemented and trained.
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* Training and Validation: The dataset was split into
training, validation, and test subsets to ensure reliable
performance evaluation.

* Hyperparameter Optimization: Cross-validation and
predefined hyperparameter ranges for each algorithm
were used to optimize the key hyperparameters that
yielded optimal predictive performance.

Step 3. Energy Prediction and Performance Evaluation: The
predictions of both the analytical model and the ML model

were compared on the test dataset. Model performance was
evaluated based on standard metrics such as RMSE, MAE,
and R to assess their accuracy and explanatory power.

3. Results and Discussion

This section provides an overview of the study’s findings and
interprets the results in the context of model performance
and predictive accuracy.

3.1. Experimental Details

All models were developed and tested in the Google Colab
environment using Python. For the ML applications, the

Scikit-learn and XGBoost libraries were utilized, and sk-
learn metrics was employed for performance evaluation. The
dataset was divided into 80% training and 20% testing for
all methods. Hyperparameter optimization of the regression
models was conducted according to the ranges presented in
Table 5. Key parameters of each model were selected, and
their optimal values were determined by using a grid search
approach. In this respect, each model was optimized to
reach the maximum explanatory power and minimum er-
ror values on the dataset. The experimental study was eval-
uated by three commonly accepted regression performance
metrics: RMSE, MAE, and R?. Performance metrics used
in this study are defined by Equations 6-8, respectively. In
these equations, y; is the real (observed) value of the target
variable for the ith sample; 9 is the predicted value gener-
ated by the model, y is the mean of the observed values,
and n is the total number of samples in the dataset. These
standard formulations are widely adopted in the literature
to rigorously assess the accuracy and explanatory power of
regression models.
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Figure 3. Flow chart of energy

prediction process.
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3.2. Comparison of Analytical and ML Models

In the current study, the regression performance of the an-
alytical model was evaluated against various ML methods,
including LR, RF, XGBoost, and SVM. The results of tests
conducted on this dataset are summarized in Table 6. Com-
plementing the tables, Figure 4 (a)-(b) depicts the results in
detail to clearly present a comparison of performances by
models. It should be noted that the comparisons presented
here are based on the specific dataset and model configura-
tions used in this study, and therefore do not constitute a
universal benchmark across methods. Among the methods
tested, RF gave the best performance, modeling the highly
complicated relationships of the data with low error rates

and high explanatory power.

Table 5. Parameter ranges for regression algorithms.

Method

Parameter

Number of trees (n_estimators)

The performance of the analytical model was also close to
RF and fitted very strongly with a high coefficient of de-
termination, indicating that—in addition to ML approach-
es—the analytical model has considerable explanatory capa-
bility and effectively captures the underlying patterns in the
data. Rather than indicating a definitive superiority over da-
ta-driven approaches, this result highlights the complemen-
tary strengths of the analytical model, particularly in terms
of interpretability and its ability to reflect the underlying
physical relationships of the system. Meanwhile, XGBoost
demonstrated competitive performance in terms of error
metrics but a slightly lower ability in capturing the relation-
ships in the dataset compared with the RF and the analytical
model. The worst performances were obtained for LR and
SVM. Indeed, both methods had low value in explaining
the variability of the dataset. If the performance of LR was
relatively poor, its linear assumptions may not be fully met
by the dataset. Although hyperparameter optimization was
performed for SVM over a predefined range of kernel types
(linear, rbf, poly), regularization parameter (C), epsilon, and
kernel coeflicient (gamma), the model still exhibited limited
predictive performance on this dataset. This outcome may
be related to the sensitivity of SVM to feature scaling, ker-
nel selection, and the interaction between hyperparameters.
It should also be noted that the selected parameter ranges,
while reasonably broad, may not fully capture the optimal

Range
[100, 250, 500, 750, 1000]

Maximum tree depth (max_depth)

[3,5,7,10] or None

RF Minimum samples to split a node (min_samples_split)

(2,3,5,7,10,20]

Minimum samples per leaf (min_samples_leaf)

[1’ 27 37 5) 7]

Features considered per split (max_features)

“auto”, “Sqrt”, “logzn}

Number of trees (n_estimators)

[100, 250, 500, 750, 1000]

Maximum tree depth (max_depth)

[3,5,7,10] or None

Learning rate (learning_rate)

[0.001,0.01, 0.1]

XGBoost
Subsample ratio of training data (subsample) [0.5,1.0]
Subsample ratio of features per tree (colsample_bytree) [0.5,1.0]
Minimum child weight (min_child_weight) [1,10]
Regularization parameter (C) [1e-3, 1e3] (log-scale)
SVR Epsilon-tube width (epsilon) [1e-3,1.0]

Kernel type (kernel)

{“linear”, ((rb », «polyn}

Kernel coefficient (gamma, for rbf)

[1e-4, 10] (log-scale)
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configuration for this specific problem. Therefore, more ex-
tensive tuning strategies (e.g., wider search spaces or alter-
native kernel formulations) could potentially improve SVM
performance, which should be considered in future studies.
Overall, the results suggest that RF and the analytical model
provide strong performance for this particular dataset; how-
ever, these findings should be interpreted as context-depen-
dent rather than evidence of general superiority. Generally,
these results confirm that RF and the analytical model can
outperform linear-assumption-based methods in capturing
the complex relationships evidenced in this dataset.

When the results are considered from the point of view of
training time, differences among the models become clear.
The computational effort required for the analytical model
is the highest because its physical formulation makes the
estimation of parameters computationally complex. RF and
XGBoost presented a better balance between the efficiency
of training and predictive performance. For LR, being the
fastest method did not ensure the desired accuracy, whereas
for SVM, computational requirements are relatively high for

Table 6. Results of regression models

a technique with low explanatory power. It should also be
noted that computational efficiency and predictive accuracy
should be evaluated together with model transparency and
interpretability, especially when analytical understanding of
the system is required. These results indicate that predictive
performance and computational efficiency should both be
considered for the selection of suitable models, especially in
large-scale or real-time applications.

3.3. Feature-Based Interpretation and Discussion

In the present study, the energy consumption of electric
vehicles was predicted using two different approaches: a
physical-analytical model and various ML methods. The
estimate of energy consumption in an analytical model is
calculated by considering fundamental dynamic parameters
such as vehicle speed, mass, and road gradient. In contrast,
ML models use a much broader set of features, including
battery state, environmental conditions, HVAC system
loads, and speed limit information to generate data-driven
predictions. The results reported herein offer a comparison

ML Methods
Regressor / Performance Metric Analytic Model
XGBoost

RMSE 4.12 7.54 4.1 4.71 7.26
MAE 1.51 5.93 1.51 1.92 5.73
R? 0.71 0.5 0.72 0.65 0.51
Computational Time (second) 1776 60 357 687 1248
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Figure 4. Performance comparison of regression models: (a) error metrics (RMSE and MAE); (b) coefficient of determination

(R?) and computational time.
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of the performance between different modeling strategies in
the prediction of energy consumption in electric vehicles.
Ultimately, the findings reveal that each approach possess-
es distinct strengths regarding the physical significance and
predictive contribution of their respective features.

To comprehensively interpret these strengths, a dual-stage
interpretability analysis was conducted: first using RF fea-
ture importance for a global ranking, followed by for a
deeper look into the direction of these effects.

3.3.1. Global Feature Importance and Physical
Grounding

Feature importance was determined in this section by using
RF model. Because RF is based on an ensemble of decision
trees, it can quantitatively assess the relative contribution
of each variable towards the prediction and highlight how
different factors lead to energy consumption.

'The feature importance rankings are presented in Figure 5.

The analysis reveals that Acceleration, Timestamp (s), and
Elevation Smoothed (m) are the top features for energy
consumption prediction. This indicates that energy usage
is essentially determined by the vehicle motion dynamics
characterized by speed variations and road topography.

Acceleration (0.281) has the highest importance, which in-
dicates that sudden accelerations or decelerations strongly
raise the energy demand due to increased motor torque and
power. Consequently, this feature represents the impact of

driver behavior -such as aggressive driving or frequent speed
changes—on overall energy efficiency.

Timestamp (0.276) shows high importance as it serves as a
critical proxy for temporal dynamics and maintains consis-
tency between the analytical and data-driven models. Phys-
ically, the timestamp provides the temporal basis for calcu-
lating derivatives such as acceleration (dv/dt), a core compo-
nent of vehicle dynamics equations (Polymeni et al., 2026).
Furthermore, as highlighted by Abd El-Latif & El-dosuky
(2025), the inclusion of temporal features allows the model
to capture latent patterns such as traffic flow conditions and
cumulative battery discharge trends that are not explicitly
represented by instantaneous sensors.

To ensure that the high importance of the Timestamp fea-
ture did not stem from data leakage or simple indexing, an
ablation study was conducted by re-training the RF model
without this variable. The results showed only a minimal
performance decrease, with the RMSE increasing from
4.102 to 4.114, the MAE rising from 1.510 to 1.515, and
the R? value slightly decreasing from 0.71 to 0.70. This mar-
ginal change confirms that the model effectively relies on
the underlying physical relationships (speed, torque, and to-
pography) rather than a temporal bias, validating the integ-
rity and generalization capability of the proposed predictive
framework.

Elevation Smoothed (0.263) represents road topography. The
rise of potential energy demand when the vehicle is on an

Acceleration
Timestamp (s)
Elevation Smoothed
HV Battery Current
Longitude

Latitude

Vehicle Speed (m/s)
HV Battery SOC
OAT

Feature

HV Battery Voltage I
Gradient -

Speed Limit 1

Class of Speed Limit
Air Conditioning Power -

Heater Power -

Figure 5. Relative
importance of
input features in
predicting electric
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uphill climb increases total energy consumption directly.
This corresponds to the analytical model, which also incor-
porates road gradient as one of the explanatory variables.
Among the lower-ranked variables, HV Battery Current
(0.045) and Longitude/Latitude (=0.04) still provide mean-
ingful contributions. The battery current directly reflects in-
stantaneous power draw, while spatial variables indirectly
capture route characteristics that influence energy use, such
as urban versus highway driving. Vebicle Speed (0.025) re-
mains an essential factor in energy consumption; howev-
er, since its derivative effect is captured by the acceleration
feature, its relative contribution within the model is lower.
On the other hand, variables such as OA7 (0.005), HVAC
power consumption (=0.0001), and Speed Limit parameters
(=0.0003-0.0006) have low importance, suggesting that, in
the current dataset, driving dynamics and road topography
play a more dominant role in determining energy demand.
However, under long-term or seasonal analyses, the influ-
ence of environmental and auxiliary load variables may be-
come more pronounced.

The analytical model, even though fully based on inter-
pretable fundamental physical parameters such as speed,
mass, and gradient, achieved an R? of 0.71. Thus, the results
strongly support that physically interpretable variables are
of utmost importance to explain the energy consumption
of the vehicle. However, the model’s inability to explicitly
incorporate factors such as HVAC power, battery thermal
behavior, or speed limit categories leads to deviations under
varying driving or environmental conditions. ML methods
particularly RF and XGBoost address these limitations by
learning from high-dimensional data and capturing com-
plex nonlinear interactions. Nevertheless, even in these
data-driven approaches, physical variables such as acceler-
ation, gradient, and speed remain the dominant predictors.
This emphasizes that physically grounded parameters serve
as the core explanatory components of accurate energy pre-
diction models, even when combined within broader da-
ta-driven frameworks.

Overall, the physically meaningful features serve as a funda-
mental determinant of electric vehicle energy consumption,
but their integration with data-driven learning techniques
greatly enhances accuracy and the generalization capability
of the model. In this context, feature-based inference can be
seen as a bridge between physics-based interpretability and
the flexibility of ML. While RF provides a robust global
importance ranking, a more advanced SHAP analysis was
also employed in order to quantitatively examine the impact
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of each variable and identify the directional effects on the
predictions. These analyses help validate the hybrid phys-
ics-informed and data-driven models, which can achieve
superior accuracy and adaptability to diverse driving con-
ditions.

3.3.2. SHAP-Based Interpretability Analysis

Unlike traditional feature importance methods, SHAP
analysis provides both magnitude and direction of feature
contributions, allowing a more comprehensive interpre-
tation of the model. While RF provides a global ranking
based on impurity reduction, SHAP offers a more nuanced
view by calculating the additive contribution of each feature
to the final prediction. Figure 6 presents the SHAP-based
interpretability analysis of the proposed model. Figure 6(a)
shows the SHAP summary (beeswarm) plot, which illus-
trates both the magnitude and direction of each feature’s
contribution to the model output, while Figure 6(b) pro-
vides the global feature importance based on mean absolute

SHAP values.

As shown in Figure 6(b), Acceleration is the most influential
feature, consistent with the RF results. However, a notable
difference emerges in the ranking of spatial variables (Lon-
gitude and Latitude) and battery-related parameters. This
indicates that the model predictions are primarily driven
by driving dynamics and geographical information. Spe-
cifically, while RF emphasized the temporal continuity via
the Timestamp and vertical dynamics via Elevation, SHAP
highlights the horizontal spatial context (Longitude/Lati-
tude) and battery states (SOC, Voltage) as more decisive for
individual prediction adjustments.

The SHAP summary plot in Figure 6(a) provides further
insight into the direction and distribution of feature ef-
fects. The high spread of SHAP values for Acceleration con-
firms its dominant role, where high acceleration values (red
points) typically lead to a significant positive contribution
to energy consumption. Features such as Longifude and
Latitude show a wide spread of SHAP values, indicating
strong and non-linear relationships with the target variable.
'The presence of both positive and negative SHAP values for
these features suggests that their effect on the prediction is
context-dependent and varies across different observations.

'The contrast between RF and SHAP rankings is particularly
evident for the Elevation Smoothed feature. In RF, Eleva-
tion is ranked third due to its global correlation with energy
demand in hilly terrains; however, SHAP identifies it as a
secondary contributor compared to instantaneous battery
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currents and spatial identifiers. This suggests that while to-
pography is a significant global factor, the model’s local de-
cisions are more heavily influenced by the immediate energy
draw and geographical location.

Battery-related variables generally have SHAP values clus-
tered around zero with moderate spread, indicating a con-
sistent but less dominant influence. Notably, SHAP anal-
ysis reveals that lower SOC values and higher HV Battery
Currents are positively correlated with increased predicted
energy consumption, a relationship that is not explicitly vis-
ible in standard RF importance charts. On the other hand,
features such as Air Conditioning Power and Heater Power
are concentrated near zero, confirming their minimal con-
tribution to the model.

Overall, the SHAP analysis complements the RF findings
by providing a directional and more localized perspective.
It reveals that the proposed model relies predominantly on
dynamic and spatial features, while auxiliary system vari-
ables have a limited effect. These findings enhance the inter-
pretability of the model by clearly identifying both the most
influential features and the nature of their contributions to
the prediction process.

4. Conclusion and Suggestions

This study investigated the determinants of EV energy
consumption by systematically comparing a physics-based
analytical model with various ML techniques. The research
focused on establishing a balance between the interpretabil-
ity of physical laws and the predictive power of data-driven
algorithms.

Experimental results demonstrate that the RF model and
the proposed analytical model provide the most robust per-
formances, with RF achieving the highest accuracy by effec-
tively capturing the nonlinear interactions within the EVED
dataset. A key finding of the study is the strong alignment
between physical principles and ML outputs. The high ex-
planatory power (R? = 0.71) of the analytical model, which
relies solely on fundamental dynamics, confirms that energy
consumption is primarily governed by observable physical
variables. The ML models further enhanced this baseline by
integrating high-dimensional features such as HVAC loads
and battery states, which are traditionally difficult to repre-
sent in closed-form analytical equations.

Interpretability analyses, conducted through both RF-based
global importance and SHAP-based directional evaluation,
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Figure 6. SHAP-based model interpretability: (a) summary plot showing the impact and direction of each feature on model out-
put, (b) global feature importance measured by mean absolute SHAP values.
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identified Acceleration, Timestamp, and Elevation as the
primary drivers of energy demand. The significance of the
Timestamp was further validated through an ablation study,
which revealed only a marginal performance degration (a
0.29% increase in RMSE and a 0.33% increase in MAE)
upon its removal. The R? value remained stable at 0.70-0.71,
thereby confirming that the model effectively relies on the
underlying vehicle dynamics rather than temporal indexing.
Furthermore, SHAP analysis provided deeper insights into
the directional impact of these features, revealing how in-
stantaneous driving behaviors and spatial contexts non-lin-
early influence energy consumption across diverse driving
scenarios.

Despite these contributions, the study has certain limita-
tions. The findings are based on a specific geographical
region and vehicle dataset, which may limit immediate
generalizability to diverse climates or different EV archi-
tectures. Additionally, while the models capture short-term
dynamics, long-term factors such as battery degradation
and inter-driver variability were not within the scope of this

analysis.

Future research will focus on extending this hybrid frame-
work to larger, multi-regional datasets and exploring deep
learning architectures, such as LSTMs, to better capture
long-term temporal dependencies. In conclusion, this work
demonstrates that a dual strategy—coupling analytical mod-
eling with interpretable ML—not only improves predictive
accuracy but also ensures that the results remain physically
grounded, providing actionable insights for energy-efficient
route planning and sustainable transportation management.
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Zonguldak Kémiirtinden Uret-iler-l Aktif Karbonlarin Yuzey Alani ve G6zenek
Boyutunun H, Adsorpsiyonu Ile Iligkisinin Arastiriimas:

Invesz‘igaz‘ion of The Relaz‘ionsbip Between Su;face Area and Pore Size OfAcz‘iwaz‘ed Carbons Produced
From Zongu[dak Coal And H2 Adsorpz‘ion

Atakan Toprak

Zonguldak Bilent Ecevit Universitesi, Caycuma Gida ve Tarim MYO, Kimya ve Kimyasal Isleme Teknolojileri, Zonguldak, Tirkiye

Oz

Bu ¢aligmada, artan kiiresel enerji gereksinimi ve ¢evre kirliligine kars: temiz bir enerji kaynag: olarak hidrojenin verimli bir sekilde
depolanmast i¢in Zonguldak kémiriinden farkli gézenek ve ylizey 6zelliklerine sahip aktif karbonlarin gelistirilmesi ve optimizasyonu
yapilmugtir. Deneysel agamada, kiil igerigi giderilen komiir numunesi H,PO, ile impregne edilerek 800°C ve 900°C sicakliklarda N,
ve N,-H,O buhari altinda iki farkli yéntemle aktivasyon islemi ile aktif karbonlar tretilmistir. Elde edilen sonuglara gére, H,O buhar:
aktivasyonunun yiizey alan1 ve gozenek ozelliklerinin gelistirmede etkili bir ydntem oldugu géstermistir. En yiiksek BET ytizey alan
ve mikro gézenek hacmi H900-H,O numunesinde elde edilmistir. 77 K ve 1 atm’de H, depolama kapasitesi agirlik¢a %1.58 ile H900-
H,0O numunesinde elde edilmistir. H, adsorpsiyonunun yiizey alan1 ve mikro gézenek boyutlari ile arasindaki korelasyon galismalarina
gore, H, adsorpsiyon kapasitesinin BET yiizey alinindan ziyade belirli gézenek boyutlariyla iliskili oldugunu belirlenmistir. Ozellikle
aktif karbonlarin 5-10 A araligindaki ultra mikro gézenck hacmi ile H, kapasitesi arasinda belirleme katsayis: (R?) 0.999 gibi oldukg¢a
yiiksek bir dogrusal iliski tespit edilmistir. Sonug olarak, kémiirlere uygulanan hibrit (fiziksel ve kimyasal) aktivasyon yonteminin, H,
depolama i¢in ideal olan ultra mikro gézenekli yapinin olusturulmasinda son derece etkili oldugu sonucuna varilmistir. Elde edilen
H, adsorpsiyon sonuglarinin literatirdeki COF-102, ZIF-8 ve MOF-5 gibi baz1 geligmis gozenekli yapilar ile rekabet edebildigi

belirlenmistir.

Anahtar Kelimeler: Aktif karbon, Hidrojen depolama, H O aktivasyonu, kémiir, ultra mikro gézenek

Abstract

In this study, the development and optimization of activated carbons with varying pore and surface properties derived from Zonguldak
coal were conducted to efficiently store hydrogen as a clean energy source, addressing the increasing global energy demand and
environmental pollution. In the experimental section, activated carbons were produced by impregnating coal samples with ash content
removed using H,PO,, and then activating them at 800°C and 900°C under N, and N_-H,O vapor, using two different methods.
According to the results, H,O vapor activation was shown to be an effective method for improving surface area and pore properties.
The highest BET surface area and micropore volume were obtained in the H900-H,O sample. The H, storage capacity at 77 K and 1
atm was obtained in the H900-H,O sample, which contained 1.58% by weight of H,. According to the correlation studies between
H, adsorption and surface area and micropore size, it was determined that the H, adsorption capacity is related to specific pore sizes
rather than the BET surface area. Specifically, a very high linear relationship of correlation coefficient (R?) 0.999 was found between
the ultra-micropore volume (5-10 A range) of activated carbons and their H, capacity. Consequently, it was concluded that the hybrid
(physical and chemical) activation method applied to coals is highly effective in creating the ultra-micropore structure ideal for H,
storage. It was determined that the obtained H, adsorption results were competitive with those of some advanced porous structures
reported in the literature, such as COF-102, ZIF-8, and MOF-5.

Keywords: Activated carbon, hydrogen storage, H,O activation, coal, ultra micropore.
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1. Giris

Artan kiresel enerji gereksinimi ve fosil yakit kullanimi
nedeniyle meydana gelen cevre kirliligi, alternatif ener-
ji kaynaklar tizerinde kapsamli aragtirmalarin yapilmasina
yol agmustir. Bu aragtirmalarin en baginda gelen Hidrojen
(H,), birim bagina yiiksek enerji yogunluguna sahip, hafif
ve temiz bir enerji kaynagidir. Ancak H, uygulanabilir bir
enerji ¢6zimi haline gelebilmesi i¢in yeterli agirlik¢a de-
polama veya gravimetrik H, depolama kapasitesine ihtiyact
vardir (Edwards vd., 2020). Amerika Birlesik Devletleri ve
Avrupa’daki Enerji Bakanliklari, 2025 yilina kadar H, depo-
lama sistemleri i¢in belirli hedefler belirlemistir. Bu hedefler
40 kg/m?® hacimsel yogunluk ve %5.5 gravimetrik yogunluk
olarak belirlenmistir (Kumar vd., 2024).

H,'nin teorik gravimetrik enerji yogunlugu, geleneksel ya-
katlara gére 120 MJ/kg ile olaganisti yiiksek olsa da, dusik
hacimsel enerji yogunlugu sebebiyle verimli depolama ¢6-
ziimlerini gerektirmektedir (Rivard vd., 2019; Samantaray
vd., 2021). H nin gaz silindirlerinde sikistirma ve kriyoje-
nik tanklarda sivilagtirma gibi geleneksel H, depolama yon-
temleri, sikistirma igin disiik hacimsel enerji yogunlugu ve
stvilagtirma igin ise yiiksek enerji tiiketimi gibi 6nemli de-
zavantajlardan mustariptir. Bu nedenle, aragtirmalar metal
hidritler, metal-organik ¢ergeveler (MOF’lar) ve nanoyapili
karbonlar gibi kati malzemeler tzerinde emilim veya ad-
sorpsiyon dahil olmak tizere alternatif stratejilere odaklan-
mistir (Masika & Mokaya, 2012; Ramirez-Vidal vd., 2021).
Bunlar arasinda, aktif karbon gibi gozenekli malzemeler
tzerine fiziksel adsorpsiyon, tersinir olmasi, hizli kinetigi
ve zayif van der Waals etkilesimleri yoluyla meydana gelen
H, adsorpsiyonu ve desorpsiyonu igin nispeten diisiik enerji
gereksinimleri nedeniyle ozellikle ilgi ¢ekicidir (Lépez vd.,
2025).

Aktif karbonlar ile yapilan H, depolama ¢aligmalarinda, or-
tam sicakligina yakin sicakliklarda agirlikga %1-2 oraninda,
kriyojenik sicakliklarda ve yiiksek basinglarda ise agirlik-
¢a %5-7 oranina ulagtigini gorilmistir (Yang vd., 2023).
Yiksek yilizey alanli ve mikro gézenekli bu aktif karbonlar
kémiir, odun, turba, tarimsal atiklar ve polimerler gibi ¢esit-
li karbon igerikli baglangi¢ malzemelerinden tretilmektedir.
Aktif karbonlarin ayarlanabilir gézenek yapilari, kriyojenik
sicakliklarda fiziksel adsorpsiyon yoluyla H, kapsitesini artir-
mak i¢in ¢ok 6nemlidir (Sdanghi vd., 2020). Aktif karbon-
lar igindeki ozellikle mikro gézenek dagilimi, H, depolama
performansini etkileyen faktorlerin baginda gelmektedir.
Mikro gozenek yapilari, hem H, molekiilleri i¢in adsorp-
siyon bolgelerinin erisilebilirligini hem de bunlarin geligmis
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afinitesini belirlemede 6nemli bir rol oynamaktadirlar (Hu-
ang vd., 2018). Yapilan ¢aligmalarda, benzer yiizey alanla-
rina sahip malzemeler H, depolama kapasitesini artirmada
birincil etkenin ylizey alanindan ziyade gbzenek boyut ve
dagiliminin oldugu ve ultra mikro gézeneklerin ( 1 nm<)
verimliligi 6nemli 6l¢tide etkiledigi vurgulanmistir (Masi-
ka & Mokaya, 2012). H, molekiili ile ultramikro g6zenekli
karbonlar arasindaki van der Waals etkilesimleri, 6zellikle
de 0.5-0.7nm araliginda etkili oldugu belirlenmistir (Verga-
ra-Rubio vd., 2022). Bu etkilesimler, H -adsorban afinite-
sini 6nemli 6l¢tide artirmakta ve adsorpsiyon 1sisin1 yiikselt-
mektedir. Bu tiir ultramikro gozenekler, 6zellikle 1IMPa’nin
altindaki dugtik basinglarda ve 77K civarindaki sicakliklarda
onemli H, adsorpsiyonu depolamada gereklidir (Sdanghi
vd., 2020; Naheed vd. 2021). Bu durum, H, depolanmasinin
en Ust duzeye ¢ikarmak ve pratik depolama yogunluklarina
ulagmak icin aktif karbonun mikro gbzenek 6zelliklerinin
gelistirilmesi gerektigi anlamina gelir (Ramesh vd., 2015).
Diger taraftan mezo gozeneklilige sahip aktif karbonlar ge-
nellikle H, adsorpsiyon performansini olumsuz etkiledigi
belirlenmistir. Bazi ¢caligmalarda, 1.5-2.5 nm arasindaki ki-
¢lik mezo gozeneklerin 6zellikle yiiksek basinglarda H, de-
polamasina katkida bulunabilecegini belirlenmigse de, mezo
gozeneklerin mikro gozeneklere kiyasla H, depolamasinda
cok az katkida sagladigi anlagilmistir (Gogotsi vd., 2009).
Yaklagik 1.5 nm’den daha biiyiik gézenekler H, adsorpsi-
yonunda minimum diizeyde katkida bulunsa da, 2.5 nm’yi
asan mezo goézenekler genellikle H, depolamasina hig kat-
kida bulunmadig diisintlmektedir. Mezo gozeneklerin H,
adsorpsiyonundaki bu azalan verimliligi, daha zayif van der
Waals etkilesimlerinin olmasi ve bununla birlikte H, mole-
killeri i¢in adsorpsiyon bélgelerinde afinitesinin azalmas: ve
sonug olarak genel depolama kapasitesini diismesiyle sonug-

lanmaktadir (Huang vd., 2018).

Literatiirde ¢ok sayida ¢esitli baglangic malzemelerinden tii-
retilen aktif karbonlarin H, adsorpsiyonu galismalar: ince-
lemigtir. Ramesh ve arkadaglari, demirhindi tohumlarindan
mikrodalga ve KOH kimyasal aktivasyonu ile aktif karbon-
lar tiretmis ve 1785m?/g’lik yiiksek bir yiizey alani, 0.94cm?/
2’'lik bir mikro gézenek hacmi ve yaklagik 0.8-1.1nm arasin-
da degisen gozenek boyutlar: bildirmislerdir. Bu karbonlar,
oda sicakliginda ve 4 MPa basingta maksimum agirlikca
%4.73 H, depolama kapasitesi gostermistir ve bu da ABD
Enerji Bakanligr'nin hedefinin yaklagik %80’ine ulagmuis-
lardir (Ramesh vd., 2015). Benzer sekilde Sultana vd. kap-
saml literatir calismasinda, tipik olarak 10 A’nin altinda
ultra mikro gozenekler ve 1.5 cm®/g’t agan mikro gézenek
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hacimlerine sahip aktif karbonlar, H; adsorpsiyonunu en st
diizeye ¢ikarmak i¢in ideal olarak tanimlanmisladir (Sultana
vd., 2021). Misir koganindan elde edilen aktif karbon tizeri-
ne 77K’de hem diisiik hem de yiiksek basingta H, depolama
caligmasinda, 1 bar’da agirlik¢a %3.21 kapasite sergilerken,
40bar'da agirlikca %5.80 kapasiteye ¢iktig1 belirlenmigtir
(Liu vd., 2014). Biokitle atizindan elde edilen aktif kar-
bonun oksijen ve azot gibi ylizey modifikasyonlari, tstiin
gozenek boyutlari ve hacimlerinin gelistirilmesi sayesinde
77K ve 1 bar'da agirlik¢a %2.62 H, adsorpsiyonuna ulagarak
depolama kapasitesini daha da artirdig1 gorilmistir (Anuc-
hitsakol vd., 2023). Sonug olarak, elde edilen bulgular H,
depolama kapasitesini ultra mikro g6zeneklerin hacmiyle
dogrudan iligkili oldugu ve iyi gelismis mikro gézenekli ya-
pilarin H, depolama kapasitesini artirmadaki kritik rolini
gostermektedir (Texier-Mandoki vd., 2004).

Bu ¢aligmanin amact, Zonguldak kémiirden elde edilen aktif
karbonun mikro gézenek boyut dagiliminin H, adsorpsiyon
kapasitesi tizerindeki etkisini aragtirmak ve boylece gelismis
depolama performansi i¢in optimum gozenek ozelliklerini
belirlemektir.

Bu ¢alismanin temel amaci, Zonguldak kémiirinden elde
edilen aktif karbonlarin gézenek boyutu dagilimi ile H,
adsorpsiyon kapasitesi arasindaki iligkiyi sistematik olarak
arastirmaktir. Bu kapsamda, kiild giderilen komir numu-
neleri H,PO, ile emprenye edilmistir ve 800°C ve 900°C
sicakliklarda N, ve N,-H, O buhar ile aktivasyon uygula-
narak farkli ylizey 6zelliklerine sahip aktif karbonlar sentez-
lenmistir. Caligma, 6zellikle ultra mikro gézenek hacminin
(5-10A) H, depolamast arasindaki belirleyici etkiyi ortaya
koymay1 ve bu parametreler arasindaki korelasyonu litera-
tiurdeki gelismis gozenekli yapilarla karsilagtirmali olarak
degerlendirmeyi hedeflemektedir.

2. Gereg ve Yontem(ler)
2.1. Kémiirden Aktif Karbon Uretimi

Aktif karbon tretimi daha 6nce bildirilen metoda gére ger-
ceklestirilmistir (Toprak, 2020). Bu yonteme gore kisaca
Sekil 1I'de gosterildigi gibi, birinci basmakta yaklagik 300
pm boyutuna getirilen Zonguldak kémurinin inorganik
iceriginin giderilmesi amactyla sirasiyla 60°C’de %20 HCI
ile 3saat (sa) muamele edildi. Devaminda ayni islem %25’lik
HF ile ger¢eklestirilmistir. Her asit igleminden sonra nu-

ADIM 1: DEMINERALIZASYON (Kiil Glderme)

—> _
) T e - .
I-I(eirgoiézml)u 1. Asit Yikama: 2 AsitYikama:  Yikama (p~7)  Demineralize Komir
%20 HC, 60°C, 35 %25HE 60°C, 35 &Kunuima

ADIM 2: EMPRENYE

(3.1) Sonikasyan, Emprenye
D e 3 —>  Edilmis
Numune
Demineralize KSmiir
(Kill ~%0.4)
ADIM 3; AKTIVASYON

H800

Emprenye
Edilmig Numune

Akis, 30dk

....p Yontem 1 (Klmyasal) N, Akisl, 1s

Yontem 2 (Fiz-Kim): N, + Buhar (H,0) Aklsl,_j

23 B oo
-y

H900

(800-800°C)

!a H900-H,0

Sekil 1. Aktif karbon tretim semast.
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mune pH~7 olana kadar yikanip kurutulmustur. Bu sayede
kémirtin kil igerigi yaklagik %0.4°e kadar distiralmusgtiir.
Ikinci basamaketa, kiilii giderilmis kémiir agirlikea 3:1 ora-
minda H PO, ile 70°C’de geri sogutucu altinda 2sa karis-
tirdlmigtir. Ardindan 60°C’de 30 dakika (dk) sonikasyon
ile iyice homojenizasyon ve 100°C’de bir gece kurutularak
emprenye iiriin elde edilmistir. Ugiincii basamakta empren-
ye edilen 6rnek, tip firinda 800 ve 900°C sicakliklarda iki
farkli yontemle aktive edilmistir. Binci yontemde, sadece N,
akigi altinda 1sa kimyasal aktivasyon ile H800 ve H900 elde
edilmistir. Tkinci yontemde ise 800 ve 900°C sicaklikta N,
ve H,O buhar karigimz ile 30dk fiziksel ve kimyasal akti-
vasyon birlikte gergeklestirilerek H800-H,O ve H900-H,O
tiretilmistir. Elde edilen numunelere H,PO, kalintilarin:
uzaklagtirmak i¢in sicak saf su ile pH 7 olana kadar yikama
islemleri gergeklestirilmigtir.

2.2. Karakterizasyon

Elde edilen aktif karbonlarin kapsamli fiziksel ve yapisal
ozellikleri, Quantachrome AS 1C otomatik gaz adsorpsiyon
cihazi kullanilarak belirlendi. Bu cihaz, 77 K’de N, ve H,,
273 K’de CO, adsorpsiyon-desorpsiyon izotermlerini, bagil
basingin (P/P,) 0.01-0.995 arasinda kullanilmugtir. Tim gaz
adsorpsiyon ol¢timlerinden 6nce, AC numuneleri, gézenek
yapisindan adsorbe edilmis nemi veya ugucu kirleticileri
gidermek i¢in 150°C’de vakum altinda 2 saat kurutma is-
leminden gegirildi. 77 K’deki N, adsorpsiyon-desorpsiyon
izotermlerinden ve 273 K’deki CO, adsorpsiyon izoterm-
(BET) ytizey alani,
gozenek boyutu dagilimlari, mikrogézenek hacmi (V. )

icro

lerinden, Brunauer-Emmett-Teller

mezogdzenek hacmi (V) ve toplam gozenek hacmi (V)
belirlendi. Detayli ylizey morfolojisi ve elementel bilesim
analizi i¢in, Enerji Dagilimli X-151n1 Spektroskopisi (EDS)
ile donatilmis FEI QUANTA FEG 450 Taramali Elektron
Mikroskobu kullanilds.

3. Bulgular ve Tartisgma
3.1. Aktif Karbonlarin Yizey Alan1 ve Gézenek Yapilari

Sekil 2a-c'de sentezlenen H800-900 ve H800-900-H,O
aktif karbonlarin 77 K N, adsorpsiyon-desorpsiyon izo-
termleri, gézenek boyut dagilimlar: ve 273 K’'de CO, mik-
ro gozenek boyut dagilimlar: detayli bir sekilde karakteri-
ze edilmis ve elde edilen sonuglar Cizelge 1’de verilmistir.
Sekil 2a, 77 K’de N, adsorpsiyon-desorpsiyon izoterminde
tim numuneler, [IUPAC siniflandirmasina gére mikro go-
zenekli malzemeler i¢in karakteristik olan Tip I izoterm-
leri sergilemektedir (Gregg & Sing, 1991). Disiik P/P (<
0.1)daki adsorbe edilen N, hacimdeki keskin bir artis, ya-
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Sekil 2. Aktif karbonlarin (a)77K N, adsorpsiyon-desorpsiyon
izotermleri, (b) 273 K’deki CO, NLDFT gézenek boyut da-
gilimlari ve (c) 77 K N, NLDFT gozenek boyut dagilimlar:.

81



Toprak / Zonguldak Kémiiriinden Uretilen Aktif Karbonlar

Cizelge 1. Aktif karbonlarin yiizey alani, gézenek hacmi ve H, adsorpsiyon kapasiteleri

Gozenek Hacmi (NLDF'T, cm®/g)

. BET Yiizey Alan1 H_ kapasite

Ornekler (mg) ; : ; i (Latm, 77K, %wt.)
& V,, <20A 5A<V,,<10A Vo, < 10A USRS

H800 610 0.228 0.122 0.20 112

H800-H,0 1175 0.417 0.193 0.27 1.43

H900 790 0.278 0.104 0.18 1.05

H900-H,0 1880 0.572 0.223 0.28 1.58

prdaki mikro gozeneklerin hizh bir sekilde doldugunu ifade
etmektedir. Ozellikle, H,O buhari ile aktive edilen H800-
H,0 ve H900-H,O, 6zellikle en yiiksek adsorpsiyon kapa-
sitesini gosteren H900-H,O, H800 ve H900 kiyasla 6nemli
ol¢tide daha yiiksek N, adsorpsiyonu géstermislerdir. Ayrica
P/P1n 0.4-1.0 basing araliginda H800, 900-H,O 6rnekle-
rinde histerisin oldugu gorilmektedir. Histerisin genellikle
gazin mezo gozeneklere dolup bogalirken kanallarda yogun-
lagmast sonucunda olusurlar. Sekil 2a’dan hesaplanan BET
yuzey alanlar1 Cizelge 1’de verilmistir. Buna verilere bakil-
diginda, H800 yiizey alan1 610 m?/g’dan H800-H,0O’da
1175m?/g’a yaklagik iki kat ytikselmistir. H900 yiizey alam
790m?*/g’dan 1880m?*/g’a 2.5 kat artirmugtir. Sicakliin arti-
styla birlikte su buhari aktivasyonunun, yiizey alanini gelis-
tirmede 6nemli él¢tude etkili oldugu gérilmusgtiir.

Sekil 2b ve ’de goézenek yapisinin daha ayrintili incelen-
mesi i¢in, Yerel Olmayan Yogunluk Fonksiyonel Teorisi
(NLDFT) modeli kullanilmigtir. Sekil 2b’de ultra mikro
gozenekleri ve dar mikro gozenekleri karakterize etmek
icin oldukea etkili olan ve kinetik sinirlamalar nedeniyle
77K’deki N, ye kiyasla bu daha kigiik gézenekler hakkin-
da daha giivenilir bilgiler sunan 273 K’deki CO, NLDFT
gozenek dagilimlari gosterilmigtir (Toprak, 2020; Lozano-
Castell6 vd., 2004; Meng & Park, 2012). Ttum aktif kar-
bonlar, 5-10A araliginda belirgin gézenek hacimleri goster-
mektedir. Ozellikle, H,O buhar ile aktive edilmis H800-
H,O ve H900-H,O, 5-10A araliginda belirgin sekilde
daha yuksek gozenek hacmi katkilar: sergilemektedir. Ci-
zelge 1'deki 5A <V, < 10A arasindaki gozenek hacim-
leri H800’de 0122cm?/g’den H800-H,O’da 0193cm’/g’a
arttig; H900’de ise 0 104cm’/g’dan 0.223cm’/g’a yiikseldigi
gorilmugtir. Elde edilen sonuglar, sicakligin yikselmesi
ultra mikro gézenek gelisiminde katkist olmadigi, H,O bu-
hari aktivasyonunu ise artirdig anlagilmigtir. Gézenekli ad-
sorbentlerde 5-10A arasindaki ultra mikro gozenekler, H,
molekilleri ile gézenek duvarlari arasindaki giiglii van der
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Waals etkilesimleri yoluyla H, depolamasini artirmak igin
uygun aralik olarak kabul edilmektedir (Lépez vd., 2025;
Vergara-Rubio vd., 2022). Bu sonuglar, H,O buhar: akti-
vasyonunun mikro gézenekli ag: etkili bir sekilde geligtirdigi
ve Ozellikle bu kritik ultra mikro gézeneklerin olusumunu
destekledigini gucli bir sekilde gostermektedir. Sekil 1c’de
daha genis mikro ve mezo gozeneklerin dagilimini gosteren
77K’deki N, NLDFT PSD’leri verilmistir. H800-H,O ve
H900-H,O daha genis mikro gézenek bolgesinde (10-20A)
ve mezo gozenek araliginda (~40A’a kadar) énemli 6lgiide
daha buyik gézenek hacimleri sergilemistir. Bu sonuglar,
H,O buhar aktivasyonunun yalnizca ultra mikro gézenek-
liligi iyilestirmekle kalmayip, ayni zamanda daha erisilebilir
ve kapsamli bir daha genis mikro gozenekli ve dar mezo go-
zenekli yapilar olusturdugunu gostermektedir.

3.2. SEM-EDS Analizi

N, ve H,O buhariyla ile sentezlenen aktif karbonlarin SEM
gorintileri ve EDS verileri Sekil 3’de gosterilmigtir. H800
numunesinde yiizey nispeten piirtizsiiz oldugu ve gézenekli
bir olusumun siurh gelistigini ifade etmektedir. H900’de
sicakligin artmast ile kigiik dizensizlikler ve bazi yeni olu-
san gozenekli yapilar gozlemlenmistir. H800-H,O’da H,O
buhari aktivasyonu ile morfolojisinde belirgin sekilde daha
gozenekli ve piirtizli hale gelmistir. H800’e gore, gozenek
agikliklarinin ve daha diizensiz bir yilizeyin ortaya ¢ikmasi,
H,O buharinin 800°C’de karbon matrisiyle agindirma re-
aksiyonlarini baglatan etkili bir aktive edici madde gérevi
gordiigiini disindiirmektedir. Bu durum H900-H,O’da
daha belirgin ve gelismis gozenekli yapiyr sergilemistir.
900°C’de H,O buhariyla birlikte ylizey yogun bir sekilde
asindirilmis ve gesitli boyutlarda ¢ok sayida iyi tanimlanmus,
acik gozenek gorilmistir. H900-H,O’da diger 6rneklere
gore 6nemli 6l¢ide daha piirtizli ve daha kivrimlidir; bu da
son derece verimli gézenek gelisimini ve artan yiizey alanini
gostermektedir.
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EDS sonuglar: incelediginde, H800-H,O ve H900-H,O,
HB800 ve H900e kiyasla daha ytiksek karbon igerigi ve daha
diistk oksijen icerigi sergilemistir. H800-H,O oksijen ige-
rigi %17’den H800’de %8’e 6nemli bir azalma gosterirken,
H900-H,O’da %15’ten H900’da %12’ye bir azalma goster-
mistir. Bu durum, H,O buharinin gozenekler olusturur-
ken ayni zamanda bazi oksijen i¢eren fonksiyonel gruplari
uzaklastirmada ve daha karbonlu bir yiizeyin olusabildigini
gostermistir.

3.3. Aktif Karbonlarin H, Adsorpsiyon-Desorpsiyonu ve
Gozenek Iliskisi

Sekil 4de aktif karbonlarin 77K H, adsorpsiyon-desorpsi-
yon izotermleri verilmistir. Bu izotermler, 6zellikle fiziksel
sorpsiyonun etkili oldugu kriyojenik sicakliklarda, pratik H,
depolama uygulamalar: i¢in adsorban malzemelerin perfor-
mansini degerlendirilmesinde 6nemli bilgiler verir. Sekil
4deki izotermlerinin hepsi mikro gézenekli aktif karbonla-
rin H,, adsorpsiyonun tipik bir 6zelligi olan Tip I izotermini
sergilemislerdir. Aktif karbonlarin disiik P/P; (0.01-0.4)
basinglarinda H,'nin yiiksek bir hacimde depoladig: ve ar-
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EI:ment W;;% H900-H2 0 {

Sekil 3. Aktif
1| karbonlarin
i SEM-EDS

Bl oorintileri.

dindan daha yiiksek P/P 'da bir plato sergiledigi gorilmek-
tedir. Disiik basinglardaki bu yiiksek H, alimi, H, mole-
killerinin gézenek duvarlariyla artan van der Waals etkile-
simleri nedeniyle mikro gézenekler iginde oncelikli olarak
adsorbe edildigini gosterir (Bicil & Dogan, 2021; Schaefer
vd., 2016). Aktif karbonlarin H, izotermlerinin adsorpsi-
yon-desorpsiyonlar: genellikle ¢ok az veya hi¢ histerezis
gostermemigtir. Bu durum hizli kinetik ve tersinir anlamina
gelmektedir ve pratik depolama ve salinim uygulamalar: i¢in
arzu edilen ozelliklerdir (Bader & Ouederni, 2016; Kahilu
vd., 2023).

Komiirden elde edilen aktif karbonlarda H, adsorpsiyonunu
etkileyen faktorleri belirlemek amaciyla, Sekil 5 a-d’de go-
riildiigii gibi adsorbe edilen H, hacmi (VH, cm¥/g) ile gesitli
gozenek boyutlar: ve yiizey alani gibi parametreler arasinda-
ki iligkiyi inceleyen ayrintili bir korelasyon analizi yapilmig-
tir. Sekil 5(a)’da, adsorbe edilen H, hacmi ile (VCO; < 10A)
kii¢ik gézenek boyutlarina (ultra-mikro gézenek) sahip ha-
cimlerin arasindaki korelasyonu gostermektedir. R*= 0.970
degeriyle giicli bir pozitif dogrusal korelasyon gézlemlen-
mistir. Sekil 5(b)’de ise 5A < VCO, < 10A arasinda degi-
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Sekil 4. Aktif karbonlarin 77 K’deki H, adsrospsiyon-desorp-

siyon izotermi.

sen ultra mikro gozenek hacmi ile adsorbe edilen H, hacmi
arasindaki korelasyonu gostermektedir. Sekil 5(b)'deki ko-
relasyon Sekil 5(a)’a gore de yiiksek olup R?=0.999 degerini
elde edilmistir. Bu yiiksek korelasyon, spesifik ultra mikro
gozenek araligindaki gbzenek hacminin, elde edilen aktif
karbonlar i¢in H, adsorpsiyon kapasitesini olduk¢a dogru
bir sekilde tahmin ettigini géstermistir. Elde edilen sonug-
lar, ozellikle 5-10A arasindaki ultra mikro gozeneklerin,
gii¢lii van der Waals etkilesimleri nedeniyle H, depolamasi-
n1 artirmak i¢in en uygun oldugunu vurgulayan literatir ile
mitkemmel bir uyum i¢indedir (Lépez vd., 2025; Vergara-
Rubio vd., 2022). Sekil 5(c)’'de, VH, hacmi ile BET yiizey
alani arasindaki iligkiyi géstermektedir. R?= 0.864 degeriyle
iyi bir pozitif korelasyon gostermis olmakla birlikte, ultra
mikro gozenek hacimleri i¢in gdzlemlenenlerden belirgin
sekilde daha dustiktir. Bu durum, yiksek yiizey alaninin
genel olarak H, adsorpsiyonu i¢in énemli parametre olma-
sina ragmen, belirli mikro gézenek boyutlarinin dagilimi ve
hacmi kadar kritik bir belirleyici olmadigini gostermekte-
dir. Yapilan ¢aligmalarda da yuzey alanindan ziyade ultra
mikro gozeneklerin H, adsorpsiyon verimliligini 6nemli 61-
c¢ide artirdigs belirlenmistir (Gogotsi vd., 2009; Masika &
Mokaya, 2012). Sekil 5(d)'de, VN, < 20A kiiciik gozenek
boyutlarina sahip aktif karbonlarin VH, hacmi arasindaki
korelasyonu gostermektedir. R? = 0.913 degerinde gtigli bir
pozitif korelasyon gozlemlense de, ultra mikro gézenek ha-
cimleri ile olan korelasyonlardan biraz daha az uyumludur.
Bunun sebebi olarak, 7K’deki N, adsorpsiyonun kinetik s1-
nirlamalardan dolay: ¢ok dar mikro gézenekleri belirlemede
eksik kalmasidir. 273K’deki CO, adsorpsiyonun ultra mikro
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Sekil 5. Aktif karbonlarin gézenek hacimleri ve BET ylizey
alanlari ile H, adsorpsiyonu arasindaki iligkileri.
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Cizelge 2. Cesitli adsorbentlerin 77 K 1 atm’deki agirlik¢a % H, kapasitesi.

Numuneler Adsorpsiyon kapasitesi (% H,) Kaynaklar
H800 1.12 Bu ¢aligma
H800-H,0 1.43 Bu ¢alisma
H900 1.05 Bu ¢alisma
H900-H,0 1.58 Bu ¢alisma
AX-21 Aktif Karbon 2.30 Benard & Chahine (2001)
COF-102 1.15 Furukawa & Yaghi (2009)
Aktif Karbon 0.71 Toprak & Kopag (2011)
HKUST-1 2.40 Rowsell & Yaghi (2006)
Activated Carbon (Norit) 1.62 Texier-Mandoki vd. (2004)
MOF-5 1.32 Kaye vd. (2007)
ZIF-8 1.29 Park vd. (2006)

gozenekleri belirlemede daha guvenilir bilgiler saglamasin-
dan kaynaklanmaktadir (Lozano-Castellé vd., 2004; Meng
& Park, 2012).

Farkli adsorbent malzemelerin 77K ve 1 atm basing kogul-
lar1 altindaki katlece %H, adsorpsiyon kapasiteleri kargilag-
tirmali olarak verilmistir. Bu ¢aligmada en iyi yiiksek H900-
H,O (%1.58), literatirde daha once komiirden kimyasal
aktivasyonla Uretilen aktif karbonun (% 0.78) kapasitesinin
yaklagik iki katina ulagmugtir. Ayrica COF-102 (% 1.25),
ZIF-8 (% 1.29) ve MOF-5 (%1.32) gibi baz: bilinen go-
zenekli malzemelerden daha iyi performans géstermistir.
Ticari Norit aktif karbon (%1.62) ile rekabet edebilir bir
seviyeye ulagmistir.

4. Sonug ve Oneriler

Bu ¢alismada, kiil igerigi giderilmis komiirden H PO, ile
kimyasal ve hem fiziksel hem kimyasal birlikte (H,PO,-
H,0) yontemler kullanilarak tretilen aktif karbonlarin g6-
zenek yapilar1 ve BET ytizey alani ile H, adsorpsiyon kapa-
siteleri arasindaki iligki kapsamli bir sekilde incelenmistir.
Sadece N, akisi altinda yapilan kimyasal aktivasyona gore,
H,O buhar ile birlikte gergeklestirilen kimyasal aktivasyon
isleminde yiizey alani ve gézenek hacmini 6nemli derecede
artirdigy gorilmistir. En yiiksek BET yiizey alani ve goze-
nek hacmi H900-H,O numunesinde elde edilmistir. Yiizey
alan1 ve farkli gézenek boyut hacimleri ile yapilan korelas-
yon analizlerine gore, H, adsorpsiyon kapasitesini belirleyen
taktorin toplam ytizey alanindan ziyade ultra mikro géze-
nek hacmi oldugunu belirlenmistir. Ozellikle 5-10A arali-
gindaki gozenek hacmi ile H, kapasitesi arasinda elde edilen
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R?= 0.999 degeri, bu gézeneklerin H, molekiilleri i¢in en
uygun alanlar oldugunu belirlenmigtir. Elde edilen sonuglar,
Zonguldak kémiiriinden tretilen aktif karbonlarin H, de-
polamada gelecek vadettigi ve bu malzemelerin gergek yakt
hiicresi sistemlerine entegrasyonu tzerine arastirma potan-
siyeli tagidigt soylenebilir.

Etik Kurul Onay:: Etik kurul onayina gerek yoktur.
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Emotion Analysis from Facial Expressions Using a Two-Stage Transfer Learning

Approach: A Comparative Study of Deep Learning Models

Tki Asamals Transfer Learning Yaklasimuyla Yiz Ifadelerinden Duygu Analizi: Derin Ogrenme

Modellerinin Karsilastirmal: Incelenmesi

Mustafa Furkan Keskenler*

Atattirk University, Faculty of Engineering, Department of Artificial Intelligence and Data Engineering, Erzurum, Turkiye

Abstract

Emotion analysis from facial expressions is a critical research problem with significant applications in human—computer interaction,
security systems, and healthcare technologies. Although deep learning—based methods have achieved remarkable progress in recent
years, the comparative performance of different architectures and the impact of two-stage transfer learning strategies still require
comprehensive investigation. In this study, four widely used deep learning architectures—ResNet50, DenseNet121, InceptionV3, and
MobileNetV2—are systematically compared for the task of facial emotion recognition within a two-stage transfer learning framework.
In the first stage, models pre-trained on the ImageNet dataset were employed by freezing the convolutional layers and training only
task-specific classifier layers. In the second stage, selected upper layers were unfrozen, and fine-tuning was performed to adapt the
models more effectively to the target dataset. The models were evaluated not only in terms of classification performance metrics such
as accuracy, loss, precision, recall, and F1-score, but also with respect to training time, number of parameters, and model size. All
experiments were conducted with multiple repetitions in a GPU environment to enhance the statistical reliability of the results. The
experimental findings demonstrate that the two-stage training strategy leads to significant performance improvements across all
models. DenseNet121 achieved the most balanced and highest overall performance, while ResNet50 exhibited high accuracy and
strong generalization capability. MobileNetV2, despite lower absolute accuracy, emerged as an effective alternative for resource-
constrained applications due to its low computational cost. Overall, this study provides a comprehensive evaluation of the trade-off
between model performance and computational efficiency in facial emotion recognition, contributing valuable insights to this research
domain.

Keywords: Convolutional neural networks, deep learning, facial emotion recognition, model comparison, transfer learning

Oz

Yiiz ifadelerinden duygu analizi, insan—bilgisayar etkilesimi, giivenlik sistemleri ve saglik uygulamalari gibi bir¢ok alanda kritik 6neme
sahip bir aragtirma problemidir. Son yillarda derin 6grenme tabanli yontemler bu alanda 6nemli ilerlemeler saglamis olsa da, farkl
mimarilerin kargilagtirmali performans: ve iki agamali transfer learning stratejilerinin etkisi hilen kapsamli bigimde incelenmeye
ihtiya¢ duymaktadir. Bu ¢aligmada, ytz ifadelerinden duygu analizi problemi i¢in dort yaygin derin 6grenme mimarisi — ResNet50,
DenseNet121, InceptionV3 ve MobileNetV2 — iki asamali transfer learning yaklagimi ¢cergevesinde sistematik olarak kargilagtirilmistur.
Calismada, ImageNet veri kiimesi tizerinde 6nceden egitilmis modeller kullanilarak ilk agamada evrisimsel katmanlar dondurulmusg
ve yalnizca problem-6zgii simflandirici katmanlar egitilmistir. Ikinci agamada ise segilen st katmanlar yeniden egitime acilarak
ince ayar gergeklestirilmistir. Modeller, dogruluk, kayip, kesinlik, ger ¢agirma ve F1 skoru gibi performans metriklerinin yani sira,
egitim stiresi, parametre sayist ve model boyutu agisindan da degerlendirilmistir. Deneyler GPU ortaminda ¢oklu tekrarlar hélinde
ylirtitilerek sonuglarin istatistiksel glvenilirligi artirilmigtir. Elde edilen sonuglar, iki agamali efitim stratejisinin tim modellerde
anlaml performans artis1 sagladiini géstermistir. DenseNet121 modeli en dengeli ve en yiiksek genel performans: sunarken,
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ResNet50 yiksek dogruluk ve glicli genelleme yetenegiyle dikkat ¢ekmistir. MobileNetV2 ise dugiik hesaplama maliyetiyle kaynak
kusith uygulamalar i¢in etkili bir alternatif olarak 6ne ¢ikmugtir. Bu caligma, yiz ifadelerinden duygu analizi alaninda model bagarim1
ile hesaplama maliyeti arasindaki dengeyi butiincil bicimde ortaya koyarak bu ¢aligma alanina 6nemli bir katki sunmaktadir.

Anahtar Kelimeler: Evrisimsel sinir aglari, derin 6grenme, yiz ifadelerinden duygu analizi, model kargilagtirmasi, transfer learning

1. Introduction

Emotions are fundamental psychological components that
directly influence individuals’ cognitive processes, social
interactions, and decision-making mechanisms. The au-
tomatic perception and interpretation of human emotions
have attracted increasing research interest, particularly in
areas such as human—computer interaction, intelligent sur-
veillance systems, healthcare informatics, and educational
technologies (Calvo & D’Mello, 2010). In this context, fa-
cial expressions stand out as one of the most widely used
visual modalities in emotion recognition studies, as they
provide universal and powerful cues for emotional expres-

sion (Ekman & Friesen, 1971; Song et al., 2024).

Traditional approaches to facial emotion recognition have
generally been developed using hand-crafted feature ex-
traction techniques and classical machine learning algo-
rithms. However, these methods struggle to adequately
represent the complex spatial patterns of facial expressions,
inter-individual variations, and changes caused by environ-
mental conditions (Zeng et al., 2009; Gao et al., 2026). In
recent years, deep learning—particularly convolutional neu-
ral networks (CNNs)—has become the dominant approach
in facial emotion recognition due to its strong represen-
tational capacity in image processing tasks (LeCun et al,,

2015).

Convolutional neural networks are capable of hierarchical-
ly learning low-level features such as edges and textures as
well as high-level semantic representations. Owing to this
capability, CNN-based models can represent the complex
structure of facial expressions more effectively and achieve
higher classification performance compared to tradition-
al methods (Goodfellow et al., 2016; Huang et al., 2026).
Nevertheless, training deep learning models from scratch
requires large-scale datasets and substantial computational
resources, which poses a significant limitation for domains
such as facial emotion analysis, where annotated data are
relatively limited.

To address this challenge, transfer learning has emerged as
an effective solution by enabling models trained on large-
scale datasets to be adapted to different target tasks. Trans-
ter learning allows general visual representations learned
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from comprehensive datasets such as ImageNet to be trans-
ferred to smaller, domain-specific problems (Pan & Yang,
2010; Darraz et al., 2025). Numerous studies have reported
that transfer learning significantly improves facial emotion
recognition performance (Li & Deng, 2020; Pandey &
Vishwakarma, 2024).

In facial emotion analysis, deep learning models with dif-
ferent architectural design philosophies—such as ResNet,
DenseNet, Inception, and MobileNet—are widely em-
ployed. The ResNet architecture enables the training of
very deep networks through residual connections (He et al.,
2016; Mughal et al., 2024), while DenseNet enhances fea-
ture reuse through dense inter-layer connections (Huang et
al., 2017; Yang et al., 2024). InceptionV3 facilitates multi-
scale feature extraction through parallel convolutional struc-
tures operating at different spatial resolutions (Szegedy et
al., 2016; Li et al., 2024). MobileNetV2, on the other hand,
offers advantages for resource-constrained environments
due to its lightweight design and low computational cost
(Sandler et al., 2018; Ruan et al., 2024).

Although these models have been applied to facial emotion
recognition in the literature, many studies focus on a single
architecture or fail to systematically compare different mod-
els under the same training strategy. Furthermore, most ex-
isting works primarily report accuracy values, while practical
considerations such as training time, number of parameters,
and hardware requirements are often overlooked. In ad-
dition, studies that comprehensively examine the impact
of two-stage training strategies—consisting of feature ex-
traction and fine-tuning—on facial emotion recognition
performance remain limited.

While numerous studies in facial emotion recognition pri-
marily focus on improving classification accuracy using
deep learning models, practical deployment of such sys-
tems requires consideration of additional factors such as
computational cost, model size, and processing speed. In
real-world applications—particularly in embedded, mobile,
or resource-constrained environments—these factors can be
as critical as recognition performance itself. Therefore, this
study does not aim to propose a new learning paradigm;
instead, it provides a systematic comparative evaluation of
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widely used CNN architectures under the same two-stage
transfer learning protocol, analyzing both their predictive
capability and their computational efficiency. This du-
al-perspective evaluation offers a more application-oriented
understanding of model selection for facial emotion recog-
nition systems. The obtained results demonstrate compet-
itive—and in several cases improved—performance com-
pared to previously reported approaches, thereby offering
practical insights into model selection for facial emotion
recognition systems.

In this study, four widely used deep learning architectures—
ResNet50, DenseNet121, InceptionV3, and Mobile-
NetV2—are comparatively investigated for facial emotion
recognition within a two-stage transfer learning framework.
In the first stage, pre-trained convolutional layers are fro-
zen, and only task-specific classifier layers are trained. In
the second stage, selected upper layers are unfrozen, and
fine-tuning is performed. The models are evaluated not
only in terms of accuracy, loss, and F1-score, but also with
respect to training time, number of parameters, and model
size. Consequently, the trade-off between model perfor-
mance and computational cost in facial emotion analysis is
comprehensively analyzed.

2. Related Works

Facial emotion recognition has long been an active research
topic in computer vision and artificial intelligence, and sig-
nificant progress has been achieved in recent years with the
widespread adoption of deep learning-based approaches.
Early studies in this field primarily relied on hand-crafted
features—such as LBP, HOG, and Gabor filters—com-
bined with classical machine learning algorithms. While
these approaches produced acceptable results in controlled
environments, they exhibited limited generalization ca-
pability under real-world conditions involving variations
in pose, illumination, and individual facial characteristics

(Zeng et al., 2009).

The success of deep learning in image processing has direct-
ly influenced facial emotion recognition research. In partic-
ular, convolutional neural networks have enabled automatic
learning of spatial patterns in facial images, leading to sig-
nificantly higher recognition accuracy compared to tradi-
tional approaches (LeCun et al., 2015). Numerous studies
have demonstrated that CNN-based methods can effective-
ly capture the hierarchical and complex features inherent in

facial expressions (Goodfellow et al., 2016).

However, training CNN models from scratch requires
large-scale labeled datasets and extensive computational
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resources, which presents a major challenge for facial emo-
tion recognition tasks. As a result, transfer learning has been
widely adopted in the literature. By leveraging models pre-
trained on large datasets, transfer learning reduces training
time while improving classification performance (Pan &
Yang, 2010).

A substantial number of studies have applied transfer learn-
ing to facial emotion recognition. Li and Deng (2020) pro-
vided a comprehensive survey highlighting the advantages
of deep CNN architectures in this domain and reported
significant performance improvements achieved through
transfer learning. Similarly, studies employing ImageNet
pre-trained models have demonstrated that satisfactory re-
sults can be obtained even with limited data (Mollahosseini

et al., 2017).

Various CNN architectures have been explored for facial
emotion recognition. ResNet-based models benefit from
residual connections that enable stable training of deep
networks and achieve high recognition accuracy (He et
al., 2016). DenseNet architectures promote feature reuse
through dense connectivity, resulting in compact and effi-
cient representations (Huang et al., 2017). Inception archi-
tectures facilitate multi-scale feature extraction and effec-
tively represent complex facial expressions (Szegedy et al.,
2016). Lightweight architectures such as MobileNet further
extend facial emotion recognition to resource-constrained
platforms by reducing computational requirements (Sandler

etal., 2018).

Despite these advances, several limitations remain in the ex-
isting literature. First, many studies focus on a single deep
learning architecture and do not provide systematic com-
parisons across different models under identical experimen-
tal conditions. Second, performance evaluations are often
limited to accuracy, while other critical metrics, such as F1-
score, training time, parameter count, and model size, are
frequently neglected. Moreover, although transfer learning
is widely used, relatively few studies have systematically in-
vestigated the impact of two-stage training strategies—fea-
ture extraction followed by fine-tuning—on facial emotion
recognition performance. In addition, comprehensive eval-
uations comparing CPU- and GPU-based training in terms
of performance and computational cost are scarce.

This study aims to address these research gaps by conducting
a comprehensive comparative analysis of four widely used
deep learning architectures—ResNet50, DenseNet121, In-
ceptionV3, and MobileNetV2—within a two-stage transfer
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learning framework. Beyond classification performance, the
models are evaluated in terms of computational efficiency,
including training time, parameter count, and model size.
Furthermore, multiple experimental repetitions in a GPU
environment are performed to enhance the statistical re-
liability of the results. Through these contributions, this
study provides both methodological and empirical insights
into facial emotion recognition using deep learning.

3. Materials and Methods

The problem addressed in this study is the automatic classi-
fication of individuals’ emotional states from facial images.
The task is formulated as a multi-class image classification
problem, where each input image is represented as defined
in Equation (1).

x€ER HxWx3 ye(l2..5 1)

The objective is to predict a label corresponding to one of
five emotion classes. The primary goal is not only to achieve
high classification performance on the training data but also
to maximize the generalization capability of the learned
model on previously unseen test samples.

In this context, rather than focusing on the performance of a
single deep learning architecture, the study presents a com-
parative analysis of four widely used pre-trained networks
with different architectural design philosophies. This ap-
proach enables a systematic evaluation of the relationships
between model complexity, computational cost, and classi-
fication performance in the facial emotion recognition task.

Training deep convolutional neural networks from scratch
typically requires large-scale datasets and substantial com-
putational resources. Therefore, this study adopts a transfer
learning approach. Transfer learning is based on transfer-
ring representations learned from a large and general-pur-
pose dataset (e.g., ImageNet) to a smaller and domain-spe-
cific problem.

Accordingly, four different architectures are evaluated: Res-
Net50, DenseNet121, InceptionV3, and MobileNetV2.
These models respectively represent distinct architectural
paradigms, including residual connections, dense connec-
tions, multi-scale convolutional blocks, and depthwise sepa-
rable convolutions. This architectural diversity allows for an
in-depth analysis of the impact of model design choices on
facial emotion recognition performance.

In this study, a two-stage transfer learning—based deep
learning approach is proposed to address the facial emotion
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recognition problem. The overall workflow of the proposed
method is illustrated in Figure 1. The process begins with
the preprocessing of the dataset, followed by the use of con-
volutional neural network architectures pre-trained on the
ImageNet dataset as feature extractors. The original classi-
fication layers of the pre-trained networks are removed, and
a new classifier structure specifically designed for the facial
emotion recognition task is integrated into the models.

The training process was conducted in two stages. In the
first stage, the convolutional base layers were frozen, and
only the newly added classifier layers were trained to enable
the learning of fundamental discriminative features. In the
second stage, selected upper convolutional layers were unfro-
zen and fine-tuned, allowing the model to learn more sub-
tle and emotion-specific facial features. Finally, the trained
models were evaluated using performance metrics such as
accuracy, loss, F1-score, and training time. This integrated
workflow enables a comprehensive analysis in terms of both
classification performance and computational cost.

3.1. Dataset and Preprocessing

The facial expression—based emotion analysis dataset used
in this study was obtained from the publicly available “Hu-
man Face Emotions” dataset shared on the Kaggle plat-
form. The dataset consists of facial images from different
individuals and includes labeled samples representing basic
emotional states. Example images from the dataset are illus-
trated in Figure 2.

The dataset used in this study is the publicly available Hu-
man Face Emotions dataset hosted on the Kaggle platform.
The dataset can be accessed at:

“https://www.kaggle.com/datasets/samithsachidanandan/
human-face-emotions” It contains labeled facial images
categorized into five emotion classes: Angry, Fear, Happy,
Sad, and Surprise. All images are anonymized and provided
for research purposes under the platform’s data-sharing pol-
icy. Since no personal identification information is included
and the dataset is publicly accessible, this study does not
require additional ethical committee approval.

The dataset is organized into five distinct emotion classes:
Angry, Fear, Happy, Sad, and Surprise. The images were
collected under natural environmental conditions and ex-
hibit significant variability in terms of facial pose, illumi-
nation, and individual differences. While this diversity en-
hances the dataset’s ability to reflect real-world scenarios, it
also increases the difficulty of the classification task.
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For the purposes of this study, the dataset was divided into
training and test subsets. The training set consists of 47,277
images, while the test set contains 11,822 images. This data
split was kept fixed throughout all experiments to ensure
a fair and direct comparison of the performance of differ-
ent deep learning architectures. The class distribution in
the dataset exhibits a certain degree of imbalance among
emotion categories, which necessitated the use of additional
evaluation metrics such as the F1-score during performance
assessment. The dataset consists of 59,099 facial images
distributed across five emotion categories: Angry (10,148),
Fear (9,732), Happy (18,439), Sad (12,553), and Surprise
(8,227). The distribution is moderately imbalanced, with
the Happy class containing the largest number of samples,
while Surprise represents the smallest portion. This imbal-
ance motivates the use of F1-score alongside accuracy for
performance evaluation.

All images were resized to meet the input requirements of
the pre-trained deep learning models. An input resolution
of 224 x 224 was used for the ResNet50, DenseNet121,
and MobileNetV2 models, while 299 x 299 was employed
for InceptionV3, as required by its architecture. All images
were processed in the RGB color space, and pixel values
were normalized to the [0,1] range. Since the original im-
ages are 48x48 pixels, they were resized to match the input
resolution required by pretrained CNN architectures (e.g.,
224x224). This resizing step does not create additional se-
mantic information; it only interpolates existing pixel values
to ensure architectural compatibility. Therefore, the objec-
tive is not to enhance image detail, but to evaluate how pre-
trained feature extractors operate under low-resolution con-
ditions. The impact of resizing should thus be interpreted as
a structural requirement of transfer learning rather than an
independent performance optimization.

Although a substantial portion of the images in the data-
set are in grayscale format, all pre-trained models employed
in this study require RGB input representations (e.g., 224
x 224 x 3). Therefore, grayscale images were converted
into three-channel RGB format before being fed into the
models. During this conversion process, the single-channel
grayscale intensity values were replicated across all three
channels, assigning identical intensity values to each chan-
nel. This approach preserves the structural and textural in-
formation of the images while ensuring compatibility with
the architectural requirements of the pre-trained networks.

This conversion strategy is widely adopted in the literature
and enables grayscale images to be effectively processed by
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RGB-based deep learning models. Consequently, the con-
volutional filters learned on the ImageNet dataset can be di-
rectly utilized, maintaining the effectiveness of the transfer
learning approach.

No data augmentation techniques were applied in this study.
This deliberate choice allows the evaluation to focus on the
inherent transfer learning capability of the pretrained net-
works without introducing artificially generated variations
into the dataset.

3.2. Deep Learning Architectures Used

In this study, four widely adopted pre-trained deep con-
volutional neural network (CNN) architectures were eval-
uated for the facial emotion recognition task: ResNet50,
DenseNet121, InceptionV3, and MobileNetV2. All models
were initialized using weights pre-trained on the ImageNet
dataset.

The original classification layers of the pre-trained models
produce 1000-class outputs specific to ImageNet. There-
fore, these top layers were removed in all architectures, and
a new task-specific classifier was appended. The added clas-
sifier consists of the following components:

*  Global Average Pooling (GAP) layer: Reduces the spa-
tial feature maps obtained from the convolutional layers
into a one-dimensional feature vector. Compared to ful-
ly connected layers, this approach significantly reduces
the number of trainable parameters and mitigates the
risk of overfitting.

*  Dense layer with 256 neurons (ReLU activation): Trans-
forms the learned general visual representations into dis-
criminative features specific to emotion classes.

* Softmax output layer: Produces class probability distri-
butions for multi-class classification.

These additional layers were designed to adapt the general
visual representations learned from ImageNet to the facial
emotion recognition task. While the GAP layer reduces
model complexity and overfitting risk, the Dense layer en-
ables the learning of high-level emotion-specific features.

3.3. Two-stage Training Strategy

Model training was conducted using a two-stage strategy.
In the first stage, the convolutional base was entirely frozen,
and only the newly added classifier layers were trained. This
stage aims to preserve the pre-trained representations while
enabling rapid adaptation of the classifier to the target task.
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In the second stage, a subset of the upper convolutional lay-
ers was unfrozen and included in training. This fine-tuning
process allows deeper layers of the network to learn fine-
grained features specific to facial expressions. Reducing the
learning rate during this stage prevents abrupt and unstable
weight updates, leading to a more stable convergence pro-
cess.

This two-stage strategy constitutes the fundamental meth-
odological basis for the performance improvements ob-
served in the training and validation curves.

The hyperparameters used in this study were selected based
on widely adopted practices in transfer learning applica-
tions. The Adam optimizer was preferred due to its adap-
tive learning capability and stable convergence behavior
in fine-tuning scenarios. A relatively higher learning rate
(107°) was used during Stage-1 to allow rapid adaptation of
the newly added classifier layers, while a lower learning rate
(107*) was employed in Stage-2 to enable gradual refine-
ment of pretrained features without disrupting previously
learned representations. The number of training epochs (50
for Stage-1 and 25 for Stage-2) was determined empirical-
ly to ensure convergence while avoiding overfitting. These
settings provide a balance between training stability, com-
putational efficiency, and model generalization.

3.3.1. Stage 1: frozen layers

In the first stage, all convolutional layers of the pre-trained
networks were frozen, and only the added classifier layers
were trained. This phase is commonly referred to as feature
extraction. The primary objective is to transfer the general
visual features learned from the ImageNet dataset directly
to the facial emotion recognition task.

During this stage, the models were trained for 50 epochs,
with a relatively higher learning rate (Adam optimizer, Ir
= 107°) to facilitate rapid adaptation of the classifier layers.
The Stage-1 results provide insight into how well the pre-
trained representations generalize to the emotion recogni-
tion problem.

3.3.2. Stage 2: fine-tuning

In the second stage, a selected portion of the upper convolu-
tional layers of each model was unfrozen. Depending on the
architecture, the last 20-30 layers were set to be trainable.
This step aims to enable the deeper layers of the network to
learn fine-grained, emotion-specific features.

The learning rate was reduced (Ir = 107*), and training was
continued for 25 epochs. The lower learning rate ensures
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that the pre-trained weights are updated gradually without
disrupting the learned representations. This stage is the
primary factor behind the performance improvements ob-
served in both the training curves and quantitative evalua-
tion tables.

In the fine-tuning stage, different depths of the network
were selectively unfrozen depending on the architecture.
For ResNet50, the final residual blocks corresponding to
approximately the last 25 layers were set as trainable. In
DenseNet121, the last dense block (approximately 30 layers)
was unfrozen to adapt high-level feature representations.
For InceptionV3, the upper inception modules responsible
for semantic feature extraction were retrained, while earlier
modules remained frozen. In MobileNetV2, only the final
bottleneck layers were unfrozen to maintain computational
efficiency while enabling limited task-specific adaptation.
This selective unfreezing strategy allows the models to learn
emotion-specific features without disrupting the general
representations transferred from ImageNet.

3.4. Performance Metrics

Model performance was evaluated using accuracy, loss, and
F1-score metrics. While accuracy measures overall classifi-
cation performance, the F1-score was employed to mitigate
the effects of class imbalance within the dataset. Training
and test metrics were reported separately to enable a de-
tailed analysis of model generalization capabilities.

Additionally, for each model, the number of parameters,
model size, and training time per epoch on CPU and GPU
were measured. This comprehensive evaluation allows for
an in-depth analysis of the trade-off between classification
performance and computational cost.

4. Results and Discussion

Experiments were conducted on both CPU and GPU en-
vironments to analyze execution behavior under different
hardware settings. To report statistically meaningful perfor-
mance metrics such as accuracy, loss, and F1-score, all mod-
els were trained 10 times independently on the GPU, and
the values presented in Table 2 correspond to the average
results obtained from these repetitions. Across these runs,
a standard deviation of approximately +0.8 was observed.

During the GPU-based repetitions, the training—test data
split was kept fixed to ensure fair comparability. However,
data augmentation procedures and sample ordering (shuf-
fling) were performed using different random seeds for each
run. This experimental design allows the robustness of the
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models’ generalization capability to be assessed against ran-
domness introduced during training, such as stochastic op-
timization and mini-batch sampling.

The low standard deviations observed in accuracy and F1-
score values across the 10 independent GPU runs indicate
that the proposed models exhibit stable learning behavior
and are not significantly affected by random initialization
or data ordering. This finding suggests that the reported
performance gains are not coincidental but rather stem from
the intrinsic learning capacity of the investigated network
architectures. To further quantify statistical reliability, 95%
confidence intervals (CI) were computed for the reported
performance metrics across the 10 independent experimen-
tal runs. The confidence interval was calculated as defined

in Equation (2).

— N
(I=x+196- % 2)

where x represents the mean performance value, s is the
standard deviation, and n is the number of repeated runs.
The resulting confidence intervals were observed to be nar-
row, indicating that the performance variations across runs
are limited and that the comparative results are statistically
stable.

In contrast, CPU-based experiments were conducted not
for performance metric comparison, but to analyze compu-
tational efficiency and training time differences across mod-
els. Therefore, each model was executed once in the CPU
environment as a representative run. The results obtained
from CPU-based experiments were used exclusively for
analyzing training duration, whereas classification perfor-

Table 1. Experimental environment specifications

mance metrics such as accuracy and F1-score were reported

based on the averaged GPU results.

All experiments followed a two-stage training strategy. In
the first stage, the convolutional layers of the pre-trained
networks were frozen, and only the newly added classifier
layers were trained (feature extraction). In the second stage,
selected upper convolutional blocks were gradually unfrozen
and fine-tuned using a lower learning rate. This experimen-
tal design enables the performance results reported for Stage
1 and Stage 2 in Table 2 to be interpreted in a consistent
and comparable manner, both in terms of hardware config-
uration and training strategy. All experimental studies were
conducted in the environment described in Table 1.

The performance results presented in Table 2 provide a
comprehensive basis for the comparative evaluation of four
different deep learning architectures on the facial emotion
recognition task. When the outcomes obtained during both
the Feature Extraction and Fine-Tuning stages are jointly
analyzed, it is evident that the DenseNet121 model exhib-
its the most consistent and superior performance across all
evaluation metrics. In particular, the notable improvement
in test accuracy and Fl-score after fine-tuning indicates
that this architecture achieves a more balanced and stable
class-wise discrimination. The dense connectivity pattern of
DenseNet121 enables effective feature reuse and enhanced
gradient flow, allowing the model to represent subtle facial
expression variations across different emotion classes more
effectively. Precision and recall values were additionally re-
ported to complement the F1-score and to provide a clearer
interpretation of class-level performance. The slight differ-
ences between these metrics reflect prediction asymmetries
that commonly arise in facial emotion recognition due to
inter-class similarity and dataset imbalance.

Attribute Value

Memory 24 GB

GPU NVIDIA GeForce GTX 1650 4 GB VRAM
CPU AMD Ryzen 5 5600H 3.3 GHz

Storage 500 GB SSD

Python Version 3.8

TensorFlow Version 2.10

CUDA Version 11.2

cuDNN Version 8.1

Jupyter Notebook Version 6.4x
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Table 2. Performance results (mean * standard deviation and 95% confidence interval over 10 independent runs)

Loss F1-Score

Accuracy

Accuracy

Loss F1-Score

(Train)  (Train)  (Train)  (Tes)  (Test)  (Test)  [rcsion  Recall
Stage-1 (Frozen Layers)
ResNet50 0.815 0.722 0.811 0.775 0.785 0.772 - -
DenseNet121 0.824 0.663 0.832 0.833 0.714 0.793 - -
InceptionV3 0.793 0.745 0.774 0.781 0.806 0.740 - -
MobileNetV2 0.756 0.837 0.762 0.712 0.871 0.734 - -
Stage-2 (Fine-Tuning)
ResNet50 0.916 0.293 0.925 0.864 0.362 0.897 0.905 0.889
DenseNet121 0.904 0.241 0.918 0.883 0.383 0.911 0.923 0.900
InceptionV3 0.897 0.381 0.896 0.858 0.415 0.863 0.872 0.855
MobileNetV2 0.844 0.582 0.857 0.825 0.566 0.824 0.836 0.813

Based on the comparative results, DenseNet121 achieves
the highest overall performance with an accuracy of 0.883,
supported by strong precision (0.923) and recall (0.900),
indicating a well-balanced capability to correctly identi-
fy emotion classes while maintaining low misclassification
rates. ResNet50 follows closely, obtaining 0.864 accuracy
with precision (0.905) slightly higher than recall (0.889),
suggesting confident predictions with a small tendency to
miss some samples. InceptionV3 demonstrates moderate
performance (accuracy 0.858), where the relatively close
precision (0.872) and recall (0.855) values reflect stable
yet less discriminative feature learning compared to deeper
architectures. MobileNetV2, while computationally light-
weight, yields the lowest accuracy (0.825) along with lower
recall (0.813), indicating reduced sensitivity to subtle facial
variations. Overall, these findings show that densely con-
nected and deeper architectures provide more consistent
class-level recognition, whereas lightweight models trade a
small amount of predictive performance for efficiency.

The ResNet50 model emerges as the second most success-
ful architecture, closely following DenseNet121 in over-
all performance. The substantial increase in test accuracy
and the marked reduction in loss values after fine-tuning
demonstrate the effectiveness of residual connections in
learning complex emotion-specific patterns. However, the
slightly higher loss values compared to DenseNet121 sug-
gest that ResNet50 may experience relatively greater diffi-
culty in generalizing certain emotion classes. Despite this,
the strong accuracy and F1-score results confirm that Res-
Net50 remains a robust and reliable option for facial emo-
tion recognition tasks.
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The InceptionV3 model achieves a moderate level of per-
formance, ranking below DenseNet121 and ResNet50 but
above MobileNetV2. The observed improvement in accura-
cy and Fl-score after fine-tuning highlights the advantage
of its multi-scale convolutional design, which enables the
extraction of facial features at different spatial resolutions.
Nevertheless, the relatively higher loss values indicate that
InceptionV3 may exhibit instability in learning decision
boundaries, potentially due to higher inter-class similarity
among facial expressions. This finding suggests that Incep-
tionV3 may benefit more significantly from larger and more
diverse datasets.

The MobileNetV2 model yields the lowest accuracy and
F1-score among the evaluated architectures; however, its
performance remains consistent with expectations giv-
en its lightweight design and limited parameter capacity.
Considering its compact architecture, the performance im-
provement observed after fine-tuning is noteworthy. The
increase in test accuracy and Fl-score demonstrates that
MobileNetV2 can still achieve reasonable generalization
performance even in low computational cost environments.
Nonetheless, its representational capacity appears limited
when distinguishing between complex and fine-grained
facial emotion patterns, especially compared to deeper and
more expressive architectures.

Table 3 presents the normalized confusion matrices aver-
aged across runs, providing a detailed view of class-level
prediction behavior for each architecture. Across all models,
the Happy class exhibits the highest true positive rates (up
to 0.95), indicating that it is the most visually distinctive
emotion and can be recognized reliably regardless of net-
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Table 3. Normalized confusion matrices (class-wise averages) of the evaluated models

Actual \ Predicted Angry Fear Happy Sad Surprise
ResNet50
Angry 0.86 0.04 0.02 0.07 0.01
Fear 0.04 0.82 0.02 0.03 0.09
Happy 0.02 0.01 0.95 0.01 0.01
Sad 0.08 0.02 0.02 0.85 0.03
Surprise 0.02 0.10 0.02 0.02 0.84
DenseNet121
Angry 0.88 0.03 0.02 0.06 0.01
Fear 0.04 0.84 0.01 0.03 0.08
Happy 0.02 0.01 0.95 0.01 0.01
Sad 0.07 0.03 0.02 0.86 0.02
Surprise 0.01 0.07 0.02 0.02 0.88
InceptionV3
Angry 0.86 0.04 0.02 0.07 0.01
Fear 0.06 0.79 0.03 0.04 0.08
Happy 0.04 0.01 0.92 0.02 0.01
Sad 0.08 0.03 0.02 0.85 0.02
Surprise 0.01 0.09 0.01 0.02 0.87
MobileNetV2
Angry 0.80 0.07 0.04 0.08 0.01
Fear 0.08 0.76 0.02 0.03 0.09
Happy 0.04 0.01 0.92 0.02 0.01
Sad 0.10 0.04 0.03 0.81 0.02
Surprise 0.02 0.11 0.02 0.02 0.83

work structure. The most frequent misclassification occurs
between Fear and Surprise, where prediction leakage is con-
sistently observed, reflecting the similarity of facial muscle
activations associated with these expressions. A secondary
confusion pattern appears between Angry and Sad, par-
ticularly in MobileNetV2, suggesting that lightweight ar-
chitectures have more difficulty capturing subtle variations
in brow and mouth regions. Among the evaluated models,
DenseNet121 demonstrates the strongest diagonal domi-
nance, confirming its more consistent class discrimination
capability. In contrast, MobileNetV2 shows comparatively
higher off-diagonal values, indicating reduced sensitivity
due to its compact design. These observations support the
quantitative results by illustrating how deeper and densely
connected architectures achieve more stable emotion sepa-
ration, whereas lightweight models provide efficiency at the
cost of slightly increased class overlap.
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Opwerall, the results presented in Table 2 and the correspond-
ing performance trends illustrated in Figure 3 indicate that
both model depth and connectivity structure play a critical
role in facial emotion recognition performance. Further-
more, the fine-tuning strategy proves to be indispensable
across all evaluated architectures. While DenseNet121 and
ResNet50 are particularly well-suited for scenarios requir-
ing high accuracy and strong generalization capability, Mo-
bileNetV2 offers an effective alternative for resource-con-
strained applications by balancing computational efficiency
and acceptable performance. These comparative findings
numerically support the graphical analyses and demonstrate
that the performance values reported in Table 2 are con-
sistent with the theoretical characteristics of the respective
model architectures.
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Figure 3. Performance comparison of deep learning architectures.

The results presented in Table 4, which include training
time, number of parameters, and model size, enable a com-
prehensive evaluation of the four deep learning architectures
not only in terms of classification performance but also with
respect to computational cost and resource requirements. In
particular, the training time measured per epoch on both
CPU and GPU platforms clearly reveals the impact of hard-

ware acceleration on different model architectures.

The ResNet50 and DenseNet121 models exhibit the lon-
gest training times on the CPU due to their deep architec-
tural structures and relatively high parameter counts. This
behavior can be attributed to the large number of convo-
lutional layers and the intensive matrix multiplications
performed at each layer, which are executed with limited
parallelism on CPU hardware. In contrast, a substantial re-
duction in training time is observed for both models when
executed on the GPU, highlighting the indispensable role
of CUDA-based parallel computation for deep neural net-
works. Despite offering higher parameter efficiency than
ResNet50, DenseNet121 still imposes a relatively high
computational load even on the GPU, primarily due to its
densely connected layer structure.

The InceptionV3 model, although comparable to ResNet50
in terms of parameter count, exhibits a distinct computa-
tional profile as a result of its multi-scale convolutional
blocks and branched architecture. The relatively long train-
ing time on the CPU suggests that the branched structure
increases sequential computation overhead. On the GPU,
however, the benefits of parallel processing significantly re-
duce the training time, although it remains higher than that
of lightweight architectures such as MobileNetV2.
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The MobileNetV2 model clearly stands out in Table 4 with
the lowest number of parameters and the smallest model
size. Thanks to its depthwise separable convolution design,
it achieves the shortest per-epoch training times on both
CPU and GPU platforms. This characteristic makes Mo-
bileNetV2 particularly suitable for resource-constrained en-
vironments and real-time applications. Nevertheless, when
evaluated together with the performance results in Table
2, it becomes evident that the reduced computational cost
comes at the expense of a certain loss in classification ac-
curacy. Therefore, MobileNetV2 represents a favorable op-
tion for applications that prioritize efficiency—performance
trade-offs rather than maximum accuracy.

From the perspective of model size, a direct relationship
between parameter count and storage requirements can
be observed. The larger model sizes of DenseNet121 and
ResNet50 increase memory demands during deployment,
which may pose limitations in memory-constrained sys-
tems. Conversely, the compact model size of MobileNetV2
provides a significant advantage for embedded systems and
mobile devices. InceptionV3 occupies a middle position in
terms of model size, offering a balanced compromise be-
tween performance and storage requirements.

Overall, Table 4 clearly demonstrates that the model achiev-
ing the highest classification accuracy is not necessarily the
most computationally efficient, and similarly, the fastest
and smallest model does not yield the highest recognition
performance. In this context, DenseNet121 and ResNet50
are well-suited for academic and industrial applications
where high accuracy is the primary objective, whereas Mo-
bileNetV2 emerges as a rational choice for scenarios with
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Table 4. Comparison of deep learning architectures based on experimental results

(DpodyCP0) | (EpodhGFD) | p Nombof  ModelSme O
- (Min.) - (Min.) %
ResNet50 42.9 6.2 25.6 98 0.864
DenseNet121 49.3 8.1 7.9 33 0.883
InceptionV3 55.7 7.8 23.9 92 0.858
MobileNetV2 14.2 2.8 3.4 14 0.825

strict latency and hardware constraints. InceptionV3 can be
regarded as an intermediate alternative that balances com-
putational cost and classification performance.

In this study, the emotion recognition performances of
ResNet50, DenseNet121, InceptionV3, and MobileNetV2
were investigated within the framework of a two-stage
training strategy. In the first stage, the convolutional lay-
ers of the pre-trained networks were frozen (Stage-1: Fro-
zen Layers), and only the top classifier layers were trained.
In the second stage, a selected subset of deeper layers was
unfrozen (Stage-2: Fine-Tuning) to enhance the model’s
dataset-specific representational capacity. During Stage-1,
the convolutional backbones pre-trained on ImageNet were
kept fixed for all models, and only the newly added fully
connected (Dense) layers were optimized. The accuracy and
loss curves obtained in this stage reflect the extent to which
the general visual representations learned from ImageNet
can be transferred to the facial emotion recognition task.
When the accuracy and loss curves plotted in the Python
environment are jointly analyzed together with the quan-
titative results reported in Table 2, it becomes evident that
the training dynamics and performance improvements of
each model are closely linked to their architectural charac-
teristics.

Unlike many prior studies that report only accuracy-based
comparisons, this work jointly evaluates recognition per-
formance and computational characteristics, including
parameter count, training duration, and model size. Such
an analysis enables a more realistic interpretation of model
suitability for deployment scenarios, revealing that the most
accurate architecture is not necessarily the most efficient,
and vice versa. This perspective contributes to bridging the
gap between algorithmic evaluation and practical imple-
mentation.

In facial emotion recognition, certain emotion classes—
such as fear and surprise—exhibit visually similar facial pat-
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terns, which makes class separation particularly challenging.
This issue becomes more pronounced in architectures with
limited representational capacity, leading to relatively lower
accuracy and F1-score values for such models.

The limited gap observed between training and test met-
rics, particularly during the fine-tuning phase, indicates that
the models improve their generalization capability without
exhibiting overfitting behavior. This observation confirms
that the adopted two-stage training strategy is well-suited
for the facial emotion recognition problem.

For ResNet50, the Stage-1 training curves presented in
Figure 4 show a stable but limited increase in accuracy.
The training accuracy converges at approximately 81.5%,
while the test accuracy stabilizes around 77.5%. During this
phase, the loss curves remain relatively high (training loss =
0.72, test loss = 0.78), suggesting that the general-purpose
teatures extracted by the frozen deep layers are insufficient
for capturing the fine-grained patterns required for emo-
tion recognition. The plateau observed in the accuracy curve
turther supports the conclusion that the model struggles to
discriminate subtle facial expression variations when deeper
layers are not adapted to the target domain.

In contrast, the Stage-2 fine-tuning phase yields a substan-
tial performance improvement, as clearly reflected both in
the training curves and in Table 2. The training accuracy
increases to 91.6%, while the test accuracy reaches 86.4%,
accompanied by a sharp reduction in loss values (training
loss = 0.29, test loss = 0.36). These results indicate that
re-optimizing the deeper layers through residual connec-
tions provides a significant representational advantage.
Moreover, the smoother and more stable behavior of the ac-
curacy—loss curves during this stage demonstrates that Res-
Net50 achieves a more robust and well-generalized learning
behavior after fine-tuning.
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Figure 4. Graphical representation of the experimental results obtained with the ResNet50 architecture.
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Figure 5. Graphical representation of the experimental results obtained with the DenseNet121 architecture.

An examination of the DenseNet121 curves presented in
Figure 5 reveals that this model exhibits a higher and more
stable accuracy profile than the other architectures, even
during the Stage-1 phase. The training accuracy reaches
82.4%, while the test accuracy attains 83.3%, accompanied
by relatively lower loss values (training loss = 0.66, test loss
~ 0.71). These results indicate that the dense connectivity
mechanism enables effective feature transfer even at early

training stages. The reduced oscillations observed in the ac-
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curacy curves further demonstrate that DenseNet’s feature
reuse strategy contributes to stabilizing the learning process
and facilitates more consistent convergence behavior.

During the Stage-2 fine-tuning phase, DenseNet121
achieves the highest overall performance among all evaluat-
ed models. The test accuracy increases to 88.3%, while the
test F1-score reaches 91.1%, and the loss values decrease
to approximately 0.38. These results indicate that DenseN-
et121 is particularly effective at learning fine-grained dis-
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tinctions between emotion classes. Moreover, the limited
discrepancy between the training and test curves suggests
a relatively low risk of overfitting, clearly highlighting the
strong generalization capability of the DenseNet121 archi-
tecture.

An examination of the graphs presented in Figure 6 indi-
cates that InceptionV3 exhibits a more fluctuating accuracy
trajectory during the Stage-1 training phase compared to
the other models. The training accuracy stabilizes at ap-
proximately 79.3%, while the test accuracy remains around
78.1%, accompanied by a test loss of approximately 0.81.
These observations suggest that the multi-scale filtering
structure of InceptionV3 may experience instability when
discriminating between visually similar facial expressions.
The noticeable oscillations in the accuracy curves imply
that the model encounters difficulties in consistently distin-
guishing certain emotion classes across epochs.

During the fine-tuning stage, the performance of Incep-
tionV3 improves significantly. The test accuracy increases
to 85.8%, and the test F1-score reaches 86.3%. The more
regular and steadily decreasing loss curves observed in this
phase highlight the positive impact of adapting deeper
network layers to the target dataset. Nevertheless, when
compared to DenseNet121 and ResNet50, InceptionV3
achieves slightly lower accuracy levels, suggesting that this
architecture may require greater data diversity or a longer
fine-tuning duration to reach its optimal performance on
the given emotion recognition dataset.

An analysis of the graphs presented in Figure 7 shows that
MobileNetV2, due to its lightweight architectural design,
produces comparatively lower accuracy values during the
Stage-1 training phase. The training accuracy remains
at approximately 75.6%, while the test accuracy stabilizes
around 71.2%, accompanied by relatively high loss values
(test loss = 0.87). These results indicate that the limit-
ed number of parameters constrains the model’s ability to
capture complex and fine-grained emotional patterns in fa-
cial expressions. The early plateau observed in the accuracy
curves further supports the notion that the representational
capacity of MobileNetV?2 is restricted during the feature ex-
traction stage.

In contrast, the Stage-2 fine-tuning phase yields a substan-
tial performance improvement for MobileNetV2. The test
accuracy increases to 82.5%, while the test F1-score reaches
82.4%, alongside a notable reduction in loss values to ap-
proximately 0.56. These improvements demonstrate that
selectively unfreezing deeper layers enables the model to
learn more discriminative emotion-specific features. The
smoother and more stable training curves observed during
this phase indicate that, despite its low computational com-
plexity, MobileNetV2 is capable of achieving a satisfactory
level of generalization performance. Consequently, Mobile-
NetV2 emerges as a viable alternative for emotion recog-
nition tasks in resource-constrained environments, where
computational efficiency is a critical requirement.
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Figure 6. Graphical representation of the experimental results obtained with the InceptionV3 architecture.
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Figure 7. Experimental performance curves of the MobileNetV2 architecture.
Table 5. Comparison with facial emotion recognition studies in literature
Ref Techniques Accuracy/result (%)
Lietal., 2021 Dual-Branch Center Face detector (DBCFace) 90.34
Pranav et al., 2020 DCNN 78.04
Verma et al., 2019 CNN, DNNs 86.73
Yang et al., 2020 Feature separation model exchange-GAN 86.33
Zhang et al., 2021 GAN 89.01
Ali et al., 2023 Ensemble Classifier 83.19
ResNet50 86.4
. DenseNet121 88.3
'This Study -
InceptionV3 85.8
MobileNetV2 82.5

When the accuracy and loss curves plotted for all models are
jointly examined, it becomes evident that Stage-1 represents
an initial feature representation phase, whereas Stage-2
constitutes the primary learning phase. The simultaneous
increase in accuracy and decrease in loss during Stage-2
clearly indicate that the fine-tuning process contributes not
only to memorization but also to improved generalization

capability.

Following Stage-2, DenseNet121 and ResNet50 distinct-
ly outperform the other models in terms of both accuracy
and F1-score, while MobileNetV2, despite its lower abso-
lute performance, provides a significant balance between
classification performance and computational efficiency.
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InceptionV3, on the other hand, achieves moderate accu-
racy levels but exhibits a more fluctuating training behavior
compared to the other architectures.

Table 5 presents a comparative evaluation between the pro-
posed approach and recent studies in the literature on facial
emotion recognition. Since the majority of existing works
report only classification accuracy as their primary per-
formance indicator, accuracy was selected as the common
reference metric to enable a fair comparison. As observed,
previously reported accuracy values range between approxi-
mately 78% and 90%, depending on the model architecture
and learning strategy employed. The results obtained in this
study fall within this performance band, with DenseNet121
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achieving 88.3% accuracy and ResNet50 reaching 86.4%,
demonstrating competitive performance relative to state-of-
the-art approaches. These findings indicate that the pro-
posed two-stage transfer learning framework yields results
consistent with contemporary deep learning-based FER
methods while additionally providing insights into compu-
tational efficiency and model complexity, which are often
not discussed in earlier studies.

Opverall, these graphical results clearly demonstrate that ar-
chitectural complexity, parameter count, and fine-tuning
strategies directly influence performance in fine-grained
classification tasks such as facial emotion recognition.
The use of a single dataset and the inherent visual simi-
larity among certain emotion classes may have constrained
the performance of some models. Additional experiments
conducted on different datasets would further enhance the

generalizability of the findings.
5. Conclusion

In this study, four widely used deep learning architectures—
ResNet50, DenseNet121, InceptionV3, and Mobile-
NetV2—were comprehensively evaluated for facial emotion
recognition within a two-stage transfer learning framework.
The primary objective was not only to assess classification
accuracy but also to jointly analyze training dynamics, gen-
eralization capability, and computational cost, thereby en-
abling a more holistic evaluation of architectural choices for
emotion analysis applications.

The experimental results clearly demonstrate that the two-
stage training strategy yields a significant performance
improvement across all models. During the first stage
(Stage-1), where the convolutional backbones were frozen,
the pretrained networks provided stable but limited perfor-
mance, indicating that generic visual representations alone
are insufficient for fine-grained emotion classification. In
contrast, the Stage-2 fine-tuning phase resulted in substan-
tial improvements in both accuracy and F1-score, accompa-
nied by consistent reductions in loss values. These findings
highlight the critical role of adapting deep feature repre-
sentations to emotion-specific patterns for capturing subtle
facial expression variations.

Among the evaluated models, DenseNet121 emerged as the
most balanced and highest-performing architecture in both
training and testing phases. Its dense connectivity facilitates
efficient feature reuse, enabling more stable learning and
robust performance, particularly in scenarios involving class

imbalance. ResNet50 closely followed DenseNet121, deliv-
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ering high accuracy and strong generalization performance,
thereby reaffirming the effectiveness of residual connections
in stabilizing deep network training.

Although InceptionV3 benefits from its multi-scale convo-
lutional design, it underperformed compared to DenseN-
et121 and ResNet50 on this dataset. The observed fluctu-
ations in accuracy and loss curves suggest that the archi-
tecture may be more sensitive to visual similarities among
emotion classes. MobileNetV2, while yielding the lowest
absolute performance, stands out due to its low parameter
count, compact model size, and short training time. These
characteristics make it a compelling choice for real-time and
resource-constrained applications, where computational ef-
ficiency is a primary concern.

When the experimental findings, performance tables, and
training curves are jointly considered, it becomes evident
that model performance should not be evaluated solely
based on accuracy. Training time, parameter count, and
hardware requirements must also be taken into account.
The multiple GPU-based experimental repetitions con-
firmed the stability and robustness of the reported results,
while the representative CPU-based experiments clearly
demonstrated the importance of hardware acceleration for
deep learning-based emotion recognition.

This study also has certain limitations. First, the experiments
were conducted on a single dataset, and no cross-dataset
validation was performed to assess robustness across differ-
ent cultural and demographic contexts. Additionally, data
augmentation techniques were not employed, and the anal-
ysis focused exclusively on static facial images, excluding
temporal information from video sequences.

Another limitation is the restricted number of emotion cat-
egories in the dataset. Future work will extend the analysis
to benchmark datasets containing neutral and additional
expressions to further validate the findings.

It should be noted that most studies in the literature report
results using different datasets, preprocessing pipelines, and
evaluation protocols, making direct comparison inherent-
ly challenging. Therefore, the purpose of Table 5 is not to
claim superiority over prior works, but rather to position
the obtained results within the commonly reported perfor-
mance range. In addition to this contextualization, the pres-
ent study aims to offer an alternative evaluation perspective
to existing approaches by jointly analyzing recognition per-
formance together with training cost, parameter size, and
computational behavior—factors that are often overlooked

103



Keskenler / Emotion Analysis from Facial Expressions Using a Two-Stage Transfer Learning Approach:

A Comparative Study of Deep Learning Models

in earlier studies. This comparison demonstrates that the
proposed framework achieves competitive accuracy while
providing a more comprehensive understanding of model
selection criteria for practical applications. Future work will
extend this evaluation to multiple benchmark datasets to
further validate generalizability.

Future research may extend this work by conducting
cross-dataset evaluations to further assess generalization
performance. Incorporating multimodal cues such as head
pose, eye movements, or facial muscle activations may fur-
ther enhance recognition accuracy. Moreover, exploring
Vision Transformers (ViT) and hybrid CNN-Transformer
architectures could provide valuable insights into architec-
tural advancements for emotion analysis. Finally, investigat-
ing model compression, quantization, and knowledge distil-
lation techniques would significantly broaden the applica-
bility of these models in real-time and embedded systems.

Recent studies have explored transformer-based architec-
tures such as Vision Transformers (ViT) for facial emotion
recognition, offering an alternative to convolutional mod-
els through global attention mechanisms. While such ar-
chitectures may provide advantages in large-scale datasets,
the present study focuses on widely adopted CNN back-
bones to analyze performance—efficiency trade-offs under
limited-resolution conditions. Future work may extend
this framework to include transformer-based models and
cross-dataset validation to further examine generalizability.
Additionally, visualizing computational cost—performance
relationships using Pareto-style analysis could provide fur-
ther insights into model selection for deployment-oriented
scenarios.

In conclusion, this study presents a comprehensive and
comparative analysis of deep learning architectures for fa-
cial emotion recognition under a two-stage transfer learning
paradigm. By explicitly addressing the trade-off between
classification performance and computational cost, the
findings offer valuable guidance for both academic research
and real-world deployment scenarios.
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Gecikmeli Diferansiyel Denklemin Niimerik Céziimi I¢in Etkili Bir Yaklagim

An Eﬁcientdppmac/y for Numerical Solution of De[ay Diﬁ%rem‘z'al Eguaz‘ion

Erkan Cimen' ®, Neslisah Tekin?

Wan Yiziinci Yil Universitesi, Egitim Fakiiltesi, Matematik Bélimi, Van, Turkiye

?Van Yiizinci Yil Universitesi, Fen Bilimleri Enstitiisii, Matematik Bélimii, Van, Tiirkiye

Oz

Bu ¢aligmada, birinci mertebeden lineer gecikmeli diferansiyel denklemler i¢in baslangi¢ deger probleminin ¢6zimi i¢in yeni bir
nimerik sema 6nerilmistir. Bu sema, kalan terimleri integral formda olan quadratiir kurallar: kullanarak diizgiin bir sebeke tzerinde
sonlu farklar yontemi ile olusturulmugtur. Semanin ayrik maksimum normda ikinci mertebeden yakinsamaya ulastigs kanitlanmistur.
Son olarak, yéntemin dogrulugunu ve performansini gostermek i¢in bir test problemi ele alinmigtir.

Anahtar Kelimeler: Gecikmeli diferansiyel denklem, hata analizi, sonlu fark metodu, yakinsaklik

Abstract

In this paper, a new numerical scheme for solving the initial value problem for first order linear delay difterential equations is proposed.
This scheme is constructed using the finite difference method on a uniform mesh using quadrature rules, with the remaining terms in
integral form. The scheme is proven to achieve second-order convergence in the discrete maximum norm. Finally, a test problem is
considered to demonstrate the accuracy and performance of the method.

Keywords: Convergence, delay differential equation, error analysis, finite difference method

1. Giris
Zamana (t'ye) bagh bir diferansiyel denklemde, bilinmeyen

fonksiyon ve tiirevlerinin (en yiiksek mertebeden tiirev ha-
ri¢) t ve t'den Onceki anlara bagli olan denklem gecikme-
li diferansiyel denklem olarak adlandirilmaktadir. Bu tir
denklemler temel bilimlerin bir¢ok uygulamalarinda model
denklem olarak ortaya ¢ikmaktadir (Driver, 1977; Beuter
vd., 1993; Kuang, 1993; Baker vd., 1998; Villasana & Ra-
dunskaya, 2003; Balachandran vd., 2009; Foley & Mackey,
2009; Kyrychko & Hogan, 2010; Liz & Roést, 2013; Get-
to & Waurick, 2016; Guo & Ma, 2016; Rihan vd., 2019).
Kanser hiicrelerindeki timér popiilasyonu, kdprii ingast,
trafik kontrold, robot teknolojisi, iklim sistemleri bunlardan
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bazilaridir (Kolmanovskii & Myshkis, 1999; Balachandran
vd., 2009; Keane vd., 2017; Rihan vd., 2019;). Bundan do-
lay1 gecikmeli diferansiyel denklemler i¢in yapilan ¢aligma-
lar her gecen giin artmaktadir. Bu ¢aligmalarin ¢ogunlugunu
kararlik analizi ve ¢6zimiin salinim 6zelliklerinin incelen-
mesinden meydana gelmektedir (Hopfield, 1984; Gopal-
samy, 1992; Hairer vd., 2008; Li vd., 2010; Berezansky vd.,
2015; Zeng vd., 2016; Zhao vd., 2017). Bununla birlikte
niimerik yaklagimlar da bulunmaktadir. Literatire bakildi-
ginda gecikmeli diferansiyel denklemlerin niimerik ¢6ziim-
leri i¢in gesitli metotlar kullanilarak arastirildiy gézlenmek-
tedir (Bellen & Zennaro, 2003; Bellen vd., 2009; Cimen &
Ekinci, 2017; Cimen & Uncu, 2021; Obut vd., 2023).

Bu ¢aligmada, agagidaki birinci mertebeden lineer gecikmeli
diferansiyel denklemi i¢in baglangi¢ deger problemi ele alin-
maktadir:
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u' () +a®u(t) +b(ut—r)=f(),0<t<T, (1.1)

ut) =¢(t),-r=<t=<0, (1.2)

buradaa(t) > a > 0, b(t), f(t) ve baglangi¢ fonksiyonu ¢(t)
yeterince dizgiin, reel degerli fonksiyonlar ve r > 0 reel sa-
bittir. a(t), b(t), f(t) fonksiyonlar1 [0,T] araliginda ve @(t)
fonksiyonu [—7,0] araliginda stirekli ise (1.1)-(1.2) prob-
leminin bir tek ¢6ztimi vardir (Kolmanovskii & Myshkis,
1999; Bellen & Zennaro, 2003). Incelenen problem lineer
olsa bile problemin analitik ¢6zimiini bulmak her zaman
muimkiin olmadigindan bu tir problemlerin ¢6zimi igin
etkili niimerik yontemler gelistirmek 6nemlidir.

Calismanin amaci (1.1)-(1.2) probleminin ¢6zimi i¢in et-
kili bir nimerik yontem sunmaktir. Sunulacak metot, diiz-
glin sebeke tizerinde kalan terimi integral bigiminde olan
interpolasyon quadratiir formiilleri yardimiyla elde edilen
sonlu fark semasini icermektedir. Metodun bir avantaj,
Euler, Runge-Kutta gibi klasik yontemlere gore bilinmeyen
fonksiyonun (4(t)¥nin) sadece 2. mertebeye kadar tiirevle-
rinin sinirli olmasinin yeterli olmasidir. Dahasi, niimerik
yontemin analitik ¢6ziime 2. mertebeden yakinsamasi, her-
hangi bir ekstrapolasyon yéntemi kullanilmadan, dogrudan
elde edilmektedir, bu ise metodun diger avantajidir.

Caligmanin 2. boliimiinde (1.1)-(1.2) problemindeki bilin-
meyen fonksiyonun ve tirevleri i¢in bazi analitik sonuglarini
incelenmektedir. Sonraki bolimde, diizglin sebeke tizerinde
sonlu fark semasi inga edilmektedir. 4. bolimde, bu sema
tizerinde hata degerlendirmesi yapilarak yakinsaklik sonug-
lar1 verilmektedir. Teorik sonuglari destekleyen niimerik
sonuglar 5. bélimde yer almaktadir. Son bélimde ise elde
edilen sonuglarin bir 6zeti sunulmaktadir.

v(t), t €[0,T] araliginda sirekli bir fonksiyon i¢in aga-

gida  tanimlanan normlaTr calismada  kullaniacaktur:
Ivlleo = tIEng)T(]W(tN vl = fy v(®)ldt, Ayrica, tiim caligma

boyunca C ve indisleri, sebeke adimindan bagimsiz pozitif
genel sabitlerdir.

2.Baz1 On Degerlendirmeler

Bu kisimda niimerik metot sunulmadan 6nce (1.1)-(1.2)
probleminin ¢6ziimiinin ve tirevlerinin bazi 6zellikleri ve-
rilecektir. Caligmanin sonraki kisimlarinda bu 6zelliklere

ihtiya¢ duyulacaktir.

Lemma 2.1. (Mitrinovic vd., 1991) p(t) ve v(t) negatif ol-
mayan siirekli fonksiyonlar olsun. Eger C > 0 reel sabit ve
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t
v(t) < C+f p(s)v(s)ds,
0

ise bu durumda

v(t) < Cefotp(s)ds.

Lemma 2.2. a,b,f € CY0,T], ¢ € C[-7,0]olsun. Bu du-
rumda agagidaki degerlendirmeler dogrudur:

llullw < Co (2.1)
[u®@ <cC k=12 (2.2)
Co = @I + IIflly + lIbllolllllelbleT,
Ispat: (1.1) denklemi diizenlenirse
u'(t) + a®ult) = F(t),
F@©) = f() = b(Ou(t —7)
yazilabilir. Bu denklemin ¢éziimiinden
.
u(t) = u(0)e ¥ 4 JO F(r)e™ ) %94 g

t
e—fT a(s)ds

t
= (p(o)e—fota(s)ds + f [f(©) — b(@Du(z —71)]e dt
0

elde edilir. Buradan
t

[u(®)| < |p(0)|e~* + j @I+ [b@ult = r)|]le~*ED dr
0

< | t t
o1+ [ 1@de + bl [ e —rya
0 0

elde edilir. Bu esitsizligin ikinci integrali i¢in x = T —r do-
nisimi uygulanirsa,

t—-r
wu®l < 19O + £l + 15l f u ()| dx

t-r

[u(x)|dx

IA

0
)]+ Ifll: + ||b||oof lo(O)\dx + ||b||oof
. i

IA

t
()] + Iflly + 1bllus| [0 12 + ||b||mf a0 dx
0

bulunur. Gronwall esitsizligi (Lemma 2.1) bu son esitsizlik-
te dikkate alinirsa,
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[u@®| < [le©)]+ lIflly + 1bllo|l@]]1]eblet

< [+ lIfll + lIblleol| ][ 1]e!Pll=T

sonucuna ulasilir, bu ise (2.1) esitsizligini dogrular. $Simdi
(1.1) denkleminden

u'(t) = —a(®u(t) — b(®ult —r) + f(t)

yazilir ve buradan

W' O < la@u@l + b@ult =)l +|f @]
elde edilir. Lemmanin sartlarindan ve (2.1)’den

[u' (O] < llalleoCo + [IblleCo + lIf 1o (2.3)

sonucuna varilir, bu ise k = 1i¢in (2.2) esitsizligini dogrular.
Simdi de k = 2 durumunda (2.2) esitsizliginin dogrulugu-

nun gosterilmesi i¢in (1.1) denklemi bir kez tiiretilirse:

u”(t) = a'ult) + a(®)u'(t) + b’ ut —r) +
b(u'(t—r) + f'(0),

elde edilir. Buradan da

[u” (®)] < |a'O[ul®)]| + [a®)]|u' (O] + [b'(®)][ult = )| +
[b(O)|[u'(t =)+ |f' ()]

yazilabilir. Yine lemmanin sartlarindan, (2.1) ve (2.3) esit-

sizliklerinden,
[u" ()] < la'llooCo + llalleoC + [116lleoCo + lIblleoC + 1l f'lleo
sonucuna ulagilir. Boylece ispat tamamlanur.

3. Fark Semasinin Kurulmas:

wny, [0, T] araliginda diizgiin bir sebeke olsun:

o T T
wp, ={ti =ih,i=12,..,Ng; h =N—O =N}

Herly ={tiry1 <t <t rmg=kr;T=mr}(1 <k <m)

alt araliginda N adet digim noktasi iceren

wr={tpy(k—1N+1<i<kN,1<k<m}
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sebekesi tanimlansin. Sonug olarak,

—m
(,()NO _Uk:1 (Uk

olacaktir. Dahast @Ny = @N, U {to = 0} Ggsterimi basit-
lestirmek igin, herhangi bir () fonksiyonu igin Vi = v(t;)
olarak alinacaktir. Buna ilave olarak, Vi ise %(t) nin t;’deki
yaklagimini ifade etmektedir. Ayrica, “No lizerinde tanimla-
nan herhangi bir Vi sebeke fonksiyonu i¢in,

Vi—Vi_ N
vei = = [vlleo = nax ), lvlly = R X2, vt
t 0

gosterimleri kullanilacaktir.

(1.1)-(1.2) probleminin fark semasini olusturmak igin,
ilk olarak (1.1) denklemi ®:(t) fonksiyonu ile carpilarak,
[ti-1,ti] araliginda integrallenir ve sonrasinda bazi terimler
eklenip ¢ikartilarak,

ti
X;tht

tiq

ti
W(DG(Ddt + X h=1 f a(tu(O b (D de

ti—1

ti

RO CRTIOLES T SR

f)¢(D)de + R(u)
esitligi elde edilir. Burada

R = X7 [ [a(6) = a(@)]u(®ei()dt

X7 (D) = b(e)lu(e - )gi()de - X7 [ 65
[f(©) - f(t]i(D)dt '

bi¢imindedir. Daha sonra, (3.1) esitliginin solundaki ilk iki
integrale, sirastyla Amirali & Amirali, (2018)’deki (8) ve (7)

formiilleri uygulanarak

t;

ti
X7h7t | W (O¢i(Ddt + X7 Thta(t) | u(®)gi(t)dt =

tig ti—q

+ R*(w)

Oiug,; + a(t)u(t;) + R*(w)

elde edilir. Burada
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t;
Xi=h™ [ ¢i(t)dt,

ti—1

ti
0; =1+ X7 'hta; | (t—t)pi(D)dt,

ti—q

ti
u'(s)Ko(t, s)ds,

i-1

ti
RPG) = —X71 [ ¢ (e f
t

ti—1

t;

t;
i (Bdt f W ()Ko(t, 5)ds,

ti—1

R*(w) = X{lh‘lf

ti—1
Ko(t,s) =1 —h71(t — ti_q)

bigimindedir. R*(u) + R**(u) = 0 segilirse, P (ti) fonksiyo-
nu icin

—¢i'(t) + a;pi(t) = 0,t;-1 <t < t;

denklemi elde edilir. #(t) = 1 olarak alinarak, bu proble-

min ¢ozumu

¢i(t) = eilti=® (3.3)
olarak bulunur. Béylece,

. _e—ajh
Xo=hT [ gy dt =, (3.4)

6i=1+Xh e [ (¢ t)pi(D)dt = e~ (3.5)

olarak bulunur. Simdi de, (3.1) denkleminin solundaki
Ugtinci integrale Amirali & Amirali, (2018)’deki (7) formi-
li uygulanarak

XTRT L beule = g @dt
= X7 b [ pi()de|ule;— )

+X;7Th=1b(t;) w ftti"_ (t—t)pi(D)dt + R™
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= X7 b [ i)ty + X7 b (Euri

3.6
fttf_l(t —t)¢:i()dt + R (3.6)

elde edilir. Burada
REY = X7h71b(e) [, ¢iOde [ w'E = K (6, §)dE (3.7)
ve K1(t,&) =t — & — h™1(t — t;)(ti—1 — &) bigimindedir.

Ikinci olarak, (3.2) denklemindeki @(t) igin; ti-1, ti diigim
noktalarina gére Newton interpolasyon formiild,

a() —a(t;) =t —tag; + %i(t)) (t—ti—)(t—t)

seklindedir. Bu ifade (3.2) deki ilk integralde dikkate ali-

nirsa ti
X7t [a(e) - a(t)u(®¢i(D)dt = X7 TR

ti—1

ti
(t — t)agiu(t)p;(t)dt

ti—1

ti
LD ¢~ ) (e - eoupi (e

+X;'ht >

tiq

elde edilir. Ayrica
ti

u(t) = u(ty) — f u'(s)ds

t
esitligini bu son esitligin sagindaki ilk integralde dikkate
alindiginda,

ti
X7h7t ] [a(®) — a(t)]u®) g (t)dt

ti—q

t;
= Xi_lh_lf (t — tagu(t)gi()dt
tiq

t; t;
—X;th1 (t —tag; U u’(s)ds} ¢pi(t)dt
t

ti—1
+X;7tht ftt a”(nz_i(t))(t —ti_)(t — tu(t)p;(t)dt
=X (6= et di()de + RP (3.8)
elde edilir. Burada kalan terim
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R® = x;ht [ L0 (g @ - ugi(D)de

i1

~X7h [ ar(e =) ([ ' (9)ds) g @)dt (3.9)
olur. Yine (3.2) denklemindeki b(t) icin; ti-1,ti digim
noktalarina gére Newton interpolasyon formiili,

b"(ai(1))

b(t) —b(t) = (t - >

ti)be; + (t—ti—)(t —t;)

bi¢imindedir. Bu ifade (3.2) deki ikinci integralde dikkate

alinirsa

ti
X tht j (b6 — b(e)Jult — 1)y ()t =
tio1

t;
X7 (6= )bgu(t — )¢ (Ode

i1
t; " .
+ X{lh—lf %l(t)) (t — ti—)(t — t)ult — ) ()dt
ti—1
olur ve
ti
u(t—r) =u(t;—71) —f u'(s —r)ds
t
esitligi kullanilirsa
t;
X7t [b(®) — b(t)]u(t — )¢ (t)dt =
ti—1
1h (t — t)bgiu(t; ‘_ r)¢i(t)dt
-X7th1 (t — t)b; f u'(s — r)ds} ¢i(Hdt
ti—1
t; "
+Xi‘1h—1f b (a’(t))( t—ti—1)(t — tult — r)p; (t)dt
tl 1

= X7 [T (e - t)bru(t — g Ode +RP (3.10)

elde edilir. Burada kalan terim
RO = x7i1 i 2 W”)( = ti-0)(t — tult — )i (t)de

X (6= )b ([ /(s = rds ) gi@dt (3.11)
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olur. Son olarak (3.2) denklemindeki f(t) icin; ti-1, i di-
gum noktalarina gére Newton interpolasyon formiili,

i) ”(Vl ()

f@) =) =@t —tdfei + ———(t — ti)(t — t;)

seklindedir. Yine bu ifade (3.2) deki son integralde dikkate
alinirsa

XTRTE RO - f(E)ga@dt = XA [

i1

(3.12)
(t = t)fripi()dt + Rl.(‘”

elde edilir. Kalan terim

REY = X7 [ S F @)~ i) (6~ 6)pi(0)de (3.13)

bi¢imindedir.

Gerekli hesaplamalar yapilarak, (3.1), (3.2), (3.6), (3.8),
(3.10) ve (3.12) esitliklerinden asagidaki fark semas: elde
edilmektedir:

Oiug; + agu; + ciugi—y + biui_y = fi + R;. (3.14)

Burada

t
X7t (- t)¢i(D)dt = hé;

ti—1

a; = a; + ag;hd;,b; = b; + bg;hi, ¢c; = héiby, fi = fi + fih6i,

Ri=R™ +R® + R®) + R®, (3.15)

@ p@ pB) pA
bigimindedir,R' RiTSRTLR, sirastyla (3.7), (3.9), (3.11)

ve (3.13) de ifade edilmistir. Buradan (3.14) deki hata teri-
mi ihmal edilerek, (1.1)-(1.2) probleminin niimerik ¢oziimi
i¢cin agagidaki fark semas: 6nerilmektedir:

0iyei + @yi + ciyei-n + biyion = fi, 1 < i < N, (3.16)
yi=¢i,—N<i<0. (3.17)

Simdi de literatiirde Euler yamuksal metot olarak bilinen
metodu kullanarak, agagidaki alternatif fark semas: 6neril-
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mektedir (Amirali & Amirali, 2018). Bunun i¢in ilk olarak
(1.1) denklemi

u'(t) = f(t) — a®ut) — b(Oult — 1)

olarak diizenlenir ve [ti-1, il araliginda integral alinirsa,

t; t;
h1 u'(t)dt = h‘lf

ti—1 i1

ti
ugi = h-1 f [F(®) — a(®u(®) — b(Oult — rlde
ti—g

elde edilir. Esitligin sagindaki integrale [ti-1, til aralig: tize-

rinde Yamuk metodu uygulanirsa,

[f(tl 1) — a(ti—ulti—1) — b(ti-u(ti—1 — )]
+5 [f (tJ — a(t)u(ty) — b(t)ult; — )] - R®,

ufl_

=laju; + aj—1ui—1 + biuj—y + bi—1ui-y—1] =

Ugi +
LTy

% [f (i) + £ (&)1 = R

R® = ;‘2 = 1F(0 —a@u® - bOut - 1)

&)
bulunur. Yine yukaridaki esitlikte Ri™ hata terimi ihmal

edilirse, (1.1)-(1.2) probleminin yaklagik ¢6zimi i¢in aga-
gidaki sema da 6nerilebilir:
Yei + [ aiyi + ai-1yi-1 + biyi-n + bi-1yi-n-1] =

(3.18)
S ) + fEL 1< i< Ny

Yi=¢i,—N<i<0. (3.19)

4. Hata Analizi

Bu bélimde sunulan yontemin yakinsakliginin aragtirilmasi
icin,

zi=yi—u;, 1 <i <N

Karaelmas Fen Miih. Derg., 2026; 16(2):106-116

[f@®) —a®u®) — b@)ult —r)ldt

hata fonksiyonu tanimlanmaktadir. Oyle ki, bu fonksiyon

0izgi + @iz + ciZgi-n + bizi-y = R; (4.1)

z;=0-N<i<0 (4.2)

probleminin ¢oziimiidiir ve R, (3.15)'de ifadesi gegen kalan
terimdir.

Lemma 4.1. @b, f €C?*[0,T] ¢ € C*[-7,0] olsun. Bu du-
rumda (3.15) te ifade edilen Riigin agagidaki degerlendirme
dogrudur:

IRl < Ch% (4.3)

1spat. 11k olarak (3.7)'den

[RE| < X7 R BEI[E ¢i@)de [ Ju' € = mlIKaCe, D)1

yazilabilir.

1K (6, Ol < Je = &1+ h7Me = tilltiog — €l ties <6 < 8

icin
|K1(t, )| < Ch

sonucu ve Lemma 2.2 dikkate alinirsa,

ti
hd¢ <

ti—1

t;
R®| < CX;lh—lllblloof Pi(O)dt
ti-q
ti

Cliblloh?X*h=Y | ¢i(D)dt < Ch?

ti—q
elde edilir. Tkinci olarak, (3.9)'dan

“ Ia”(m(f))l

ti—1

|R§2>| < X;h1 — tillt — il lu(® (D) dt

+X7tht |an|lt— til (f [’ (S)Id5>¢ (t)dt

tll

yazilabilir. Lemma 2.2’den
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t
|R§2>| < CIIa”||ooXi_1h‘1f |t — tiqllt — til s (D)dt

i1

t; ti
+C||aIImXi‘1h‘1f It—tiIU ds) ¢i(Ddt
t

ti—q

t
< Clla"lloh?X7*h7" | §i(O)dt + Cllallooh?X A7
ti—1
t;
¢;(t)dt < Ch2.

ti—q
Benzer bi¢imde, (3.11)’den

i " (Bi(0)
r) < [ BN e e - nigoae
ti—q
+ t; t;
Xflh‘lf |bei|lt — ¢l <f [u'(s — r)|d5> ¢i(t)dt
ticq t
ve Lemma 2.2 dikkate alinarak,

[REV| < Clb"lloX A7 [ e = ticalle = ilu (D)t
-1
—_ — ti ti
+CIb XM [ =t (1 ds) uCorae

< ClIb"lloh?X7 A2 [ @u(0)dt + ClIblloh?X A7 [,
¢i(t)dt < Ch?.

Son olarak (3.13)’den

[R| < X7t 5 L qae)lie = tialle — tilgu(dt
< CIf"lleoXi MR8 [ 16 = timallt — il (O)de

< Cllf"loh?X; th1 ffi"_ _bi(0)dt < Ch?

elde edilir. Boylece ispat tamamlanir.

Lemma 4.2. bi ve Vi (i € N) negatif olmayan reel degerli
fonksiyonlar ve ¢ > 0 reel sabit olsun. Eger
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i-1
v, <c+ Z biv;
k=0

ise, 0 zaman

i-1 i-1
v <c| |[1+4bg] <cexp (Z b))
k=0 k=0

esitsizligi dogrudur (Bachpatte, 2002).

Lemma 4.3. (4.1)-(4.2) probleminin ¢6zimt igin agagidaki
esitsizlik dogrudur:

Izl oy, < CIIRIls . (4.4)

Ispat. (4.1) denklemi diizenlenirse

_ b: +
- 6; + C_lihZL_l 6; + C_lihgl

Zi

yazilabilir. Burada

gi = Ri—bizgin — Cizin

bigimindedir. Zo = 0 sart1 dikkate alindiginda, bu fark prob-
leminin ¢6zimi

ZL : lL[ ¢
zi = —— Yk =
=} O + axh P 9] + a]h

olacaktir. Buradan,

i

=S i ]
Zil = 71 = 5 19k
k=19k+akh I=

6;
i1 9]' + ajh

A = @ * > 0ve Ok nin ifadeleri dikkate alindiginda,
i — _
h|Ry| h|by| hlcl

Z SC&*Z + Zeg-n| + ——— |2k
il k_1{9k+dkh 0k+c‘1kh| bk N| 9k+dkh| k Nl}

esitsizligi elde edilir. Buradan da,
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i i
|z < CZ{thkl +|zg-n| + lzk-nl} < CZ{MRH +
k=1 k=1

|zg-n| + |Zk-n-11}
i i i
<
C hz Ry | + lek—Nl + lek—N—ll
k=1 k=1 k=1

elde edilir. Daha sonrak — N =jve k — N — 1 = [ dontst-
mu kullanilirsa,

i i-N i-N-1
Zil SCthRkl-l-C Z |Zj|+C Z |Zl|
l k=1 j=1-N I=—-N
i i i
<Ch ) IRl +Cah ) ||+ cah ) al
k=1 JEI-N I==N

olur. (4.2)den, ¥ < i < 0i¢in z; = 0 oldugu dikkate alinirsa,

i i
|zi] < ChZIRkl + 262|z,-|
k=1 j=1

elde edilir. Boylece

i
12 < CIIR I +2¢ ) |5]
=

esitsizligi elde edilir. Buradan Lemma 4.2 dikkate alinirsa
(4.4) esitsizligi elde edilir.

Sonunda, ¢alismanin temel sonucu olan ve sunulan semanin
yakinsakligini ifade eden teorem agagida verilmektedir.

Teorem 4.1 u, (1.1)-(1.2) probleminin ve ¥’de (3.16)-(3.17)
probleminin ¢6ziimi olsun. Bu durumda agagidaki deger-
lendirme dogrudur:

Iy = ullowy, < Ch?.

1spat. Lemma 4.1, Lemma 4.3’te dikkate alindiginda he-
men bu sonuca ulagilir.
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5. Niumerik Sonuglar

Bu kisimda (1.1)-(1.2) probleminin yaklagik ¢oziimi igin,
duzgiin sebekede kurulan (3.16)-(3.17)’de sunulan metot
(SM) ve (3.18)-(3.19)de verilen Euler yamuksal metot
(EYM) kullanilarak elde edilen fark semalarindan elde edi-

len bazi nlimerik sonuglar verilecektir.

Ornek 5.1. Asagidaki test problemi ele alinsin:
u'(t)+2u®) +u(t—1) =e"L0<t <2,
u(t) =ef,-1<t<0.

Problemin analitik ¢6zimi

e 2t 0<t<1,

- 1 2
u(®) {e‘” +§et_1 + (t - 5) e 2D 1 <t<2.

seklindedir. u(t) i¢in noktasal hatalar Ex , maksimum nok-
tasal hatalar EV ve yakinsaklik oran: pY asagidaki gibi ta-
nimlidir:

EY = |y — il EN = Orgkas)}vE,’{V,pN = log,(EN/E?N).

Test probleminin (0,2) araliginda hesaplanan bazi tk dii-
gum noktalari i¢in Uk analitik ¢6zim degerleri, Yk niimerik
¢6ziim degerleri ve noktasal hatalar Ek Cizelge 1 ve 2'de
verilmektedir. Cizelge 3’te ise test probleminin bazi N de-
gerleri icin; sunulan metottan ve klasik yéntemden elde edi-
len maksimum hata degerleri EVN ve yakinsaklik oranlari p"
kargilagtirilmaktadr.

6. Sonug ve Oneriler

Bu ¢aligmada, birinci mertebeden lineer gecikmeli dife-
ransiyel denklemin bagslangic deger probleminin niimerik
¢6zimi incelenmistir. Bu ¢6ziim i¢in, sonlu fark metodu
kullanilarak yeni bir fark semas: kurulmustur. Bu semanin
kararliligs ve yakinsaklifi incelenmis ve ayrik maksimum
norma gore ikinci mertebeden yakinsakligi kanitlanmugtir.
Teorik sonuglar1 destekleyen bir 6rnek sunularak elde edi-
len sonuglar cizelgelerde verilmistir. Cizelgelerdeki veriler
teorik sonuglari dogrulamaktadir. Ayrica sunulan gema,
klasik Euler semastyla karsilagtirilmistir. Cizelge 3’teki ve-

113



Cimen, Tekin / GDD’in Niimerik Céziimi I¢in Etkili Bir Yaklagim

Cizelge 1. (0,2] aralizinda N = 64 igin test probleminin niimerik sonuglar1 (SM).

tr Uk Yk EII<V
0.125 0.7788008 0.7788008 3.33067 E-16
0.250 0.6065307 0.6065307 3.33067 E-16
0.375 0.4723666 0.4723666 4.44089 E-16
0.500 0.3678794 0.3678794 4.44089 E-16
0.625 0.2865048 0.2865048 4.99600 E-16
0.750 0.2231302 0.2231302 4.44089 E-16
0.875 0.1737739 0.1737739 4.16334 E-16
1.000 0.1353353 0.1353353 3.88578 E-16
1.125 0.1261650 0.1261595 5.51968 E-06
1.250 0.1562839 0.1562762 7.74599 E-06
1.375 0.2143320 0.2143243 7.75245 E-06
1.500 0.2927946 0.2927883 6.28373 E-06
1.625 0.3869558 0.3869519 3.84656 E-06
1.750 0.4941397 0.4941389 7.76280 E-07
1.875 0.6131660 0.6131687 2.71469 E-06
2.000 0.7439625 0.7439690 6.50183 E-06

Cizelge 2. (0,2] araliginda N = 64 i¢in test probleminin nimerik sonuglari (EYM).

tk Uk Yk EIICV
0.125 0.7788008 0.7787849 1.58469 E-05
0.250 0.6065307 0.6065060 2.46829 E-05
0.375 0.4723666 0.4723377 2.88343 E-05
0.500 0.3678794 0.3678495 2.99413 E-05
0.625 0.2865048 0.2864756 2.91476 E-05
0.750 0.2231302 0.2231029 2.72399 E-05
0.875 0.1737739 0.1737492 2.47499 E-05
1.000 0.1353353 0.1353133 2.20287 E-05
1.125 0.1261650 0.1261300 3.50085 E-05
1.250 0.1562839 0.1562461 3.77983 E-05
1.375 0.2143320 0.2142971 3.49160 E-05
1.500 0.2927946 0.2927654 2.92233 E-05
1.625 0.3869558 0.3869333 2.24701 E-05
1.750 0.4941397 0.4941240 1.56714 E-05
1.875 0.6131660 0.6131566 9.36677 E-06
2.000 0.7439625 0.7439587 3.79515 E-06

Cizelge 3. (0,2] araliginda her iki metodun kargilagtirilmas:

N EN (EYM) pN EN (SM) pN
32 1.51270 E-4 1.999 3.19035 E-5 2.000
64 3.78338 E-5 2.000 7.97365 E-6 2.000
128 9.45726 E-6 2.000 1.99327 E-6 2.000
256 2.36424 E-6 2.000 4.98310 E-7 2.000
512 5.91063 E-7 2.000 1.24579 E-7 2.000
1024 1.47766 E-7 2.000 3.11448 E-8 2.000
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riler incelendiginde; sunulan sema aymi yakinsama oranina
(pN=~2) sahip olsa da klasik Euler semasina kiyasla daha
tazla verimlilige ve dogruluga sahip oldugu gériilmistir. Bu
ise, sunulan semanin, hem kalan terimi integral biciminde
olan quaratir formilleri hem de Ustel katsayili baz fonk-
siyonu kullanilarak elde edilmesinin sonucudur. Sunulan
bu yontem, nétral, Volterra integro gecikmeli diferansiyel
denklemlerin nimerik ¢éziimleri i¢in yol gdsterici nitelik-
tedir.

Tesekkiir: Arastirmacilar olarak calismayr degerlendiren
editorlere ve hakemlere tesekkiir ederiz.

Yazar katkist: Erkan CIMEN: calismayi planlamis ve tasar-
lamustir, Neslisah TEKIN: Caligmanin analizlerini yaparak
makaleyi yazmugtir.

Etik kurul onayi: Caligma igin etik kurul onay: gerekli de-
gildir.
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Abstract

The efficient recovery of plant-derived phenolic compounds is strongly influenced by the extraction method employed, which
directly determines the biological potential of the resulting extracts. In this study, conventional and green extraction techniques were
comparatively evaluated for the first time to recover phenolic compounds from Jordania cherlerioides (Bornm.) Rabeler & Madhani
using methanol as the solvent. Maceration (MAC), Soxhlet extraction (SE), microwave-assisted extraction (MAE), ultrasonic bath-
assisted extraction (UBAE), and ultrasonic probe-assisted extraction (UPAE) were applied. The extracts were characterized in terms of
extraction yield, total phenolic content (TPC), total flavonoid content (TFC), antioxidant activity determined by DPPH (2,2-diphenyl-
1-picrylhydrazyl), ABTS (2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)), and FRAP (Ferric Reducing Antioxidant Power)
assays, and phenolic composition. The results demonstrated that phenolic recovery and antioxidant capacity varied significantly with
the extraction technique. The highest TPC (84.07 + 0.13 mg GAE/g) and TFC (25.83 £ 0.16 mg QE/g) values were obtained
using MAC, whereas the highest extraction yield (14.19%) was achieved with SE. Antioxidant assays showed that MAC extracts
exhibited the strongest free radical scavenging activity and reducing power. Furthermore, the phenolic profile of ]. cherlerioides extracts
was reported for the first time using LC-MS/MS (Liquid Chromatography-Tandem Mass Spectrometry) analysis. Rutin was the
predominant compound in all extracts, while rosmarinic acid, apigenin, and protocatechuic acid occurred at method-dependent levels
for applications.

Keywords: Antioxidant activity, extraction techniques, Jordania cherlerioides, LC-IMS/MS analysis, phenolic compounds

Oz

Bitkisel kaynakli fenolik bilesiklerin etkin gekilde geri kazanimi, kullanilan ekstraksiyon yonteminden biyiik 6l¢tide etkilenmekte
olup bu durum elde edilen ekstrelerin biyolojik potansiyelini dogrudan belirlemektedir. Bu ¢alismada, Jordania cherlerioides (Bornm.)
Rabeler & Madhani bitkisinden fenolik bilesiklerin metanol ¢oziiciisii kullanilarak elde edilmesinde, geleneksel ve yesil ekstraksiyon
teknikleri ilk kez kargilagtirmali olarak degerlendirilmigtir. Maserasyon (MAC), Soxhlet ekstraksiyonu (SE), mikrodalga destekli
ekstraksiyon (MAE), ultrasonik banyo destekli ekstraksiyon (UBAE) ve ultrasonik prob destekli ekstraksiyon (UPAE) yontemleri
uygulanmigtir. Elde edilen ekstreler; ekstraksiyon verimi, toplam fenolik madde (TPC), toplam flavonoid madde (TFC), DPPH
(2,2-difenil-1-pikrilhidrazil), ABTS (2,2'-azinobis (3-etilbenzotiyazolin-6-siilfonik asit) ve FRAP (Demir (III) indirgeme antioksidan
glict) testleriyle belirlenen antioksidan aktivite ve fenolik bilesik kompozisyonu agisindan karakterize edilmigtir. Sonuglar, fenolik geri
kazanimi ve antioksidan kapasitenin ekstraksiyon teknigine bagl olarak anlamli diizeyde degistigini gostermigtir. En yiiksek TPC
(84.07 £ 0.13 mg GAE/g) ve TFC (25.83 = 0.16 mg QE/g) degerleri MAC yontemiyle elde edilirken, en yiiksek ekstraksiyon verimi
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(%14.19) SE yontemiyle saglanmustir. Antioksidan analizler, MAC ekstrelerinin serbest radikal stiptiriicti aktivite ve indirgeme giici
bakimindan en yiiksek etkiyi sergiledigini ortaya koymustur. Ayrica, J. cherlerioides ekstrelerinin fenolik bilesik profili LC-MS/MS
(Liquid Chromatography—Tandem Mass Spectrometry) analizi kullanilarak ilk kez raporlanmus, tiim ekstraktlarda baskin bilesigin

rutin oldugu; rosmarinik asit, apigenin ve protokatekuik asidin ise ekstraksiyon yontemine bagli olarak degisen diizeylerde bulundugu

belirlenmistir.

Anahtar Kelimeler: Antioksidan aktivite, ekstraksiyon teknikleri, fenolik bilesikler, Jordania cherlerioides, LC-MS/MS analizi

1. Introduction

Phenolic compounds are a diverse group of secondary me-
tabolites widely distributed in plants, characterized by one
or more hydroxyl groups attached to aromatic rings. These
compounds play an essential role in plant defense mecha-
nisms against environmental stress, pathogens, and ultra-
violet radiation. In addition to their physiological roles in
plants, phenolic compounds have attracted considerable at-
tention due to their strong antioxidant, anti-inflammatory,
and therapeutic properties (Xu & Wang, 2025).

Phenolic compounds are known to act as free radical scav-
engers, metal chelators, and reducing agents, thereby pre-
venting oxidative stress-induced cellular damage. Their bio-
logical activities have been associated with the prevention of
various chronic diseases, including cardiovascular disorders,
cancer, and diabetes (Bas, 2026). Moreover, recent studies
have highlighted their potential applications in food, phar-
maceutical, and cosmetic industries due to their safety and
bioactive properties (Demir et al., 2026). The biological
activity of phenolic compounds is closely related to their
chemical structure, particularly the number and position of
hydroxyl groups. Therefore, total phenolic content is widely
used as an indicator of antioxidant capacity and overall bio-
activity in plant extracts (Xu & Wang, 2025).

A potential source for the development of new pharmaceu-
ticals is flora rich in various bioactive compounds (Shakya,
2016). The Caryophyllaceae Juss. family encompasses
roughly 100 genera and 3,000 species (Hernandez-Ledesma
et al., 2015; Altay & Kog, 2025), predominantly consisting
of annual and perennial herbs and subshrubs. The Caryo-
phyllaceae family predominantly has a Holarctic distribu-
tion, however it is also extensively found in the temperate
zones of the northern hemisphere, particularly centered in
the Mediterranean and Irano-Turanian regions (Bittrich,
1993; Heywood, 1998). Plants of the Caryophyllaceae
family are commonly employed in traditional medicine to
address numerous ailments due to their diverse array of bio-
active metabolites, such as saponins, flavonoids, phytoec-
dysteroids, phenolic acids and oligosaccharides (Ozdas et
al., 2025; Chandra & Rawat 2015).

The genus Jordania, which occurs in the flora of Turkiye
and has recently undergone taxonomic reorganization, rep-
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resents a noteworthy yet largely unexplored group from a
phytochemical perspective. Jordania is an earlier name used
for the Turkish representatives of the genus Bolanthus, and
its generic status has been re-evaluated following a com-
prehensive taxonomic revision by Madhani et al. (2024).
According to this revision, the genus comprises 14 taxa, the
majority of which are endemic to Turkiye, including Jor-
dania cherlerioides. The current nomenclatural status of this
species is also confirmed by International Plant Names In-
dex (IPNI, 2026) and Plants of the World Online (POWO,
2026).

According to a comprehensive analysis of the literature, no
prior research has shown antioxidant activity, total phenolic
or flavonoid content, individual phenolic component profil-
ing, or a comparison of extraction techniques for /. cherleri-
oides. This lack of information renders the species a largely
unexplored natural resource with considerable phytochemi-
cal and biotechnological potential. The yield, structural in-
tegrity, and subsequent biological activity of the extracted
constituents are known to be significantly influenced by the
extraction method used to recover plant-derived bioactive
chemicals. Therefore, the comparative assessment of differ-
ent extraction techniques is essential for the efficient and se-
lective recovery of high-quality bioactive compounds from
plant matrices.

In the present study, five different extraction techniques—
maceration, soxhlet extraction, microwave-assisted ex-
traction, ultrasound bath-assisted extraction, and ultra-
sound probe-assisted extraction—were applied for the first
time in a systematic and comparative manner to recover
bioactive compounds from J. cherlerioides using methanol as
the extraction solvent. The main objective of this study was
to elucidate the effect of extraction method on total phe-
nolic content (TPC), total flavonoid content (TFC), anti-
oxidant capacity (DPPH (2,2-diphenyl-1-picrylhydrazyl),
ABTS (2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonic
acid)), and FRAP (Ferric Reducing Antioxidant Power)
assays), and individual phenolic compound profiles deter-
mined by LC-MS/MS (Liquid Chromatography—Tandem
Mass Spectrometry) analysis (Figure 1). The findings of
this study are expected to provide the first scientific evi-
dence of the phytochemical potential of J. cherlerioides and
to contribute valuable baseline data for future studies focus-
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ing on the functional utilization of endemic species within
the Caryophyllaceae family.

2. Material and Methods
2.1. Plant Materials

J. cherlerioides was collected during the flowering period in
2024 from Mount Davraz (2010 m altitude), Isparta, Tur-
kiye. The species was identified by Prof. Dr. Murat Kog.
A voucher specimen (Kog 3625) has been deposited in the
Herbarium of Ankara Yildirim Beyazit University (AYBU),
Ankara, Turkiye. The plant material was identified based
on the Flora of Turkey reference, which provides compre-
hensive descriptions and keys for vascular plants of Turkiye.

2.2. Extraction

Only the aerial parts of the collected plant material were
used for extraction. Methanol was used as the solvent in all
extraction procedures. The extraction yield was calculated
based on the ratio of the dry extract weight to the initial
powdered plant weight, using the following equation: Ex-
traction yield (%) = [Dry extract weight/Powdered plant
weight] x 100.

2.2.1. Microwave-Assisted Extraction (MAE)

To do microwave-assisted extraction, 100 mL of methanol
and 10 g of powdered plant material were mixed, and the
mixture was extracted for five minutes at 50% power (350
W) in a microwave oven. The mixture was filtered using
coarse filter paper to get rid of the plant material. The ex-
tracts were kept at +4 °C until further examination after the
solvent was totally eliminated using a rotary evaporator.

2.2.2. Ultrasound Probe—Assisted Extraction (UPAE)

Using an ultrasonic probe running at 24 kHz with 50%
power for five minutes, 10 g of powdered plant material
was combined with 100 mL of methanol in the ultrasonic
probe-assisted extraction method. To get rid of the residue,
the mixture was filtered through coarse filter paper after
extraction. A rotary evaporator was used to evaporate the
solvent under low pressure, and the extracts were kept at
+4°C until analysis.

2.2.3. Ultrasonic Bath—Assisted Extraction (UBAE)

For ultrasonic bath-assisted extraction, 10 g of powdered
plant material and 100 mL of methanol were mixed, and
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Figure 1. Experimental workflow for extraction, chemical profiling, and antioxidant analysis of plant extracts.
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the combination was placed in an ultrasonic bath operating
at 60 kHz (Elma D-78224 Singen/Htw.) for 60 minutes.
Following the extraction process, the mixture was filtered
through pleated filter paper, and a rotary evaporator (Bii-
chi R-200) was used to extract the solvent at 42 °C under
low pressure. After the extraction yield was determined, the
extracts were kept in dark glass vials at +4 °C for further
examination.

2.2.4. Soxhlet Extraction (SE)

In the Soxhlet extraction procedure, 10 g of powdered plant
material was extracted using a Soxhlet equipment and 100
mL of methanol under reflux conditions for four hours. Af-
ter extraction, all of the solvent was removed using a rotary
evaporator, and the resultant extracts were stored at +4 °C
until analysis.

2.2.5. Maceration (MAC)

The maceration technique involved combining 100 mL of
methanol and 10 g of powdered plant material, which was
then left at room temperature in a dark environment for
five days. The mixture was filtered, and the solvent was ex-
tracted with a rotary evaporator at the end of the operation.
The final extracts were stored at +4 “C until they could be
investigated further.

2.2.6. Determination of total phenolic content

The TPC of the extracts was calculated using the Folin-Ci-
ocalteu reagent according to Singleton and Rossi’s (1965)
method and represented as gallic acid equivalents (mg
GAE/g). The extract solution was mixed with distilled wa-
ter and Folin-Ciocalteu reagent for 3 minutes before adding
a 5% (w/v) sodium carbonate (Na,CQO3) solution. Calibra-
tion curves were constructed using gallic acid standards pre-
pared at concentrations of 20, 40, 60, 80, 100, 120, and 140
pg/mL. The mixture was agitated and incubated at room
temperature for 30 minutes. After incubation, absorbance
was measured at 750 nm.

2.2.7. Determination of total flavonoids contents

The aluminum chloride (AlCl;) colorimetric method
(Zhishen et al., 1999) was used to estimate the TFC, which
was expressed as milligrams of quercetin equivalents per
gram of dry extract. Extracts were combined with sodium
acetate, distilled water, and 10% Aluminum chloride hexa-
hydrate (AICl3-6H,0) solution. Calibration curves were
constructed using quercetin standards prepared at concen-
trations of 20, 40, 60, 80, 100, 120, and 140 pg/mL. Color
development was detected at 415 nm after 30 minutes of
incubation at room temperature.

120

2.2.8. Determination of antioxidant activity
2.2.8.1. Scavenging activity against the ABT'S radical.

ABTS radical scavenging activity was evaluated using a
modified method of Re et al. (1999). The ABTS<* radical
was generated by reacting ABTS with potassium persulfate
and subsequently allowed to react with plant extracts at con-
centrations ranging from 0.001 to 0.5 mg/mL. Absorbance
was recorded at 734 nm after 6 min. All assays were con-
ducted in triplicate, and Trolox was used as the reference
standard. The percentage of inhibition was calculated using
the equation [(A control- A sample) / A control] x 100.
Calibration curves were constructed using percentage inhi-
bition values at different extract concentrations, and ICs
values were determined accordingly.

2.2.8.2. Scavenging activity against the DPPH radical.

The DPPH radical scavenging activity was determined
using the method described by Blois (1958). The working
solution consisted of 100 uM DPPH prepared in metha-
nol, and plant extracts were tested at concentrations rang-
ing from 0.001 to 0.5 mg/mL. The reaction mixtures were
incubated at room temperature for 30 min, and the absor-
bance was measured spectrophotometrically at 517 nm. The
percentage of inhibition was determined by the following
equation: [(Control Absorbance- Standard/Sample Absor-
bance) / Control Absorbance] x 100. All experiments were
performed in triplicate, and ICso values were derived from
plots of scavenging percentage and extract concentration.

2.2.8.3. Scavenging activity against the FRAP radical.
FRAP was determined according to Youn et al. (2019). The

extract dilutions were mixed with FRAP reagent, incubated
at 37 °C for 30 min, and the absorbance was measured at
595 nm. Calibration curves were constructed using Trolox
standards prepared at concentrations ranging from 7.8125
to 250 pg/mL. Antioxidant activity was expressed as mg
Trolox equivalents per g of dry extract (mg Trolox/g).

2.2.9. LC-MS/MS analysis

LC-MS/MS analyses were performed using a Dionex Ulti-
mate 3000 UHPLC system coupled with a TSQ_Quantum
Access Max. Chromatographic separation was carried out
on an ODS Hypersil column (4.6 x 250 mm, 5 pm) at a
flow rate of 0.7 mL/min, with an injection volume of 20
pL and a column temperature of 30 °C. The mobile phase
consisted of 0.1% formic acid in water (A) and methanol
(B) with the following gradient program: 0-1 min, 100%
A; 1-22 min, linear gradient to 95% B; 22-25 min, 95%
B; and 25-30 min, 100% B. MS conditions were as fol-
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lows: capillary temperature 300 °C, vaporizer temperature
350 °C, sheath gas 30 (arb), auxiliary gas 13 (arb), spray
voltage 4000 V (positive) and 2500 V (negative), and dis-
charge current 4.0 pA. Quantification was performed using
the external standard method based on calibration curves of
reference compounds.

3. Statistical Analyses

The analyses were performed in triplicate (n = 3), and the
findings were expressed as mean + SD. One-way analysis of
variance (ANOVA) was used to examine group differences,
with p <0.05 indicating statistical significance. In addition,
hierarchical clustering analysis (HCA) was conducted to vi-
sually assess the similarities and differences among the sam-
ples. These multivariate statistical analyses enabled a com-
prehensive evaluation of the relationships within the dataset.

4. Results and Discussion

To extract bioactive compounds from J. cherlerioides, five
different extraction techniques were used in this study, all

of which used methanol as a solvent: MAC, SE, MAE,

UBAE, and UPAE. The primary goal was to assess the
impact of extraction procedure on TPC, TFC, antioxidant
capacity, and individual phenolic compound profiles as de-

termined by LC-MS/MS analysis.

TPC, TFC and extract yields of J. cherlerioides obtained us-
ing different extraction techniques are presented in Table 1.
Among the tested methods, MAC resulted in the highest
TPC (84.07 + 0.13 mg GAE/g) and TFC (25.83 + 0.16
mg QE/g), whereas SE provided the highest extract yield
(14.19%). MAE, UBAE, and UPAE exhibited compara-
tively lower TPC and TFC values.

The antioxidant activities of the extracts, determined by
DPPH, ABTS, and FRAP assays, are summarized in Ta-
ble 2. The MAC extract showed the strongest antioxidant
activity, with the lowest DPPH ICso value (114.32 + 0.09
pg/mL) and ABTS ICs value (62.39 + 0.05 pg/mL), as
well as the highest FRAP value (123.95 + 0.29 mg TE/g).
In contrast, UPAE exhibited the weakest antioxidant per-
formance, with the highest ICso values and lowest FRAP

value.

Table 1. TPC, TFC and extract yields of J. cherlerioides obtained using MeOH .

Extraction Technique TPlée(;:;e(r}}Xé /g) R? (TPC) TFI‘{ Ce c(::&::ig) R? (TFC) Extr&zﬁ/z)Y 5
MAC 84.07 £ 0.13* 25.83 £0.16° 4.96
SE 77.92 + 0.03° 18.34 + 0.45° 14.19
MAE 74.63 + 0.24¢ 0.999 16.87 = 0.06¢ 0.995 7.62
UBAE 71.58 + 0.52¢ 11.61 = 0.56¢ 8.26
UPAE 70.98 = 0.08¢ 6.85+0.17¢ 3.72

Data are expressed as mean + standard deviation (SD). Values within the same column followed by different superscript letters are significantly different
(p <0.05), according to one-way ANOVA followed by Tukey’s post hoc test. Values sharing the same letter are not significantly different. R2: coefficient

of determination of the calibration curve.

Table 2. Antioxidant properties of J. cherlerioides extracts obtained using different extraction methods (mean + SD).

Extraction Technique IC,, (ng/mL) FRAP value (mgTE/g)
DPPH scavenging ABTS scavenging

MAC 114.32 £ 0,09¢ 62.39 + 0.05¢ 123.95 £ 0.29°

SE 153.14 £ 0.13¢ 67.31 +0.32¢ 115.62 + 0.02°

MAE 174.13 £ 0.01¢ 70.29 £ 0.43¢ 106.65 + 0.04¢

UBAE 252.22 + 0.01* 79.27 + 0.14® 103.34 + 0.05<

UPAE 266.61 + 0.26* 82.89 +0.08* 80.88 £ 0.16¢

TROLOKS 11.52 + 0.47 19.17+0.23 -

Data are expressed as mean + standard deviation (SD). Values within the same column followed by different superscript letters are significantly different

(p <0.05), according to one-way ANOVA followed by Tukey’s post hoc test. Values sharing the same letter are not significantly different.
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LC-MS/MS analysis revealed significant differences in  dant in MAC, whereas chlorogenic acid was detected only
the qualitative and quantitative phenolic composition de-  in UPAE and MAE extracts. Among flavonoids, apigenin
pending on the extraction method (Tables 3 and 4). Rutin ~ Was present in all extracts, with the highest concentration

was identified as the dominant phenolic compound in all

observed in UPAE.

extracts, with the highest concentration observed in MAC  Hierarchical cluster analysis (HCA) performed using the
(13.374.14 pg/g). Rosmarinic acid was the second most  average linkage (between-groups) method revealed that the
abundant compound, with the highest level detected in  extraction techniques were clearly grouped into three main

UPAE (126.37 pg/g). Protocatechuic acid was most abun-  clusters based on their phytochemical composition and an-

Table 4. Phenolic compounds identified in J.cherlerioides samples (pg/g).

Pyrogallol

UPAE

SE MAC MAE UBAE

Gallic acid

Protocatechuic acid

Protocatechuic aldehyde

Sesamol

Gentisic acid

Catechin

Chlorogenic acid

64.34

- - 76.81 -

Epicatechin

Caffeic acid

0.35

2.09 - 2.61 -

Vanillin

18.76

16.30 6.96 16.08 7.63

Syringic acid

- 28.35 - -

Syringaldehyde

Taxifolin

p-Coumaric acid

Vitexin

Ferulic acid

4-Hydroxybenzoic acid

7.79 3.29 6.40 7.51

Salicylic acid

Hesperidin

- - - 2465.33

Rosmarinic acid

77.86 37.50 42.81 23.12

Oleuropein

Luteolin-7-O-glucoside

Rutin

9913.20

10189.39

13374.14

9994.56

8817.35

Resveratrol

Ellagic acid

Naringenin

2.02

1.66

1.94

1.69

Quercetin

Apigenin

139.43

68.01

84.16

99.35

Chrysin

Galangin

Flavone

Cinnamic acid

124
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tioxidant parameters. MAC, SE, and MAE were grouped
within the first cluster, indicating that these methods exhib-
ited comparable phenolic contents and antioxidant capaci-
ties. UBAE formed a separate cluster, reflecting its moder-
ate antioxidant activity. In contrast, UPAE was distinctly
separated into a third cluster, which can be attributed to its
lower flavonoid content and higher DPPH 1Cs value, in-
dicating a relatively weaker antioxidant performance com-
pared to the other extraction techniques (Figure 2).

The results clearly demonstrate that the extraction efficien-
cy of bioactive compounds from J. cherlerioides is strongly
dependent on the applied extraction technique. MAC, a
conventional extraction method, yielded the highest TPC
and TFC values, likely due to prolonged solvent—matrix in-
teraction under mild temperature conditions, which favors
the diffusion of polar phenolic and flavonoid compounds.
However, its relatively low extract yield and long extraction
time limit its practical applicability (More et al., 2022).

In contrast, SE provided the highest extract yield, which
can be attributed to continuous solvent recycling and en-

hanced mass transfer (More et al., 2022; Zygler et al., 2012;

Pawliszyn, 2012). Nevertheless, the lower TPC and TFC
values compared to maceration suggest that prolonged ex-
posure to elevated temperatures may lead to partial degra-

dation of thermolabile phenolic compounds (Bitwell et al.,
2023; Zygler et al., 2012; Pawliszyn, 2012).

MAE significantly reduced extraction time while providing
moderate phenolic recovery. The rapid heating and pressure
buildup within plant cells enhance solvent penetration and
mass transfer (Veggi et al., 2012). However, localized over-
heating may negatively affect the stability of certain pheno-
lic compounds, explaining the lower TPC and TFC values
compared to maceration (Picot-Allain et al., 2021; Zhi et
al., 2017).

Ultrasound-assisted extraction techniques exhibited distinct
performance differences depending on the mode of energy
application. UBAE provided higher phenolic recovery than
UPAE, likely due to more uniform cavitation and con-
trolled cell disruption (Kumar et al., 2021). In contrast, the
intense and localized cavitation generated by UPAE may
have caused partial degradation of flavonoids, resulting in
lower TFC values (Chémat et al., 2017; Wen et al., 2018).

Dendrogram using Average Linkage (Between Groups)

Figure 2. HCA dendrogram of

led Dist Cluster Combi

0 5 10 15 20 25

1 1 1 1 1
5 2
4 3
>3
2 4
1 5

extraction techniques based on
phytochemical composition and
antioxidant parameters (TPC,

TFC, DPPH, ABTS, and FRAP)

using the average linkage method.

(1 - MAC, 2 - SE, 3 > MAE,
4 - UBAE, 5 - UPAE)
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Overall, the observed differences among extraction methods
clearly demonstrate that extraction efficiency in J. cherleri-
oides is strongly dependent on the applied technique. While
SE maximized extract yield, maceration emerged as the
most effective method for preserving and recovering pheno-
lic and flavonoid compounds. These findings are supported
by antioxidant activity assays and LC-MS/MS phenolic
profile analyses, confirming that extraction technique plays
a decisive role in determining both the quantitative and
qualitative phytochemical outcomes.

Bolanthus turcicus extracts contain a high total phenolic
content, according to earlier research. Using the Folin-Ci-
ocalteu technique, Ozda§ et al. (2025) reported total phe-
nolic contents in the following order: MeOH (81.14 mg
GAE/g)> EA (74.93 mg GAE/g)> Aq (51.09 mg GAE/g).
They attributed these variations to solvent polarity. Similar-
ly, Sulaiman et al. (2011) stressed the importance of solvent
polarity in the extraction efficiency of phenolic chemicals.
Ercan et al. (2020) used GC-MS to identify bioactive com-
pounds in B. furcicus Soxhlet extract, including oleic acid
(36.88%), palmitic acid (20.12%), nonadecane (14.72%),
stearic acid (11.56%), hexacosane (6.78%), eicosane
(2.36%), docosane (1.34%), and minor constituents like
a-citronellol, geraniol, and stearyl alcohol. These findings
lend evidence to the species’ broad phytochemical profile.
Other species in the Bolanthus genus have yielded compa-
rable results. Derici et al. (2021) found that B. spergulifolius
had a high total phenolic content in the following order:
EA (52.81 mg GAE/g), MeOH (48.22 mg GAE/g), and
Aq (30.34 mg GAE/g). Sonmez (2023) found vanillic acid,
epicatechin, and rutin as the main phenolic constituents in
the MeOH extract of B. ortegioides. The total phenolic con-
tent was 5.6 pg GAE/mg. Can Agca et al. (2023) isolated
and characterized flavonoids such as apigenin, kaempferol,
and quercetin derivatives from B. aziz-sancarii. The most
abundant compound (6.93%) identified by HPLC analysis
was  quercetin-3-O-a-rhamnopyranosyl-(1”"—6")-gluco-
pyranoside. According to Ozdas et al. (2024), the MeOH
extract had the highest TPC and TFC content in B. turcicus
extracts (96.02 mg GAE/g and 71.12 mg QE/g, respec-
tively), followed by the Aq and EA extracts. The MeOH
extract demonstrated the highest antioxidant activity in the
research, as measured by phosphomolybdenum and FRAP
assays (51.74 mg AAE/g and 137.91 pg Trolox/mg, re-
spectively). Taken together, these literature findings clearly
show that phenolic compound profiles in Bolanthus species
vary depending on the extraction solvent, with methanol
being particularly effective in terms of both phenolic con-
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tent and antioxidant activity, highlighting the genus’ high
biological potential. Furthermore, considering recent taxo-
nomic revisions in which some Bolanthus species have been
reclassified under the genus Jjordania, these findings may
also be relevant to jordania species and suggest a potentially
high biological value for this genus.

Opverall, these findings demonstrate that extraction methods
can be effectively classified according to their phytochemi-
cal profiles and antioxidant properties and highlight the su-
perior antioxidant performance of conventional extraction
techniques under the conditions applied in this study.

5. Conclusion and Suggestions

This study clearly demonstrates that the chemical compo-
sition and antioxidant capacity of methanolic extracts ob-
tained from J. cherlerioides are strongly dependent on the
extraction technique employed. Among the five extraction
methods evaluated, maceration emerged as the most effec-
tive approach, yielding the highest total phenolic and flavo-
noid contents, as well as the strongest DPPH and ABTS
radical scavenging activities and FRAP reducing power,
thereby maximizing the antioxidant potential of the plant.

LC-MS/MS analyses revealed that extraction methods sig-
nificantly influenced the individual phenolic profiles of the
extracts, and that the antioxidant activity of J. cherlerioides
was closely associated with the presence and preservation
of dominant phenolic compounds, particularly rutin and
protocatechuic acid. Although ultrasound- and micro-
wave-assisted techniques enhanced the extraction of certain
compounds, excessive energy input may adversely affect the
structural stability of some phenolics, leading to reduced
functional antioxidant performance.

Overall, these findings highlight that the choice of extraction
method is a critical determinant not only of extraction yield
but also of the functional quality of bioactivity. The results
provide a valuable foundation for the valorization of /. cher-
lerioides as a natural antioxidant source and for the devel-
opment of standardized extraction strategies applicable to
food, pharmaceutical, and cosmetic industries.
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Assessment of Regional Green Hydrogen Production Potential Using Multilayer
Sensor and SHAP Analysis for Smart City Applications

Alally Sehir Uygulamalart Irin Cok Katmanh Algilayict ve SHAP Analizi ile Bolgesel Yesil Hidrojen
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Abstract

This study aims to determine the regional hydrogen production potential of 2535 cities using a machine learning model based on
renewable energy potential (photovoltaic and wind energy) and hydrogen production capacity data. The performance of the developed
Multilayer Perceptron (MLP) model was evaluated using metrics such as R? (R-Squared), RMSE (Root Mean Squared Error), and
MAE (Mean Absolute Error). The model outputs were interpreted using SHAP (SHapley Additive exPlanations) analysis to indicate
the effects of parameters influential in renewable energy production, such as solar radiation and wind speed, on hydrogen production.
Furthermore, cities with the highest and lowest potential for green hydrogen production were identified and geographically visualized
using the Folium library. The results show that the model can predict the regional green hydrogen production potential with high
accuracy and map the most suitable regions for production. This study serves as an important guide for sustainable energy planning
and the development of green hydrogen infrastructure towards reducing carbon emissions to zero.

Keywords: Green hydrogen, hydrogen production, multilayer perceptron (MLP), renewable energy, SHAP analysis

Oz

Bu ¢aligmada 2535 sehir i¢in yenilenebilir enerji potansiyeli (fotovoltaik ve riizgar enerjisi) ve hidrojen Uretim kapasitesi verileri
kullanilarak makine 6grenmesi modeli ile bélgesel hidrojen tiretim potansiyelinin belirlenmesi amaglanmugtir. Gelistirilen Cok Katmanli
Algilayict (MLP) modelinin performans: R?, RMSE ve MAE gibi metriklerle degerlendirilmistir. Modelin ¢iktilart SHAP (SHapley
Additive exPlanations) analizi ile yorumlanarak glines 1sinimi, riizgar hizi gibi yenilenebilir enerji tiretiminde etkili parametrelerin
hidrojen tretimi tzerindeki etkileri belirtilmistir. Ayrica yesil hidrojen tretimi i¢in en yuksek ve en distk potansiyele sahip gehirler
belirlenmis ve Folium kiitiphanesi kullanilarak cografi olarak gorsellestirilmistir. Elde edilen sonuglar modelin yiiksek dogrulukla
bolgesel yesil hidrojen tiretim potansiyelini tahmin edebildigini ve tretim i¢in en uygun bolgelerin haritalanmasini saglamistir. Bu
caligma karbon saliniminin sifira indirgenmesi yolunda strdiriilebilir enerji planlamas ve yesil hidrojen altyapisinin gelistirilmesi i¢in
onemli bir rehber niteligi tasimaktadir.

Anahtar Kelimeler: Yesil hidrojen, yenilenebilir enerji, hidrojen tiretimi, ¢ok katmanh algilayict (MLP), SHAP analizi
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1. Introduction

The increasing global energy consumption, coupled with
concerns about global climate change and strategic energy
security due to high carbon emissions, has driven a growing
demand for sustainable, low-carbon clean energy sources. In
this context, “green hydrogen,” produced using energy from
renewable sources such as solar, wind, hydroelectric, and
geothermal power, is seen as a future clean energy provider
with zero carbon emissions. The production of green hy-
drogen without causing carbon emissions holds significant
potential for transformation in industry, transportation, and
other energy sectors. However, it is crucial that this poten-
tial is properly assessed and investment decisions are made
based on scientific data. Otherwise, costly feasibility studies
can significantly increase production costs and reduce effi-
ciency in green hydrogen production.

The feasibility of hydrogen production depends on many
factors, including a region’s renewable energy potential,
geographical location, and infrastructure capabilities. The
complexity and interdependence of these factors analyze
large datasets challenging with traditional methods. There-
fore, machine learning algorithms have become an ideal
tool for modeling and accurately predicting such complex
relationships with high accuracy. In this study, we aim to
estimate the green hydrogen production potential of var-
ious cities with high accuracy using these methods. The
goal is to support strategic planning and decision-making
processes for the efficient use of renewable energy sources
and green hydrogen production. The developed model not
only identifies existing production potentials but also ex-
plains the effects of geographical and meteorological char-
acteristics on hydrogen production (using SHAP analysis),
providing an interpretable approach. As a result, significant
contributions will be made to charting a roadmap for future
investments, particularly in green hydrogen energy.

As a result of our research, Table 1 summarizes some im-
portant studies in the literature on the production of green
hydrogen using renewable energy sources and the integra-
tion of machine learning.

A study by Dinger and Ozer demonstrated how carbon
emissions are reduced through green hydrogen production
using renewable energy systems that can be integrated into
smart cities. This detailed study shows that combining PV
panels, wind turbines, biogas generators, and green hydro-
gen production, through a new design and optimization,
yielded positive results such as the use of 150 vehicles with
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average fuel consumption and a reduction of 9398 tons of
CO, emissions, based on 14,550 simulations (Dincer &
Ozer, 2025). Regarding carbon emission reduction, hydro-
gen fuel has been found to produce 70.7% less carbon diox-
ide than biogas and 29% less than natural gas (Shamsi et al.,
2023). A study using the Aspen Plus program showed an
8.7% increase in hydrogen production in the optimization of
the hydrogen production process (Phan et al., 2022). Stud-
ies evaluating production potential using MLP and SHAP
analysis have yielded results similar to those obtained using
artificial intelligence techniques (Demirpolat et al., 2025;
Goktas et al., 2025; Celik et al., 2024). Another study us-
ing the System Advisor Model (SAM) indicated increased
hydrogen production efficiency and decreased carbon emis-
sion rates in various cities in Iraq, Saudi Arabia, and Yemen
(Salameh et al., 2025). In optimization analysis conducted
with the Matlab Simulink program in the MENA region,
the total efficiency of the system in green hydrogen produc-
tion was stated to be 36.71% (Hassan et al., 2024). In mod-
eling for energy production from wave energy, another type
of renewable energy, and the production of green hydrogen
from this energy, it was stated that the green hydrogen pro-
duction efficiency was high compared to other renewable
energy sources (Yavuz, 2020).

It is a well-known fact that hydrogen production has a pos-
itive impact on reducing carbon emissions. In this context,
waste heat recovery makes a significant contribution to en-
ergy efficiency. Studies in this field have shown that the
carbon emission-reducing effect of waste heat recovery is
directly correlated with hydrogen production and use. (Ze-
ngin et al., 2025; Erdogan et al., 2025)

This study aims to raise awareness of hydrogen, and es-
pecially green hydrogen, as a crucial energy source for the
world’s future. It provides significant data for comparing
green hydrogen production across all geographical regions.
Given the growing need for data-driven studies for sustain-
able energy planning towards zero carbon emissions, this
work offers a powerful machine learning framework capable
of predicting regional green hydrogen production potential
with exceptional accuracy. Unlike traditional statistical or
physics-based models, which often require extensive and
specific assumptions and struggle to generalize to different
geographical regions, the proposed MLP-based regression
approach directly leverages large-scale renewable energy
datasets to deliver highly accurate predictions with minimal
preprocessing. This methodology aims to reduce unexpect-
ed expenses in investment costs and lower the total cost.
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Table 1. Relevant studies in the literature

Subject

Method Used in the Study

Findings / Conclusion

Examining the production, storage, In Sweden, the lowest cost is achieved at
transportation, and utilization €4.2/kg, with ~90% efficiency in Solid
technologies of green hydrogen in Comprehensive literature Oxide and up to 80% CO, reduction in
Elazab et S & yarog p p
ol 2025 terms of cost, efficiency, and CO, review (review article), Alkaline electrolysis. In Turkey, a potential
" reduction potential, and evaluating comparative analysis. of 2.26 Mt/year and a 21-41% CO,
its integration into the global reduction in wind + high-temperature
energy system. electrolysis have been achieved.
. . Mathematical modeling, A wind turbine system is approximately
Awad et Production f)f green hydr.ogen iy Simulation (MATLAB/ three times more efficient than a solar panel
solar and wind energy with a PEM - . . . .
al., 2023 clectrolvaer Simulink), Comparative system (5.43% efficiency), with an efficiency
yzer performance analysis. of 18.77%.
th F1etl.d (fata coll_e}cltlé)n, Green hydrogen production was found to
Arslan et | Green hydrogen production from core 1ca. ener%yt yl r(?gen be 33.68% more profitable than electricity
al., 2024 renewable sources in Antalya. CONVEISIon, CICCLOTySIS sales; hydroelectricity stood out with a 77%
efficiency calculation, market h
price analysis and comparison. share.
Ekpotu Design for the production of green | Homer & Aspen modeling, Fuzzy control provided faster stabilization
. . . compared to PID; the system was planned
etal., hydrogen using solar energy in the Matlab/Simulink PID and . L
. .S . with fully renewable resources, aiming to
2023 Lagos region (Nigeria). Fuzzy Logic control. reduce CO» emissions
P .
. City-scale green hydrogen 14.550 simulations and 2.870 The sy'stf:m produces 22.5 million kWh of
Dinger .. o . electricity annually and 58.5 kg of green
- production in Kahramanmaras optimization analysis were . 4 .
& Ozer, ; hvbrid PV-wind-biomass erformed usine HOMER hydrogen daily, while achieving an annual
2025 using a hy X P Pr ftvgv r CO, emission reduction of 334,613 tons at
systetn. O sottware. an energy cost (LCOE) of $0.3959/kWh.
To examine whether it is A hybrid system based on solar and wind
Al technicallv and call energy has been used to produce 1544 kg
Makky ceamically and ccononeaty Simulation with HOMER of green hydrogen annually; it has been
feasible to produce green hydrogen
et al., . . > Pro software. concluded that the energy and hydrogen
using solar and wind resources in . .
2025 0 production costs are technically and
man. economically feasible.
. . Turkey’s technical green hydrogen
Karayel Turkey’s solar energy and green City-based arffa analy31.s, PV otential is approximately 415-427 Mt/
etal Y gy & panel scenarios, alkaline/ P PP Y
2022" hydrogen map PEM/SOFE ele(,:trolyzers year; Erzurum and Konya have the highest
) potential.
Hassan Til;inls ;;fiv\::lw Z}Zizlirtllelsat Electrolysis is the most suitable
¢ al Techniques for producing green } I})l dr. Y roducti method with 65-82% efficiency; solar
;02 5" hydrogen based on solar energy. gtee}? oA ogent}rl) © 1;: lotn thermochemical processes stand out for
e¢ mqlllii::tur: curren large-scale production.
B ) Modeling and dynamic }Il) c(:israhnated ieavx./alt ;315_3(1)16&5;13 ow/eredr
tuono Solar-powered green hydrogen with simulation (TRNSYS), yarogen system: ons/yea
mano et desalination of seawater. energy-cost balance production, €5-8/kg cost, €4.32/kg in
al, 2025 ) g:l lati Syracuse, €7-12 million in subsidies
calculation. required.
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Table 1 continued

Subject Method Used in the Study Findings / Conclusion
A . . While SOE provides 80-90% efficiency
comprehensive evaluation . .
. . . . at high costs and temperatures, PEM is
of green hydrogen production Literature review, comparative suitable for renewable ener th its
Olodu et | technologies (alkaline, PEM, SOE, | technical-economic analysis, w enew gy Wit t
. . . medium efficiency. The most economical
al.,, 2025 | AEM) from technical, economic, life cycle assessment, and .
. o . . storage is compressed hydrogen, and the
environmental, and political policy review. . .
. low emissions and policy support for green
perspectives. hvd .
ydrogen are important.
) 'The annual energy coverage rate was found
A comparative study of large- to be 279~70%in hybrid systems and
Matera D EY Sy . Ca . 6%-71% in wind-only systems; the highest
operating individually or in hybrid Dynamic Simulations . .
etal, . I hydrogen production was determined to be
(wind-solar combination) for green (TRNSYS) 3 . .
2024 hvdrogen production. across 28 29.139 thousand m>/year in Wellington, and
Y OB Procuction, across the lowest production was 2.541 thousand
different regions of the world. 3 .
m*/year in Oymyakon.
The role of ML models in solar The unit cost of hydrogen was found to be
Erbay, f . <GB R LSTM $3.60/kg with the XGBoost model and
2025 energyfofesteting o reduce green GBoost, SVR, LS $3.58/kg with the LSTM model; XGBoost
ydrogen costs. yielded the most stable results.
Spatiotemporal Attention
Rai & Estimation and economic feasibility Framework (STAF) o 'The proposed STAF model increased
. . dual-path deep learning L
Liu, analysis of green hydrogen . 1 prediction accuracy by 18.46% compared to
.. architecture that utilizes i .
2025 production in solar power plants. . . . other hybrid deep learning models.
attention mechanisms with
CNN and BiGRU.
'The role and potential of artificial . . 'This literature review on artificial
1 . . Systematic Literature Review | . . .
Askr et intelligence in the production, . . . intelligence shows that machine learning
. (SLR) in which 100 articles .. :
al., 2025 | storage, and transportation of green were examined models optimize green hydrogen production
hydrogen. ’ with an accuracy rate of 99.998%.
. . While hybrid systems are more efficient
Dynamic simulations than single systems, optimal performance
Mazzeo Analysis of green hydrogen (TRNSYS), dimensionless 5 8y % OP P i
. . - depends on location; the wind farm in
et al., production from photovoltaic and performance indicators . . .
2022 ind svst (SLF, UF, GEIF) and Wellington achieved a SLF of 0.71, while
wind systets. »o ) and enetgy the solar farm in Windhoek reached 0.4
analysis. SLF

The integration of SHAP-based analysis further differenti-
ates this methodology, enabling the transparent identifica-
tion of the most effective renewable energy parameters and
thus closing the gap between prediction accuracy and inter-
pretability. By combining predictive performance, explain-
ability, and geographic visualization, the proposed approach
enhances methodological capabilities in green hydrogen
potential assessment and simultaneously creates a scalable
and adaptable decision support mechanism for government
agencies, investors, and researchers in shaping future zero or
low-carbon energy strategies.
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2. Material and Method
2.1. Material (Data Set)
The Renewable Hydrogen dataset used in this study pro-

vides comprehensive information on renewable energy
potential and hydrogen production capacity for 2535 cit-
ies (Renewable Hydrogen Production Dataset) (Sundari,
2025). The key variables in the dataset, given in Figure 1,

are as follows.
* City: The city of name

* Latitude, Longitude: Geographic coordinates
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*  Solar Irradiance (kWh/m?/day): Average daily solar ra-

diation

*  Wind Speed (m/s): Average wind speed measured ata 3.

height of 10 meters
* PV Power (kW): Power expected from photovoltaic sys-

tems 4,

*  Wind Power (kW): The power expected from wind tur-

bines

* System Efficiency (%): Energy-hydrogen conversion
efficiency
* Hydrogen Production (kg/day): Daily hydrogen pro-

duction amount (Target variable)

* Feasibility Score: Hydrogen production suitability score
* Latitude Band:
2.2. Method

Our study utilized a MLP based regression model. The

steps of the method we used are as follows.

1. Data Preprocessing: Columns that will not be directly
used in the model, such as city name, latitude, and longi-

tude, have been removed. Other features and the target 7

variable (Hydrogen Production) have been defined.

2. Education-Test Distinction: The dataset was divided
into two parts: 80% training and 20% testing. This divi-

sion is a standard approach to measuring the generaliza-
tion ability of a model.

Standardization: To accelerate the training and im-
prove the performance of the model used in this study,
all features were standardized using StandardScaler.

MLP Model: An MLP model consisting of two hidden
layers has been created. The structure of the model is as
follows: In this model, the first layer consists of 128 neu-
rons and the ‘relu’ activation function, the second layer
consists of 64 neurons and the ‘relu’ activation function,
and the output layer consists of 1 neuron (for the regres-
sion problem).

Training: The model used was trained over 200 epochs
with ‘adam’ optimization and a loss function for the
Mean Squared Error (MSE). The EarlyStopping mech-

anism was used to prevent overfitting.

Performance Evaluation: R?, RMSE, and MAE met-
rics were used to evaluate the model’s performance. The
performance values of the training and test sets were
compared to check for any signs of overlearning in the
model.

SHAP Analysis: SHAP analysis was performed to in-
terpret the model’s predictions and determine which
features were most influential. This analysis visualized
the contribution of each feature to hydrogen production.

A B c D E F G H I J K
1 City Latitude Longitude Solar_lrradiance Wind_Speed_my PV_Power_kW Wind_Power_kV System_Efficieni Hydrogen_Prod Feasibility_Scor¢ Latitude_Band
2 City1 -11.31 120.29 07.03 8.27 123797 11209.71 7992 19431 415 Equatorial
3 City2 63.59 86.57 273 8.65 48371 1195874 70.55 161.78 349 Polar
4 City3 35.16 -128.57 411 957 711.12 1711271 7491 262.47 4.11 Subtropical
5 City4 17.83 91.23 5.74 341 1022.77 731.67 70.91 24.69 242 Tropical
6 City5 -39.72 96.81 423 971 74441 16869 .46 716 24303 4.1 Subtropical
7 City6 -39.72 57.07 446 668 77484 5929 75 7383 90.15 318 Subtropical
8 City7 -52.45 958 265 669 464 42 5393.29 71.56 8295 289 Temperate
9 City8 52.6 124.53 3.61 9.96 635.24 19694.96 79.64 317.09 4.26 Temperate
10 City9 18.14 409 438 1.0 751.45 18.3 79.47 11.93 1.69 Tropical
11 City 10 32.05 -148.1 444 283 772.96 44394 73.36 16.13 2.1 Subtropical
12 City 11 -57.32 -4.45 274 929 47576 14867.84 76.4 22973 3.81 Temperate
13 City 12 66.09 -152.05 269 10.81 468.17 23656.24 75.34 332.16 433 Polar
14 City 13 48.22 -33.28 3.64 7.9 645.81 9083.12 78.16 140.25 3.48 Temperate
15 City 14 -32.4 -33.44 04.03 329 704.46 683.33 76.27 2028 219 Subtropical
16 City 15 -36.36 -156.24 3.96 559 710.82 32685 70.0 5162 274 Subtropical
17 City 16 -36.16 -54 42 457 859 790.03 12258.58 7763 195.74 386 Subtropical
18 City 17 -20.45 -140.04 5.53 7.5 962.93 7604.84 77.47 127.54 363 Tropical
19 City 18 8.22 110.96 6.14 478 1091.26 1981.52 75.1 42.04 2.88 Equatorial
20 City 19 -3.85 161.17 6.49 728 1138.79 7012.56 79.03 124 41 372 Equatorial
21 City 20 -22.14 -153.97 58 721 1017 42 7053.28 79.08 126.68 361 Tropical
2 City21 19.54 163.84 537 04.09 916.33 1338.54 75.24 31.08 2.59 Tropical
23 [ City 22 -41.87 8.13 04.03 7.49 700.35 8294.27 76.08 131.35 3.4 Subtropical

Figure 1. Image of renewable hydrogen dataset.
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8. Visualization: The results obtained were visualized on a
geographical map using the Folium library. Cities were
indicated with colored markers (green, orange, red) and
labels according to their production potential.

The flowchart of the proposed method is shown in Figure
2.

The parameters in the proposed model are as follows: MLP
Hyperparameters; hidden layers 2, neurons 128->64, acti-
vation ReLLU, dropout 0.2, optimizer adam, loss MSE, ep-
och 200, batch size 32, earlystoppingpatience 20.

Parameters such as R, RMSE, and MAE were used to
evaluate the proposed method. The definitions and formu-
lations of these performance evaluation parameters are giv-
en below. The R? expression shows the extent to which the

model’s predictions explain the variability in the actual val-
ues. The R? expression was calculated using Equation (1).

_ L i —9)°

R2 =1 S i
Y (i — )

1)

RMSE expresses the magnitude of the error in data units by
taking the square root of the average of the squares of the
prediction errors. The RMSE value was calculated using
the formulas given in Equation (2).

RMSE =1 - ()

Start

Connect Data Build and Identify Important
Source and Load Train the Features (SHAP)
Libraries MLP Model
’ 3
i
Q51
i
é
Load Data and Evaluate Visualize Results
Preprocess Performance {Graphs and Maps)
(Feature Selection, (R2, RMSE,
Encode, MAE,
Standardization) Overfritting)

Figure 2. Proposed management flowchart.
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The MAE expression shows the average error of the model
by taking the average of the absolute values of the estimation
errors. This expression was calculated using Equation (3).

n
1
MAE == |y = 9 ®
i=1

3. Results and Discussion

3.1. Renewable Hydrogen Dataset R>, RMSE, MAE
Results

In this study, the prediction performance of the proposed
model, based on our research, was carefully evaluated us-
ing the collected hydrogen dataset. To ensure an unbiased
evaluation, the dataset was classified into training and test
subsets. The training subset was used for model parameter
optimization, while the test subset was used solely for per-
formance validation. To quantitatively measure the accuracy
and generalization ability of the model used in our analyses,
three commonly used and described statistical measures, R?,
RMSE, and MAE, were employed. The calculated MAE
value quantitatively measures the mean absolute deviation
between predictions and actual values, and offers a less sen-
sitive, intuitive measure of accuracy compared to RMSE,

being less susceptible to unintended and naturally occurring
outliers. The numerical results of these metrics obtained for
both the training and test datasets are presented in Table 2.
These results demonstrate the model’s fit during training
and its robustness when applied to previously unseen data.
A high R? value, along with low RMSE and MAE scores in
both sets, indicates strong prediction accuracy and minimal
overfitting, thus confirming the suitability of the proposed
approach for renewable hydrogen production prediction
tasks.

Table 2. Model performance values.

Data Set R? RMSE (kg/day) MAE (kg/day)
Training | 0.9977 9.22 5.40
Test 0.9979 8.00 5.45

Interpreting the values given in Table 2, the high R? val-
ues obtained for the training and test sets indicate that the
model used in this study predicts hydrogen production al-
most flawlessly. The fact that the difference between the R?
values is less than 0.01 shows that our model does not suffer
from overlearning problems. This result suggests that the
error rate remains at a minimum level.

Wind_Power_ kW
Feasibility_Score

Wind Speed m/s
Solar_Irradiance_kWh/m?/day
System_Efficiency_%
Latitude_Band _Temperate
Latitude Band_Subtropical
PV_Power_kW
Latitude_Band_Tropical

Latitude_Band_Polar

High

Feature value

~100 0 100

SHAP value (impact on model output)

200 300 400

Figure 3. SHAP results for the model used.
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3.2. SHAP Analysis Results

SHAP analysis is one of the methods used to transparent-
ly explain the data obtained from the analysis of machine
learning models. The reason for using this method, espe-
cially in deep learning models like XGBoost, Light GBM,
and Random Forest, is to determine the importance of each
feature and how much it affects the predicted value.

SHAP analysis shows that the most influential attributes in
the model’s predictions are PV Power (kW), Wind Pow-
er (kW), and Solar Irradiance (kWh/m?/day), respectively.
These values are shown in Figure 3. These findings confirm
that hydrogen production capacity is directly related to re-
newable energy potential.

4. Conclusions

The results of the hydrogen dataset folium map are explained
with the folium map given in Figures 4 and 5. The folium
map is a map application created using a Python-based li-
brary that allows for the visualization and interactive anal-
ysis of geographic data. Such maps enable the meaningful
presentation of location-based data through colors, icons,
and labels. The Folium map used in this study allows us to
easily visually distinguish cities with varying levels of hy-
drogen production potential. On the map, cities with high
production potential are indicated by red markers, medium
potential cities by yellow markers, and low potential cities
by green markers. Furthermore, the top 10 cities with the
highest production potential, the top 10 cities with the me-
dium potential, and the top 10 cities with the lowest po-
tential are shown, and these cities are marked with special

labels on the map given in Figure 5. In this way, users can
both see the general distribution and easily access more de-
tailed information about specific cities.

Figures 4 and 5 together represent the Folium Map. The
cities with high, medium, and low hydrogen production po-
tential, as marked on this Folium map, are listed in Table
3 below.

In evaluating the results of the Scatter Plot, the estimated
and actual data obtained from the analyses were collected
and examined. In this context, each data point in the graph
given in Figure 6 represents the daily hydrogen production
amount data in the test set. The position of the points vi-
sually reveals the relationship between the values predicted
by the model and the actual measurement values. When the
graph is examined, it is observed that the vast majority of
the data points are clustered on or very close to the “Pre-
diction = Actual” line (diagonal line), which represents the
ideal prediction situation. This shows that the model’s pre-
dictions have a very high correlation with the actual values
and that its predictive power is quite strong. The concen-
tration of points close to the diagonal also reveals that the
prediction errors are at a minimum level and that the model
is far from a systematic bias tendency. Furthermore, this
distribution indicates that the model can make consistent
and reliable predictions not only at average values but also
at different production levels, thus showing high accuracy
over a wide data range.

In this study, we developed an MLP-based regression mod-
el to estimate regional green hydrogen production capaci-

‘:‘ 7S 2 ® 0 °” 0 %0 S o e
.‘.5. .'o 9' .¢ :1'if‘o. .".ORQ. '.‘:-s‘-fs?;: .. ‘o':;
-y s ‘Qf.", gg @ 000 ® “‘.."’1"..
- '.'.1’.\.’ o .:...o Z e 020 & o] )
58 08 7P 2 SRR T P BTet e, =N
X Sl T SRR T S
% o s -é‘ 3 .( ls@“l’ ad A
A 2% 3 = .1"3()!'-5 £ 29
LN Twh T e
.Q"Y?: “ ‘-v... .;60003 e ﬁ’
wdisg s : R s

City 1716 City 1665 AP
City 1668 cy @ City 800
City @6
City 1679, City 1648
1578 vy g 40hs
: City 2046
€ City 1125
City1953 City 9
City 3 o 0
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City 2216 City 270
1233 ity 1848 City 1088ty 1906
City 773 ciry %7
oca&' 3400 {41234 City 206

Figure 4. Map results for 2535 cities-1.
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Figure 5. Map results for 2535 cities-2.
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Table 3. Ranking of cities according to their hydrogen production potential.

Ranking of Cities According to Their Hydrogen Production Potential
Top 10 Cities with the Highest

10 Cities with Medium-Level

The 10 Cities with the Lowest

Production Production Production
. Hydrogen Prod. . Hydrogen Prod. . Hydrogen Prod.
City (kg/day) City (kg/day) City (kg/day)
City 359 2059.57 City 1157 120.27 City 1668 5.18
City 1716 2006.77 City 1670 120.27 City 1648 7.4
City 206 1366.07 City 1954 120.4 City 270 9.98
City 564 1303.7 City 1906 120.56 City 773 10.57
City 1340 1210.05 City 740 120.67 City 2480 11.56
City 1665 1194.68 City 1848 120.84 City 2216 11.71
City 800 1141.83 City 327 120.89 City 2046 11.73
City 1744 1120.78 City 2008 121.07 City 1125 11.89
City 1234 1114.38 City 1233 121.09 City 9 11.93
City 1467 1088.04 City 1146 119.41 City 1079 12.05
Estimated vs Actual Daily Produc One of the most critical findings of our research is the
Stimated vs Actual Larly Froduction SHAP (SHapley Additive exPlanations) analysis conduct-
R?: 0.9978 0 ed to identify the factors most influential on the model’s
soo | | RMSE: 8.30 kg/day ‘0,0’ predictions. This analysis clearly revealed that the most im-
B o’ portant characteristics affecting hydrogen production po-
E‘ #’ tential are PV Power (kW), Wind Power (kW), and Solar
= 6001 '71" Irradiance (kWh/m?/day), respectively. These findings pro-
'% Sr° vide a concrete basis for determining which renewable en-
'§ ergy sources should be prioritized in planning future green
5; 400 hydrogen projects. In addition, geographical visualizations
E created with the Folium library facilitated the easy mapping
o of cities with the highest and lowest potential, supporting
'g 200 1 strategic decision-making processes for sustainable energy
= investments.
w
This study demonstrates that machine learning models are
01 a powerful and applicable tool in identifying regional green
0 200 400 600 800 hydrogen production potential. The developed model and
Actual Daily Production (kg/day) methodology contribute to understanding the role of green

Figure 6. Scatter Plot Results

ty using renewable energy potential data focused on green
hydrogen for 2535 cities. The high performance values of
the developed model on the test set, such as R*=0.9979,
RMSE=8.00 kg/day, and MAE=5.45 kg/day, demonstrate
that the model can predict hydrogen production potential
with almost no error. The very close R? values between the
training and test sets indicate that the model does not suffer
from overfitting and has a high generalization ability.

Karaelmas Fen Miih. Derg., 2026; 16(2):129-139

hydrogen in the future energy ecosystem and to directing
investments in the most efficient way.
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Erosion-Induced Coastal Changes in Karasu, Tiirkiye: New Evidence from
GNSS and Remote Sensing Data

Thirkiye'nin Karasu Bolgesinde Erozyon Kaynakli Kiyr Degisiklikleri: GNSS ve Uzaktan Algilama
Verilerinden Elde Edilen Yeni Kanitlar

Kurtulus Sedar Gormus™*

Zonguldak Biilent Ecevit Universitesi, Miihendislik Fakiiltesi, Harita Mihendisligi Boliimii, Zonguldak, Tirkiye

Abstract

Coastal regions are highly sensitive to both natural processes and anthropogenic pressures including settlement, tourism, industry, and
transportation, in addition to the impacts of climate change. Continuous monitoring of these areas is therefore essential for sustainable
coastal management and for enabling rapid response to potential erosion hazards. Such changes can be effectively monitored using
geodetic and remote sensing techniques. The study area is located in the Karasu district of Sakarya Province, in the northwestern
part of Tiirkiye, where significant coastal erosion has been observed. Erosion mitigation measures were initiated in 2010 following
the identification of the problem. Since then, the shoreline has retreated approximately 100 m landward, although the construction
of breakwaters has partially reduced the erosion rate. In this study, the current state of coastal change was investigated using open-
access Sentinel-2 and Sentinel-1 datasets. The Normalized Difference Water Index (NDWI) was applied to optical imagery,
while backscatter information derived from Synthetic Aperture Radar (SAR) data was used to delineate the land—water boundary.
Additionally, shoreline data obtained from Global Navigation Satellite System (GNSS) observations were adopted as reference data
for accuracy assessment. Based on GNSS surveys conducted at two-year intervals within the same period, an erosion area of 12,069 m?
and an accretion area of 77,410 m® were quantified along an approximately 9 km coastal segment. The results indicate that shoreline
extraction from Sentinel-2 imagery shows significantly higher consistency with GNSS-derived reference data compared to Sentinel-1
results. Overall, Sentinel-2 data provide more reliable and accurate shoreline delineation, suggesting that they are highly suitable for
rapid and effective coastal erosion monitoring in support of sustainable coastal management.

Keywords: Coastal erosion, GNSS, NDWI, remote sensing, shoreline

Oz

Kiy1 bolgeleri, dogal siireglerin yani sira yerlesim, turizm, sanayi ve ulagim gibi insan kaynakli baskilara ve ayrica iklim degisikliginin
etkilerine karsi son derece hassastir. Bu nedenle, stirdirtlebilir kiyr yonetiminin saglanmasi ve olasi erozyon tehlikelerine hizli
mudahale edilebilmesi i¢in bu alanlarin stirekli izlenmesi bliylik 6nem tagimaktadir. Bu tiir degisimler, jeodezik ve uzaktan algilama
teknikleri kullanilarak etkin bir sekilde izlenebilmektedir. Calisma alani, Turkiye’nin kuzeybatisinda yer alan Sakarya ilinin Karasu
ilgesinde konumlanmakta olup, bélgede uzun siiredir belirgin kiy1 erozyonu gézlenmektedir. Problemin tespit edilmesinin ardindan
2010 yilinda erozyonu azaltmaya yonelik dnlemler uygulanmaya baglanmistir. Bu stirecte kiy: ¢izgisi yaklagtk 100 m kara yontinde geri
¢ekilmis, ancak insa edilen dalgakiran yapilari erozyon hizini kismen azaltmistir. Bu ¢aligmada, kiyisal degisimin giincel durumu, agik
erisimli Sentinel-2 ve Sentinel-1 uydu verileri kullanilarak incelenmistir. Optik goriintiilerde Normalize Edilmis Su Indeksi (NDWI)
uygulanirken, Sentetik A¢iklikli Radar (SAR) verilerinden elde edilen geri sagilim bilgileri kiyi ¢izgisinin belirlenmesinde kullanilmigtr.
Ayrica, Kuresel Navigasyon Uydu Sistemi (GNSS) olgtimlerinden elde edilen kiy1 ¢izgisi verileri dogruluk degerlendirmesi i¢in
referans veri olarak kullanilmigtir. Ayni donem igerisinde iki yillik araliklarla gergeklestirilen GNSS ol¢timlerine gore, yaklagik 9 km
uzunlugundaki kiy1 kesimi boyunca 12.069 m? erozyon ve 77.410 m? akresyon alani hesaplanmistir. Elde edilen sonuglar, Sentinel-2
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gortntilerinden tiretilen kiy: ¢izgilerinin, Sentinel-1 sonuglarina kiyasla GNSS referans verileriyle belirgin sekilde daha yiiksek uyum
gosterdigini ortaya koymaktadir. Genel olarak, Sentinel-2 verilerinin kiyi ¢izgisi belirlemede daha givenilir ve dogru sonuglar sundugu
belirlenmis olup, bu verilerin stirdirilebilir kiyr yénetimini desteklemek amaciyla hizli ve etkin kiy1 erozyonu izleme ¢aligmalarinda

yiiksek potansiyele sahip oldugu degerlendirilmistir.

Anahtar Kelimeler: Kiy1 erozyonu, GNSS, NDWI, uzaktan algilama, kiy1 ¢izgisi

1. Introduction

Coastal zones are the most important parts of the land not
only because of their economic value but also their role in
the ecosystem. Ports located along the coast provide national
and international transportation, which supports economic
income (Mitri et al., 2020). Additionally, commercial fish-
ing, fish farming, and aquatic plant products contribute to
many circles of trade. These regions have always been the
most populated regions in the world. More than 40% of
the human population is living in the coastal region (Finkl
& Makowski, 2018; Muskananfola et al., 2020; Nguyen &
Tran, 2025). Dynamics of the coasts present a substantial
zone between land and sea, especially for human activities.
Natural effects have also played a key role in the morpho-
logical changes of the coasts, particularly where the streams
meet the sea. Dynamics of the coasts present a substantial
zone between land and ocean, especially for human activi-
ties. Meanwhile, human impacts such as infrastructures of
ports destroy the coastal environment (Barbaro et al., 2019).

Today, changes in coastal structures can be monitored
continuously by geodetic techniques. Thus, it is possible
to monitor these regions, which are important for nation-
al economies, against natural or artificial disasters. Coastal
structures can be monitored continuously from the past to
the present with geodetic techniques such as GNSS, photo-
grammetry, and remote sensing, and thus time-dependent
changes can be examined. Peynador and Méndez-Sin-
chez (2010) observed the change in the shoreline with the
photogrammetry technique in their study. Cappucci et al.
(2011) examined the sediment changes in the coastal area
using remote sensing and bathymetric techniques. Kim et
al. (2013) investigated the changes in the coastal zone due
to the construction of the port using photogrammetry and
GNSS techniques. Muskananfola et al. (2020) combined
on-screen digitized Landsat-5 and Sentinel-2 data for long-
term spatial analyses on the coast of Indonesia. Mitri et al.
(2020) compared Landsat 8 and Sentinel-2 for the mapping
of shoreline changes, and they concluded that Sentinel-2
provided slightly better results. Based on spectral analysis
using optical data, Normalized Difference Water Index
(NDWI) has been widely used to extract changes at shore-
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lines and water bodies (Bai et al., 2011; Ozturk & Sesli,
2015; Sekertekin, 2020; Yaitskaya et al. 2025). However,
optical sensors can fail when the atmospheric conditions
are not good. On the other hand, Synthetic Aperture Ra-
dar (SAR) sensors can monitor the earth’s surface day and
night, and during cloudy days. In this study, SAR imag-
ery acquired with identical polarization but different wave-
lengths, along with corresponding analytical approaches,
was utilized for coastal investigations. (Bruno et al., 2016;
Demir et al., 2019; Wen et al., 2022). Hossain and Saha
(2024) systematically quantified river shoreline dynamics
and island morphodynamics by integrating multi-temporal
Landsat datasets (1972-2021) with advanced remote sens-
ing and Geographical Information Systems (GIS) tech-
niques, in conjunction with the Digital Shoreline Analysis

System (DSAS).

Rock particles eroded by wave action or sediments carried
to the coastal area from streams cause an accumulation in
the region. It results in the formation of a hydrodynamic
balance and, consequently, a line that does not change much
on the shore. Intentional or unconscious physical interven-
tions in coastal areas harm this natural process. The process
often damages the ecological structure of the coasts, natural
hydrodynamic elements deteriorate, and, as a result, coastal
erosion is inevitable. The Karasu region is highly vulnerable,
particularly due to erosion that has intensified over the past
decade. Previously, Aydin and Uysal (2014) applied manual
digitizing on Landsat images acquired from 1987 to 2013
for the extraction of risk for erosion and identified that the
region has low to medium risk. Gormus et al. (2014) deter-
mined 100 m erosion as the maximum between 1987 and
2013 using digitized Landsat images. They also used GNSS
measurements for the years 2010 and 2013. In the region
although groins were made to prevent erosion, they did not
work well due to their improper construction (Gormus et
al., 2014). Nine of twenty-seven breakwaters were built
parallel to the sea until 2013, and eventually a decrease in
erosion was observed. However, new erosion was detected
in 2020. This study aims to quantify and characterize recent
coastal erosion that occurred in the region between 2018
and 2020 using geodetic methods. For this, the shoreline
was determined with GINSS observations as reference data,
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and the necessary analysis was carried out by evaluating
multi-sensor images of different years with remote sensing
techniques. Both active SAR images and passive optical im-
ages have been widely used for the extraction of changes at
the shoreline. The obtained data were compared with the
GNSS results, and a comparison was made between active
SAR images and passive optical images.

1.1. Study Area

Karasu shoreline is one of the most sensitive shores locat-
ed along the southern Black Sea (Gormus et al., 2014). In
addition to having an uninterrupted shoreline of approxi-
mately 50 km, it also meets the tourism needs of the region
due to its close location to the metropolitan area of Istan-
bul (Figure 1). There is a dense settlement in the region
consisting of summer houses and hotels (Marangoz et al.,
2013). The long shoreline has been formed in the basin by
the sediment carried by the Sakarya River for millions of
years (Kutoglu et al., 2011).

The region has been struggling with coastal erosion for a
long time. Especially in 2010 and afterwards, erosion dam-
aged residential areas and caused the collapse of many build-
ings on the coastal part (Gormus et al., 2014). The coastal
erosion in the region has more than one reason. Some of

these factors have been identified as the construction of hy-
droelectric power plants and dam structures along the Sa-
karya River. These structures prevent sediment coming from
other branches of the river from reaching the shore (Isik et
al., 2006). In addition, uncontrolled sand and gravel quar-
ries in the region played an important role in disturbing the

natural balance (Figure 2a).

One of the most important damages causing coastal erosion
is the catching of mussels. The dunes, which act as natural
breakwaters in the sea topography, disappeared over time
during the mussel catching and deteriorated the coastal
morphology. Thus, especially in windy weather, since there
is no obstacle to break the energy of the waves, the waves
have come to the shore with high energy and damaged it
(Yuksel, 2011; Ciftci, 2024).

The most critical intervention in the region was the struc-
ture that was originally designed as a fishing port and later
converted into a harbor, preventing sediment from reach-
ing the shore. The coastal erosion in the region increased
dramatically during the construction of the building, which
was started in 1996 and completed in 2008 (Gormus et al.,
2014; Titui et al., 2019). Gradually increasing coastal ero-
sion resulted in the destruction of houses on the shoreline
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Figure 1. The study area (Turkiye; Sakarya, Karasu) (Google Earth, 2026).
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after the strong storm in January 2010. Breakwaters built on
the shore after the studies in the region partially produced
solutions and prevented erosion. However, according to the
recent field observations from the region, erosion has start-
ed again. In addition, severe storms that occurred in January
2026 further triggered new erosion processes in the study
area (Figure 2b).

2. Material and Method(s)

The workflow of study consists of six main steps includ-
ing satellite data acquisition, preprocessing, shoreline ex-
traction, validation using GNSS data, calculation of erosion
and accretion areas, and final interpretation of the results

(Figure 3).
2.1. GNSS Measurements

Continuously Operating Reference Stations (CORS) net-
works, which can produce instant and highly accurate lo-
cation information, are preferred in studies such as coastal
line determination. CORS networks are systems that collect
satellite observations 24 hours a day, 7 days a week, con-
sisting of reference stations spread throughout the country
in which they are established, and allow instant location in
cm level. Many countries have started to establish such net-
works at an increasing speed in recent years. In Tirkiye,
the CORS network facility was started in 2006 and, since
December 2008, has called CORS-TR (Turkiye Ulusal
Sabit GNSS Agi-TUSAGA-Active) System (Yurdakul
& Kalayct, 2020). The CORS-TR network, which is de-
signed principally for Real Time Kinematic (RTK) studies,
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Figure 2. a. Sand quarries in Sakarya River (DHA, 2014) b. New Erosion Area in 2026 (DHA, 2026).

'

has a total of 194 GNSS reference stations (Yalvag, 2020;
TUSAGA-AKktif, 2026).

In the TUSAGA-Active system, the observations of GNSS
receivers placed in reference stations with known coordi-
nates covering the whole country are transmitted to a con-
trol center via a Virtual Private Network (VPN) or General
Packet Radio Service (GPRS) / Enhanced Data Rates for
GSM Evolution (EDGE). The atmosphere and other er-
rors are modeled in the control center, RTK / Differential
Global Positioning System (DGPS) corrections are calcu-
lated in real time and sent to mobile GNSS receivers for po-
sitioning over GPRS / EDGE in RTCM (Radio Technical

Commission for Aeronautics) format.

The RTK correction data is in RTCM communication
format and is sent via NTRIP (Network Distribution of
RTCM Data over Internet Protocol) to TUSAGA-Active
system users over GPRS / EDGE. The servers in the con-
trol centers make atmospheric modeling by using instant
data from all stations, and calculate DGPS / RTK correc-
tion data. The correction data is transferred to mobile re-
ceivers in the field in NTRIP format over GPRS / EDGE
(Uysal et al., 2018).

In the TUSAGA-Active method, phase observations are
used like classical GNSS observations, and the carrier phase
observation in the base station at the # epoch (a) is modeled

as in (1) (Lichtenegger, 1998; Hofmann et al., 2008);

Aoz (ty) = pi(to) + Aps(te) + Ap°(ty) + Ap,(to) + A°N; (1)
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where, ps (t) is the geometric length between the satellite
and the base station, Aps(to) is the phase delay in the signal
between the satellite and the receiver, Aps(t,) is the satel-
lite-only error, and Ap,(t,) refers to receiver-based errors.
Consequently, the phase length correction in t_0 epoch is
PRC(t) given in (2) (Hofmann et al., 2008);

PRC*(to) = p;(to) — A°®; (ty) — Ap; (to) — Ap*(ty) — )
Ap,(to) — A°N§ @

In order to reveal the erosion situation in the region, the
shoreline was observed with the GNSS technique. The

dry and wet feature was used as the shoreline marker. The
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observations were carried out in 2018 and 2020 on 19-20
March (Figure 4). A TUSAGA-Active compatible GNSS
receiver was used in the observations. In the figure be-
low, GNSS measurements performed in 2018 and 2020
are shown together. In the figure, the blue line represents
2018 GNSS observations, and the red line represents 2020
GNSS observations. The GNSS measurements were con-
ducted with a recording interval of 10 seconds. In addition,
tidal observations were carried out using a simple staff gauge
installed in the study area during the dates when the GNSS
measurements and satellite images were acquired (Figure
4). Based on the staff gauge data, it was concluded that the
tidal variation could be neglected.

Karaelmas Fen Mih. Derg., 2026; 16(2):140-154
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Figure 4. 2018 and 2020 GNSS and tidal observations.

2.2. Remote Sensing Data

'The remote sensing data were acquired in close time to the
ground measurements. Sentinel-1 SAR images acquired in
April 2018 and April 2020 were used for the analysis. Before
the shoreline extraction, pre-processing steps were applied.
For the analysis, Ground Range Detected (GRD) products
were downloaded through the European Space Agency
(ESA) data hub (https://scihub.copernicus.eu/). The Sen-
tinel Application Platform (SNAP) software developed by
ESA was used for pre-processing the images. Three images
per 2018 (22 April 2018 in both ascending and descend-
ing modes, and 27 April 2018 descending mode) and 2020
(22 April 2020 in both ascending and descending modes,
and 23 April 2020 descending mode) were processed be-
fore shoreline extraction. In the preprocessing following
steps were applied to the orbit file: thermal noise removal,
calibration, speckle filtering, and terrain correction (Filip-
poni, 2019). A Lee filter was applied to reduce noise using
a 5x5 kernel size (Lee, 1980). In the terrain correction step,
a 1 arc-second (30m) Shuttle Radar Topography Mission
(SRTM) Digital Elevation Model (DEM) was applied. The
backscatter coefficients are converted into decibels (dB) unit
which provides a better representation (Sekertekin, 2020).
'The average of SAR images of whole years, which indicates
additional information, was calculated for further analysis

(Abdikan et al., 2014).

In addition, Sentinel-2 multi-spectral images acquired on
04 June 2018 and 24 April 2020, which are close to the

SAR acquisition time. The images are acquired in Lev-
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el-2A, which are atmospherically corrected and provided
by ESA. The water and land separation is conducted using
Normalized Difterence Water Index (NDWI) developed by
McFeeters (1996) using (3);

Green—NearInfrared

NDWI = Green+NearInfrared (3)

NDWT uses green (band 3) and near infrared (band 8) bands
to delineate water. The values range between -1 and +1. The
values higher than zero represent water, whereas the lower
than zero values represent land. In both SAR and optical
images, threshold values are used to separate the water from
the land. Then, the shoreline is extracted for 2018 and 2020.
When processing satellite images, the starting and ending
points of GNSS measurements were taken into account.

3. Results and Discussion

The starting and ending points of the 9 km-long shoreline
within the study area were consistently adopted for all anal-
yses. In the comparative assessments, the shoreline derived
from GNSS measurements was considered as the reference
(ground truth), and the evaluation of remote sensing data
was conducted accordingly.

For the image threshold analysis, the histograms of the im-
ages are used, and thresholds are selected manually. As rep-
resented in Figure 5, in both 2018 and 2020, VH polarized
images have similar values, and water has lower values than

land. In VV polarized images, the threshold values are high-
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er than in VH polarized images. The threshold values of VH
and VV polarized data are -25 db and -18.3 db for 2020,
and -23 db and -13 db for 2018, respectively (Figure 5).

In optical images, NDWI features are used. The histogram
values show that the NDWI values change between -1 and
1. Water has higher values than zero in both 2018 and 2020

images. The value zero is used as a threshold to separate two
classes. As the breakwaters parallel to the shoreline have
lower values, they were also separated from the water and
can be visible in the sea (Figure 6). In both SAR and optical
images, after creating binary maps using thresholds, a vec-
torization is applied to extract the shoreline.
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Figure 5. Histogram of Sentinel-1 images acquired in 2018 and 2020.
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3.1. Comparison of GNSS and Sentinel-2 Images

'The extracted shoreline from Sentinel-2 is overlapped with
the GNSS measurements for the years 2018 and 2020.
As the results show that Sentinel-2 has compatible shore-
line extraction (Figure 7). The changes observed over the
two-year period indicate both erosion and accretion along
the shoreline. The spatial analysis (GNSS and Sentinel-2)
showed there is more accretion than erosion at the coast.
The measured erosion is about 12,069 m?, and the accre-
tion is about 77,410 m? using GNSS as reference data.
According to GNSS measurements, a total land accretion
of 65,340 m? has occurred in the region over the past two
years, indicating the effectiveness of the breakwaters.

The difference between GNSS and NDWI is 809 m? for the

erosion, and the accretion is about 690 m? (Table 1).
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Figure 7. Comparison of GNSS and Sentinel-2 results (a: 2018, b: 2020).
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Table 1. Spatial changes at the coast.

Method Erosion Accretion
GNSS (2018-2020) 12,069 m? 77,410 m?
NDWI (2018-2020) 11,800 m? 78,100 m?
RADAR (2018-2020) 251,815 m? 8,815 m?

The areal comparison demonstrates a strong agreement
between GNSS observations and NDWI-based shoreline
extraction, both indicating predominant accretion along
the study area. The close similarity in erosion and accretion
values confirms the reliability of optical data for shoreline
delineation. Conversely, the RADAR-based results exhibit
a markedly different trend, with excessive erosion estimates
and limited accretion. This inconsistency highlights the lim-
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itations of SAR data in coastal environments, where back-
scatter responses are strongly influenced by surface wetness
and roughness conditions.

3.2. Comparison of GNSS and Sentinel-1 Images

The results obtained from Sentinel-1 analysis are not as re-
liable as Sentinel-2. The breakwaters are extracted very well,
as they appear very bright in the images. However, com-
pared to GNSS measurements, the differences are higher at
the shoreline (Figure 8).

It is noticed that in most parts of the extracted shoreline
passes through a few meters inside the land (Figures 8 and
10). In contrast to the shoreline extraction, Sentinel-1 data
was able to delineate the breakwaters with a high degree of
accuracy. The Sentinel-1 images 2020 captured the histori-
cal erosion signatures of the shoreline which is shown with
the red line in Figure 9. In the upper-right panel of the
figure, the blue line represents the shoreline derived from
GNSS observations, the red line corresponds to the results
obtained from radar data. To facilitate a clearer interpreta-
tion of the spatial differences, a recent satellite image is pro-
vided as the background basemap. This situation is similar
for the 2018 data as well. Similar to the results of 2018, the

58000.000

i
]
o
=1
[
=
=
S
=
(=2
(=4

4555000.000

©00°000€0€ -

Figure 8. Comparison of GNSS and Sentinel-1 for the year 2018.
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results of 2020 of Sentinel-1 are also not proper as Senti-
nel-2. It is noticed that the erosion is exaggerated by the
Sentinel-1 and accretion is extracted lower than the GNSS
and Sentinel-2 (Table 1) (Figure 10).

'The main reason could be due to the behavior of SAR signals
to the object. The interaction of the SAR signal is different for
the wet and dry sand (Savastano et al., 2024). Even though
the SAR results do not provide a shoreline, they detect the
breakwaters very well. This phenomenon is more clearly
demonstrated in Figure 10, where all datasets are jointly vi-
sualized. The red and yellow zone within the area marked by
same color arrows corresponds to the actual shoreline ero-
sion observed between 2018 and 2020 (Red Area; accretion,
Yellow Area; erosion). However, the Sentinel-1 datasets for
2018 and 2020 were significantly influenced by the interac-
tion of SAR backscatter with wet and dry sand surfaces, lead-
ing to reduced accuracy in shoreline extraction.

For a better understanding of the behavior of the SAR, a
profile analysis was applied to show the spatial distribution
of pixel values. Figure 11 shows the profile that is about 60
m taken along the Sentinel-1 and Sentinel-2 data from sea

(a) to the land (b).
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i "

Figure 9. Comparison of GNSS and Sentinel-1 for 2020.

As noticed from the Sentinel-2 images, the border of water
and land is clearer, and the pixel values are sharply increas-
ing in both 2018 and 2020 (Figure 12).

In Figure 12, for the Sentinel-2, the land starts after 25 m
in both 2018 and 2020 images, which is also visible in Fig-
ure 11. The SAR images provided low backscatter values,
and the values are increasing after 25 m and 45 m in 2018
and 2020, respectively. Compared to VH polarized data,
VV polarized data provided slightly better results. Howev-
er, even the VV result of 2018 shows similar behavior; the
changes from sea to land are not as sharp as those of Sen-
tinel-2. The results of VH showed that the values change
around the 45th m of the profile. As noticed, the results of

Karaelmas Fen Miih. Derg., 2026; 16(2):140-154

Sentinel-1 do not give us a proper output compared to the

Sentinel-2 and GNSS measurements.

Opverall, the results indicated that the changes at the shore-
line do not vary within two years at the left of the port ac-
cording to GNSS measurements. In the previous study,
the bathymetric map shows a deep point across the port
(Kutoglu et al., 2011). It is expected that a large amount
of the sand transported due to turbulence will settle in this
deep location. Consequently, it will not be possible to carry
the transported sand back to the coast by northern waves
(Kutoglu et al., 2011). It is also mentioned that the main
breakwater close to the Sakarya River played an important
role and prevented the sediment from spreading around the
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Figure 12. Profile analysis over the images.

shoreline (Gormus et al., 2014). This study approves that
the sediment does not accumulate at this location. The re-
sults show that this part of the port is more stable when
comparing GNSS and Sentinel-2 images.

Compared to the previous study (Gormus et al., 2014),
Sentinel data are used instead of Landsat data. One of the
reasons is that it has a higher resolution (10 m) than Land-
sat (30 m), enabling the identification of finer features. The
other reason is that it can provide frequent images due to
having a shorter revisit time. The advantages of Sentinel-2
on shoreline change mapping were also highlighted by Mi-
tri et al., (2020). The NDWI can be an alternative way of
shoreline change detection approach, whereas long-term
and frequent GNSS measurements are not possible. The
advantages of the remote sensing data are that, in both op-
tical and SAR images, the breakwaters built in the sea are
extracted, which is not possible to extract through GNSS
measurements. Moreover, the satellite images with longer
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periods can be useful to determine the changes which are
important for the renovation when needed.

4. Conclusion and Suggestions

Monitoring rapid coastal dynamics has become a priority
for many cities that are vulnerable to erosion and sea level
rise. Many cities located on the shoreline are locations for
tourist attractions and trade transportation. Their design
should be sustainable and protect the landscape, to mitigate
possible hazards. Within this context, in this study, we have
analyzed the coastal changes along Karasu located at the
Turkish Black Sea coast, where erosion has occurred over
time, and different precautions have been applied to reduce
it. Although the construction of the breakwater has reduced
the erosion along the coast, erosion continues. For the ero-
sion analysis over the shoreline, GNSS measurements were
completed, and the results were compared with both Senti-
nel-2 optical and Sentinel-1 SAR images.
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Based on GNSS surveys conducted at two-year intervals
(2018 and 2020) within the same period (19-20 March), an
erosion area of 12,069 m? and an accretion area of 77,410
m” have been quantified along an approximately 9 km coast-
al segment. Processing of Sentinel-2 images have revealed
11,800 m2 of erosion and 78,100 m2 of accretion, and these
results are quite close to the GNSS results. In contrast, Sen-
tinel-1 images have indicated 251,815 m” of erosion and
8,815 m? of land accretion.

The usage of Sentinel-2 yielded compatible results in shore-
line change mapping. Sentinel-1 SAR data showed limit-
ed performance in shoreline extraction due to backscatter
variability over wet and dry sand; however, it proved highly
effective in detecting coastal structures, particularly break-
waters, which appear as high-backscatter features in the im-
agery. For rapid monitoring of sandy shores, open-source
Sentinel-2 can be an alternative data source against ground
measurements, considering the differences between these
two satellite data sources. Since the pixel-based approach in
shoreline extraction is a useful method, it is intended to au-
tomate the processing to determine the seasonal effect along
the coast for its sustainable monitoring.

In future studies, long-term monitoring of the study area is
envisaged through the integration of satellite data and con-
tinuous GNSS observations. Additionally, in the forthcom-
ing study planned for the region, strict attention will be paid
to ensuring temporal consistency between GNSS observa-
tions and satellite image acquisition dates. This approach
will effectively eliminate potential uncertainties and bias-
es associated with temporal mismatches. Using long-term
temporal resolution datasets, such an approach will enable
more detailed, accurate, and spatiotemporally robust shore-
line change analyses through the application of advanced

methodologies such as the DSAS.
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sibilities in accordance with the principles, requirements,
and conditions of the Committee on Publication Ethics

(COPE).

152

References

Abdikan, S., Balik Sanli, F., Sunar, F., & Ehlers, M. (2014).
A comparative data-fusion analysis of multi-sensor satellite
images. International Journal of Digital Earth, 7(8), 671-687.
https://doi.org/10.1080/17538947.2012.748846

Aydin, M., & Uysal, M. (2014). Risk assessment of coastal erosion
of Karasu coast in Black Sea. Journal of Coastal Conservation,
18, 673-682. https://doi.org/10.1007/s11852-014-0343-y

Bai, J., Chen, X., Li,J., Yang, L., & Fang, H. (2011). Changes in
the area of inland lakes in arid regions of central Asia during
the past 30 years. Environmental Monitoring and Assessment,
178, 247-256. https://doi.org/10.1007/s10661-010-1686-y

Barbaro, G., Bombino, G., Foti, G., Borrello, M. M., & Pun-
torieri, P. (2019). Shoreline evolution near river mouth:
Case study of Petrace River (Calabria, Italy). Regional Stud-
ies in Marine Science, 29, 100619. https://doi.org/10.1016/j.
rsma.2019.100619

Bruno, M. F., Molfetta, M. G., Mossa, M., Nutricato, R.,
Morea, A., & Chiaradia, M. T. (2016). Coastal observa-
tion through COSMO-SkyMed high-resolution SAR im-
ages. Journal of Coastal Research, 75, 795-799. https://doi.
org/10.2112/S175-160.1

Cappucci, S., Scarcella, D., Rossi, L., & Taramelli, A. (2011).
Integrated coastal zone management at Marina di Carrara
Harbour: Sediment management and policy making. Ocean &
Coastal Management, 54, 277-289. https://doi.org/10.1016/].
ocecoaman.2010.12.006

Ciftgi, O. B. (2024). Sakarya ili Karasu ilgesi kiy: cizgisi degisimi-
nin makine 6grenme teknikleri ile tahmini. Yiksek lisans tezi,
Zonguldak Bilent Ecevit Universitesi, 53 s.

Demir, N., Bayram, B., Seker, D. Z., Oy, S., Ince, A., & Boz-
kurt, S. (2019). Advanced lake shoreline extraction approach
by integration of SAR image and LiDAR data. Marine Geod-
esy, 42(2), 166-185. https://doi.org/10.1080/01490419.2019.
1581861

DHA. (2014, September 4). Sakarya Nehri'nde kum ocaklarina
yasak. https://kuzeyormanlari.org/2014/09/06/sakarya-neh-
rinde-kum-ocaklarina-yasak/

DHA. (2026, September 20). https://www.dha.com.tr/sakarya/

karasu-haber/

Filipponi, F. (2019). Sentinel-1 GRD preprocessing workflow.
Proceedings of the 3rd International Electronic Conference
on Remote Sensing. https://doi.org/10.3390/ECRS-3-06201

Finkl, C. W., & Makowski, C. (2018). Encyclopedia of coastal

sciences. Springer.

Google. (2026). Google Earth Pro (Version 7.3). https://earth.

google.com/

Karaelmas Fen Mih. Derg., 2026; 16(2):140-154


https://doi.org/10.1080/17538947.2012.748846
https://doi.org/10.1007/s11852-014-0343-y
https://doi.org/10.1007/s10661-010-1686-y
https://doi.org/10.1016/j.rsma.2019.100619
https://doi.org/10.1016/j.rsma.2019.100619
https://doi.org/10.2112/SI75-160.1
https://doi.org/10.2112/SI75-160.1
https://doi.org/10.1016/j.ocecoaman.2010.12.006
https://doi.org/10.1016/j.ocecoaman.2010.12.006
https://doi.org/10.1080/01490419.2019.1581861
https://doi.org/10.1080/01490419.2019.1581861
https://kuzeyormanlari.org/2014/09/06/sakarya-nehrinde-kum-ocaklarina-yasak/
https://kuzeyormanlari.org/2014/09/06/sakarya-nehrinde-kum-ocaklarina-yasak/
https://www.dha.com.tr/sakarya/karasu-haber/
https://www.dha.com.tr/sakarya/karasu-haber/
https://doi.org/10.3390/ECRS-3-06201

Gormis / Erosion-Induced Coastal Changes in Karasu

Gormus, K. S., Kutoglu, S. H., Seker, D. Z., & Orug, M. (2014).
Temporal analysis of coastal erosion in Tiirkiye: A case study
of Karasu coastal region. Journal of Coastal Conservation, 18,

399-414. https://doi.org/10.1007/s11852-014-0325-0
Gormus, K. S., (2006). Ger¢ek zamanh kinematik GPS ile képrii

salinim ve titresimlerinin belirlenmesi ve incelenmesi. Yiksek
lisans tezi, Zonguldak Karaelmas Universitesi, 121 s.

Hofmann, W., Lichtenegger, H. B., & Wasle, E. (2008). GNSS
Global Navigation Satellite Systems: GPS, GLONASS, Gal-
ileo and more. SpringerWienNewYork, Springer, Germany,
516 p.

Hossain, M. S., & Saha, U. (2024). Study on shoreline migration
and island dynamics over the last five decades in the Murigan-

ga River using multi-temporal satellite images. Environ Monit

Assess 196, 199. https://doi.org/10.1007/s10661-024-12370-2

Isik, S., Sasal, M., & Dogan, E. (2006). Investigation on down-
stream effects of dams in the Sakarya River. Gazi University
Journal of Engineering and Architecture, 21(3), 401-408.

Kemaldere, H., Mekik, C., & Alkan, M. (2013). Investigation
on accuracies of some GNSS methods for GIS applications.
International Symposium on Global Navigation Satellite Sys-
tems (ISGNSS 2013), Turkiye.

Kim, S., Park, S., Han, J., Son, S., Lee, S., Han, K., Kim, J.,
& Kim, J. (2013). Feasibility of UAV photogrammetry for
coastal monitoring: A case study in Imlang Beach, South
Korea. Journal of Coastal Research, 90, 386-392. https://doi.
org/10.2112/5190-049.1

Kutoglu, S. H., Seker, D. Z., Ozélger, I. H., Orug, M., Aksoy,
B., & Gormus, K. S. (2011). Karasu kiyilarinda erozyon ve
kiy1 yapilarinin incelenmesi. 7. Kiyr Mithendisligi Sempozyu-
mu Bildirileri.

Lee, J. S. (1980). Digital image enhancement and noise filtering
by use of local statistics. IEEE Transactions on Pattern Analysis
and Machine Intelligence, 2(2), 165-168.

Lichtenegger, H. (1998). DGPS fundamentals. Reports on Geod-
esy, 11(41), 7-19.

Marangoz, A. M., Gormus, K. S., Orug, M. O., Kutoglu, S.
H., & Alkis, Z. (2013). Verification of temporal analysis of
coastline using object-based image classification derived from
Landsat-5 images of Karasu coast. 14th Ttrkiye Map Scien-
tific and Technical Congress, Ankara, Tiirkiye.

McFeeters, S. K. (1996). The use of the normalized difference
water index (NDWI) in the delineation of open water fea-
tures. International Journal of Remote Sensing, 17(7), 1425—
1432. https://doi.org/10.1080/01431169608948714

Mitri, G., Nader, M., Dagher, M. A., & Gebrael, K. (2020).
Investigating the performance of Sentinel-2A and Landsat 8
imagery in mapping shoreline changes. Journal of Coastal Con-
servation, 24, 40. https://www.jstor.org/stable/48737037

Karaelmas Fen Miih. Derg., 2026; 16(2):140-154

Muskananfola, M. R., Supriharyono, & Febrianto, S. (2020).
Spatio-temporal analysis of shoreline change along the coast
of Sayung Demak, Indonesia using Digital Shoreline Anal-
ysis System. Regional Studies in Marine Science, 34, 101060.
https://doi.org/10.1016/j.rsma.2020.101060

Nguyen, H., & Tran, H. (2025). Deep learning for coastal ero-
sion assessment: Case study of Vietnam’s coastal regions.
Geoplanning: Journal of Geomatics and Planning, 12, 139-158.
https://doi.org/10.14710/geoplanning.12.2.139-158

Ozturk, D., & Sesli, F. A. (2015). Shoreline change analy-
sis of the Kizilirmak Lagoon Series. Ocean & Coastal Man-
agement, 118 (B), 290-308. https://doi.org/10.1016/j.0ce-
coaman.2015.03.009

Peynador, C., & Méndez-Sanchez, F. (2010). Managing
coastal erosion: A management proposal for a littoral cell
in Todos Santos Bay, Ensenada, Baja California, Mexico.
Ocean & Coastal Management, 53 (7), 350-357. https://doi.
org/10.1016/j.ocecoaman.2010.04.016

Savastano, S., Gomes da Silva, P., Sanchez, J. M., Tort, A. G.,
Payo, A., Pattle, M. E., Garcia-Mondéjar, A., Castillo, Y.,
& Monteys, X. (2024). Assessment of Shoreline Change from
SAR Satellite Imagery in Three Tidally Controlled Coast-

al Environments. Journal of Marine Science and Engineering,

12(1), 163. https://doi.org/10.3390/jmse12010163
Sekertekin, A. (2020). A survey on global thresholding methods

for mapping open water body using Sentinel-2 satellite imag-
ery and NDWI. Archives of Computational Methods in Engi-
neering, 28 (3) , 1335-1347. https://doi.org/10.1007/s11831-
020-09416-2

Tapramaz, R. (2002). Sayisal Coziimleme, Literatir Yayimcilik,
Istanbul, 410 s.

Tatui, F., Pirvan, M., Popa, M., Aydogan, B., Aydogan, B. A.,
Gérmiis, T., ... & Saprykina, Y. (2019). Sensitivity of Black
Sea Coasts to Erosion and Flooding: an Index Based Ap-
proach. In Geaphysical Research Abstracts (Vol. 21).

Tapu ve Kadastro Genel Midiirliigii. (2026). TUSAGA-Aktif
(CORS-TR) sistemi. https://www.tusaga-aktif.gov.tr/

Uysal, M., Polat, N., & Aydin, M. (2018). Monitoring of coastal
erosion of Karasu coast in Black Sea. In Recent advances in
environmental science from the Euro-Mediterranean and sur-
rounding regions. Springer.

Wen, Z., Chen, T., Thériault, P., Wang, Z., Chen, J., &
Zhang, H. (2022). Integrated coastal subsidence analysis
using InSAR, LiDAR, and land cover data. Remote Sens-
ing of Environment, 282, 113297. https://doi.org/10.1016/].
rse.2022.113297

Yaitskaya, N., Magaeva, A., & Misirov, S. (2025). Coastal ero-
sion of the Sea of Azov in 2000-2025: Dynamics and hydro-
meteorological factors. Water, 18, 58. https://doi.org/10.3390/
w18010058

153


https://doi.org/10.1016/j.rsma.2020.101060
https://doi.org/10.14710/geoplanning.12.2.139-158
https://doi.org/10.1016/j.ocecoaman.2015.03.009
https://doi.org/10.1016/j.ocecoaman.2015.03.009
https://doi.org/10.1016/j.ocecoaman.2010.04.016
https://doi.org/10.1016/j.ocecoaman.2010.04.016
https://doi.org/10.3390/jmse12010163
https://doi.org/10.1007/s11831-020-09416-2
https://doi.org/10.1007/s11831-020-09416-2
https://www.tusaga-aktif.gov.tr/
https://doi.org/10.1016/j.rse.2022.113297
https://doi.org/10.1016/j.rse.2022.113297
https://doi.org/10.3390/w18010058
https://doi.org/10.3390/w18010058
https://doi.org/10.1007/s11852-014-0325-0
https://doi.org/10.1007/s10661-024-12370-2
https://doi.org/10.2112/SI90-049.1
https://doi.org/10.2112/SI90-049.1
https://doi.org/10.1080/01431169608948714
https://www.jstor.org/stable/48737037

Gormis / Erosion-Induced Coastal Changes in Karasu

Yalvag, S. (2020). Determining the effects of the 2020 Elazig—
Sivrice (Mw 6.7) earthquake from surrounding CORS-TR
GNSS stations. Turkish Journal of Geosciences, 1(1), 15-21.
https://izlik.org/JAB4TW34FY

154

Yurdakul, O., & Kalayci, I. (2020). GLONASS'in kisa bir bazda
(5 km) ag bazli RTK tekniklerine etkisi. Necmettin Erbakan
Universitesi Fen ve Miihendislik Bilimleri Dergisi, 2(2), 38-51.
https://izlik.org/JA92PG94SG

Yiiksel, Y. (2011). Karasu kiy: alani deformasyonu. Risk Altindaki
Kiy1 Alanlari Calistayr, IMO Sakarya.

Karaelmas Fen Mih. Derg., 2026; 16(2):140-154


https://izlik.org/JA92PG94SG
https://izlik.org/JA84TW34FY

Karaelmas Fen ve Miih. Derg. 16(2):155-165, 2026

Karaelmas Fen ve Mithendislik Dergisi Arastirma Makalesi
Dergi web sayfasi: https://dergipark.org.tr/tr/pub/karaelmasfen Gelis tarihi / Received  : 24.03.2026
DOI: 10.7212/karaelmasfen.1915494 Kabul tarihi / Accepted : 24.04.2026

Mikrodenetleyici ile Yazilim Kontrollii Indiiksiyon Isitma Sistemi Tasarimu

Design of Sofz‘ware Controlled Induction Heaz‘ing Sysz‘em with Microcontroller
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Oz

Bu ¢aligmada, indiiksiyon 1sitma sistemlerinde uygulanacak malzemenin yapisina 1sil iglemin tiriine ve istenilen siireye gore frekans,
akim ve gerilim kontroli saglayan mikrodenetleyici tabanli bir sistem tasarlanmistir. Geleneksel sistemlerde farkli uygulamalar i¢in
donanimsal degisiklik gerekirken, 6nerilen tasarim ile gereksinim yazilim tabanli bir ¢éziimle ortadan kaldirilmugtir. Indiiksiyon
bobininde olusacak manyetik alan, kullanici arayiizii tzerinden uzaktan kontrol edilebilir. Arduino ve IGBT tabanli H-kopru
devresi kullanilarak énerilen sistem, C# ile tasarlanmis bir arayiiz tizerinden 1s1l islem uygulanacak malzemenin cilt derinliFi ve islem
gereksinimlerine uygun frekans secimine olanak tanir. COMSOL Multiphysics™ simiilasyonlariyla dogrulanan tasarim, manyetik ak:
yogunlugu ve yiizey sicaklik dagilimini ortaya koymustur. Tasarim 450 W ¢ikig gliciine sahip bir deneysel caligma ile test edilmigtir.
Onerilen yaklagim, donanimsal degisiklik olmadan farkli malzeme ve islemlere hizli adaptasyon saglayarak endiistriyel uygulamalarda
esneklik ve maliyet avantaji sunar. Literatiirdeki sabit frekansli veya donanim odakli sistemlerden farkli olarak, dnerilen sistem yazilim
tabanli kontrol ile 6ne ¢ikar ve uzaktan erigim ozelligiyle isletme verimliligini artirmay: hedefler. Similasyon ve deneysel ¢alisma
bulgular: sistemin ylzey sertlestirme, tam 1sitma veya eritme gibi ¢esitli islemlerde etkin oldugunu gostermigtir. Gelecekte farkli
malzemelerle gercek zamanli testler ve ¢oklu indiiksiyon kontrolii gibi ek ozelliklerin entegrasyonu planlanmaktadir. Bu sistem,
indiiksiyon 1sitma teknolojisinde pratik bir alternatif olarak isletme maliyetlerini diigiirme ve uygulama kolaylig1 saglama potansiyeline
sahiptir.

Anahtar Kelimeler: 1ndiiksiyon 1sitma, mikrodenetleyici, rezonans frekansi, yiik tanimlama

Abstract

In this study, a microcontroller-based system has been designed to control frequency, current, and voltage in induction heating
systems based on the material structure, type of heat treatment, and desired duration. While traditional systems require hardware
modifications for different applications, the proposed design eliminates this need with a software-based solution. It offers the ability
to remotely control the magnetic field generated in the induction coil through a user interface. Utilizing an Arduino and an IGBT-
based H-bridge circuit, the proposed system enables frequency selection suitable for the skin depth and processing requirements of
the material to be heat-treated via an interface designed in C#. The design, validated through COMSOL Multiphysics™ simulations,
reveals magnetic flux density and surface temperature distribution. The design was experimentally validated at 450 W output power
using Arduino-controlled IGBT H-bridge inverter. The proposed approach provides rapid adaptation to different materials and
processes without hardware changes, offering flexibility and cost advantages in industrial applications. Unlike fixed-frequency or
hardware-focused systems in the literature, the proposed system stands out with its software-based control and aims to enhance
operational efficiency with remote access capabilities. Findings from simulations and experimental studies demonstrate the system’s
effectiveness in various processes such as surface hardening, full heating, or melting. Future plans include real-time testing with
different materials and the integration of additional features such as multi-induction control. This system has the potential to serve as
a practical alternative in induction heating technology, reducing operational costs and providing ease of application.

Keywords: Induction heating, load identification, microcontroller, resonance frequency
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1. Giris

Inditksiyon 1sitma  teknolojisi elektromanyetik enerjinin
temassiz bir sekilde isitilacak malzemeye aktarilmas: pren-
sibiyle ¢alisir ve ilk olarak 1926’da W. Braun tarafindan
kullanilmig ve 1939’da V.P. Vologdin tarafindan patenti
alinmigtir (Rudnev vd., 2014). Gunimizde ¢elik gibi me-
tallerin sertlestirilmesi, tavlanmasi, eritilmesi ve lehimlen-
mesi gibi 1s1] islemlerde hizli, ekonomik ve tekrarlanabilir
bir yontem olarak éne ¢ikmaktadir. Bunun 6tesinde mutfak
aletlerinden elektrikli araglarin i¢ mekan isitmasina, demir-
yolu sistemlerinden petrol boru hatlarinin 1sitilmasina kadar
genis bir uygulama yelpazesine sahiptir (Zelazny vd., 2021;
Aflyatunov vd., 2022). Teknolojinin temelinde gii¢ tnite-
sinden indiiksiyon bobinine iletilen yiksek frekansh akimin
olusturdugu manyetik alan yatmaktadir. Bu manyetik alan,
malzeme yiizeyinde girdap akimlari treterek 1s1 enerjisine
doéntgtir. Bu, sistemin enerji verimliligi ve uygulama kolayli-
gin1 artirarak endustriyel stireglerdeki degerini yiikseltmek-
tedir (Um vd., 2024). Ozellikle sertlestirme gibi islemlerin
yani sira, malzeme eritme, kaynak yapma ve alan isitma gibi
farkli ihtiyaglar i¢in indiiksiyon 1sitma tercih edilmektedir
(Pleshivtseva vd., 2017).

Geleneksel indiiksiyon 1sitma sistemleri genellikle sabit
frekansh tank devrelerine dayanir ve bu durum, malzeme
ozellikleri veya islem tirleri degistikce 6nemli bir sinirlama
olusturmaktadir. Farkli bir malzeme ya da 1sil iglem derin-
ligi hedeflendiginde, rezonans devresinde donanimsal degi-
siklikler yapilmasi zorunlu hale gelir. Bu durum hem ek ma-
liyetlere yol agar hem de sistemin adaptasyon siiresini uzatir
(Rudnev vd., 2020). Literatiirde bu sorunu agmak i¢in ¢esitli
yaklagimlar 6nerilmistir. Lucia ve arkadaglari, sabit frekansh
sistemlerin kontrol tekniklerini gelistirmeye odaklanirken,
bu tir sistemler farkli uygulamalara uyum saglamak icin
hala fiziksel mtdahale gerektirmektedir (Lucia vd., 2015).
Benzer sekilde, Choi ve arkadaglari, malzeme gecirgenligi-
ne bagh frekans adaptasyonu i¢in derin 6grenme temelli bir
¢6zim sunmus, ancak bu yontem donanimsal yeniliklere ve
karmagik tasarimlara dayanmaktadir (Choi vd., 2018). Bu
cahigmalar, indiiksiyon 1sitma teknolojisinde verimliligi ar-
tirmug olsa da maliyet etkinligi ve kullanim kolaylig1 agisin-
dan eksiklikler barindirmaktadir. Geleneksel sistemlerin bu
stnurlamalari, daha esnek, ekonomik ve pratik bir kontrol
yaklagimina duyulan ihtiyaci agik¢a ortaya koymaktadir.

1ndf1ksiyon isitma sistemlerinde frekans, akim ve gerilim
kontroliine yonelik literatirde farkli yaklagimlar bulunmak-
tadir. Ozellikle rezonans frekansinin ayarlanmasi amaciy-
la degisken kapasitor veya endiiktans kullanimi yaygin bir

156

yontem olup, bu yaklasim donanimsal miidahale gerektir-
mektedir (Rudnev vd., 2020). Bunun yan sira, faz kaydir-
mali kontrol teknikleri ve PWM tabanli inverter kontrol
yontemleri ile frekans ve gli¢ ayar1 yapilabilmektedir (Lucia
vd., 2019). Son yillarda, yapay zeka ve model tabanl kontrol
yaklagimlar: ile adaptif frekans ayar: tizerine ¢aligmalar da
artmigtir (Choi vd., 2018; Peng vd., 2023). Ancak bu y6n-
temler genellikle ek sensorler, yiiksek hesaplama glicti veya
karmagik donanim altyapisi gerektirmektedir. Bu durum,
sistem maliyetini artirmakta ve kiigiik 6l¢ekli uygulamalar-
da uygulanabilirligi simirlandirmaktadir. Dolayisiyla, dona-
mimsal degisiklik gerektirmeden, yazilim tabanli ve distik
maliyetli bir kontrol yaklagimina duyulan ihtiyag literatirde
acgikca gorilmektedir.

Bu ¢aligmada, mikrodenetleyici ile optimize edilmis bir in-
diiksiyon 1sitma sistemi tasarimi 6nerilmigtir. Sistem, malze-
menin fiziksel 6zellikleri ve 1s1l islem gereksinimlerine gore
frekans, akim ve gerilim kontroliini donanimsal degisiklik
yapmadan ger¢eklestirmeyi hedefler. Mikrodenetleyici ta-
banli kontrol, yazilim yoluyla hizh ve etkin bir optimizasyon
saglayarak geleneksel sistemlerin sabit yapilarindan kaynak-
lanan zorluklar: agar. Kullanic araytizi tizerinden uzaktan
erisim imkani sunan bu tasarim, endistriyel uygulamalarda
operasyonel verimlilii artirmay1 ve isletme maliyetlerini dii-
surmeyi amaglamaktadir. Calismanin temel yeniligi, rezo-
nans ve osilator devrelerini sabit tutarak farkli malzeme tiir-
leri ve islem gereksinimleri i¢in esnek bir ¢6ziim sunmasidur.
Bu o6zellik, yiizey sertlestirme icin yiiksek frekansli 1sitma
veya tam 1sitma i¢in dugiik frekansli uygulamalar gibi farkl
senaryolarda sistemin etkinligini korumasina olanak tanir
(Esteve vd., 2024). Tasarim, Arduino mikrodenetleyicisi
ile geligtirilmis, COMSOL Multiphysics™de manyetik aki
yogunlugu (B, Denklem 4) ve yiizey sicakligi (T) paramet-
relerini kullanarak simiilasyonlarla dogrulanmus ve pratik bir
deneysel ¢aligma ile test edilmistir. Deneysel ¢alisma, 450
W ¢ikis giictine sahip olup, deneysel sonuglari analiz edil-
migtir. Makalede, sistemin teorik temelleri, tasarim siireci,
similasyon bulgular: ve deneysel ¢alisma sonuglar: detayl
bir gekilde ele alinmig, ayni zamanda literatirdeki benzer
yaklagimlarla kargilagtirmast yapilmistir. Onerilen sistem,
indiksiyon 1sitma teknolojisinde pratik ve optimize bir al-
ternatif sunarak endistriyel stireclerdeki mevcut zorluklara
¢6ziim getirmeyi hedeflemektedir. Bu yoniiyle 6nerilen sis-
tem, literatirdeki donanim bagimli ¢6ziimlerden ayrilarak
yazilim tabanli tam esneklik saglayan nadir yaklagimlardan
biridir. Son yillarda yazilim tabanl frekans kontroli ve
adaptif sistemler Uzerine ¢aligmalar artmigtir (Kawshty vd.,
2023; Huang vd., 2024; Shami, 2025).
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2. Gereg ve Yontemler
2.1. Gereg

Bu caligmada, mikrodenetleyici ile optimize edilmis bir
indiiksiyon 1sitma sistemi tasarimi gelistirilmigtir. Sistem,
malzeme Ozelliklerine ve 1sil islem gereksinimlerine bag-
li olarak frekans, akim ve gerilim kontrolinii donanimsal
degisiklik olmadan gerceklestirmek tzere tasarlanmigtir.
Tasarlanan sistem, endtstriyel uygulamalarda esneklik ve
verimlilik saglamak amaciyla kullanici arayiizii Gzerinden
uzaktan erigim imkani sunar. Bir indiiksiyon 1sitma sistemi,
1s1l islem numunesi, indiiksiyon bobini ve gii¢ tGnitesinden
olugur (Rudnev vd., 2020). Is parcasi, Sekil 1'de gosterildigi

gibi indiiksiyon bobininin i¢ine yerlestirilerek 1sitilir.

Glg Unitesi

Sekil 1. Indiiksiyon 1sitma prensip semast.

Sistemin ¢alismasi, Amper ve Faraday yasalarina dayanir.
Faraday yasasi, manyetik akinin bobinde elektromotor kuv-
veti (EMK) indukledigini ifade eder ve Denklem (1) ile ta-

nimlanir.
— _n9%8
e=-N— (1)

Burada ¢ EMK’y1, N sarim sayisimi ve @ manyetik akiyi
temsil eder. Manyetik aki, bobinden gegen akim ve sarim
sayistyla iligkilidir ve Denklem (2) ile hesaplanur.

NI

Reliktans (R) ise Denklem (3) ile malzemenin manyetik
gecirgenligine (u), cekirdek uzunluguna (/) ve kesit alanina
(A) bagli olarak bulunur.
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l
R= 3)

Manyetik aki yogunlugu (B), birim alan bagina aki olarak
Denklem (4) ile tanimlanir.

=2
B=2 @
Manyetik alan kuvveti (H) ile iliski Denklem (5) ile verilir.
B =uH (5)

H, birim uzunluk basina akim olarak Denklem (6) ile he-
saplanir.

H="Y (6)

Manyetik aki periyodik degistiginde, indiklenen maksi-
mum voltaj Faraday yasasina gore Denklem (7) ile bulunur.

Vinax = 2Tf N ®pqy (7)

Burada f, frekanstir (f=w/2x), o: Agisal frekans (rad/s) ifa-
de etmektedir. Bu denklemler, sistem tasariminda frekans
ve manyetik akinin optimizasyonunun temel parametreler

oldugunu gosterir (Esteve vd., 2024).

Gug unitesi, Sekil 2’de modellenmistir. Alternatif akim
(AA) sebeke girigi, once bir dogrultucu ile dogru akima

Indiiktor

Frekans
/\/ Cevirici

is pargasi
Kapasitor

Sekil 2. Gug lnitesi ve tank devresi.
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(DA) ¢evrilir. Ardindan, ytiksek frekansh bir inverter ara-
ciligiyla DA tekrar AA’ya donistirilerek indiiksiyon bobi-
nine uygun frekansta gii¢ saglanir. Tank devresi, rezonans
frekansini optimize ederek enerji kaybini en aza indirir ve
sistemin verimliligini artirir.

2.2. Yontemler

Geleneksel sistemlerde bu devre sabit frekansli oldugundan,
farkli uygulamalar i¢in bilesen degisikligi gerektirir. Ancak,
onerilen tasarimda mikrodenetleyici kontrold bu sinirlama-
y1 agar (Lucia vd., 2015). AA girisi, dogrultucu (AA/DA)
ile DA’ya ¢evrilir, ardindan inverter (DA/AA) ile istenen
frekansa ulagilir. Tank devresi ise bobine enerji transferini
optimize eder. Sistemin tasarimi, Sekil 3’te verilen akus di-
yagram ile gorsellestirilmistir.

Sekil 3. 6nerilen indiiksiyon 1sitma sisteminin operasyonel
akigini ve bilesenler arasi etkilesimi gostermektedir. Kulla-
nic1 arayizii (C# tabanli), malzeme 6zellikleri ve islem he-
deflerini TCP protokolii ile veri tabanina ve mikrodenetle-
yiciye (Arduino) iletir. Veri tabani, Denklem (8) ile hesapla-
nan cilt derinligine dayali optimum frekans 6nerileri sunar.
Mikrodenetleyici, %50 periyotta PWM sinyalleri reterek
IGBT H-kopri devresini kontrol eder. Giig tnitesi, dog-
rultucu, inverter ve tank devresi araciligiyla 450 W ytiksek
frekansh alternatif akim saglar. Indiiksiyon bobini, 1sil iglem
numunesini isitirken, osiloskop ve termokupl ve optik yiizey
termometresi ile ol¢iilen geri besleme verileri (bobin akims,
yiizey sicakligi) mikrodenetleyici tizerinden kullanici arayi-
zlne iletilir.

Kullanial Arayiizii C#| < - - - - - -—-—————— - -

TCP ile Veri

Mikrodenetleyici

(Arduino Mega)

PWM
Sinyalleri

DA Girig

Y

Gug Akigi
r Y
DA Giig

Dogrultucu inverter

Yoksek Frekansh
AA Sinyalleri

Geri Besleme (sicaklik, akim) L Optimizasyon
Gii¢ Unitesi

¥
»| Tank Devresi

Manyetik Alan Isitma

Yiiksek Frekansh

indiiksiyon Bobini
450 W Glig
r
_____________________ <‘ Is Parcasi \

AA Alom

Sekil 3. Tasarim
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modeli akis diyagrami.
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Bu diyagram, kullanici arayiziinden mikrodenetleyiciye,
oradan IGBT kontrol devresine ve indiiksiyon bobinine
uzanan akig1 gosterir. Tasarimin temel bileseni, 16 MHz
caligma frekansina sahip Arduino mikrodenetleyicisidir.
Mikrodenetleyici, frekans ve gi¢ ayarini yazilim yoluyla
kontrol eder. Ancak, ¢ikis akimi IGBT gate girisini dog-
rudan stiremediginden, bir motor siirticii shield ile destek-
lenmigtir. Kontrol devresi, dért adet IXXK100N60C3H1
IGBT kullanilarak H-kopri baglantisiyla tasarlanmigtir ve
maksimum 450 W ¢ikis gticti (48 V, 10 A) saglayacak sekil-
de optimize edilmistir (Zelazny vd., 2021).

Gg tnitesi, 220V/50Hz AA girisini KBPC5010 bridge di-
yot ile dogrultarak 48V DA’ya dénustirir (filtre kapasito-
ri: 4700 pE/100V). Inverter agamasi, IXXK100N60C3H1
IGBT ler ile H-képrii konfigiirasyonunda ¢aligir ve IR2110
gate driver IC ile Arduino’dan PWM sinyalleri alir (gate
direnci: 10Q2). Tank devresi, seri LC rezonans yapisindadir:
L =10 pH (indiksiyon bobini: 10 sarim, 5 mm Cu tel), C
= 0.1 uF/600V. Bu degerler, 2-400 kHz frekans aralig1 igin

optimize edilmistir.

Kullanici arayiizii, C# programlama diliyle gelistirilmis ve
malzemenin cilt derinlifine gore frekans se¢imi bir veri
tabani Gzerinden yapilmugtir. Cilt derinligi, frekansla ters
orantilidir ve Denklem (8) ile hesaplanir.

_ [
6= o (8)

Burada & cilt derinligi, p elektriksel direng, f frekans ve u
manyetik gecirgenliktir. Bu parametre, yiizey sertlestirme
veya tam 1sitma gibi farkll iglemlerde optimizasyon i¢in
kritik 6neme sahiptir (Pleshivtseva vd., 2017). Veri tabani,
similasyonlarla dogrulanmigs ve COMSOL Multiphysics™
yaziliminda elde edilen manyetik aki yogunlugu ve sicaklik
dagilimi sonuglar: Sekil 4 kullanilarak olusturulmustur.

Simiilasyon sonuglari, tasarimin teorik dogrulugunu destek-
lemistir. Deneysel ¢aligma, sistemin pratik uygulanabilirligi-
ni test etmek icin gelistirilmistir ve devre semas: Sekil 5te,
fiziksel gorintimi Sekil 8de gosterilmistir. Deneysel diize-
nek, Arduino mikrodenetleyicisi, IGBT tabanli H-kopri
devresi ve 10 cm uzunlugunda bir indiksiyon bobini kul-
lanilarak kurulmugtur. Sekil 8, deneysel ¢aligmanin fiziksel
goriiniimiini gostermektedir. Olgiimler, bir osiloskop, bir
termokupl ve bir optik yiizey termometresi ile gerceklestiril-
mis; 1s1] islem numunesi olarak 50 mm ¢apl bir ¢elik silindir
tercih edilmistir. Bu dizenek, sistemin endiistriyel kosullar-
da uygulanabilirligini test etmek i¢in tasarlanmistur.

Veri tabani, COMSOL Multiphysics™ simiilasyonlar: (Se-
kil 4) ve Denklem (8) kullanilarak olusturulmusgtur. 50 fark-
l1 malzeme-iglem kombinasyonu i¢in 6nceden hesaplanmig
veriler icermektedir (6rnegin, celik i¢cin p=1.7x107{-8} Qm,
p=1000). Veri tabani, C# ile entegre edilmis SQLite veri-
tabanidir ve kullanici araytiziinden sorgulanir. Algoritma,
kullanic1 arayiiziinden alinan parametreler (malzeme tipi,
hedef cilt derinligi, islem stiresi) ile veri tabanindan frekans
oOnerisi ¢eker.

Time=37.55 s Surface: Magnetic flux density norm (T)

© 100 mm

50

Time=37.55s Surface: Temperature (degC)

400

350

~
o150
300

T~ 100 mm

250

™~ 50

200

y\L_x

Sekil 4. (a) Manyetik aki yogunlugu, (b) Yuzey sicaklig:.
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Sekil 5. Deneysel ¢alisma agik devre semast.

Deneysel ¢alisma, Arduino, IGBT kontrol devresi ve in-
diiksiyon bobininden olusur. Tetikleme sinyalleri, H-kopri
devresinde sirayla uygulanarak istenen frekans: dretir. Bu
sinyaller, mikrodenetleyici tarafindan %50 anahtarlama pe-
riyotlarinda kontrol edilir.

Sekil 6'da verilen pozitif ve negatif tetikleme sinyalleri,
H-kopri inverter yapisinda kullanilan IGBT anahtarlarinin
alternatif olarak iletime gecirilmesini saglamaktadir. Pozitif

tetikleme sirasinda akim bobinden bir yénde akarken, nega-
tif tetikleme ile akim y6ni tersine ¢evrilmektedir. Bu anah-
tarlama yapist sayesinde indiksiyon bobininde alternatif
manyetik alan olusturularak girdap akimlari tretilmekte ve
sitma iglemi gergeklestirilmektedir. Tetikleme sinyallerinin
simetrik ve %50 gorev dongilsiinde uygulanmasi, sistemin
kararli ¢aligmasi agisindan kritik 6neme sahiptir. Tasarim
sureci, MATLAB Simulink™ ile benzetim yapilarak op-
timize edilmistir. Bobin akimi ile gerilim dalga bigimleri
incelenmigtir. Sistem, farkli frekans araliklarinda (2-5 kHz
tam 1sitma) etkin bir gekilde calisacak sekilde ayarlanmigtir
(Rudnev vd., 2014).

Deneysel diizenekte gii¢ akisi, sebeke AC girisinden dog-
rultma katina, ardindan DC-DC digiract/DC barasina
ve IGBT tabanli H-kopri inverter katina aktarilmakta ve
indiksiyon bobini beslenmektedir. Arduino tabanl kontrol
birimi PWM sinyalleri tretmekte ve IR2110 gate siirtict
devresi tizerinden H-kopri anahtarlamas: gerceklestirilmek-
tedir. Yiiksek akim yolu DC barasi, gii¢ iletkenleri ve bobin
baglantilari boyunca tanimlanmis olup, blok diyagram bu
glic ve kontrol akigini biitiinciil bi¢imde ézetlemektedir.

Optimizasyon siireci, malzeme tiirine ve islem hedefine gére
frekans secimini otomatiklegtiren bir yazilim algoritmasina
dayanir. Geleneksel sistemlerde donanim odakli ¢oéziimler
kullanilirken, bu ¢alismada yazilim tabanli kontrol tercih
edilerek maliyet ve zaman tasarrufu saglanmugstir. Literatir-
de derin 6grenme ile frekans adaptasyonu 6nerilmigse de bu

qm J_ oe—< 3|
—q4e \o

1 .

«

g B
2] [z]

Q2

@

Q3

n | oJ+—<F

Ea
Ay

[A]

= E]

RL

i

Q2 4{@ Q4 4‘@

Sekil 6. (a) Pozitif tetikleme, (b) Negatif tetikleme.
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Mikrodenetleyici
(Arduino Mega)

PWM
Sinyalleri

IGBT Kontrol
Devresi

M

Yiiksek Frekansh
AA Sinyalleri

Geri Besleme (sicaklik, akim) e
Glig Unitesi

Giig Akist
A\ Y
DA Giig

Optimizasyon

inverter »| Tank Devresi
Yiiksek Frekansl
AA Akim

Dogrultucu

indiiksiyon Bobini
450 W Gig

Sekil 7. Giig kat1 akig diyagrama.

yontemler ek donanim gerektirir (Choi vd., 2018). Onerilen
sistem ise mevcut bilesenlerle optimizasyonu miimkiin kilar.
Tasarimin uzaktan kontrol 6zelligi, TCP protokolii ile mik-
rodenetleyiciye veri aktarimi saglayarak endistriyel uygula-
malarda kullanim kolayligi sunar (Aflyatunov vd., 2022).

Bu yontem, indiiksiyon isitma sisteminin temel bilegenle-
rini korurken, mikrodenetleyici ile optimizasyon yaparak
esneklik ve verimlilik saglar. Sistem, teorik hesaplamalar,
simiilasyonlar ve deneysel ¢aligma testleriyle dogrulanmigtir.

3. Bulgular ve Tartisma

Bu ¢alismada, mikrodenetleyici ile optimize edilmis bir in-
diksiyon 1sitma sisteminin tasarimi ve performansi detayli
bir sekilde degerlendirilmigtir. Sistem, malzeme 6zellikle-
rine ve 1s1l islem hedeflerine bagl olarak frekans, akim ve
gerilim kontroliinii donanimsal degisiklik gerektirmeden
saglayarak endistriyel uygulamalarda esneklik ve verimlilik
sunmugtur. Bulgular, COMSOL Multiphysics™ simiilas-
yonlar1 ve 450 W ¢ikis giiciine sahip bir deneysel ¢alisma ile
dogrulanmus, elde edilen sonuglar literatirdeki benzer ¢alig-
malarla kapsamli bir sekilde kargilagtirilmistir. Bu bélimde,

Karaelmas Fen Miih. Derg., 2026; 16(2):155-165

sistemin optimizasyon sireci, pratik sonuglar1 ve literatiire
katkis1 ele alinmaktadur.

Indiiksiyon 1sitma sistemlerinin performansi, malzemenin
1s1l iletkenligi, geometrisi ve elektriksel 6zellikleri gibi fak-
torlerden etkilenir. Geleneksel sistemlerde, bu degiskenlere
uyum saglamak icin tank devresinde fiziksel miidahaleler
(6rnegin, kapasitor veya indiktor bilesenlerinin degistiril-
mesi) yapilmasi zorunludur (Rudnev vd., 2014). Onerilen
sistem, mikrodenetleyici tabanli kontrol ile bu sinirlamay:
asmig ve frekans secimini yazilim algoritmalariyla optimize
etmigtir. Tam 1sitma i¢in 50-80 mm ¢apli is parcalarinda
2-5 kHz frekans aralif1 gerektiginde, sistem bu ayarlamala-
r1 hizli bir sekilde donanim degisimi olmadan gerceklestirir
(Zelazny vd., 2021). Bu 6zellik, farkli malzeme tiirleri ve
islem amaglari i¢in etkin bir adaptasyon kapasitesi saglar.

Simiilasyonlar, sistemin teorik temellerini degerlendirmek
amaciyla. COMSOL Multiphysics™ yaziliminda yuritdl-
mustir. Sekil 4-(a), manyetik aki yogunlugunu, Sekil 4-(b)
ise ylizey sicaklik dagilimini gostermektedir. 200 kHz fre-
kansta ¢elik bir 1s1l islem numunesinde yapilan analiz, yii-
zeyde homojen bir sicaklik artig1 ve manyetik akinin bobin
cevresinde etkin bir dagilim sergiledigini gdstermistir. Bu
sonuglar, cilt derinligi denklemi denklem 8 ile tutarhidir. Si-
milasyonlar, yiiksek frekanslarda (200-400 kHz) yuzeysel
1sitma, distik frekanslarda (2-5 kHz) ise daha derin penet-
rasyon saglandigini kanitlamigtar.

Deneysel caligma testleri, sistemin pratik uygulanabilirli-
gini analiz etmek icin gerceklestirilmistir. Sekil 8'de gos-
terilen deneysel caligma devresi, Arduino ve IGBT tabanli
H-képri devresi ile 450 W ¢ikis gliciine ulagmugtir. Deney-
sel ¢alismada, bobin akimi ve gerilim dalga sekilleri osilos-
kop ile dlgtilerek sistemin performans: analiz edilmistir.

Tetikleme sinyalleri, Sekil 6'da pozitif ve negatif dongiilerle
uygulanmistir. Testlerde, 50 mm ¢apli bir ¢elik 1s1l islem
numunesinde 5 kHz frekans uygulanmis ve olgiilen yiizey
sicaklii ortalama 540°C’ye ulagmistir. Bu sonug, simiilas-
yonlarla uyumlu olup, sistemin farkli frekans araliklarinda
(15-300 kHz) stabil ¢aligtigini ve lehimleme gibi islemlerde
etkin oldugunu gdstermistir.

Deneysel ¢aligmanin isletim karakteristiklerini géstermek
amactyla, H-kopri inverterde kullanilan IGBT lere uygu-
lanan kap: tetikleme sinyalleri ile indiiksiyon bobini tizerin-
den gegen akimin zamana bagh 6l¢imleri osiloskop ile kay-
dedilmigtir. Bu él¢timler, anahtarlama diizeninin ve yiiksek
akim seviyelerinde sistem davraniginin anlagilmasina imkén
saglamaktadir. Sekil 9(a)’da IGBT kapi tetikleme sinyalleri,
Sekil 9(b)'de ise indiksiyon bobini akim1 sunulmaktadur.
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C

Sekil 8. Deneysel ¢aligma devresi (5 KHz) (a) Genel gortiniim, (b) Metal par¢a 1sitildiginda, (c) Metalin ulagtigs sicaklik.

24 . : :
(B ‘

Sekil 9. (a) IGBT lere uygulanan tetikleme sinyalleri, (b) 1ndﬁksiyon bobini tGzerinden gegen akim.

Optimizasyon siireci, malzeme tiriine ve islem hedefine
gore frekans secimini otomatiklegtiren bir veri tabanina da-
yanir. Geleneksel sistemlerde bu ayarlamalar manuel muda-
hale veya donanim degisimiyle yapilirken, 6nerilen tasarim-
da C# tabanli kullanici araytizii bu streci basitlegtirir. 1-2
mm sertlestirme derinligi icin 60-200 kHz frekans araligi
secildiginde, sistem IGBT tetikleme sinyallerini otomatik
olarak diizenler. Boylelikle isletme stiresini kisaltir ve hata
riskini minimize eder (Pleshivtseva vd., 2017). MATLAB
Simulink™ ile yapilan benzetimler, akim ve gerilim dalga
bigimlerinin stabilitesini dogrulamis ve sistemin enerji ve-
rimliligini artirdifini ortaya koymustur.

Onerilen sistem, literatiirdeki galismalarla karsilagtirildigin-
da 6zgiin katkisini net bir sekilde ortaya koymaktadir. Choi
ve arkadaglari (2018), derin 6grenme ile frekans adaptasyo-
nu 6nermis, ancak bu yaklagim yiiksek hesaplama giicii ve ek
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donanim gerektirerek kiiciik 6lgekli isletmeler i¢in maliyeti
artirmaktadir. Benzer sekilde, Lucia ve arkadaglari (2015),
sabit frekansli sistemlerin kontrolini gelistirmis, fakat fark-
li malzeme ve islemlere uyum i¢in donanim degisikligi zo-
runlulugu esneklik agisindan dezavantaj olusturmusgtur (Lu-
cia vd., 2015; Choi vd., 2018). Esteve ve arkadaglar (2024)
hibrit kontrol ile uzaktan erigim sunmug, Chakrabarti ve
arkadaglar1 (2023) uzaktan izleme saglamig, ancak sirasiyla
donanimsal uyarlama ihtiyaci ve frekans esnekligi eksikligi
devam etmistir (Rudnev vd., 2020; Esteve vd., 2024; Chak-
rabarti vd., 2023). Demidovich ve arkadaglar elektroman-
yetik analizlere odaklanirken pratik kontroli ihmal etmis,
Siesing ve arkadaglari maliyet etkinligi hedeflese de kismi
yazilim kontroli ve donanim bagimlilig: sinirlilik yaratmus,
Peng ve arkadaglar1 ise malzeme spesifik optimizasyonla
genel uygulanabilirlikte yetersiz kalmistir (Demidovich vd.,
2015; Lucia vd., 2019; Peng vd., 2023) Buna karsilik, oneri-
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len sistem, mevcut bir mikrodenetleyici ile ¢alisarak hesap-
lama ytkiini ortadan kaldiran, yazihm tabanl tam kontrol
ve uzaktan erisimle esneklik sunan bir tasarim olarak lite-
ratire temel katkida bulunmaktadir. Cizelge 1, bu sistemi
literattirdeki farkli yaklagimlarla kargilagtirmaktadur.

Enerji verimliligi, sistemin bir diger 6nemli avantajidir.
Sekil 2’de gosterilen gii¢ tinitesi, AA girisini DA’ya ¢evi-
ren dogrultucu ve ardindan DA’y1 yiiksek frekansli AA’ya
donustiren inverter ile ¢alisir. Tank devresi, rezonans fre-
kansini optimize ederek enerji kayiplarini en aza indirir.
Simiilasyonlarda, 450 W gligte %90’1n tizerinde verim elde
edilmis, bu da endustriyel standartlarla rekabet edebilir bir
seviye sunmustur.

Deneysel sonuglar, sistemin farkli frekans araliklarinda ve
islem tirlerinde performansini degerlendirmek amaciyla
termokupl, optik yiizey termometresi ve osiloskop ile 61-
cilmugtir. Cizelge 2, tam 1sitma ve lehimleme testlerin-
den elde edilen temel sonuglar1 6zetlemektedir. Olgiimler,

Cizelge 1. Literattir karsilagtirmas:.

Frekans

Donanim

+5°C sicaklik hata payr ve %2 verim sapmast ile gergekles-
tirilmigtir. Bu sonuglar, COMSOL Multiphysics™ simii-
lasyonlariyla yiiksek derecede uyum gostermis ve sistemin
endustriyel uygulamalarda rekabet edebilirligini kanitlamig-
tir. Deneysel caligma sonuglari, sistemin farkli islem tiirle-
rindeki performansini da kanitlamugtir. 20-30 mm ¢apli bir
1s1l islem numunesinde 15-30 kHz frekansla tam 1sitma ger-
ceklestirildiginde, sicaklik dagilimi homojen olmus ve cilt
derinligi denkleminin pratikteki gecerliligi dogrulanmstir.
Bu bulgular, sistemin ¢ok yonli endistriyel uygulamalarda
kullanilabilecegini gosterir.

Similasyon sonuglarinin deneysel bulgularla uyumunu ni-
cel olarak degerlendirmek amaciyla, farkli islem tirleri ve
frekans degerleri i¢in elde edilen yuzey sicakliklar: karsilag-
tirdmigtir. COMSOL Multiphysics™ tabanli elektroman-
yetik—1s1l simiilasyonlardan elde edilen sonuglar ile deneysel
Olctimler arasindaki farklar, ytizdesel hata analizi ile deger-
lendirilmis ve Cizelge 3’te sunulmustur. Bu kargilagtirma,

Uzaktan

Maliyet

Kontrolii Degisikligi Kontrol  Etkinligi
Lucia vd., (2019) Sabit frekans Gerekli Yok Orta Endistriyel sertlegtirme
Choi vd., (2018) Derin 6grenme Gerekli Yok Dustk Yiizey sertlestirme
Esteve vd., (2024) Hibrit kontrol Gerekli Var Orta Coklu iglem
Chakrabarti vd., (2022) Sabit frekans Gerekli Var Orta Uzaktan izleme
Demidovich vd., (2021) Manuel ayar Gerekli Yok Dustk Elektromanyetik analiz
Siesing vd., (2018) Yazilim tabanli (kismi) Gerekli Yok Yiiksek Maliyet odakli 1sitma
Peng vd., (2023) Malzeme spesifik Gerekli Yok Orta Ozel malzemeler
Bu Caligma Yazilim tabanli Gerekli degil Var Yiksek Cok yonli endstriyel

Cizelge 2. Deneysel ¢aligma sonuglari.
Cilt

Frekans

(kHz)

Malzeme

iglem Thiri

Yiizey
Derinligi =~ Sicaklig:

Bobin
Akim

Giris
Giicii

Olgum Verim
Siiresi

(%) Hata Pay:

(mm)

(°C)

(sn) (W) (A)

Tam Isitma Celik 5 50 540 £5 40 450 9,5 90 +2%
Lehimleme Bakar 100 2 450+ 5 60 450 9,0 89 +2%

. - . +1%
Eritme (Simiilasyon) Celik 20 10 1200 + 10 180 450 13,0 93 (Simiilasyon)

Cizelge 3. Simiilasyon ve deneysel sonuglarin nicel karsilagtirmas:.

islem Tiiri Malzem Frekans  Simiilasyon Sicakligi Deneysel Sicaklik Mutlak Fark  Yiizdesel
sle uru alzeme (kHZ) (oc) (oC) (oC) Hata (%)

Tam Isitma Celik 5 555 540 15 2.70

Lehimleme Bakar 100 465 450 15 3.23
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onerilen sistemin teorik modelleme ile pratik uygulama ara-
sindaki tutarliligini ortaya koymaktadir.

Uzaktan kontrol 6zelligi, TCP protokoli ile mikrodenetle-
yiciye veri aktarimi saglayarak operasyonel esnekligi artirir.
Geleneksel sistemlerde bu tiir bir erisim bulunmazken, 6ne-
rilen tasarimda kullanicr araytizi Gzerinden anlik ayarlama-
lar yapilabilir. Testlerde, frekans artisi ile voltajin yiikseldigi
gozlemlenmis, bu da frekans kontroliintin etkinligini dog-
rulamigtir. Manyetik aki yogunlugu hesaplanmig ve Sekil
4-(a)’daki dagilimla uyumlu bulunmustur. Maliyet etkinligi,
sistemin 6ne ¢ikan bir diger yonudiir. Derin 6grenme veya
hibrit sistemler ek donanim maliyeti getirirken, bu tasarim
Arduino gibi yaygin bir mikrodenetleyici ile ¢alisir. Bu,
ozellikle kigiik ve orta dlgekli isletmeler igin avantaj saglar.
Ancak, sistemin sinirlar: da goz ardi edilmemelidir. 450 W
ile test edilmis olan deneysel ¢alisma, 2 kW tzeri uygulama-
larda yeniden degerlendirilmelidir. Ayrica, aliminyum veya
bakir gibi farkli malzemelerle optimizasyonun daha fazla
test edilmesi gereklidir. Sonug olarak, bu sistem, indiksi-
yon 1sitma teknolojisinde yenilikgi bir ¢6ziim sunar. Dona-
mimsal degisiklik gerektirmemesi, uzaktan kontrol imkani
ve ytiksek verimliligi ile literatiirdeki yaklagimlardan ayrilir.
Gelecekte, coklu indiiksiyon kontrolii ve farkli malzemelerle
testler planlanmaktadir.

4. Sonug ve Oneriler

Bu ¢aligmada, mikrodenetleyici ile optimize edilmis bir in-
diiksiyon 1s1tma sistemi tasarlanmig ve uygulanabilirligi baga-
ril bir sekilde ortaya konmustur. Sistem, malzeme 6zellikle-
rine ve 1s1l islem gereksinimlerine baglh olarak frekans, akim
ve gerilim kontroliini donanimsal degisiklik gerektirmeden
saglamis. Boylece esneklik, maliyet etkinligi ve operasyonel
verimlilik sunmugtur. Tasarim, Arduino mikrodenetleyicisi
ve IGBT tabanli H-koprii devresi ile gelistirilmis, yazilim
tabanli kontrol ve uzaktan erisim imkan: ile geleneksel sis-
temlerin sabit frekansh yapilarindan kaynaklanan sinirlama-
lar1 agmay1 bagarmigtir. Calismanin temel amaci olan farkl
islem tiirlerine hizli adaptasyon hedefi, 450 W ¢ikis giiciine
sahip deneysel ¢alisma ile dogrulanmugtir.

Elde edilen sonuglar, tam 1sitma ve lehimleme gibi ¢esit-
li islemlerde etkin oldugunu gostermis, enerji verimliligi-
nin %901n tzerinde olmasiyla endustriyel uygulamalara
uygunlugu kanitlanmistir. Gelecekte, aliminyum ve bakir
gibi disiik manyetik gecirgenlikli malzemelerle 2 kW tzeri
glg seviyelerinde testler planlanmaktadir. Ayrica, ayni anda
iki indiiksiyon bobinini kontrol eden bir multi-indiksiyon
sistemi gelistirilerek sistemin ¢oklu islem kapasitesi artirila-
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caktir. Bu ¢aligmalar, 6nerilen sistemin daha genis endist-
riyel uygulamalara adaptasyonunu saglayacak ve enerji ve-
rimliligini optimize etmeye yonelik gercek zamanl kontrol
algoritmalar ile desteklenecektir. Gelecekteki caligmalarda,
onerilen sistem tzerine adaptif ve geri beslemeli kontrol
algoritmalarinin entegre edilmesi ve sistem performansina
etkilerinin detayli olarak incelenmesi planlanmaktadr.

Tesekkiir: Bu ¢aligma, Sivas Cumhuriyet Universite-
si Bilimsel Arastirma Projeleri (CUBAP) tarafindan
STMYO-2025-008 proje numarast ile desteklenmistir.

Yazar katkisi: Tim yazarlar ¢aligmaya esit katkida bulun-
mustur.

Etik kurul onay:: Etik kurul izni gerektirmeyen bir ¢alisma
olup, herhangi bir kurumdan etik kurul izni alinmamugtir.
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Karacaéren II Baraj Goli (Turkiye)'nde Fizikokimyasal Parametrelerin ve
Su Kalite Indeksinin (WQI) Mevsimsel Degisimi

Seasonal Variations of Physicochemical Parameters and Water Quality Index (WQI) in
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Selda Tekin-Ozan*

Stileyman Demirel Universitesi, Miihendislik ve Doga Bilimleri Fakiltesi, Biyoloji Bélimd, Isparta, Tiirkiye

Oz

Karacaoren II Baraj Golu Tiirkiye'nin giineybatisinda yer almaktadir. Nisan 2023 ve Ocak 2024 arasinda mevsimsel olarak yapilan bu
¢aligmada Karacaoren II Baraj Géliniin su kalitesinin Su Kalite Indeksi (WQI) ve bazt istatistiksel yontemler kullanilarak belirlenmesi
amagclanmigtir. Golden alinan su 6rneklerinde sicaklik, pH, elektriksel iletkenlik, ¢6ziinmis oksijen, oksijen doygunlugu, biyokimyasal
oksijen ihtiyaci, klortir, siilfat, orto-fosfat fosforu, amonyum azotu ve nitrat azotu degerleri él¢tilmustir. Sonuglarin degerlendirilmesi
icin WQI, Pearson Korelasyon Analizi ve Duncan Coklu Kargilagtirma Testi yapilmistir. Sonuglar ulusal ve uluslararas: kuruluglar
tarafindan verilen i¢me suyu ve su kalitesi standart degerleri ile kiyaslanmus ve g6l suyunun kalite siniflari belirlenmistir. G6l suyu, su
sicakligi, pH, biyokimyasal oksijen ihtiyaci, kloriir, siilfat ve elektriksel iletkenlik degerlerine gore tim mevsimlerde I. kalite sinifinda
yer almistir. Oksijen doygunlugu degerlerine gére yaz mevsiminde III. kalite, diger mevsimlerde ise II. kalite sinifinda oldugu
belirlenmistir. Nitrat azotu konsantrasyonlarina gore kis mevsiminde II. kalite, diger mevsimlerde ise I. kalite sinifinda yer alirken,
¢6ztinmis oksijen diizeyleri tim mevsimlerde II. kalite su simifin1 gdstermigtir. G6l suyunda dl¢iilen fizikokimyasal parametrelerin
Avrupa Birligi (EU), Cevre Koruma Ajansi (EPA), Diinya Saglik Orgiiti (WHO), Tiirk Standardlari Enstitiisi (TSE) niin belirledigi
icme suyu standartlarina gore kabul edilebilir degerler i¢erisinde oldugu belirlenmigstir. WQI sonuglarina gore gol suyunun mitkemmel
su sinifinda yer aldig: belirlenmistir.

Anahtar Kelimeler: I¢me suyu standartlari, limnoloji, Pearson korelasyon analizi, su kalite siniflandirmasi, tath su ekosistemi

Abstract

Karacaéren II Dam Lake is located in southwestern Thirkiye. This study, conducted seasonally between April 2023 and January 2024,
aimed to determine the water quality of Karacadren II Dam Lake using the Water Quality Index (WQI) and some statistical analyses.
In the water samples collected from the lake, temperature, pH, electrical conductivity, dissolved oxygen, oxygen saturation, biochemical
oxygen demand, chloride, sulfate, orthophosphate phosphorus, ammonium nitrogen, and nitrate nitrogen values were measured. In
order to evaluate the results, WQI, Pearson Correlation Analysis, and Duncan Multiple Comparison Test were performed. The results
were compared with drinking water and water quality standard values established by national and international organizations, and the
quality classes of the lake water were determined. The lake water was classified as Class I in all seasons based on water temperature,
pH, biochemical oxygen demand, chloride, sulfate, and electrical conductivity values. According to oxygen saturation values, it was
classified as Class III in summer and Class II in the other seasons. Based on nitrate nitrogen concentrations, the water was classified
as Class IT in winter and Class I in the remaining seasons, while dissolved oxygen levels indicated Class II water quality in all seasons.
'The physicochemical parameters measured in the lake water were within acceptable limits according to the drinking water standards
specified by the European Union (EU), Environmental Protection Agency (EPA), World Health Organization (WHO), and Turkish
Standards Institute (T'S 266). According to the WQI results, the lake water falls into the excellent water class.

Keywords: Drinking water standards, limnology, Pearson correlation analysis, water quality classification, freshwater ecosystem
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1. Giris

Su, tim canhlar i¢in vazgecilmez bir yasam kaynagidir. Sa-
nayi tretimi, rekreasyon, enerji tiretimi ve igme suyu temini
gibi pek ¢ok faaliyetin merkezinde yer almasinin yani sira
toplumlarin sosyal ve ekonomik gelisiminin temel yapitagla-
rindan biridir (Gleick, 1996; Wetzel, 2001; Kocatag, 2008;
UN-Water, 2018; UNESCO, 2020). Diinya’daki su mik-
tar1 giincel verilere gore 1.386 milyar km® olup bu miktarin
yaklagik %97.51 tuzlu su ve %2.5’1 ise tatl sudur (United
States Geological Survey, 2023). Insanlar da dahil olmak
tizere dlinyadaki tim organizmalar yasamsal gereksinimleri
i¢in suya bagimhidir (Bhateria ve Jain, 2016).

Ancak gunimizde agir1 niifus artigi, kiiresel 1sinma, iklim
degisikligi, hayvancilik, tarimsal Uretim ve endistriyel se-
beplerden dolay: kullanilabilir su miktar: azalmakta, mevcut
tatli su sistemleri hem nitelik hem de nicelik agisindan teh-
dit altina girmektedir (Ali & Khairy, 2016; Wu vd., 2018;
Tokatli, 2020; Sener vd., 2023). Bu siiregler, ekosistem sag-
ligin1 bozmakta ve toplumlar i¢in siirdirilebilir su temini
konusunda ciddi riskler ortaya koymaktadir.

Su kalitesi bir sucul sistemin fiziksel, kimyasal ve biyolojik
ozellikleri agisindan belirli bir kullanim i¢in uygunlugunu
ifade etmektedir (Boyd, 1990). Sucul sistemlerde suyun var-
lig1 kadar kalitesi de olduk¢a onemlidir (Varol, 2020). Tath
su sistemlerinin korunmasi, ekolojik dengenin devamliligs,
su kaynaklarindan endistriyel, evsel ve tarimsal kullanimlar
i¢in verimli sekilde yararlanmak amaciyla belirli araliklarla
suyun fiziksel, kimyasal ve biyolojik parametrelerindeki de-
gisimlerin aragtirilmasi ve su kalitesinin takip edilmesi gere-
kir (Alver & Bastiirk, 2019; Gélbag: & Sen, 2019; Ozer &
Kokli, 2019; Gimis, 2021).

Giintimiizde Diinya’da ve tilkemizde suyun kalitesinin be-
lirlenmesi 6nem arz etmektedir. Bu nedenle su kalitesinin
belirlenmesi i¢in pek ¢ok ydntem 6nerilmis ve kullanilmigtir
(American Public Health Association, 2017). Su kalite in-
deksleri 1800’ld yillarin ortalarindan beri kullanilmaktadir
(Abbasi & Abbasi, 2012). Ik WQI modeli ise 10 su kali-
tesi parametresini temel almig ve Horton (1965) tarafindan
kullanilmigtir. Daha sonra Horton'un WQI modelinin daha
kapsamli bir hali olan Ulusal Sanitasyon Vakfi Su Kalite-
si Indeksi (NSF-WQI) geligtirilmigtir (Abbasi & Abbasi,
2012). Oregon Su Kalite Indeksi (O SKI), Kanada Cevre
Bakanligi Konseyi Su Kalite Indeksi (KCBK SKI) ve ABD
Ulusal Saglik Hizmetleri Kurumu Su Kalite Indeksi (USV
SKI) basta olmak iizere Diinya’da farkl: bilim insanlari tara-
findan gelistirilen 35’ten fazla su kalite indeksi bulunmakta-
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dir (Brown vd., 1970; Abbasi, 2002; Khan vd., 2003; Debels
vd., 2005; Abbasi & Abbasi, 2012). WQI, i¢me suyunun
genel durumunu ortaya koymak amaciyla farkl fiziksel ve
biyolojik parametrelerin 6lglim sonuglarinin belirli mate-
matiksel islemlerle bitiinlestirilmesi esasina dayanan bir
olg¢eklendirme yaklagimidir. Bu yontemin temel amaci, ¢ok
sayida ve karmagik su kalite verisinin, suyun kalite diizeyini
temsil edebilecek tek bir sayisal gostergeye déntistirilmesi-
dir (Horton, 1965; Brown vd., 1972). Bu sayede su kalitesi,
ayrintili parametre tablolar: yerine daha sade, kargilagtirila-
bilir ve yorumlanmas: kolay bir 6l¢iit iizerinden degerlendi-
rilebilmektedir (Cude, 2001). WQI'nin bu 6zelligi, 6zellikle
karar vericiler ve uygulayicilar agisindan su kalitesi durumu-
nun hizli ve anlagilir bi¢cimde degerlendirilmesine olanak
saglamaktadir (Lumb vd., 2011). Ayrica indeksin hesaplan-
masinin ve yorumlanmasinin basit olmasi, WQUI'nin su ka-
litesi izleme ve yonetim ¢aligmalarinda yaygin olarak tercih
edilmesini saglamistir (Sutadian vd., 2016; Tas vd., 2021a).
WQ, farkli aragtirmacilar tarafindan tilkemizdeki bazi su-
cul sistemlerin su kalitesini belirlemek amaciyla kullanilmig-
tir (Imneisi & Aydin, 2016; Alver & Bagtirk, 2019; Tas
vd., 2021a; Sener & Sener, 2022; Tekin-Ozan vd., 2024;
Ozgelik & Tekin-Ozan, 2024; Demirkiran & Tekin-Ozan,
2025; Ersoy & Tonde, 2025; Giiltekin & Hatipoglu Temi-
zel, 2025; Tung, 2025; Bakioglu-Acar, 2026).

Bu ¢aligmada tlkemizin gineybatisinda Burdur ve Isparta
sinirlart igerisinde yer alan Karacadren II Baraj Goli'nin
su kalitesinin fizikokimyasal parametreler, WQI ve bazi is-
tatistiksel analizler kullanilarak degerlendirilmesi amaglan-
mugtir.

2. Gereg ve Yontem
2.1. Caligma Alan1 ve Istasyonlar

Karacaoren II Baraj Goli Tirkiye'nin giineybatisinda bulu-
nan Antalya Havzasi ve alt havza konumundaki Aksu Nehir
Havzast'nin en 6nemli bilesenlerinden biridir (Varol & Ulu-
soy, 2023). Burdur ve Isparta il sinirlart igerisinde yer alip
koordinatlar: 37° 18K, 30° 48D, denizden ytiksekligi ise
347 m’dir. Gol, Antalya-Isparta karayolu tzerinde bulun-
maktadir. Aksu Cay1 tizerinde bulunan gol enerji elde etmek
ve sulama amactyla 1988-1993 yillar1 arasinda insa edilmis-
tir. Barajin akarsu yatagindan ytiksekligi 49.00 m, govde
hacmi 165.000 m?, normal su kotunda gél alan1 2.34 km? ve
normal su kotunda g6l hacmi 48.00 hm”dir. Baraj 19.330
hektarlik bir alana sulama hizmeti verirken 47 MW gii¢ ile
de yillik 206 GWh’lik elektrik enerjisi saglamaktadir (Dev-
let Su Isleri Genel Miidiirliigii, 2024). Cevresinde yiiriiyiis
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yollari, seyir teraslar1 ve restoranlar bulunmaktadir. Amator
olarak olta balik¢ilig1 yapilmaktadir. G6l yakinlarindaki yer-
lesim alanlarinda yapilan seracilik faaliyetleri 6nemli ge¢im

kaynaklarindandir (Varol & Ulusoy, 2023).

Karacaéren II Baraj Goli'nitin su kalitesini belirlemek igin
yapilan bu c¢alismada, gol tizerinde 3 farkl istasyon segil-
mistir (Sekil 1). Birinci istasyon 37° 19" K-30° 49' D koor-
dinatlarinda olup gélin kuzeyinde Aksu Cayr'nin géle gir-
digi bolgenin yakinlarindadir. Tkinci istasyon 37° 18' K-30°
48" D koordinatlarinda olup goélin orta kisimlarindadur.
Ugiincii istasyon 37° 18' K-30° 48' D koordinatlarindadir
ve goliin giineyinde yer almaktadir. Hidroelektrik santraline

yakin bir bolgededir.
2.2. Arazi Caligmalar ve Fizikokimyasal Parametreler

Su 6rnekleri belirlenen istasyonlardan Nisan 2023, Tem-

muz 2023, Ekim 2023, Ocak 2024 tarihlerinde alinmustir.
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Sekil 1. Caligma alani; Karacaoren II Baraj Goli ve numune
alma istasyonlar1.
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Gol suyunun sicaklik degeri ("C), pH ve elektriksel iletken-
lik degeri (uS/cm) arazide YSI 556 MPS multiparametre ci-
hazi ile (YSI Inc., Yellow Springs, OH, USA) ve ¢6ziinmiis
oksijen (mg/L) ve oksijen doygunlugu (%) ise Milwaukee
MW600 model oksijenmetre ile yine arazide 6l¢tilmusgtir.
Arazi ¢aligmalar: sirasinda kimyasal analizler igin her istas-
yondan standart metodlara uygun sekilde (T'S ISO 5667-4)
su 6rnekleri alinarak 1 litrelik polipropilen kaplara konul-
mustur. Bu 6rnekler, nitrat azotu (NO,-N mg/L), siilfat
anyonu (SO,*), amonyum azotu (NH,-N mg/L), orto-
fosfat fosforu (PO,-P mg/L), kloriir iyonu (CI' mg/L) gibi
parametrelerin analizi i¢in Stleyman Demirel Universitesi
Su, Kaya¢ ve Mineral Analiz Laboratuvarina getirilmis ve
analizler hizmet alimi yoluyla gergeklestirilmistir. 5 giinlik
biyokimyasal oksijen ihtiyact (BOL,) (mg O,/L) élgiimii Sii-
leyman Demirel Universitesi Hidrobiyoloji laboratuvarinda
yapilmistur.

2.3.WQlI
Ik olarak ABD’de 1965 yilinda Horton tarafindan kulla-

nilan WQI, suyun kullanim amacinin belirlenmesinde te-
mel alinan bir derecelendirme sistemidir. WQI, ABD’den
sonra Afrika, Asya ve Avrupa tlkelerinde de kabul gérmiis
ve kullanimi giderek yayginlagmugtir. Igme suyu kalitesini
etkileyen farkli fiziksel, kimyasal ve biyolojik parametreler
kullanilarak hesaplanmakta ve suyun kalitesi hakkinda fikir
vermektedir. Elde edilen ¢ok fazla veri bu indeksle birlikte
su kalitesi hakkinda bilgi verecek tek bir sayiya indirgen-
mektedir (Tas vd., 2021a). Belirlenen su kalitesi indeksi de-
geri cok fazla sayi iceren tablolara gére sonucun daha basit
ve anlagilir olmasini saglamaktadir (Taner, 2007).

Su kalite indeksi kullanarak suyun kalitesini tespit etmek
amaciyla genel olarak sicaklik, bulaniklik, pH, ¢6ziinmis
oksijen, biyokimyasal oksijen ihtiyaci, fekal koliform, top-
lam kat: madde, toplam fosfat fosforu ve toplam nitrat gibi
parametrelerin  kullanilmas: 6nerilmigtir (Chaturvedi &
Bassin, 2009). Ancak WQI i¢in segilen parametreler; veri
mevcudiyetine, uzman gorisine ve ¢aligilan suyun cevre-
sel 6nemine gore degisiklik gosterebilmektedir (Uddin vd.,
2021). Debels vd. (2005) pek ¢ok WQI modelinde 6nerilen
parametrelerin analiz sonuglarinin olmamasi durumunda
diger temel su kalitesi parametrelerinin de WQI hesapla-
masinda kullanilabilecegini belirtmistir. Bu ¢calismada WQI
degeri pH, ¢6zlinmiis oksijen, elektriksel iletkenlik, BOiS,
CI' ve SO,* parametreleri kullanilarak hesaplanmugtir. Her
parametre i¢in atanan agirlik degerleri ile hesaplanan gore-
celi agirlik degerleri Cizelge 1’de verilmistir.
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Cizelge 1. Her parametrenin agirlik ve goreceli agirlik degerleri.

Parametreler Standart Degerler Aglrlzl;g egeri Gg:gziii?\%;)l ik
pH 6.5-8.5 (WHO, 2022) 4 0.15
0, 8 (YSKY, 2023) 4 0.15
Ei 2500 (TSE, 2005) 5 0.19
BOI, 8 (YSKY, 2023) 3 0.11
Cr 250 (WHO, 2022) 5 0.19
SO > 250 (WHO, 2022) 5 0.19
Ywi=26

WQI asagida verilen formiiller kullanilarak dért agamada
hesaplanmaktadur. Ik olarak su kalitesini etkileyen para-
metrelerin 6nem derecesine gore, ¢aligilan her parametreye
goreceli olarak 1 ile 5 arasinda bir agirhk degeri (wi) belir-
lenir ve agagidaki formil kullanilarak goreceli agirhik (Wi)
hesaplanir (1).

Wi=2 )

T wi

Ikinci olarak, ol¢timler sonucunda elde edilen veriler (C),
her parametre i¢in verilen igme suyu standardina (S)) boli-
nir, 100 ile ¢arpilir ve kalite derecelendirilmesi (Q,) hesap-
lanir (2).

Q=(2)x100 )

Si

Son agamada ise goreceli agirlik (Wi) ve kalite derecelen-
dirmesi (Q,) garpilarak alt-indeksler (SI) bulunur (3). Alt-
indeksler toplanarak WQI hesaplanir (4).

SLE=WixQ, (3)
WQI-EL, ST, @)

WQI degerleri WQI<50 (mikemmel su), 50sWQI<100
(iyi su), 100sWQI<200 (kotu su), 200sWQI<300 (¢ok
kot su) ve WQI=300 (igme suyu igin uygun degil) olmak
tzere 5 kategoride siniflandirilmistir (Xiao vd., 2019).

Karaelmas Fen Miih. Derg., 2026; 16(2):166-180

2.4. Istatistiksel Analizler

Caligma bolgesindeki 3 farkli istasyondan elde edilen so-
nuglart mevsimsel olarak degerlendirmek amaciyla sonug-
larin minimum degeri, maksimum degeri, aritmetik orta-
lamalar: ve standart sapma degerleri hesaplanmistir. Ayrica
suda olctilen fizikokimyasal parametrelerin mevsimsel ola-
rak degisip degismedigini ortaya koymak ve fizikokimyasal
parametrelerin birbirleri ile iligkilerini belirlemek amaciyla
SPSS 22.0 paket programi kullanilarak One-Way Anova,
Duncan Coklu Kargilagtirmali Testi ve Pearson Korelasyon
Analizi yapilmistir (Pearson, 1992; Fisher, 1928; Duncan,
1955). Sonuglar p<0.05 diizeyinde istatistiksel olarak an-
lamli olarak kabul edilmisgtir.

Elde edilen sonuglar EUnun, WHOnun, Cevre, Sehir-
cilik ve Tklim Degisikligi Bakanhginin, Tarim ve Orman
Bakanliginin, EPA’nin ve TSE’nin verdigi suda siniflan-
dirma kriterleri ile kiyaslanmigtir (T'SE, 2005; EPA, 2018;
EU, 2020; WHO, 2022; Tarim ve Orman Bakanlig1, 2023;
Cevre, Sehircilik ve Tklim Degisikligi Bakanlig1, 2025).

3. Bulgular
3.1. Fiziksel ve Kimyasal Bulgular

Karacaéren II Baraj Goli'niin su kalitesini belirlemek ama-
cryla Nisan 2023-Ocak 2024 tarihleri arasinda gélden ali-
nan su 6rneklerinde yapilan analizler sonucunda elde edilen
veriler Cizelge 2’de verilmistir.

Sicaklik degerleri ilkbahar mevsiminde 18.92-20.10 °C ara-
sinda, yaz mevsiminde 24.23-25.41 °C arasinda, sonbaharda
17.87-18.18 °C ve kis mevsiminde 7.24-7.35 °C arasinda
degismistir. Ortalama sicaklik degerinin mevsimsel dagi-
limin yaz (24.72 °C)>ilkbahar (19.36 °C)>sonbahar(17.99
°C)>kas (7.31 °C) seklinde oldugu gortilmustir. Sicaklik de-
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geri agisindan tim mevsimler arasinda anlaml bir farklilik
(p<0.05) oldugu belirlenmistir.

Suda belirlenen pH degerleri ilkbaharda 7.79-8.10, yaz mev-
siminde 7.70-8.08, sonbaharda 7.81-8.35 ve kig mevsimin-
de ise 7.90-8.15 arasinda degisim gostermistir. Ortalama
pH degerinin mevsimsel olarak sirastyla sonbahar (8.12)>kis
(8.03)>ilkbahar (7.95)>yaz (7.89) seklinde oldugu belirlen-
mistir. pH degeri a¢isindan tim mevsimler arasinda anlaml

bir farklilik (p>0.05) olmadig: tespit edilmistir.

Karacaéren II Baraj Goli'niin suyundaki ¢6zinmis oksijen
degeri ilkbaharda 7.2-8.2 mg/L arasinda, yaz mevsiminde
5.8-6.6 mg/L arasinda, sonbaharda 6.4-6.8 mg/L. arasinda
ve ki mevsiminde ise 7.1-7.6 mg/L degerleri arasinda de-
gismistir. Mevsimler arasinda ortalama ¢6zinmis oksijen
degerlerinin sirasiyla ilkbahar(7.73 mg/L)>kig(7.33 mg/
L)>sonbahar(6.6 mg/L)>yaz(6.16 mg/L) seklinde oldugu
saptanmigtir. Coziinmus oksijen miktarinin ilkbahar ve kig
mevsimlerinde diger mevsimlere gore istatistiksel olarak

farkli oldugu (p<0.05) belirlenmistir.

Oksijen doygunlugu yiizdesi ilkbaharda %79-%90 arasinda,
yaz mevsiminde %59-%66 arasinda, sonbaharda %69-%75
arasinda ve kig mevsiminde %80-%87 degerleri arasinda ol-
dugu saptanmugtir. Oksijen doygunlugu ortalama degerinin
mevsimsel olarak sirastyla kig(%83.66)>ilkbahar(%83)>sonb
ahar(%71.66)>yaz(%62.33) seklinde siralandig1 belirlenmig-
tir. Oksijen doygunlugu degerinin ilkbahar ve ki mevsimle-
rinde diger mevsimlere gore istatistiksel olarak farkli oldugu

(p<0.05) tespit edilmistir.

Elektriksel iletkenlik degeri ilkbaharda 301-318.2 pS/cm
degeri arasinda, yaz mevsiminde 247.8-255.7 pS/cm ara-
sinda, sonbaharda 303.7-359.1 pS/cm arasinda ve kig mev-
siminde ise 314.7-330.8 pS/cm degerleri arasinda degisim
gostermistir. Elektriksel iletkenlik ortalama degerlerinin
mevsimsel siralamasi sonbahar(326.2 uS/cm)>kis(322.4 pS/
cm)>ilkbahar (311.53 pS/cm )>yaz (251.6 pS/cm) olarak
belirlenmistir. Elektriksel iletkenlik degerinin yaz mevsi-
minde diger mevsimlere gore istatistiksel agidan farkli oldu-
gu (p<0.05) saptanmuistir.

Cizelge 2. Baz: fizikokimyasal parametrelerin mevsimlere gére minimum degerleri, maksimum degerleri, ortalama degerleri ve

standart sapma degerleri.

Tlkbahar-2023 Yaz-2023 Sonbahar-2023 Kis-2024
Suealdik 18.92-20.10 24.23-25.41 17.87-18.18 7.24-735
19.36+0.64< 24.72+0.61¢ 17.99+0.16" 7.31+0.06*
- 7.79-8.10 7.70-8.08 7.81-8.35 7.90-8.15
P 7.95+0.15¢ 7.89+0.20* 8.12+0.27¢ 8.03+0.12*
. 7.2-82 5.8-6.6 6.4-6.8 71-7.6
Oksijen (mg/L) 7.73+0.50" 6.16+0.40* 6.6+0.2° 7.33+0.25"
79-90 59-66 69-75 80-87
. o
Olsijen doyguntugu (%) 83+6.08° 62.33+3.51+ 71.66+3.05" 83.66+3.51¢
o . 301-318.2 247.8-255.7 303.7-359.1 314.7-330.8
Elektriksel iletkenlik (u5/cm) 311.53+9.22° 251.6+3.95¢ 326.2+29.12° 322.4+8.07"
. 0.8-1.1 1.3-1.9 1.1-1.5 0.9-1.2
BOI, (mg/L) 0.96+0.15* 1.6+0.3® 1.26+0.20 1.06+0.15*
Cl (me/L) 10.25-10.60 10.93-11.06 11.07-11.32 10.34-10.5
8 10.34+0.19 11.01+0.07° 11.0120.12° 10.44+0.08*
SO (ma/L) 19.59-20.69 19.58-20.09 14.26-14.72 15.62-16.42
< Mg 19.98+0.61¢ 19.88+0.26 14.49+0.23 * 15.92+0.43"
0.16-0.21 0.52-0.53
NO-N (mg/L) 0.19+0.02° ALA ALA 0.526+0.005°
PO,-P (mg/L) ALA* ALA ALA ALA
NH,-N (mg/L) ALA ALA ALA ALA

*Her bir parametre stitununda ayni harfle gosterilen degerler arasindaki fark 0,05 diizeyinde 6nemsiz, farkli harfle gosterilen degerler arasindaki fark 0,05

diizeyinde 6nemlidir.
** Analiz Limitinin Altinda
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Biyokimyasal oksijen ihtiyact degeri ilkbaharda 0.8-1.1
mg/L arasinda, yaz mevsiminde 1.3-1.9 mg/L arasinda, son-
baharda 1.1-1.5 mg/L arasinda ve kig mevsiminde 0.9-1.2
mg/L degerleri arasinda degismistir. Biyokimyasal oksijen
ihtiyact degerinin mevsimsel olarak sirasiyla yaz (1.6 mg/L)
> sonbahar (1.26 mg/L) > kis (1.06 mg/L) > ilkbahar(0.96
mg/L) seklinde siralandi@: belirlenmistir. Biyokimyasal ok-
sijen ihtiyact degerinin ilkbahar ve kig mevsimlerinde diger
mevsimlere gore istatistiksel olarak farkli oldugu (p<0.05)
saptanmigtir.

Kloriir iyonu miktar: ilkbaharda 10.25-10.60 mg/L arasin-
da, yaz mevsiminde 10.93-11.06 mg/L arasinda, sonbahar-
da 11.07-11.32 mg/L arasinda ve kis mevsiminde 10.34-
10.50 mg/L arasinda belirlenmigtir. Mevsimler arasinda
ortalama kloriir iyonu miktari yaz (11.01 mg/L) = sonbahar
(11.01 mg/L) > kis (10.44 mg/L) > ilkbahar (10.34 mg/L)
seklinde siralanmistir. Kloriir iyonu miktar: agisindan mev-
simler arasinda istatistiksel agidan 6nemli bir fark olmadig:

(p>0.05) tespit edilmistir.

Stlfat iyonu miktari ilkbaharda 19.59-20.69 mg/L arasinda,
yaz mevsiminde 19.58-20.09 mg/L arasinda, sonbaharda
14.26-14.72 mg/L arasinda ve kig mevsiminde 15.62-16.42
mg/L arasinda degisiklik gostermigtir. Ortalama silfat iyo-
nu degerlerinin sirastyla ilkbahar (19.98 mg/L) > yaz (19.88
mg/L) > kig (15.92 mg/L) > sonbahar (14.49 mg/L) seklin-
de siralandig: saptanmistir. Siilfat iyonu miktari agisindan
ilkbahar ve yaz mevsimlerinin diger mevsimlerden istatis-

tiksel olarak farkli oldugu (p<0.05) belirlenmistir.

Cizelge 2’ye gore yaz ve sonbaharda nitrat azotu miktar:
analiz limitinin altinda (<0.01) ¢ikmustir. En yiiksek nit-
rat azotu miktari (0.526 mg/L) ki mevsiminde 6l¢tilmus-
tiir. Ilkbahar mevsiminde ise nitrat azotu miktarinin 0.19
mg/L oldugu belirlenmigtir. Nitrat iyonu miktar: agisindan
mevsimler arasinda 6nemli bir fark oldugu (p<0.05) tespit
edilmistir.

3.2. Pearson Korelasyon Analizi

Karacaoren II Baraj Goli'nde yapilan bu ¢aligmanin sonun-
da belirlenen degerlerin arasinda istatistiksel agidan anlamh
bir iligki olup olmadigini tespit etmek amaciyla Pearson Ko-
relasyon Analizi yapilmugtir. Belirlenen su kalite parametre
verileri arasinda kaydedilen anlamli istatistiksel iligkiler ve
korelasyon katsayilar: Cizelge 3’de verilmistir.

Buna gore sicaklik ile ¢oziinmis oksijen, oksijen doygun-
lugu, elektriksel iletkenlik, kloriir ve nitrat azotu miktarlar

arasinda negatif, sicaklik ile pH, biyokimyasal oksijen ihti-
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yact ve stlfat degerleri arasinda ise pozitif bir iligki oldugu
tespit edilmistir. Bu durum, sicakligin artisiyla birlikte pH,
biyokimyasal oksijen ihtiyact ve siilfat degerlerinin artma-
s1, ¢oziinmis oksijen, oksijen doygunlugu, elektriksel ilet-
kenlik, kloriir ve nitrat azotu miktarinin azalmas: anlamina
gelmektedir. pH ile ¢6ziinmis oksijen, oksijen doygunlugu
ve stlfat degerleri arasinda negatif, pH ile diger paramet-
reler arasinda ise pozitif bir iligki oldugu belirlenmistir. Bu
durum, pH’in artisiyla beraber ¢6ziinmiis oksijen, oksijen
doygunlugu ve stilfat degerlerinin azalmasi, diger paramet-
relerin ise artmasi anlamina gelmektedir. Céziinmis oksijen
ile biyokimyasal oksijen ihtiyaci arasinda negatif, ¢6ziinmus
oksijen ile oksijen doygunlugu, elektriksel iletkenlik, klo-
rir, stlfat ve nitrat azotu miktarlar arasinda ise pozitif bir
iligki oldugu tespit edilmigtir. Bu durum, ¢6ziinmiis oksijen
miktarinin artigryla beraber oksijen doygunlugu, elektriksel
iletkenlik, klortir, stlfat ve nitrat azotu miktarlarinin artmasi
anlamina gelmektedir. Oksijen doygunlugu ile biyokimyasal
oksijen ihtiyac, stilfat ve nitrat azotu miktarlar1 arasinda ne-
gatif, oksijen doygunlugu ile elektriksel iletkenlik ve klortir
miktarlar1 arasinda ise pozitif bir iligki oldugu tespit edil-
migtir. Oksijen doygunlugu miktarinin artmasiyla beraber
elektriksel iletkenlik ve klortir miktarlar: artarken biyokim-
yasal oksijen ihtiyaci, stilfat ve nitrat azotu miktarlarinda ise
azalma olmustur. Elektriksel iletkenlik ile biyokimyasal ok-
sijen ihtiyaci ve stlfat degerleri arasinda negatif, elektriksel
iletkenlik ile kloriir ve nitrat azotu miktarlar: arasinda ise
pozitif bir iligki oldugu tespit edilmistir. Elektriksel iletken-
lik miktarinin artigryla klorlir ve nitrat azotu miktarlar ar-
tarken, biyokimyasal oksijen ihtiyaci ve stlfat miktarlarinda
ise azalma olmustur. biyokimyasal oksijen ihtiyact miktar:
ile kloriir ve nitrat azotu degerleri arasinda negatif ve silfat
miktar arasinda pozitif bir iligki oldugu belirlenmistir. Klo-
rir miktari ile stlfat ve nitrat azotu miktar: arasinda pozitif
bir iligki oldugu tespit edilmistir. Kloriir miktarinin artigiyla
stlfat ve nitrat azotu degerlerinin arttig1 belirlenmistir. Stl-
fat ile nitrat azotu arasinda pozitif bir iligki oldugu tespit
edilmigtir.

Cozinmis oksijen ile oksijen doygunlugu ve biyokimyasal
oksijen ihtiyaci arasinda, oksijen doygunlugu ile biyokimya-
sal oksijen ihtiyaci arasinda 0.01 diizeyinde anlaml: korelas-
yon tespit edilmistir. Sicaklik ve oksijen doygunlugu, elekt-
riksel iletkenlik ve nitrat azotu arasinda, oksijen doygunlugu
ile elektriksel iletkenlik ve nitrat azotu arasinda, elektriksel
iletkenlik ile biyokimyasal oksijen ihtiyaci ve siilfat arasinda
0.05 diizeyinde 6nemli farkliliklar belirlenmistir. Diger tim
iligkiler istatistiksel olarak anlamli degildir (p>0.05).
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Cizelge 3. Karaca6ren II Baraj Goli'niin suyunda ol¢iilen baz: fizikokimyasal parametrelerin Pearson Korelasyon Analizine gére
belirlenen degerleri.

—_ ;\? - P

.S 5 -2 3: 3

= & A v S = g

= ET 5% ©% £:- z

E g ) :QH ED E g :2 Q o’ 1

2 §¢ Eb £2. 820 &

5 0E O= H=85m3E8 4
Sicaklik 1 0.219 | -0.480 | -0.690* | -0.657* | 0.533 | -0.476 | 0.591 |-0.911*
pH 1 -0.021 | -0.005 | 0.485 0.229 0.239 | -0.378 | 0.008
Coziinmus oksijen (mg/L) 1 0.937* | 0.507 |-0.832™| 0.151 | 0.070 | 0.536
Oksijen doygunlugu (%) 1 0.655* | -0.744* | 0.153 | -0.182 | 0.700*
Elektriksel iletkenlik (uS/cm) 1 -0.659* | 0.172 | -0.633* | 0.408
Biyokimyasal Oksijen 1htiyac1 (BOiS) 1 -0.329 | 0.123 | -0.471
Cl- (mg/L) 1 0.143 | 0.503
SO - (mg/L) 1 -0.241

NO,-N (mg/L) 1

*0.05 duzeyinde 6nemli
*0.01 diizeyinde 6nemli

3.3. Karacaéren II Baraj Golii Suyunun Su Kalite
Kriterlerine Gore Degerlendirilmesi

Calismamiz sonucunda elde ettigimiz veriler Cevre, Sehir-
cilik ve Tklim Degisikligi Bakanligi (2025) tarafindan bildi-
rilen Su Kirliligi Kontroli Yonetmeligi (SKKY)'nde belirti-
len kriterlere gore degerlendirildiginde, Karaca6ren II Baraj
Golinin tim mevsimlerde su sicakligi, pH, biyokimyasal
oksijen ihtiyaci, kloriir iyonu ve stlfat degerlerine gore I.
kalite sinifinda oldugu belirlenmistir. Oksijen doygunlugu
degerlerine gore yaz mevsiminde III. ve diger mevsimlerde
ise II. kalite sinifinda yer aldig: tespit edilmistir. Nitrat azo-
tu degerlerine gére kig mevsiminde II. kalite ve diger mev-
simlerde ise I. kalite sinifinda oldugu belirlenmistir.

Calismamiz sonucunda elde ettigimiz diger veriler Tarim
ve Orman Bakanligi (2023) tarafindan bildirilen Yertsti Su
Kalitesi Yonetmeligi (YSKY)'nde belirtilen kriterlere gore
degerlendirilmigtir. Buna gore Karacacren II Baraj Goli
elektriksel iletkenlik degerleri bakimindan ise tim mevsim-
lerde I. kalite ve ¢6ziinmiis oksijen degerleri agisindan tim
mevsimlerde II. kalite sinifinda yer almigtir.

Karacaodren II Baraj Golu suyunda 6lgiilen baz: fizikokim-
yasal parametre degerlerinin EU'nun, EPA’nin, WHO’ nun
ve T'S 266 i¢me suyu standartlarinda belirtilen sinir degerle-
rin altinda oldugu belirlenmistir (T'SE, 2005; WHO, 2022;
EPA, 2018; EU, 2020).
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3.4. WQI Sonuglarina Gére Su Kalitesinin
Degerlendirilmesi

Karacaéren II Baraj Golu suyu WQI degerleri Sekil 2'de

gosterilmistir.

WQI degerlerine gore Karacaéren II Baraj Géli tiim mev-
simlerde mikemmel su kalitesi sinifinda yer aldig1 belirlen-
mistir. WQI degerlerinin ilkbaharda 37.28, yaz mevsiminde
33.62, sonbaharda 35.63 ve kig mevsiminde ise 36.60 oldu-
gu tespit edilmistir. Indeks degerlerinin mevsimler arasinda
sinurli dedisim gostermesi golin su kalite 6zelliklerinin yil
boyunca kararli bir yap: sergiledigine isaret etmektedir.

wal

Sekil 2. Karacaoren II Baraj Goli suyunun mevsimlere gore

WQI degerleri.
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4. Tartisma

Sicaklik su kaynagindaki biyolojik ve kimyasal degisimleri
etkileyen ve 6zellikle gollerde tabakalasmanin olugmasinda
etkin bir role sahip en 6nemli parametredir (Unliivd., 2008).
Ayrica sucul canlilarin yagamini dogrudan ya da dolayli ola-
rak, su kalitesini ise dogrudan etkileyen 6nemli bir unsurdur
(Boyd, 1990; Wetzel, 2001). Canlilarin viicudunda ger-
ceklesen tiim biyokimyasal reaksiyonlarin hizlari sicakligin
etkisi altindadir (Odum & Barrett, 2008). Sicaklik suda ya-
sayan canlilarin biylime ve treme hizlarina etki ettigi gibi
canlilarin sucul sistemlerdeki dagilislar: Gzerinde de etkili-
dir (Kocatag, 2008). Suyun bulundugu cografya, topografik
yapt, glinesin gelis acis1, derinligi, mevsimler, atmosfer sart-
lar1, rakim, antropojenik faktorler ve su yataginin yapist gibi
nedenlere bagh olarak sularin sicakligs degiskenlik gosterir
(Wetzel, 2001). Su sicakligi sulardaki gazlarin ¢oztintrlugi-
ni ve suyun yogunlugunu da etkilemektedir (Boyd, 1990).
Karacaéren I Baraj Goéli'nde su sicakligs ki mevsiminde
en dustik dizeyde iken yaz mevsiminde en yiiksek diizeye
ulagmugtir. Ortalama sicaklik degerinin mevsimsel olarak si-
rastyla yaz(24.72 °C)»>ilkbahar(19.36 °C)>sonbahar (17.99
°C)>kig(7.31 °C) seklinde oldugu gortlmustiir. Sicaklik de-
geri agisindan tim mevsimler arasinda anlamli bir farklilik
(p<0.05) oldugu belirlenmistir. Demirkiran ve Tekin-Ozan
(2025) Karakuyu Goli'nde yaptiklar: calismada su sicakligi-
nin kisin en distik, sonbaharda ise en yiksek diizeye ulas-
tigin bildirmiglerdir. Su sicakliginin sonbaharda en yiiksek
diizeye ¢ikmasini ise ¢alisma déneminde golin bagli oldugu
alanda en yiiksek yagisin haziran ayinda diismesinden kay-
naklanabilecegini bildirmislerdir. Odioko ve Becer (2025)
Karaca6ren I Baraj Goli'nde su sicakliginin yaz mevsiminde
en yiksek (30.48 °C), kis mevsiminde ise en digik (13.18
°C) oldugunu bildirmiglerdir. Ulusoy (2023) Karacaéren II
Baraj Goli'nden belirledigi 2 istasyonun (S2, S3) sicaklik
degerlerini 6l¢mis ve su sicakliginin yaz mevsiminde en
yiksek (S2: 28.0 °C; S3: 30.0°C), ki mevsiminde ise en
dugik (S2: 10.3 °C; S3: 11.2°C) seviyede oldugunu belir-
lemistir. Bu c¢alismada yaz mevsiminde belirlenen yiiksek
su sicakligi degerleri, yaz aylarinda artan glineslenme stire-
si, glines 1sinlarinin su yizeyine daha dik agiyla gelmesi, su
kiitlesinin daha stabil olmasi ile agiklanabilir. Karacadren
II Baraj Goli'nde yaz mevsiminde 6lgilen sicaklik deger-
lerinin ayn: havzada yer alan Karacadren I Baraj Géli'nden
bildirilen yaz dénemi sicakliklariyla benzerlik géstermesi,
sicakligin bolgesel iklim kogullar: tarafindan gugli bicimde
kontrol edildigini distindirmektedir (Boyd, 1990; Wetzel,
2001).
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pH suyun asidik ya da bazik karakterini gésteren, sucul sis-
temlerin kimyasal dengesini yansitan ve sucul canlilarin ha-
yatini etkileyen en 6nemli parametrelerden biridir. Gollerde
genellikle 6.5-8.5 araliginda degisir ve bu araligin digindaki
pH degerleri ekosistem tizerinde olumsuz etkilere neden ola-
bilir (Wetzel, 2001; Giimiis & Akkoz, 2020). Jeolojik yap,
fotosentez ve solunum gibi biyolojik faaliyetler, mevsimler,
yagus, tarimsal ve kentsel kaynakli girdiler sularin pH sevi-
yesi tizerinde etkilidir (Boyd, 1990). Calisma siiresince pH
degerleri 7.70-8.35 arasinda degisim gostermis ve en yliksek
ortalama diizeye sonbaharda, en distik ortalama duzeye ise
yaz mevsiminde ulagmistir. pH degeri agisindan tim mev-
simler arasinda anlaml bir farklilik (p>0.05) olmadig: belir-
lenmistir. Ulkemizde yapilan diger calismalarda pH deger-
leri Karakuyu Goli'nde 6.90-7.99 arasinda (Demirkiran &
Tekin-Ozan, 2025), Karacadren I Baraj Goli'nde 7.50-8.18
arasinda (Odioko & Becer, 2025), Isikli Goli'nde 6.16-8.6
arasinda (Tung, 2025), Kovada Goli'nde 4.15-9.84 arasinda
(Bakioglu- Acar, 2026) degisiklik gostermistir. Karacadren
II Baraj Goli'nde ise 7.50-8.12 arasinda degismis, yaz mev-
siminde en yiiksek ve sonbaharda en diisik seviyede oldugu
belirlenmistir (Ulusoy, 2023). Egirdir Goli'nde (Ozgelik &
Tekin-Ozan, 2024) ve Kovada Géli'nde (Sancer & Tekin-
Ozan, 2016) pH degerinin kis mevsiminde azaldigi ve yaz
mevsiminde arttig1 belirlenmigtir. Bu ¢alismada belirlenen
pH degerlerinin 7.70-8.35 araliginda olmas: Karacaéren II
Baraj Goli'niin tath su ekosistemleri i¢in bildirilen pH s1-
nirlart icerisinde yer aldigini gostermektedir (Wetzel, 2001).
pH degerinin sonbaharda daha yiiksek, yaz mevsiminde ise
daha dusik olmasi; yagis rejimi, su kiitlesinin yenilenmesi
ve biyolojik aktivitelerdeki mevsimsel degisimlerle iligkili
olabilir. Géllerde pH degerinin yil iginde bu tiir dalgalan-
malar gostermesi, literatiirde lentik sistemler i¢in yaygin
olarak bildirilen bir durumdur (Boyd, 1990; Wetzel, 2001).

Sucul sistemlerde canli yagamini dogrudan etkileyen en
6nemli parametrelerden biri ¢6ziinmiis oksijendir. Suda
yagayan tim canlilar i¢in hayati bir 6neme sahiptir (Boyd,
1990; Wetzel, 2001). Sicaklik, tuzluluk, ruzgar, fotosen-
tez, solunum, organik maddenin ayrigmasi, su yilizeyinin
atmosferle temas siiresi ve derecesi gibi faktorler suyun ok-
sijen miktarini belirler (Boyd, 1990; Wetzel, 2001). Gél ve
barajlarda ¢6ziinmiis oksijen miktar1 karisim ve durgunluk
dénemi ile de yakindan iligkilidir (Wetzel, 2001). Coziin-
mis oksijen miktari su kalitesi degerlendirmelerinde temel
bir gosterge olarak kabul edilir (Kocatag, 2008). Oksijen
doygunlugu ise % ile ifade edilir ve sudaki mevcut oksijen
miktarinin suyun tastyabilecegi oksijen miktarina oranini
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gosterir (Boyd, 1990; Wetzel, 2012). Bu ¢aligmada Kara-
cadren II Baraj Goli'nin suyundaki ¢oziinmiis oksijen de-
gerleri 5.8-7.6 mg/L arasinda degisim gostermistir. Oksijen
miktart ilkbahar mevsiminde maksimum, yaz mevsiminde
ise minimum dizeye ulasmigtir. Coziinmus oksijen mikta-
rinin ilkbahar ve kig mevsimlerinde diger mevsimlere gore
istatistiksel olarak farkli oldugu (p<0.05) belirlenmistir.
Oksijen doygunlugu degerleri %59-%90 arasinda degis-
mistir. Ortalama degerlere gore yaz mevsiminde %62.33 ile
en disik, kig mevsiminde ise %83.66 ile en yiksek diizeye
ulasmustir. Oksijen doygunlugu degerlerinin de ilkbahar ve
kis mevsimlerinde diger mevsimlere gore istatistiksel ola-
rak farkli oldugu (p<0.05) tespit edilmistir. Demirkiran ve
Tekin-Ozan (2025), Karakuyu Géli'nde en disiik ortalama
¢oziinmis oksijen degerinin yaz mevsiminde (4 mg/L), en
yiksek ortalama ¢oziinmis oksijen degerinin ise kig mev-
siminde (6.23 mg/L) oldugunu bildirmistir. Tung (2025),
Isikli Goli'nde ¢oziinmiis oksijen degerlerinin yaz mevsi-
minde minimum, kis mevsiminde ise maksimum duzeyde
oldugunu belirtmigtir. Ulusoy (2023) ise Karaca6ren II Ba-
raj Goli'ntin S2 istasyonunda ¢ézinmis oksijen degerinin
kis mevsiminde en yiiksek, sonbaharda ise en disiik diizeyde
oldugunu tespit etmistir. Bu ¢caligmada elde edilen bulgular,
sucul sistemlerde ¢oziinmiis oksijen miktarinin mevsimsel
olarak degistigini ortaya koymaktadir. Yaz mevsiminde
oksijen miktarindaki dists, su sicakliginin artmasina bagh
olarak oksijenin ¢6ziniirliginin azalmas: ve sucul canlila-
rin metabolik faaliyetlerindeki artigtan kaynaklanmis olabi-
lir (Wetzel, 2012). Buna kargilik ilkbahar ve kig aylarinda
oksijen miktarinin artigy; su sicakliginin azalmasiyla oksijen
¢Oztnirliginin artmasi, rizgarin etkisiyle suda karigim ve
konveksiyon olaylarinin meydana gelmesi ve kar ile yagmur
seklinde gole su girisinin artmasiyla iligkili olabilir (Wet-
zel, 2001; Demirkiran & Tekin-Ozan, 2025). Céziinmiis
oksijen degerlerine gore Karacaoren II Baraj Goli'nin tim
mevsimlerde II. kalite sinifinda yer almasi, goldeki oksijen
dizeyinin genel olarak sucul yagamin devamu i¢in yeterli ol-
dugunu distindiirmektedir.

Elektriksel iletkenlik suyun elektrik iletme kapasitesini ifade
eden ve su i¢indeki iyonlarin toplam miktar: ile iligkili olan,
su kalite degerlendirmelerinde kullanilan bir parametredir
(Boyd, 1990; Wetzel, 2001). Tatli su sistemlerinde elekt-
riksel iletkenlik degeri jeolojik yapi, buharlasma ve yagis
rejiminden etkilenmektedir (Wetzel, 2001). Karacaoren 11
Baraj Goli'nde elektriksel iletkenlik degeri 247.8-359.1 uS/
cm arasinda tespit edilmistir. Sonbaharda en yiiksek dii-
zeye ulagirken, yaz mevsiminde en diisiik seviyede oldugu
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goriilmigtir. Demirkiran ve Tekin-Ozan (2025) Karaku-
yu Géli'nde benzer sekilde elektriksel iletkenlik degerinin
ilkbaharda en yiiksek, yaz mevsiminde en disik seviyede
oldugunu belirtmigler ve bu sonuglarin ¢alisma déneminin
yaz periyodunda goriilen asir1 yagistan kaynaklanmig olabi-
lecegini bildirmislerdir. Eber Goli'nde elektriksel iletken-
lik degeri 697-2590 pS/cm arasinda degismis ve en disik
deger kis mevsiminde belirlenmigtir (Gumis & Akkéz,
2020). Ulusoy (2023) Karacadren Baraj Goli'nde 2 farkl
istasyonda elektriksel iletkenlik degerlerini 6l¢mus ve S3 is-
tasyonunda elektriksel iletkenlik degerinin yaz mevsiminde
en diisik, ilkbaharda ise en yiiksek seviyede oldugunu belir-
lemigtir. Elektriksel iletkenlik degerinin mevsimsel olarak
farklilik gostermesi, tatl su sisteminde yaygin olarak gozle-
nen dogal bir durum olup, literatiirde bildirilen benzer gél
ve baraj ¢aligmalariyla genel olarak ortigmektedir (Wetzel,
2001; Ulusoy, 2023).

Biyokimyasal oksijen ihtiyaci suda bulunan organik madde-
lerin mikroorganizmalar tarafindan pargalanmasi esnasinda
kullanilan oksijen miktarini ifade etmektedir ve su kalitesi
izleme ¢alismalarinda kullanilan temel parametrelerden biri-
dir (Boyd, 1990; Kocatas, 2012; APHA, 2017). Biyokimya-
sal oksijen ihtiyaci degeri organik madde yiiki ile yakindan
iligkilidir ve yiiksek olmas: 6zellikle durgun ve karigimin az
oldugu gollerde sucul yasam agisindan risk olusturmaktadir
(Wetzel, 2001). Karacadren II Baraj Géli’'nde biyokimyasal
oksijen ihtiyaci degeri 0.8-1.9 mg/L arasinda degismis, en
yiksek dizeye yaz mevsiminde ve en distik dizeye ise ilk-
bahar mevsiminde ulagmigtir. Biyokimyasal oksijen ihtiyact
degerinin ilkbahar ve ki mevsimlerinde diger mevsimlere
gore istatistiksel olarak farkli oldugu (p<0.05) saptanmugtir.
Karakuyu Géli'nde biyokimyasal oksijen ihtiyact degeri 0.3-
2.0 mg/L arasinda degismistir (Demirkiran & Tekin-Ozan,
2025). Imneisi ve Aydin (2016), Karagomak Goli'nde bi-
yokimyasal oksijen ihtiyaci degerinin 2.1-19.3 mg/L ara-
sinda degistigini tespit etmiglerdir. Bu ¢aligmada belirlenen
biyokimyasal oksijen ihtiyact degerlerinin nispeten dugiik
olmasi g6lde organik madde yiikiiniin sinirli olduguna isaret
etmektedir. Yaz mevsimindeki artis ise sicakliga bagli olarak
ayrigma olaylarinin artmasi ile agiklanabilir (Wetzel, 2001).

Kloriir iyonu sularda bulunan baglica anyonlardan biridir.
Jeolojik yapi, buharlagma, evsel ve tarimsal girdiler sucul
sistemlerdeki klortir iyonu miktarini etkilemektedir (Wet-
zel, 2001; APHA, 2017). Sucul sistemlerde genel olarak
distik konsantrasyonlarda bulunmakta ve sucul canhlar igin
risk olusturmamaktadir (Boyd, 1990). Karaca6ren II Baraj
Goli'ntin klorir miktar: 10.25-11.32 mg/L arasinda degi-
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siklik gostermistir. Sonbahar ve yaz aylarinda en yiiksek, ilk-
baharda ise en dusiik seviyede oldugu belirlenmistir. Klorir
iyonu miktari agisindan mevsimler arasinda istatistiksel ola-
rak onemli bir fark olmadig: (p>0.05) tespit edilmistir. Sa-
raydiizii Baraj Goli'nde klortir miktarinin 3.01-6.28 mg/L
arasinda degistigi bildirilmigtir (Kiikrer & Mutlu, 2019).
Tung (2025), Isikli ve Gokgol Sulak Alani’'nda klorir sevi-
yesinin 1.29-33.55 mg/L arasinda degistigini tespit etmistir.
Bulut vd. (2011) Karakuyu Goéli'nde klortr miktarinin 4.78
mg/L (Temmuz) ve 11.12 mg/L (Ekim) arasinda degistigi-
ni bildirmiglerdir. Bu ¢alismada belirlenen kloriir degerleri
dar bir aralikta seyretmistir ve degerler nisbeten dugtktiir.
Bu sonuglar géliin evsel ve tarimsal kaynakl kirlenme dize-

yinin az oldugunu géstermektedir (Jindal vd., 2014).

Sulfat anyonu tath sularda dogal olarak bulunur. Sulara ka-
yaglar, yagmur sulari ve endistriyel atiklar, tarimsal kirleti-
ciler gibi antropojenik etkiler sonucu karigmaktadir (Tan-
yolag, 2009; Chen vd., 2016). Bitkilerin gelisimi i¢in ¢ok
onemlidir ve eksikliginde fitoplankton gelisiminin olumsuz
etkilendigi bilinmektedir (Atic1 vd., 2005). Ilkbaharda mak-
simum diizeye ulagirken sonbaharda minimum diizeyde ol-
dugu belirlenmistir. Stlfat iyonu miktar: agisindan ilkbahar
ve yaz mevsimlerinin diger mevsimlerden istatistiksel olarak
farkli oldugu (<0.05) belirlenmistir. Gaga Goli'nde ortala-
ma silfat miktar1 4.33 mg/L (Tag, 2011) ve Eber Goli'nde
113 mg/L (Gumis & Akkoz, 2020) olarak ol¢tilmusgtiir.
Demirkiran ve Tekin-Ozan (2025) Karakuyu Goéli'nde
sulfat miktarinin  0.09-3.45 mg/L arasinda degistigini,
sonbaharda en yiiksek, yaz mevsiminde en dusik seviyede
oldugunu bildirmislerdir. Kovada Géli'nde silfat dege-
ri 3.22-13.18 mg/L arasinda degismistir (Bakioglu-Acar,
2026). Bu ¢alismada belirlenen siilfat anyonu degerleri tath
sular i¢in bildirilen degerlerle uyumludur. Caligma alaninda
sulfat iyonunun ilkbahar ve yaz mevsimlerinde diger mev-
simlerden istatistiksel olarak farklilik géstermesi, mevsimsel
yaguslar, ytizeysel akiglar ve biyolojik siireclerle iligkilendiri-
lebilir. Literatiirde farkli géllerde bildirilen silfat degerleri,
gollerin hidromorfolojik yapisi ve antropojenik bask: dize-
yine bagli olarak 6nemli farkliliklar gosterebilmektedir (Thas,
2011; Giimiis & Akkoz, 2020; Demirkiran & Tekin-Ozan,
2025; Bakioglu-Acar, 2026). Silfat konsantrasyonlarinin
yiksekligi genellikle g6l ¢evresindeki tarimsal faaliyetler ile
iligkilendirilirken (Tepe, 2009; Gumis & Akkéz, 2020), bu
calismada elde edilen dugiik stilfat degerlerinin, caligma ala-
ninda yogun tarimsal baskinin bulunmamas: ile iligkili ola-
bilecegi distinilmektedir. Sularda siilfat anyonu miktarinin
250 mg/L’den fazla olmas: ciddi bir kirlenmenin s6z konusu
oldugunu gostermektedir (Nisbet & Verneaux, 1970).
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Azotlu bilesikler sucul sistemlerde bulunan ve su kalitesinin
belirlenmesinde kullanilan en 6nemli parametrelerdendir
(Ciice vd., 2020). Nitrat organik azotun oksidasyonu sonu-
cu olusan son trtindur ve suda oksijen miktarinin azalmasina
neden olmaktadir. Sulardaki 6nemli besin maddelerinden
biri olmasina ragmen yiiksek konsantrasyonlarda bulundu-
gunda canlilara toksik etki yapmakta ve 6trofikasyona neden
olmaktadir (Tanyolag, 2009; Goksu, 2014). Bu ¢alismada
yaz ve sonbaharda nitrat azotu miktari analiz limitinin altin-
da (<0.01) ¢ikmustir. En yiiksek nitrat azotu miktar1 (0.526
mg/L) kis mevsiminde 6l¢iilmistiir. Ilkbahar mevsiminde
ise nitrat azotu miktarinin 0.19 mg/L oldugu belirlenmistir.
Bu ¢aligmada tiim mevsimlerde ve istasyonlarda amonyum
azotu degeri analiz limitinin altinda (<0.05) kalmistir. Ka-
rakuyu Goli'nde nitrat azotu miktar: tiim mevsimlerde ana-
liz limitinin altinda iken en yiiksek deger ki mevsiminde
1.53 mg/L olarak 6l¢iilmiistiir (Demirkiran & Tekin-Ozan,
2025). Isikli Goli'nde en yiiksek nitrat azotu degerinin 4.02
mg/L oldugu tespit edilmistir. Azotlu giibre kullanim: ve
kanalizasyon atiklarinin karigmasi sucul sistemlerde nitrat
duzeyini artirmaktadir (Demir, 2011). Karacaéren II Baraj
Goli'nde nitrat dizeyinin digiik seviyede olmasi gol etra-
finda yogun bir tarimsal faaliyet ve yerlesim alani olmamasi
ile ilgili olabilir.

Fosfor tatli sularda biyolojik tretimi yonlendiren temel
elementlerden biridir ve fosfat fosforu formunda bulunur.
Dogadaki baslica kaynag: kayaglar ve fosfat yiginlaridir.
Gollere ise kayaglarin ayrigmasi, gilibreler, deterjanlar ve
yuzeysel akiglar gibi kaynaklardan karigmaktadir (Wetzel,
2001; Goksu, 2014). Fitoplankton ve su bitkileri tarafindan
dogrudan kullanilabilir (Kutlu vd., 2015). Bu ¢aligmada tiim
mevsimlerde ve istasyonlarda orto-fosfat fosforunun degeri
analiz limitinin altinda kalmugtir. Benzer sekilde Karakuyu
Goli'nde de orto-fosfat fosforunun degeri analiz limitinin
altinda tespit edilmigtir (Demirkiran & Tekin-Ozan, 2025).
Odioko ve Becer (2025) Karacadren I Baraj Goli'nde fosfat
fosforu miktarinin 0.01-4.45 mg/L arasinda degistigini ve
ilkbaharda analiz limitinin altinda oldugunu belirtmiglerdir.
Tung (2025) Isikli ve Gokgol Sulak Alani’'nda orto-fosfat
tosforu miktarinin en yiiksek degerini 0.61 mg/L olarak be-
lirlemistir. Baz: istasyonlarda analiz limitinin altinda oldu-
gunu tespit etmistir. Suya fosfat girdisinin en 6nemli kayna-
ginun giibreler ve kanalizasyon artiklart oldugu digtiniilirse
Karacaéren II Baraj Goli'ntn etrafinda yogun bir tarimsal
faaliyetin olmamasi ve biyiik bir yerlesim merkezinin bu-
lunmamasi gélde orto-fosfat fosforunun analiz limitinin al-
tinda olusunu agiklar niteliktedir.
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WQI suyun genel kalitesi hakkinda fikir veren bir derece-
lendirme sistemidir (Tas vd., 2021b). Karacaéren II Baraj
Goli suyu WQI degerlerinin ilkbaharda 37.28, yaz mev-
siminde 33.62, sonbaharda 35.63 ve kig mevsiminde ise
36.60 oldugu belirlenmistir. Bu sonuglara goére Karacaéren
IT Baraj Goli tim mevsimlerde mitkemmel su kalitesi kate-
gorisinde bulunmaktadir. Karakuyu Géli'nde WQI deger-
leri 21.94-26.11 arasinda degismis ve gélin mitkemmel su
kalitesi kategorisinde oldugu tespit edilmistir (Demirkiran
& Tekin-Ozan, 2025). Tung (2025) Isikli ve Gokgol Su-
lak Alanr’'nin ortalama WQI degerlerinin mevsimlere gore
21.02 ve istasyonlara gére 22.40 oldugunu belirterek sulak
alanin mikemmel su kategorisinde oldugunu bildirmistir.
Atasu Baraj Golu havzasinda gergeklestirilen bir ¢aligma-
da ise WQI degerlerinin 95.45-96.56 arasinda degistigi ve
havzanin tim 6rnekleme noktalarinin miikemmel su kalitesi
sinifinda yer aldig1 rapor edilmistir (Gultekin & Hatipog-
lu Temizel, 2025). Karacaéren I Baraj Goli'niin ortalama
WQI degerinin 55.45 oldugu saptanmistir (Odioko & Be-
cer, 2025). Karacaoren II Baraj Goli'nin WQI degerlerine
gore mitkemmel su sinifinda olmas: golde 6lgtlen bazi fi-
zikokimyasal parametre degerlerinin EPA, EU, WHO ve
TSE tarafindan verilen i¢me suyu standartlar1 i¢inde yer al-
mast ile uyumludur (TSE, 2005; WHO, 2022; EPA, 2018;
EU, 2020).

Karacaéren II Baraj Goli'ntin suyunda belirlenen baz: fi-
zikokimyasal parametrelerin birbirleri ile iligkilerini belirle-
mek amaciyla Pearson Korelasyon Testi yapilmigtir. Buna
gore sicaklik ile ¢6ztinmis oksijen, oksijen doygunlugu,
elektriksel iletkenlik, kloriir ve nitrat azotu miktarlar ara-
sinda, pH ile ¢6zinmis oksijen, oksijen doygunlugu ve
sulfat degerleri arasinda negatif, ¢6zinmis oksijen ile biyo-
kimyasal oksijen ihtiyac: arasinda negatif, oksijen doygun-
lugu ile biyokimyasal oksijen ihtiyaci, stilfat ve nitrat azotu
miktarlar1 arasinda negatif, elektriksel iletkenlik ile biyo-
kimyasal oksijen ihtiyact ve stilfat degerleri arasinda negatif
bir iligki oldugu tespit edilmistir. Diger tiim iligkilerin ise
pozitif oldugu belirlenmistir. Demirkiran ve Tekin-Ozan
(2025) Karakuyu Goli'nde sicaklik ile pH, elektriksel ilet-
kenlik, ¢6ziinmis oksijen, kloriir ve siilfat arasinda negatif
bir iligki oldugunu bildirmistir. Kangabam vd. (2017), Lok-
tak Goli'nde sicaklik ile nitrat arasinda pozitif, biyokimya-
sal oksijen ihtiyaci arasinda negatif bir iligki oldugunu bil-
dirmiglerdir. Sicaklik arttik¢a gazlarin sudaki ¢oziintrligi
azalmaktadir. Ayrica oksijen doygunlugu suyun sicakligina
bagli olarak suyun oksijen tutma kapasitesi ile yakindan ilgi-
lidir. Sicaklik artigina bagl olarak ¢6zinmus oksijen ve ok-
sijen doygunlugu degerinin azalisi limnolojik ¢aligmalarda
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yaygin olarak bildirilmektedir (Wetzel, 2001; Kalff, 2002).
Temponeras vd. (2000), sucul sistemlerdeki elektriksel ilet-
kenlik degerlerinin yagis miktari ve jeolojik yapryla iliskili
oldugunu bildirmigtir. Demirkiran ve Tekin-Ozan (2025)
Karakuyu Goli'nde sicaklik artigina karsilik elektriksel ilet-
kenlik degerinin distigini ¢aligma dénemindeki yogun ya-
gislara baglamugtir. Nitrat azotu dizeyinin sicaklik artisiyla
azalmas: nitratin bitkiler tarafindan kullanilmas: nedeniyle
olabilir. Sucul sistemlerde organik yukiin arttiy1 donem-
lerde ayrigma olaylart nedeniyle oksijen miktar:t azalirken
CO, suya gegerek karbonat dengesi tizerinden suyun pH'in1
etkilemektedir (Stumm & Morgan, 1996; Wetzel, 2001).
Coziinmis oksijen ve biyokimyasal oksijen ihtiyaci arasin-
daki negatif iligki limnolojik ¢aligmalardaki klasik gosterge-
lerden biridir. Ortamda ayrigmanin yogun oldugu dénemde
oksijen miktar1 azalirken ayristiricilarin kullandigi oksijen
miktar1 da artig gostermektedir (Chapman, 1996; APHA,
2017). Nitrifikasyon stirecinde oksijen kullanildigindan bu
stire¢ ¢oziinmis oksijen diizeyleriyle yakindan iligkilidir.
Ayrica organik maddelerin ayrigmasi sirasinda oksijen mik-
tar1 azalirken stilfat miktar1 da artmaktadir (Goksu, 2014).

Bu calismada elde edilen bulgular Cevre, Sehircilik ve Tklim
Degisikligi Bakanligi (2025) tarafindan bildirilen SKKY’de
belirtilen kriterlere gore degerlendirildiginde, Karacaren
IT Baraj Goli'niin tim mevsimlerde su sicakligi, pH, bi-
yokimyasal oksijen ihtiyaci, kloriir iyonu ve siilfat anyonu
degerlerine gore 1. kalite sinifinda oldugu belirlenmistir.
Oksijen doygunlugu degerlerine gére yaz mevsiminde III.
ve diger mevsimlerde ise II. kalite sinifinda yer aldig: tespit
edilmigtir. Nitrat azotu degerlerine gore kig mevsiminde II.
kalite ve diger mevsimlerde ise I. kalite sinifinda oldugu be-
lirlenmistir. Diger veriler Tarim ve Orman Bakanligi (2023)
tarafindan bildirilen YSKY’de belirtilen kriterlere gore de-
gerlendirilmistir. Buna gore Karacadéren II Baraj Goélu
elektriksel iletkenlik degerleri bakimindan tim mevsim-
lerde I. kalite ve ¢6ztinmiis oksijen degerleri agisindan tim
mevsimlerde II. kalite sinifinda yer almistir. Karacaoren II
Baraj Goli suyunda olgtilen bazi fizikokimyasal parametre
degerlerinin EU, EPA, WHO ve TS 266’da belirtilen i¢me
suyu standartlarina gére kabul edilebilir degerler icerisinde
yer aldiklar1 belirlenmigtir (TSE, 2005; EPA, 2018; EU,
2020; WHO, 2022). WQI sonuglarina gore gol suyunun
mikemmel su sinifinda oldugu belirlenmistir. Genel de-
gerlendirme yapildiginda Karacadren II Baraj Goli'nin su
kalitesinin ¢ogu parametre agisindan iyi dizeyde oldugu ve
olgtlen degerlerin biytik bolimiinin yénetmelik ve stan-
dartlarla uyum gosterdigi gorulmektedir. Ozellikle sicaklik,
pH, biyokimyasal oksijen ihtiyaci, klorir ve siilfat degerleri
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acisindan golde belirgin bir kirlilik basks: tespit edilmemis-
tir. Ancak oksijen doygunlugu ve ¢6ztinmiis oksijen deger-
lerinde mevsimsel degisimlerin ortaya ¢ikmasi, 6zellikle yaz
déneminde su kalitesinin daha yakindan izlenmesi gerekti-
gine isaret etmektedir.

5. Sonug

Bu ¢aligmada Karacadren II Baraj Géli'niin mevsimsel su
kalite 6zellikleri fizikokimyasal parametreler, Pearson kore-
lasyon analizi ve WQI kullanilarak degerlendirilmistir. Bul-
gular, gol suyunun ¢ogu parametre agisindan yonetmelik ve
i¢me suyu standartlari ile uyumlu oldugunu ve genel olarak
iyi kalite 6zellikleri gosterdigini ortaya koymugstur. WQI so-
nuglarina goére gl tim mevsimlerde mitkemmel su kalitesi
sinifinda yer almigtir. Bununla birlikte ¢6ziinmis oksijen ve
oksijen doygunlugu degerlerinde gérilen mevsimsel degi-
simler 6zellikle yaz doneminde su kalitesinin dikkatle izlen-
mesi gerektigini gostermektedir.

Baraj golleri, iklim degisikligi, azalan su seviyeleri, tarimsal
faaliyetler ve cevresel baskilara karsi oldukca hassas ekosis-
temlerdir. Bu kapsamda Karacaéren II Baraj Goli'nin su
kalitesinin korunmasi, potansiyel kirletici kaynaklarin sinir-
landirilmas: ve ekolojik dengenin devamliliginin saglanmasi
6nem arz etmektedir. Uzun dénemli izleme programlarinin
olusturulmasi ve elde edilecek verilerin biitiincil bir yak-
lasgimla degerlendirilmesi, golin siirdirilebilir yonetimine
katk: saglayacaktir.

Tesekkiir: Bu galigma Siileyman Demirel Universitesi Bi-
limsel Aragtirma Projeleri Yonetim Birimi (Proje no: FYL-
2023-9097) tarafindan desteklenmistir. Sileyman Demirel
Universitesi Bilimsel Aragtirma Projeleri Yonetim Birimine
tesekkiir ederiz.

Yazar katkisi: Selda Tekin Ozan: Caligmay: planlamis ve ta-
sarlamus, arazi ve laboratuvar verilerini toplamis, analizlerini
gerceklestirmis ve makaleyi yazmustur.

Etik beyan: Bu ¢alisma insan veya hayvan deneyi igermedi-
ginden etik kurul izni gerekmemektedir.
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