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MUHENDISLIK CALISMALARINDA YAYGIN
KULLANILAN DENEYSEL TASARIM
YONTEMLERI

Zehra YILDIZ?

1. GIRIS

Deney tasarimi, proses, sistem ya da arastirma sorusu ile
ilgili maksimum bilgiye en az deney sayisi ile ulagsmak icin
gerekli deney planint elde etmemizi saglayan sistematik bir
istatistiksel yontemdir. Uygun deney tasarimlari ile daha kisa
surede daha az maliyet ve kaynak harcanarak deneyler
gerceklestirilebilir. Deney tasarimi, deney kosullart ile deney
sonucu arasindaki iliskiyi, deney sonucuna en fazla etki eden
deney kosullarin1 bulmak igin en etkili araglardan biri olup, fen
bilimleri, muhendislik, hizmet ve imalat gibi birgok farkli alanda
calisma Kkosullarmin optimizasyonu, parametre kestirimi ve
modelleme igin kullanilir (Hasgul, 2011; Oguz, 2022). Deney
tasariminda deney hatalart minimize edilecek sekilde deneyler
tasarlanir. Deneysel hata ise deneysel tasarimda onemli olan
degiskenlerin  etkisiz olanlardan ayrilmast ve  Onemli
degiskenlerin optimum degerlerinin belirlenmesi ile azaltilir. Bu
nedenle deneysel tasarimda istatiksel analiz 6nemlidir (Sisman ve
Demirtas, 2016). Deneysel tasarim, istatistiksel yontemlerin
kullanildig1 bir dizi yontem olarak bilinir.

L Prof. Dr., Tarsus Universitesi Milhendislik Fakiiltesi Mithendislik Temel Bilimleri,
zyildiz@tarsus.edu.tr, ORCID: 0000-0003-1304-4857
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2. DENEYSEL TASARIM YONTEMLERI

Deneysel tasarimda bir gereksinim veya ihtiyactan dogan
bir problem vardir ve o problem ¢oziilmeye ¢alisilir. Deneysel
tasaritm  yonteminin  asamalar1  Sekil 1’de  verilmistir.

Arastimia Géﬁi.‘yiiigel?.k 32;/? Cikis degiskenini
sorusunun 1K1§ _eg1$ en%l’lln
— araliklarinin — belirlenmesi

tanimlanmasi belirlenmesi
|
\4
Deney tasarim BN Deneyin —>| Istatiksel analiz

ybntemi secimi gerceklestirilmesi

\4

Sonug ve Oneriler

Sekil 1. Deneysel Tasarim Yonteminin Asamalari

Deney tasariminda ilk adimda problemin ¢6zimini
saglayacak kriterler, deney kosullar1 ortaya koyan giris
degiskenlerin, bu degiskenlerin seviyelerinin  ve ¢ikis
degiskenlerinin belirlenmesidir. Bu asama deney 6ncesi planlama
olarak bilinir ve asamalarin siralamasi 6nemli degildir. Daha
sonra uygun deney tasarim yontemi secilerek deneyler yapilir.
Deney sonuclarina gore yapilan istatistiksel analiz ile en uygun
sonug elde edilir. Deneysel tasarimda en iyi deney sonucu veren
cikis degiskeninin elde edildigi giris degiskenleri seviyelerinin
belirlenmesi ile son bulur. Deneysel c¢aligmalarda optimum
sonuca ulasabilmek icin uygun bir deney tasariminin yapilmasi,
parametreler ile seviyelerinin ve deney sonucunun dogru olarak
belirlenmesi ile gerceklesir. Gergeklestirilen deneylerin sonucuna
bagli olarak performans olgiitii dikkate alinarak en uygun
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optimum kosullar belirlenir (Erdil, 2020). Deney sonucunu
etkileyen 6nemli degiskenler bulunduktan sonra, genellikle, etkili
giris degiskenleri ile ¢ikis degiskenleri arasindaki iliskiyi ortaya
koyan bir matematiksel model elde edilebilir. Bu matematiksel
model, proses kontrol, otomatik kontrol veya geri bildirim
kontroll icin 6nemlidir (Sakalli, 2018). Deney tasarimi, Sureg
iyilestirilmesi, kalite kontroll ve sistem performansinin
arttirllmasinda etkilidir. Sekil 2’de kontrol edilebilen ve kontrol
edilemeyen giris degiskenleri ve ¢ikis degiskenlerini kapsayan bir
sistem siireci yer almaktadir. X1, X2 ve X3 kontrolii saglanabilen, z1,
z; ve 1zz ise kontroli saglanmasi mimkiin olamayan
degiskenlerdir. Kontrol edilemeyen degiskenler, sicaklik, nem,
riizgar, giiriilti, toz, titresim, maddenin fiziksel ya da kimyasal
Ozelliklerinde degisiklik olamasi1 gibi kontroll zor, kontrol
edilemeyen veya kontrol edilebilir olmasina ragmen maliyeti
fazla olan faktérlerdir. Kontrol edilebilen faktorler ise tiretim hizi,
sicaklik, derisim, basing gibi faktorleri ifade etmektedir.
Belirlenen deney kosullarinda kontrol disi-kontrol edilmeyen
faktorler de g6z Oniine alinarak deneyler gerceklesir ve bu
degiskenlerden etkilenmeyen tasarima, dayanikli ya da saglam
tasarim denir. Kontrol edilemeyen degiskenin etkisini en aza
indirgeyerek performans iyilestirilmeye calisilmaktadir. Basarili
deneysel tasarimda deney sonucu, kontrol edilemeyen
degiskenlerden etkilenmez. Gerek iirlin tasarimin gerek ise proses
tasariminda, iiriin ve proseste varyasyona Ssebep olan kontrol
edilemeyen faktorlerin etkisine karsilik kontrol edilebilen
faktorlerin degerleri en dogru sekilde belirlenmelidir (Gokge ve
Taggetiren, 2009; Karslioglu, 2013; Pimarbasi, 2019; Ervural,
2020; Erdil, 2020).
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Sekil 2. Siire¢c Tasarimi

Deney tasariminda rassallik, tekrarlama ve bloklama
olmak tizere (i¢ temel prensip vardir. Rassallik, deneylerin rasgele
bir bicimde birbirinden bagimsiz bigimde yapilmasini ifade eder
ve deney hatalarinin azaltilmasini saglar. Tekrarlama, bir deneyin
birden fazla sayida yapilmasi ile deneyin tekrar edilmesidir.
Deneyin tekrarlanmasi, deneysel hata oranini azaltir ve dogru
deney sonucunun elde edilmesini saglar. Bloklama ise her blokta
yer alan deneylerin kendi iginde degerlendirilerek siirece etki
eden baska faktorler varsa etkisinin azaltilmasi amaclanir ve
sadece ilgili degiskenin etkisi belirlenir. Boylece deney tasarimi
homojen, dogru ve tutarli bigimde olusturulmalidir (Ervural,
2020).

3. DENEYSEL TASARIM YONTEMLERININ
SINIFLANDIRILMASI

Deneysel  tasarimda  istatiksel — yontemler  (Aktif
Metodoloji) ve klasik yontemler (Pasif Metodoloji) olmak tzere
iki yontem kullanilir. Klasik yontemler, geleneksel deney
calismast olan her seferinde bir degisken yontemidir. Bu
yontemde her deney setinde yalnizca bir deney kosulunun
seviyesi belirli bir aralikta degistirilirken diger deney kosullar
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sabit alinarak deney sonucu lizerine degiskenin seviyesinin etkisi
belirlenir. Bir sonraki deneylerde en uygun deney sonucunu veren
degisken seviyesi sabit tutulur, diger degiskenlerin optimum
seviyesi aynmi yontem tekrarlanarak arastirillir. Bu deney
tasariminda, sadece bir degiskenin seviyesi degistirilip diger
degiskenlerin seviyesi sabit tutularak deney sonucu Uzerindeki
etkiler gozlemlenir ve en iyi yaniti veren degisken seviyesi
belirlenir. Belirlenen degisken seviyesi sonraki islemde sabit
tutulup, diger degisenin seviyesi degistirilir. Bu islem sirasiyla
biitiin degiskenler i¢in tekrarlanarak tasarim gerceklestirilir.
Klasik deneysel tasarimda kontrol edilemeyen faktorler dikkate
alinmaz. Ancak deneysel calismalarda kontrol edilemeyen,
bagimli veya fazla sayida giris degiskeni olabilir. Bu durum
deneysel tasarimda bazi sorunlara sebep olabilir. Bdyle bir
durumda, deneysel modeller ve istatistiksel analiz 6nemlidir.
Giris degiskenleri ile ¢ikis degiskenleri arasindaki iliski hakkinda
yeterli bilgi bulunmamasi veya giris degiskenlerini ¢ikis
degiskenlerine baglayacak uygun bir model olusturulamadigi ya
da kompleks bir model ortaya konmasi durumunda deneysel
tasarima dayali istatistiksel yontemlere bagvurulur. Bu yontemler,
deneylerin verimliligi ve giivenilirligini arttirrken deney
sonuglarinin daha dogru bir sekilde analiz edilmesine imkan verir
(Gokge ve Tasgetiren, 2009; Yildiz, 2011; Uray vd., 2023).
Faktoriyel tasarimlar, Nelder-Mead Simplex yontemi, yanit
ylizey yontemi ve Taguchi metodu istatistik tabanli deney tasarim
yontemleridir. Bu yontemler igerisinde miihendislikte en yaygin
kullanilanlar1 tablo 1 de verildigi gibi Taguchi, Yanit Yiizey
Yontemi ve Faktoriyel Tasarimdir (Oguz, 2022). Taguchi
metodu, daha ¢ok makine, malzeme, imalat miihendisligi
alanlarinda ¢okga kullanilirken faktdriyel tasarim ve yanit yilizey
yontemi kimya, c¢evre, gida mihendisligi alanlarindaki
calismalarda daha fazla tercih edilir. Bu tasarimlar Minitab ya da
“Design Expert” uygulamalari iizerinden yapilir.
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Tablo 1. Mihendislik Deneysel Tasarim Yontemleri

Tasarim Calisma 3 Faktor icin
Turd Avantajlar Uzay1 Deneme
Faktoriyel Etkilesimleri dikkate alinir Kip 8

Yanit Sonuglari en iyi agiklayan tasarim

Yiizey denehilir Kiip 20

Faktorlerin etkilesimlerini goz ard1
edilerek gurulti faktérunl dikkate
Taguchi alinir Ucgen 4

3.1. Faktoriyel Deney Tasarimi

Deney tasarimi, deney sonucu Uzerinde deney kosullari
olan faktdrlerin ve faktor seviyelerinin etkilerini belirlemek icin
kullanuir. Faktoriyel deney tasarimi, birden fazla faktor ve birden
fazla seviyenin deney sonucu (zerine etkisinin dikkate alindig
deney tasarmm tiliriidiir. Faktoriyel deney tasarimlari, tiim
faktorlerin deney sonucu Uzerine etkisi ve faktorlerin birbirleriyle
olan etkilesimlerin en kolay ortaya kondugu deney tasarim
yontemidir. Faktoriyel tasarim, her bir faktoriin her bir seviyesini
iceren tim kombinasyonlarini kapsar. Ik kez Fisher ve Yates
Faktoriyel tasarimi Onermis olup, her seferinde bir faktorin
etkisinin belirlendigi klasik yontemden deney sayisi daha az
oldugundan deney maliyeti daha digiiktiir. Faktoriyel tasarimda,
iki ya da daha fazla faktoriin ana etkilerini ve etkilesimleri ayn
anda belirlenir. Faktoriyel tasarimlar, Ozellikle muhendislik
alanlarinda uygulanmaktadir  (Karslioglu, 2013). Faktoriyel
deney tasariminda toplam deney sayisi I ile belirlenir. Burada k
degeri faktor sayisini ve | degeri her faktoriin seviyesini gosterir.
2 seviyeli, 3 faktorll tasarimda toplam 23=8 adet deney yapilmasi
gerekir. Faktoriyel deney tasarimlarinda tum kombinasyonlar
denendigi i¢in faktor ve seviye ile deney sayisi arttigindan zaman
alan ve maliyetli bir tasarim yontemidir.

Faktor seviyelerini belirlenmek igin birkag yaklasim
vardir. Birinci yaklasima gore, faktor seviyeleri deneysel siirec ile
ilgili sahip olunan bilgi ve tecriibeye dayali olup, deney sonucuna
etkisi dikkate alinarak secilir. Endistriyel uygulamalarda
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kullanilan bir tasarimda, segilen diizeylerden kaynaklanan sabit
etkiler s6z konusu olup, elde edilecek sonuglar secilen diizeyler
icin gecerlidir. ikinci yaklasimda, faktorler icin gecerli olan
seviyeler, seviyelerin olusturdugu 6rnek uzaydan rassal olarak
secilerek deneyler yapilir. Rassal etkilerin s6z konusu oldugu bu
tasarimda rassal olarak segilen seviyeler temelinde elde edilen
sonuglar diger seviyeler icin de genellestirilir. Ugiincii bir diger
yaklagimda ise sabit ve rassal etkilerin birlikte goz 6niine alindig1
diger iki yaklagimi birlikte ele alir.

Faktorlerin etkilerinin degerlendirilmesi ve
yorumlanmasinda en etkili olan deney tasarimi Tam Faktoriyel
Deney Tasarimi (TFDT) dir. Bu tiir tasarimlarda her faktoriin her
seviyesinden esit sayida elde edilen deney sonuglari birbirleri ile
karsilagtirilir. Tam faktoriyel deney tasariminda en az iki faktor
ve faktor seviyesinin oldugu deneylerde tim faktor ve seviyeleri
carpilarak elde edilen kosullar denenerek en uygun deney
parametre seti arastirilir ve optimum deney kosullar1 belirlenir.
Tam faktoriyel deney tasarimi, varyans analizi ve regresyon
analizleriyle birlikte g6z oniine alinarak degerlendirilir. Boylece
hangi faktorin deney sonucu Uzerinde daha ¢ok etkisi oldugu ya
da etkilemedigi belirlenir (Ervural, 2020).

Tablo 2’ de 3 faktor ve iki seviyeli tam faktoriyel deney
tasarim tablosu verilmistir. P;, P2 ve Ps3 ile g0sterilen
parametrelerin, 1-2 parametrelere ait seviyelerin kod degeridir. Sy
deney sonucunu gostermektedir (Gokge ve Tasgetiren, 2009).

Tablo 2. Tam Faktoriyel Deney Tasarim Tablosu

Deney Parametre ve seviyeleri

Sayist P, P B Sonug
1 1 1 1 S

2 1 1 2 Sz

3 1 2 2 Ss

4 1 2 | Sa

5 2 1 1 Ss

) 2 1 2 Se

7 2 2 1 S,

8 2 2 2 Sy
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TFDT de deney sayis1 faktér ve seviyelerin artmasiyla
blylk bir artig gostermektedir. Bu sebeple tam faktoriyel
deneyler, deney sonucuna etki eden faktor sayist < 5 oldugu
durumlarda daha avantajlidir. Deney sonucuna etki eden faktor
sayis1 5 in (izerinde ise ana faktorler ile bazi faktorleri arasindaki
etkilesimlerin dikkate alindig1 kesirli faktoriyel tasarimlar
kullanilmaktadir (Sisman ve Demirtas, 2016). Kesirli faktoriyel
deney tasariminda, deney sonucuna katkisi olmayan ya da ¢ok az
olan faktoriin deneye Kkatilarak deney sayisinin artmasina neden
olacak etkilesimlere izin verilmez. Faktorler arasindaki
etkilesimlerin sayis1 azaltildiginda deney sayisi diiser. Kesirli
faktoriyel deney tasarimda, deney sayisi daha az oldugundan tam
faktoriyel tasarrma gOre zaman ve maliyet agisindan daha
avantajlidir. Bu yUzden Kesirli faktoriyel deney tasariminin
isletmelerde ve mihendislikte genis bir uygulama alani1 vardir
(Karslioglu, 2013; Kasap, 2016; Hasgul, 2011).

3.2. Yiizey Yanit Yontemi

Yanit yiizey yontemi kimya alaninda ilk uygulanmis olup,
daha sonra ilag sanayi, tip, gida sektdrii, bilgisayar ve otomotiv
sektori gibi alanlara uygulanmistir. Yanit yiizey yonteminde,
bagimli degisken olan yanit olarak ifade edilen deney sonucu ile
bagimsiz degisken olan deney kosullarinin arasindaki iliskinin
modellenmesinde matematiksel ve istatistiksel yontemler birlikte
kullanilarak optimimum sonug elde edilmeye c¢aligilir. Yanit
yizey yontemi (YYY), optimizasyon igin sik¢a basvurulan
deneysel tasarim yontemlerindendir. YYY de 6ncelikle yanitlar
ve yanit Uzerinde etkili olabilecek degiskenler belirlenir. Birgok
proseste degisken sayisi fazladir. Bu durumda O6n denemeler
yapilarak, degiskenler arasindan istatistiksel olarak en Onemli
olanlari segilerek degisken sayis1 dolayisiyla deney sayisi azaldigi
icin zaman ve maliyet yoninden énemli bir avantaj elde edilmis
olur. Daha sonra bagimsiz degiskenlerin deneme bdlgesinde
belirlenen seviyelerin, yanitta olusturduklari degere bakilarak
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optimum noktaya yaklasip yaklasmadigi belirlenir. YY'Y’nin son
asamasl optimum noktaya yaklasildiginda baslar, U¢ boyutlu
yiizey grafikleri ya da kontur haritas: elde edilir ve ANOVA gibi
analizlerle optimum noktalar belirlenir. Gergek yanit
fonksiyonunun dogru ve hassas bir sekilde tahminine calisilir.
ANOVA, YYY giris parametreleri bagimli degiskenlerle olan
iliskilerinin belirlenmesinde ve yorumunda kullanilabilir (Neseli
vd., 2012). Gergek yanit fonksiyonu i¢in en uygun bir model
belirlendikten sonra optimum nokta arastirilir (Ugur, 2019; Yildiz
ve Gokayaz, 2020). Kurulan matematiksel model ile deney
sonuclar1 ortiismesi gerekir. Bunun i¢in yanit degiskenleri ile
girdi degiskenleri arasindaki iligkiyi tanimlayacak uygun bir
matematiksel denklem belirlenmelidir. Yanit ve degiskenler
arasindaki baginti i¢in uygun bir yaklasim bulunmalidir. Sistemin
yanit yiizeyinde, bagimsiz degiskenin dogrusal bir fonksiyonu
olarak iyi bir sonu¢ veriyorsa, Esitlik 1 de wverilen birinci
dereceden lineer bir model uygundur (Ugur, 2019).

y=Lo+tL1X1+fXot+--+fiXkte (1)

Eger sistemin yanit yiizeyinde bagimsiz degisken
dogrusal degilse, bir egrilik var ise Esitlik 2 ile verilen ikinci
dereceden bir model uygundur.

y=BotY. BiXj k=1 +% BiXik=1+ X Y Bij k ji—1iXXj+e  (2)

Esitlik 2 de; y ¢ikis degiskenini, Bo, f1, ....Bk bilinmeyen
regresyon parametrelerini, X, X; giris degiskenlerini ((i=1, 2, ...,
k) ve (j=1, 2, ..., k)) ve € hata terimini gostermektedir (Ugur,
2019). Secilen modelin deney sonuglari ile uygunlugu R2
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katsayisi ile ifade edilir. R? degerinin yiiksek olmasi, elde edilen
ve hesaplanan sonuglar arasinda uyumun da yiksek oldugunu
gosterir. Uyumlu bir modelin R? degeri 0,80 altina diismemelidir.
Modelin istatistiksel analizi, varyans analizi (ANOVA) tablosu
ile verilir. Modelin istatistiksel anlamliligi ve yeterliligini F
degeri, olasilik degeri (Prob>F) ve uygun kesinlik (Adequate
Precision) terimleri gosterir. Sapmaya karsi verilen cevabin
oranin1 gosteren uygun kesinlik degeri < 4 olmalidir. Uyum
eksikliginin (The lack of fit) olasilik degeri <0,0500 ya da
<0,0010 olmasi uyum eksikliginin anlamli oldugunu belirtir.
Modelin uygunlugu, studentlestirilmis artiklarin normal bir
dagilim izleyip izlemedigini gosteren normal olasilik grafigi ile
gercek ve tahmin edilen degerlerin diagnostik grafiklerin
karsilagtirilmasiyla anlasilabilir. Eger artiklar normal bir dagilim
izliyorlarsa noktalar diiz bir ¢izgi olusturur. Bu durumda modelin
uygun oldugunu gosterir (Bilen vd. 2018).

YYY en yaygin kullanilan tasarim yodntemleri, tam
faktoriyel tasarim, kismi faktoriyel tasarim, merkez kompozit
tasarimi  (MKT) ve Box-Behnken yontemleridir. MKT
yonteminde eksenel nokta (o) ve merkez nokta olmak (zere iki
faktoriyel nokta mevcuttur. Her bir faktor icin merkez noktadan
uzak faktoriyel noktalar igin kod degerleri +1 birim, eksen
noktalar1 ise + o birimdir. Yéntemin iki faktoriyel noktasi, bir
faktorin + (en yiksek) veya — (en diisiik) diizeyleridir. Eksenel
noktalar, deney sistemine gore belirlenen iki diizey noktasinin +a
ve -o degerleri kadar otesindedir. Kod degeri tiiriinden -1, X
degiskeninin minimum degeri, 0, X degiskeninin ortalama degeri,
+1, X degiskeninin maksimum degeridir. -0, X degiskeninin
minimum degerinin o kadar altindaki ve +a, X degiskeninin
maksimum degerinin o kadar tizerindeki kod degerleridir. o
eksenel noktalarmin degeri, 2 faktoriyel noktalarinin sayist

olmak iizere @ = V2F esitligi ile hesaplanir (Y1ldiz ve Gokayaz,
2020). MKT tasarimina gore, k bagimsiz degiskenleri ve no sayisi
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merkez noktasindaki deneylerin tekrar sayisin1 géstermek iizere
toplam deney sayisi, 2k+2k+no’dir (Bilen vd., 2018). Tablo 3 de
3 faktor icin merkez kompozit tasarimi verilmistir.

Tablo 3. Deney Veri Seti

Parametreler Yanitlar
Deney
Savist X X X hi
1 -1.0 -1.0 -1.00 Y
2 1.00 -1.00 -1.00 Y,
3 -1.00 1.00 -1.00 E]
4 1.00 1.00 -1.00 Wy
5 -1.00 -1.00 1.00 Y
4] 1.00 -1.00 1.00 e
7 -1.00 1.00 1.00 Y-
8 1.00 1.00 1.00 Ys
9 L 0.00 0.00 Yy
10 v 0.00 0.00 Y
11 0.00 -0 0.00 Y11
12 0.00 o 0.00 Y2
13 0.00 0.00 - Y1z
14 0.00 0.00 i} Y4
15 0.00 0.00 0.00 Y5
14 0.00 0.00 0.00 Y5
17 0.00 0.00 0.00 Y7
13 0.00 0.00 0.00 Y1z
19 0.00 0.00 0.00 Y1
20 0.00 0.00 0.00 Yoy

YYY’de Box-Behnken tasarimlart da yaygin kullanilan
deneysel tasarimlardandir. Box-Behnken tasariminin, merkezi
bilesik tasarimlara gbre deney sayisinin daha az oldugu bir
deneysel tasarim yontemidir (Ozcan ve Samanli, 2017; Serin vd.,
2019). Box-Behnken tasarimlari, ikinci derece modellerin
tahmininde, sirali modellerin olusturulmasinda, giivenirlik
analizinde, bloklarin etkin bir sekilde kullanilmasina olanak
tantyan bir yanit ylizey yontemidir. Box-Behnken, ikinci derece
model parametrelerinin tahmininde kullamlan ii¢ seviyeli 3
faktoriyel tasarimlara bir alternatif olup, 2K faktoriyel ve
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tamamlanmamis blok tasarimlarinin kombinasyonundan elde
edilen bir tiir rotasyonel tasarim yapmaktadir (Ugur, 2019). Box-
Behnken tasarimlari, kiiresel bir tasarim olmasindan dolay1 her
faktorun minimum, orta ve maksimum degerde oldugu 3 diizeyi
inceler (Ozden, 2020). Box-Behnken tasariminin en onemli
avantaji, deneyin sayisinin diger deneysel tasarimlara gére daha
az olmasi, faktor ve seviye limitlerinin  kolayca
ayarlanabilmesidir (Deveci vd., 2019).

3.3. Taguchi Metodu

Sanayi, gida, tarim, malzeme, tretim ve imalat gibi birgok
alanda parametre tasarimi, sistem tasarimi ve tolerans tasariminda
kullanilan Taguchi Metodu, Japon bilim insan1 Prof. Dr. Genichi
Taguchi tarafindan gelistirilmistir. Deneme yanilma ydntemine
bagli klasik deney tasarimi yerine maliyet, zaman ve enerjiden
tasarruf edilen kaliteyi arttirmay1 hedefleyen alternatif bir
deneysel tasarim yontemdir. Taguchi yontemi, farkli parametre
ve seviye dizinleri arasindan optimum kombinasyonun
belirlemek icin kullanilan ©6nemli bir yontemdir. Taguchi
yonteminde, Latin kareler serisine dayali olan ortogonal diziler
ile deney sayis1 azaltilabilmektedir. Bu yontemde parametre ve
parametre seviyesine gore uygun ortogonal dizi secildikten sonra
deney tasarim tablolari elde edilir. Taguchi tarafindan parametre
(P) ve seviyelere (S) gore onerilen ¢esitli ortogonal diziler Tablo
4 de verilmistir. Tablo 4 disinda kalan parametre ve seviyeler igin
deney sartlar1 daha kompleks oldugu icin parametre ya da
seviyeler distiriilerek uygun dizi haline doiustirilir (Gokge ve
Taggetiren, 2009; Pinarbasi, 2019; Uray, 2023). Her bir
parametrenin, her bir seviyesini igeren tum kombinasyonlar
Taguchi Yontemi kullanilarak Tablo 4 de goriildigii gibi Taguchi
yonteminde diger deneysel tasarim yontemlerinden daha az
sayida deney ile sonuca ulasilir (Gokge ve Tasgetiren, 2009).
Tablo 1 de gosterildigi gibi ii¢ faktor icin Taguchi yontemi (L4)
ortagonal dizine gore 4 deney ve ti¢ tekrarli oldugu zaman 12
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deney yapilirken, YYM de MKT i¢in 20 ve Box-Behken tasarimi
icin 17 deney yapilmas1 gerekir. Tam faktoriyel tasarim igin
tekrarsiz toplam sekiz ve tig tekrarli 24 deney yapilmasi gerekir.

Tablo 4. Taguchi Ortagonal Dizi Se¢im Tablosu

Seviye Sayisi
2 3 4 5
P25 | [ P=25=3 P=25=4 P=2.5=5
P=3.5=2 P=35=3 | Lo | P=3.5=4 =355
P=4.5—2 P=4.5=3 P=as—= |10 p=4s=5 | 125
P=5.5=2 P=55=3 =5 5=4 P=5.5=5
P=65— | =° [P=6.5-3 L1g | P05 P=6.5=5
P=7.5=2 P=7.5=3 P=7.5=4 P=7.8=5
P=8.5=2 P=85=3 P=8.5=4 |1'32 |P=8.5=5
P=9.5=2 P=9_5=3 P=05=4 P=9S=5 |
p=105=2 | L1 [p=105=3 P=10.5-4 P=105=5 | =7
P=115=2 P=115=3 | 1.27 P=11.8=5
P=125=2 P=12.5=3 P=12.8=5
7 [ P=13.5=2 P=13 5=3
& [P=1a5=2 | V1O [P=1a5=3
2 [p=155=2 P=155=3
g | P=16.5=2 P=16.5=3
S [P=175=2 P=17.5=3
A p=18.5=2 P=185=3 | .
P=198=2 P=198=3 |
P=205=2 P=205=3
p=215=2| _ [P=215=3
P=225=2 | 1°¢ [ p=22.5=3
P=235-=2 P=23,5=3
P=245=2
=25 5=2
P=265=2
—27.5=2
P=28 5-2
P=295=2
P=305=2
P=315=2

Taguchi metodu, faktér ve seviyelerin tekrarlanmadigi,
farkli faktér ve seviyeleri dikkate alindigi tasarim matrisleri
kullanarak deney sayisinin azaltildig1 ve deney sonuglarinin daha
kolay yorumlanabildigi bir yontemdir. Ayrica Taguchi metodu,
faktorler arasindaki etkilesimi grafiklerle gosteren ve optimum
parametreleri hedef deger ile tahmin eden giiclii ve giivenilir bir
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deneysel tasarim yontemidir (Uray, 2023). Aym1 zamanda
Taguchi metodu bir optimizasyon yontemi olup, optimum
degerler istatistiksel olarak belirlenmektedir. Taguchi yontemi
bircok parametre ve parametre seviyesinin bulundugu
tasarimlarinda parametrelerin hedef deger iizerine etkisinin ve
parametrelerin etkilesiminin daha az deney ile belirlendigi bir
tasarim yontemidir. Taguchi yonteminde deney sonuglarindan
elde edilen Sinyal/Giirtiltic (S/N) oranlar1 kullanilmaktadir.
Burada S sinyal faktori olup, sistemin kalite degerini ifade eder.
N degeri ise gurultlyt ifade etmektedir. N degeri, sistemin
sonucunu olumsuz etkileyen ve deney tasarimina katilmayan
faktorlerdir. Deneylerde istenilen hedef durum igin S/N degerleri;
en kigik-en iyi, hedef deger en iyi veya en biiyiik-en iyi
durumuna gore belirlenir. Esitlik 3, 4 ve 5°de n, deney tekrari
sayisini, Yij, 1. deneyin performans degerini, Yort ve ¢ ise sirasiyla
deney sonuglariin aritmetik ortalamasi ve standart sapmasini
gosterir (Uray, 2023).

1

S/y = —10logy (X1, ¥?) 3)
1 Yor

S/N = —10logs, (;Z?:l U_zt) (4)
1 1

S/N = —10logso (;Z?ﬂ ﬁ) ()

Taguchi yonteminde parametre etkilerini daha net
belirlemek ve deney hatasini azaltmak i¢in miimkiin oldugunca
deney tekrarlanmalidir. Genellikle deney sonuglart 3 tekrarli
olarak yapilmaktadir. Deney sonucu, 3 deney tekrarinin
ortalamasi alinarak belirlenir (Pinarbasi, 2019). L4 Ortoganal
dizine gore ti¢ faktorli, iki seviyeli ve ii¢ tekrarli deneye ait
tasarim Tablo 5 de verilmistir.
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Tablo 5. L4 Ortoganal Dizi ve Parametre Yerlesimi

Deney Sayisi Parametreler Sonuglar (3 Tekrar)
Xo | X2 [ X3 | Yi | Y2 | Ys | Yo | SIN

Taguchi yonteminde optimizasyon sonucunda onerilen
optimum parametre seviyelerinde dogrulama deneyleri yapilarak
yontemin giivenirligi test edilir. Taguchi yonteminde optimum
seviyedeki ¢oklu S/N oraninin tahmin edilen degeri (no) esitlik 6
ile hesaplanir. Burada j faktor sayisi, mm tim deneysel
caligmalarda ¢oklu S/N oranlarinin ortalama degeri ve i optimum
faktor seviyelerindeki ¢coklu S/N oranlaridir (Y1ildiz, 2019).

N= N+ 2@ = 1) (6)

Esitlik 7 ile hesaplanan S/N oranmin optimum parametre
seviyeleri elde edilir. Burada no optimum S/N oranidir (Yildiz,
2019). Optimum kosullarda dogrulama deney yapilarak yontem
test edilir.

Mo =Mm+ @MX1 =) + WXz —Nm) + Xz — 1) (7)

Dogrulama deneylerinin sonuglar1 beklenen guven
araliginin iginde ise bulunan faktor-seviye kombinasyonu
optimum kosullart saglamistir ve deney tasarimi basarilidir. Fakat
dogrulama deneyi sonuglari giiven araliginda yer almiyorsa deney
tasarimi basarisizdir. Bu durumda proses tekrar gbzden
gecirilerek hatalar bulunup giderilirse deney tasarimi tekrar
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edildiginde optimum faktor-seviye kombinasyonu belirlenebilir
(Pinarbasi, 2019).
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GAZ PEDALI TEPKIMESINi DEGISTIREN
CiHAZ PROTOTIPi TASARIMI®

Sururi YUKSEL?
Zafer ORTATEPE?

1. GIRIS

Bu ¢alisma, i¢ten yanmali benzinli bir motora sahip aracin
gaz pedali tepkimesini degistirerek farkli oranlarda ivmelenme
karakteristigi elde etmektedir. Otomobillerde elektronik
bilesenlerin kullanilmaya baslanmasina kadar bir¢ok alanda
mekanik sistemler kullanilmaktaydi. Mekanik bir sisteme 6rnek
olarak, gaz pedali ile gaz kelebeginin birbirine gaz teli ile baglanti
kurulmasi verilebilir. Bu sistem, genellikle karbiiratorlii
motorlarda yakit enjeksiyonu yapilmasi amaciyla, karbiiratorde
bulunan gaz kelebeginin gaz pedaliyla dogrudan mekanik bir
baglantiyla kontrol edilmesi esasina dayanir. Kullaniglilik ve
basitliginin yani sira; gaz teli aginmasi, kopmasi, gevsemesi, ani
ivmelenmelerde uygun hava-yakit karisiminin yapilamamasi,
karbiiratorden yanma odasina kadar sis formundaki yakit
hiizmesinin emme manifoltu kivrimlarinda yakit damlaciklarina
doniismesi ve bu damlaciklarin adezyon kuvvetiyle ylizeylere
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yapigsmasi, hava-yakit karigiminin  stokiyometrik oranda
olugmamas1 gibi 6nemli dezavantajlara sahiptir [1].

Gliniimliz icten yanmali otomobillerinde, elektronik
kartlarin kullanilmaya baslanmasiyla birlikte sistem dinamigi ve
hata oranlari iyilestirilmistir. Otomobil karakteristigi kontroliiniin
bir denetleyici ile yapilmasi; motor dinamigi parametreleri (motor
devri, krank mili ve kam mili konumu) ile motor termodinamigi
parametrelerinin (sicaklik, hava-yakit karisimi ve yanma) siirekli
takibi sayesinde, otomobil motorunun giivenli araliklarda
calismasi saglanmakta ve ayni zamanda giivenlik ve konfor
sistemlerinin de kontrolii gerceklestirilerek siiriis kabiliyeti
Oonemli Olgiide artirilmaktadir [2].

Mekanik bir sistem olan gaz teli yerine, elektronik
bilesenli gaz pedali ve bu pedaldan gelen sinyallerin
degerlendirildigi elektronik kontrol (nitesi (ECU- electronics
control unit) kullanilmaktadir. Otomobillerde elektronik
bilesenler arasinda haberlesme, genellikle CANBUS veri yolu
tizerinden saglanir [3]. ECU, degerlendirdigi veriyi gaz
kelebegine gonderir ve gaz kelebegi uygun aciklifa gelerek
emme manifoltuna hava girisi saglanir. Benzinli araglarda motor,
stokiyometrik hava-yakit karisimi oraninda ¢alismaktadir [4]. Bu
oran 14,7:1’dir. Bir aracin ivmelenmesi ve motorunun
devirlenmesi, motor yiikiine baglidir. Motor yiikii iki sensor
aracilig ile dlciilebilir: emme manifoltu basinci sensorii ve APPS
(Accelerator Pedal Position Sensor) yani gaz pedali konum
sensoru.

Bu ¢aligmada, gaz pedali konum sensoriinden gelen sinyal
degistirilerek farkl siirlis modlar1 elde edilmistir. Otomobillerde
hava-yakit oran1 AFR (Air Fuel Ratio) sistemi ile kontrol edilir
[5]. Motora gelen hava miktarina karsilik olarak, enjektorlerden
yakit piiskiirtiiliir; homojen bir hava-yakit karisimi (benzinli
araclar i¢in 6n karisimli) olusturulup yanma odasina alinir ve
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yanma olayr gergeklesir. Otomobillerin elektronik kontrol
tinitelerinde, motor devri, motor yiikii ve motor basincina ait
hava-yakit oranlarinin topografik haritalar1 ve tablolar1 mevcuttur
[6]. Cesitli sensorlerden gelen veriler, ECU tarafindan bu
tablolarda degerlendirilir ve motora gelen havaya karsilik gerekli
yakit miktar1 piiskiirtiilerek hava-yakit dolgusu olusturulur.

Bu ¢aligmada, gaz pedali tepkimesini degistiren cihaz
prototipi projesinde OEM parca olan elektronik gaz pedali
(78110-02211) kullanilmistir. Bu gaz pedalinda iki adet
potansiyometre bulunur ve otomobil ECU’suna iki ayr1 sinyal
iletilir. Her bir potansiyometrenin kendine ait giic kaynagi
mevcuttur. iki adet potansiyometre bulunmasinin temel amaci,
otomobillerde dogru kontrol ve yiiksek giivenilirlik saglamaktir
[7]. Gaz pedalinda bulunan potansiyometreler analog sinyaller
uretir ve bu sinyaller, elektronik kontrol tnitesine gitmeden 6nce
bir elektronik kart olan Arduino’ya gonderilir. Arduino’ya gelen
analog sinyal, analog dijital doniistiiriicti (ADC - Analog Digital
Converter) ile dijital sinyale doniistiiriiliir.

Calisma kapsaminda, icten yanmali dort zamanli bir
motorun emme, sikistirma, atesleme ve egzoz zamanlarinin
gerceklesme  siiresi  ile  mekanik  pargalarin  hareket
karakteristigine uygun olarak alt1 adet hizli ivmelenme, alt1 adet
yavas ivmelenme ve bir adet normal mod olmak iizere toplamda
13 adet siirlis modu olusturulmus ve bu modlarin grafiksel
gosterimleri Geogebra programi ile elde edilmistir. Arduino’da
olusturulan dijital sinyal, belirlenen grafiklere uygun olarak darbe
genislik modiilasyonu (PWM - Pulse Width Modulation)
yontemi ile ¢ikis sinyaline doniistiirilmiistir. PWM kullanima,
aracta emisyonlara olan etkiyi ve enerji kullaninmini minimize
etmek; ayn1 zamanda performans ve konforu iyilestirmek
amactyla tercih edilmistir. Bu yaklasim, sistem verimliligini
artirmaktadir [8].

22



Akademik Perspektiften Miihendislik

Bu proje araciligiyla, diisiik siirlis modlarinda igten
yanmali motorun yiiksek devirlere ¢ikig siiresi artirilmis; bu da
aracin ilk hareketinde yanma odasina alinan yakit miktarinda
azalmaya neden olmustur. Yakit tiiketimindeki diisiisle birlikte
egzoz emisyonlarinda da azalma saglanacagi ongdriilmektedir.
Bunun yaninda, disiik siiriis modlarinda pedal tepkime
duyarliligit  azaltilarak aracin  ivmelenme  karakteristigi
yumusatilmis ve daha konforlu bir siirlis saglanmistir. Yiiksek
stirlis modlart ile gaz pedali tepkime duyarliligr artirilmis, pedal
desteklenmis ve otomobil dinamik bir siiriise hazir hale
getirilmigtir.  Elektronik gaz pedali kullanan ve pedal
tepkimesinde gecikme yasayan otomobillerde, bu cihaz prototipi
tepkime gecikmesini ortadan kaldirarak gaz pedalinda ve motorda
olusan duyarsizliga 6nemli bir ¢6ziim sunmaktadir.

2. SURUS GRAFIKLERININ OLUSTURULMASI
VE MATEMATIKSEL ANALIiZi

Normal bir i¢ten yanmali benzinli motorda, gaz kelebegi,
gaz pedali konum sensoriine orantili olarak degisim gostermekte
ve bu sekilde calismaktadir. Ornegin, gaz pedalina %40 oraninda
basilmasi durumunda, gaz kelebegi de %40 oraninda acilacaktir.
Gaz pedali konum sensoriindeki artig, lineer bir fonksiyonel iliski
sergilemektedir. Bu ¢alisma kapsaminda uygulanacak modlarin
incelenmesi, iki ana kisimda ele alinmuistir:

2.1. Siiriis Modlarinin Elde Edilmesi

Yiksek ivmelenme siiriis modlari, igten yanmali motorun
hava-yakit karisimimin yanma odasina alinarak yanma olayinin
gerceklesmesi ve egzoz gazlariin atilmasi silirecine, yani
motorun dort zamanli ¢evrimine uygun sekilde tasarlanmistir.
Gaz tepkisinin asir1 artigi, ani ivmelenmelere yol acarak motor
performansin1 olumsuz yonde etkileyebilir. Ayrica, yanma
olaymin tam olarak gerceklesmemesi durumunda egzoz
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gazlarinda yiiksek emisyon seviyeleri gdzlemlenmektedir. Bu
sebeple, grafikler, icten yanmali motor i¢in optimum fayday1
saglayacak sekilde hazirlanmistir.

Y Uiksek ivmelenme siiriis modlari i¢in sehir modu (F1,
F2, F3 grafiklerine karsilik gelen) ii¢ adet ve agresif mod i¢in (F4,
F5, F6 grafiklerine karsilik gelen) ii¢ adet olmak iizere toplamda
alt1 adet grafik olusturulmustur. Bu siiriis modlari, aracin mevcut
lineer fonksiyonlu artisina kiyasla parcali fonksiyon ozelligi
gostermektedir. Tepkime duyarlilifini artirmak amaciyla
tasarlanan grafiklerin egimi, normal mod grafigi (N grafigi) ile
karsilastirildiginda daha yiiksek olacak sekilde diizenlenmistir.
F6 grafigi haric, diger grafiklerde gaz pedali konumu %0-50
aralifinda gaz kelebegi agilma dogrusu daha yiiksek egime
sahipken, %50-100 araliginda gaz kelebegi agilma dogrusu daha
diisiik egime sahiptir. Yiiksek ivmelenme siiriis modlarina ait
olusturulan grafik Sekil 1’de verilmektedir.

Sekil 1. Yiksek ivmelenme siiriis modlari

Gaz Kelebegi agiklik orant

= =
N B D [ee] o N
(e} o o o o o

o

0 20 40 60 80 100 120

Gaz Pedal1 Basilma oram1

—N F1 F2 F3 F4 F5 F6
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Fonksiyonun ikinci parcasinin egiminin daha diistik
olmasinin nedeni, gaz kelebegi acilma oraninin maksimum %100
ile siirli olmasidir. Ayrica, F6 grafiginde %0-40 gaz pedalina
basilma oraninda gaz kelebegi acikligi en fazla e§ime sahip
grafiktir.

Elde edilen c¢ikis sinyallerinin matematiksel degeri
alinarak trigonometrik degerleri ile grafiklerin egimleri Tablo
1’de verilmistir.

Tablo 1. Yiiksek siiriis modu grafikleri egim agilari

Giris Sinyali Egimi

0-50 Bas1 Orani 50-100 Basi Orani

N Modu tan45° tan 45°
Cikis Sinyal Egimleri

0-50 Bas1 Orani 50-100 Basi Orani
F1 Modu tan 59.5° tanl6.7°
F2 Modu tan 58° tan 21.8°
F3 Modu tan 56.3° tan 26.6°
F4 Modu tan 54.5° tan 31°
F5 Modu tan 52.4° tan 35°
F6 Modu tan 63.4° tan 18.4°

Diisiik ivmelenme siiris modlar1 igin  belirlenen
grafiklerden (g tanesi konfor modu (L1, L2, L3 grafiklerine
karsilik gelen), tli¢ tanesi ise ekonomi modu (L4, L5, L6
grafiklerine karsilik gelen) olmak iizere alti farkli grafikten
olusmaktadir. Konfor ve ekonomi modlarinin baslica 6zellikleri,
tagitin yakit tiiketimine olumlu yonde katki saglamalar1 ve egzoz
emisyonlar1 iizerinde iyilestirici etkiler yaratmalaridir. Diisiik
ivmelenme siirlis modlarina ait olusturulmus grafik Sekil 2’de
verilmektedir.

Diisiik ivmelenme siiriis modu grafiklerinin egimi, normal
stiriis modu grafigi (N grafigi) ile karsilastirildiginda daha diisiik
bir egime sahiptir. Diisiik ivmelenme siirlis modu grafikleri
incelendiginde gaz pedalindan gelen sinyal Arduino’da
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degerlendirilip  istenilen mod grafiklerinin = fonksiyonu
olusturulup bu fonksiyonlardan ¢ikis sinyalleri olusturulmustur.

Konfor modunda, gaz pedalina basilma oran1 %0 ile %50
arasinda degistiginde, tepkime duyarliligr distriilmistiir; bu
durum, ivmelenmenin daha yavas olmasina neden olur. Ekonomi
siiris modlart ise, tepkime duyarliliginin en diisiik oldugu
grafiklerdir. Bu modlar, acemi kullanicilar i¢in otomobilin trafik
ve otomobil davraniglar1 adaptasyon siirecinde veya yakit
tiketimini minimuma indirmek isteyen kullanicilar ig¢in
uygundur. Disiik siiriis modlarinda, grafiklerin lineer bir yapiya
sahip olan normal modun aksine, pargali fonksiyon o6zelligi
gosterdigi gozlemlenmektedir. Grafiklerin egim analizi asagida
sunulmustur. Distik siiriis modu grafiklerinde grafigin kirildigi
noktadan sonra gaz pedali %100 basi oranina kadar yliksek
egimlidir ve maksimum basi oraninda maksimum sinyal
gitmektedir ¢iinkii maksimum basilma oraninda otomobilin biitiin
dinamik giicii siirticli tarafindan talep edilmektedir.

Sekil 2. Diisiik ivmelenme siiriis modlari

[N
N
o

=
1©
o

nGaz KglebegigA¢ikligOran

0 20 40 60 80 100 120

Gaz Pedali Basilma Orani
— N L1 L2 L3
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Elde edilen ¢ikis sinyallerinin matematiksel degeri
alinarak trigonometrik degerleri ile grafiklerin egimleri Tablo
2’de verilmistir.

Tablo 2. Diisiik siiriis modu grafikleri egim ag¢ilari

Giris Sinyali Egimi

0-50 Bas1 Orani 50-100 Basi Orani

N Modu tan45° tan 45°
Cikis Sinyal Egimleri

0-50 Bas1 Orani 50-100 Bas1 Orani
L1 Modu tan42° tan47.7°
L2 Modu tan38.6° tan50°
L3 Modu tan35° tan52.4°
L4 Modu tan31° tan54.5°
L5 Modu tan33.6° tan56.3°
L6 Modu tan26.6° tan71.6°

3. DENEYSEL SONUCLAR
3.1. Deney Diizeneginin Olusturulmasi

Bu ¢alismada, OEM bir parca olan 78110-02211 model
gaz pedali kullanmilmistir. Bu gaz pedalinda, iki adet
potansiyometre islevi goren konum sensorii bulunmaktadir. Her
iki sensor, birbirinden bagimsiz olarak calismaktadir. Bir¢ok
otomobil, genellikle birinci sensorden gelen veriyi kullanarak gaz
kelebegi kontroliinii saglar. Sensor 1, 0.8V ile 3.6V arasindaki
voltaj araliginda calisirken, sensor 2’den gelen veri denetim
mekanizmasi ve sistem giivenligini saglamak amaciyla 1.6V ile
4.4V arasindaki voltaj araliginda islemektedir. Bu iki sensor
arasinda her zaman 0.8V’lik bir fark bulunmaktadir bu miktar
referans olarak kullanilarak elektronik sistem giivenligi
saglanmig olur. Eger ki  farkta bir degisim meydana gelirse,
elektronik kontrol dnitesi (ECU — electronics control unit)
durumu algilar ve sensor 1’in arizalandiginmi tespit eder. Bu
durumda, gaz kelebegi kontrolil i¢in yalnizca sensor 2’den gelen
veri kullanilmaya baslanir.
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Kullanilan gaz pedalinda toplamda alt1 adet pin ¢ikisi
bulunmaktadir. Bu pinlerden ikisi +5V pini, ikisi GND (toprak)
pini, geri kalan ikisi ise sinyal pini olarak kullanilmaktadir.
Potansiyometrelerin kendine ait besleme uglar1 bulunmaktadir.

Sekil 3. Gaz pedal pin ¢ikislar:

Pinout and Signal Description

Sensor | Pin No Cable Color (for Prius) | Signal Name | Signal Information

1 L VPA Signal Output
1 2 B EPA GND

3 Y VCPA +5V Supply

4 W VPA2 Signal Output
2 5 R EPAZ2 GND

6 G VCP2 +5V Supply

Gaz pedal tepkimesini degistiren cihaz prototipi
calismasinda, bir adet Arduino Uno elektronik karti
kullanilmistir. Gaz pedalindan gelen sinyaller, Arduino {izerinde
giris pini olarak kullanilmis ve Arduino’dan ¢ikis pinleri
belirlenmistir. Elektronik bilesenlerin entegrasyonu
tamamlanarak, tim sistem bir cihaz olarak yapilandirilmis ve
islevsel hale getirilmistir.

3.2. Arduino Kodlarin Yazilmasi

Calisma boyunca, elektronik kontrol birimi olarak
yeterlilik gosteren ve maksimum verim elde edilebilecek bir
platform olan Arduino UNO tercih edilmistir. Yapilacak
islemlerin yazilima doniistiiriilmesi, Arduino’nun programlama
dili kullanilarak gerceklestirilmigtir.

Yazilim siirecinde, boliim 2.1'de olusturulan grafiklerin
fonksiyonlar1 tiiretilmistir. Bu fonksiyonlar, her %1 ’lik artis igin
sayisal degerler belirlenerek, bu degerlere dayali olarak her bir
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grafik icin tablolar olusturulmustur. Sekil 4 6rnek bir F6 siiriis
moduna ait verileri gostermektedir.

Sekil 4. F6 siiriis modu grafik degerleri

0 1.9988 3.9988 5.9989 7.9989 9.9989 11.999 13.999 15.999 17.9991

19.9991 21.9991 239991 259992 279992 299992 319993 339993 359993 379994

399994 419994 439994 459995 479995 499995 519996 53.9996 55.999  57.9997

59.9997 619997 63.9998 659998 679998 699998 719999 73.9999 759999 78
806667 813333 816667 13333 826667/ 83

84 3333 3 5.3333 86 86.3333

873333 4 88 38.3333 . 89.3333  89.6667
90,6667 91.3333 : 92.3333 926667/ 93

93.6667 3333 94.6667 95.3333 95. 96 96.3333

96.6667 97 3333 4 98 .3333 98. 9 993333 99.6667

100

3.3. Sonugclar

Ilk asamada, mevcut gaz pedalmmn tepkimesi
degerlendirilmis ve istenilen siiriis modlarinin belirlenmesinde
onemli bir rol oynanmistir. Elektronik gaz pedalinin avantajlari
ele alinarak, siiriis konforunun artirilmasi, yakit tiiketiminin ve
egzoz emisyonlarmin azaltilmasi ile motor performansinin
optimize edilmesine yonelik 6nemli iyilestirmeler saglanmistir.
Bu iyilestirmeler hem ¢evresel hem de ekonomik agidan faydalar
sunan verimli bir siliris deneyimi elde edilmesine olanak
tanimaktadir.

Bu calisma kapsaminda degerlendirilen siiriis modlari,
gaz pedali konum sensoriinden gelen analog sinyallerin Arduino
mikrodenetleyici kart (zerindeki ADC birimi ile islenmesi
neticesinde  PWM  sinyallerinin  Gretilmesi  prensibine
dayanmaktadir. Bu sayede siirlis modlarma gore farkli pedal
tepkileri  elde edilmistir. Gaz  pedalindaki  tepkinin
ayarlanabilmesiyle siiriiciilere  esneklik saglamakta arag
kullanimin1 daha verimli hale getirmektedir. Sekil 5’te gaz pedali
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tepkisini degistiren cihaz prototipi ve deney diizenegi
gosterilmektedir.

Sekil 5. Gaz pedal tepkisini degistiren cihaz prototipi deney
diizenegi

Stirtis modlarini test etmek amaciyla, deney diizenegi
osiloskop ile gozlemlenmistir. Bu sayede, gelen analog sinyaller
ile ¢ikis dijital sinyalleri arasindaki grafiksel veriler elde
edilmistir. Elde edilen veriler, ¢alismanin belirlenen hedeflere
uygun bir sekilde calistigini ve istenilen sartlar1 basariyla
sagladigin1 dogrulamistir.

Osiloskop cihazina deney diizenegi baglanip F6 grafigi
calistirnildiginda Sekil 6’da verilen grafik elde edilmistir. Gaz
pedali konum sensorii sifir konumunda iken %100 konumuna
getirildiginde gelen analog sinyal dijital sinyale doniismiis ve
%40 bas1 oraninda % 80 sinyal gonderebilmistir. Bu sebeple gaz
tepkisi duyarliligr iki kat arttirilabilmistir.
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Sekil 6. F6 modu osiloskop grafigi (mavi: PWM sinyali, kirmizi:
gaz pedalindan gelen analog veri)

RIGOL H 200ms Zoomae v D 123500000ms T £ @ a0omy
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f f 5 |4 DC ‘
Period TEA
I
AL | o |
Freq PEETEEE
@ Probe
.
: Jj: |< 1% ‘2
Wize Time | | ——
. Invert
F RIREIAN YV
| e | o |
Fall Time L R
‘ RCEE
- o m | Coarse
+iidth | B =
[ Unit
=1 F |< [v]
idth L
Fiidth> 4.000ms fritfidth=srres Plidth=ssres JFall=sssss [Freg>167 Hr

'!’ 2.00v ? 2 T 200v 3w 7 200V 45 = 100v e i

Gaz pedali konum sensoriiniin sifir noktasindaki durumu
g6z oniinde bulunduruldugunda, gaz pedalina tam basildiginda ve
ardindan tekrar sifir konumuna geri doniildiigiinde, PWM c¢ikis
sinyalinin, giris sinyaline kiyasla daha yiiksek degerlere ulastig
Sekil 7°de gozlemlenmektedir.

Sekil 7. F6 modu osiloskop grafigi(mavi: PWM sinyali, kirmizi:
gaz pedalindan gelen analog veri)
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Ancak yalnizca %100 pedal konumunda, her iki sinyal
arasinda benzer tepki profilleri izlenmistir. Tam gaz konumundan
sifir konumuna kadar olan aralikta ise, PWM ¢ikis sinyali, giris
sinyaline oranla yine daha yiiksek degerler gostermekte olup,
yalnizca sifir konumunda her iki sinyal arasinda benzer bir tepki
g6zlemlenmektedir.

Sekil 8. F6 modu osiloskop grafigi (mavi: PWM sinyali, kirmizi:
gaz pedalindan gelen analog veri)

RIGOL H s000s | o [ D 252000000ms T i@ s00my
Rl S
Horizantal| g Y Tphﬂg
e e e S s s s T 0 e e i -
ﬂﬂ 54 DC
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i:l}— OFF
Freq —
0 a Probe
-
;{ 41X
Rize Time f —
Invert
giia OFF
Fall Time B
WoltsDiv
& Coarse
width | ¥
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i
= 4« ™
Width
Wigth=srrss +iidth=#+sss Fiidth=aesss Fregzsss+s
W0 /2 ooy e

Gaz pedalina tam basildiginda (%100) surtct otomobilin
biitiin giiclinii talep ettigi i¢in Arduino’dan %100 PWM sinyal
cikist Sekil 8’deki gibi olmaktadir. Sekilde goriildiigii iizere tam
basi oraninda analog sinyal ve dijital sinyal maksimum seviyede
olmaktadir.

Stirticli  gaz pedalina sifir konumundan maksimum
konuma  kadar  bastiginda  elektronik  gaz  pedal
potansiyometresinden gelen analog sinyal F6 modu grafigi ve
degerlerine gore Arduino’da degerlendirilip PWM c¢ikis sinyali
olusturulup otomobil ECU’suna gonderildiginde elde edilen
sinyaller Sekil 9°’da verilmektedir.
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Sekil 9. F6 modu osiloskop grafi(mavi: PWM sinyali, kirmizi: gaz
pedalindan gelen analog veri)
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Bu calisma kapsaminda, i¢ten yanmali motorlara sahip
araglarin gaz pedal tepkimesini elektronik olarak degistiren,
stiriicli tercihine gore farkli ivmelenme karakteristikleri sunabilen
bir cihaz prototipi gelistirilmistir. Projede, OEM elektronik gaz
pedali kullanilarak analog sinyaller elde edilmis; bu sinyaller
Arduino platformu iizerinde dijital olarak islenmis ve farkl: siiriis
modlarina gére PWM sinyalleri olusturularak ¢ikisa aktarilmistir.
Olusturulan 13 farkl: siiriis modu, Geogebra ile tanimlanan grafik
fonksiyonlarina gore tasarlanmis ve cihazin ¢ikis karakteristikleri
bu modlara uygun sekilde ayarlanmigtir.

Elde edilen deneysel bulgular, sistemin beklenen sekilde
calistigmi ve siirlis modlar1 arasinda fark yaratabildigini
gostermektedir. Ozellikle diisiik siiriis modlarinda pedal
tepkimesinin yumusatilmasi ile daha konforlu ve yakit verimliligi
yuksek bir siiriis saglanirken; yiiksek siirlis modlarinda ise
dinamik ve tepkisel bir ivmelenme karakteristigi elde edilmistir.
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Bu durum, aracin hem ¢evresel hem de ekonomik performansina
olumlu katkilar sunmaktadir.

Gelistirilen bu sistem, mevcut araclara retrofit olarak
entegre edilebilecek potansiyele sahiptir ve 06zellikle suricu
aligkanliklarina gore 6zellestirilebilen arag kontrol sistemleri igin
onemli bir 6rnek olusturmaktadir. Ayrica bu prototip, otomotiv
elektronigi, motor kontrol sistemleri ve ara¢ konfor
optimizasyonu gibi alanlarda lisans seviyesindeki muhendislik
ogrencileri i¢in 6gretici bir uygulama niteligi tagimaktadir.

Gelecek c¢aligmalarda, sistemin farkli motor tipleri ve
stiriicli profilleri ile test edilerek yapay zeka tabanli adaptif siiriis
modlarina entegrasyonu, ger¢ek yol kosullarinda dogrulama
testleri ve ara¢ i¢i kullanici arayiizii gelistirme gibi yonlerde
genisletilmesi mumkandar.
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THE FUSION OF LIDAR AND
PHOTOGRAMMETRY FOR HIGH-FIDELITY
DIGITAL TWINS: AN APPLICATION ON
WOODEN MOTORBOATS
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1. INTRODUCTION

The concept of the digital twin has emerged as a
transformative paradigm for bridging the physical and digital
worlds, offering dynamic, data-rich virtual models of real-world
assets, systems, and environments (Gao, Li, & Guo, 2024). The
fidelity of any digital twin is fundamentally dependent on the
quality of its underlying spatial data. Two remote sensing
technologies form the cornerstone of this data acquisition:
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e LiDAR (Light Detection and Ranging), an active sensing
method, provides geometrically precise three-
dimensional point clouds by emitting laser pulses. Its
principal advantages are high accuracy and the ability to
penetrate vegetation and operate in varied lighting
conditions, making it ideal for generating foundational
Digital Elevation Models (DEMs) and capturing complex
structural geometries (Aguilar & Mills, 2008; Haring,
2021).

e Photogrammetry, an optical method, reconstructs 3D
models from overlapping images using techniques like
Structure-from-Motion (SfM). It excels at capturing high-
resolution colour and texture, which provides crucial
visual realism to the digital model (Janiszewski, Prittinen,
Torkan, & Uotinen, 2023; McNicol et al., 2021).

By combining LIiDAR’s geometric accuracy with
photogrammetry’s rich visual information, practitioners can
create models that are both metrically precise and visually
compelling, mitigating the inherent limitations of each method
(Jost, Stary, & Heininger, 2022; Konstantakis et al., 2024).

The deployment of Unmanned Aerial Vehicles (UAVS)
and Mobile Mapping Systems (MMS) has revolutionized data
acquisition, enabling rapid, cost-effective surveys over vast and
often inaccessible areas (McNicol et al., 2021; Themistocleous,
Evagorou, Mettas, & Hadjimitsis, 2022).

Consequently, multi-temporal monitoring is an integral
component, allowing for continuous tracking of environmental
and structural changes over time through periodically repeated
surveys (Borgogno Mondino, 2015; Lee, Song, Kim, & Won,
2020). Furthermore, modern digital twins are designed with a
multi-scalar architecture, allowing analysis to occur seamlessly at
scales ranging from individual building components to entire
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urban districts, providing a truly holistic perspective (Agbossou,
2023; Jost et al., 2022).

In addition to established applications in urban planning
and forestry, the integration of LiDAR and photogrammetry is
revolutionizing the management of coastal and riverine
environments. Within the maritime sector, these digital twin
methodologies are essential for monitoring the complex dynamics
of coastlines (Garcin, Desmazes, Lerma, Gouguet, & Météreau,
2020; Pinton, Canestrelli, Wilkinson, Ifju, & Ortega, 2021). The
ability to generate high-resolution models of coastal
geomorphology—including features like dunes, sediment
patterns, and erosion scars—provides an unprecedented
understanding of processes such as beach erosion and dune
migration. By accurately reconstructing river morphologies and
coastal landscapes, these techniques form the backbone of
modern environmental management and risk assessment in the
vulnerable coastal zone (Garcin et al., 2020; Pinton et al., 2021).

2. METHODOLOGICAL FRAMEWORK: FROM
DATAACQUISITION TO FUSION

UAV-based systems have revolutionized data acquisition
for both LIDAR and photogrammetry, enabling rapid surveys
over large or inaccessible areas like forests and urban centres with
minimal cost and risk (Lato, Bevan, & Fergusson, 2012; McNicol
et al., 2021). Mobile Mapping Systems (MMS), often vehicle-
mounted, are highly efficient for capturing extensive linear
infrastructure like road networks and urban corridors, integrating
LiDAR with cameras and inertial sensors for continuous data
collection (Themistocleous et al., 2022; Yadav, Kushwaha,
Mokros, Chuda, & Pondelik, 2023). For indoor or highly detailed
applications, terrestrial and handheld scanners are employed
(Chio & Hou, 2021). Methodological innovations such as cross-
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polarized imaging to reduce glare on reflective surfaces and
gigapixel photogrammetry for capturing fine-scale textures
further enhance data quality (Bartos, Pukanska, Ksenak, GaSinec,
& Bella, 2023; Lato et al., 2012).

The core challenge lies in data fusion: harmonizing the
heterogeneous datasets from LiDAR and photogrammetry into a
unified coordinate system. This process requires precise spatial
registration and sophisticated algorithms to minimize errors and
ensure coherence between the geometric point cloud and the
photographic textures (Hu et al., 2012; Jost et al., 2022).

Machine learning and Al are increasingly integral to
automating and scaling the digital twin workflow. Deep learning
algorithms are wused for automated segmentation and
classification of complex point clouds, for instance,
distinguishing between different types of vegetation or
identifying road markings (Deng, Liu, & Cheng, 2024,
Suleymanoglu, Soycan, & Toth, 2024). Al is also used to optimize
data capture itself, for instance, by autonomously planning the
most efficient flight paths for UAVs to ensure complete coverage
(Zhan, Zhang, Wang, Diao, & Qi, 2024).

3. GENERAL APPLICATION DOMAINS

In urban environments, digital twins provide a multi-
scalar platform for planning, simulation, and management
(Agbossou, 2023). They are used for structural health monitoring,
where repeated scans can detect deformations and damage in
critical infrastructure like bridges and buildings (Gardner, Dal
Borgo, Ruffini, Zhu, & Hughes, 2020; von Benzon & Chen,
2024). For transportation, these models provide the high-
definition maps essential for autonomous vehicle navigation and
traffic flow analysis (Suleymanoglu et al., 2024).
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In forestry, the fusion of LIDAR’s canopy penetration with
photogrammetry’s textural detail allows for precise estimation of
biomass, canopy height, and forest health (Lisein, Pierrot-
Deseilligny, Bonnet, & Lejeune, 2013; Nita, 2021). In agriculture,
UAV-based surveys support precision farming by monitoring crop
health and yield variation (Zhang, Wan, Cao, Zhang, & Wang,
2021). In geohazard management, digital twins are used for early
warning systems by detecting minute surface deformations on
landslide-prone slopes or in mining areas (Ardizzone, Cardinali,
Galli, Guzzetti, & Reichenbach, 2007; Zhan et al., 2024).

These high-fidelity models serve as a permanent digital
archive, facilitate restoration planning, and enable virtual access
for research and public engagement (Konstantakis et al., 2024;
Themistocleous et al., 2022), and also general application
samples are shown in Figure 1.

Figure 1. General application samples (a: Mapping of damaged
points (von Benzon & Chen, 2024), b: Digital twin of a map
(Gkontzis, Kotsiantis, Feretzakis, & Verykios, 2024), c: Planted
area detection (Zhang et al., 2021), d: Modelling of basin
subsidence (Zhan et al., 2024))
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4. APPLICATION OPPORTUNITIES AND
TRENDS IN THE MARITIME SECTOR

Shipbuilders and shipyards are increasingly utilizing these
methodologies to create precise digital replicas of vessel
components early in the design process, thereby allowing
integrative virtual testing, aerodynamic optimization, and
structural simulations prior to physical fabrication (Giering &
Dyck, 2021; Zhou et al., 2024). In addition to improving
operational efficiencies, digital twin technology plays a
transformative role in reimagining the design (see Figure 2) and
construction phases of new maritime assets, enabling early
identification of design challenges and reducing the risk of costly
modifications.

Figure 2. Rebuilding of a historical boat model (Martorelli, Pensa,
& Speranza, 2014)

By capturing detailed scanned data of existing ships,
maintenance teams can conduct non-destructive inspections that
detect anomalies such as corrosion, cracks, or structural
deformations with exceptional precision (Madusanka, Fan, Yang,
& Xiang, 2023).

Advanced LIiDAR mapping techniques facilitate the
generation of detailed terrain models of quaysides, container
storage areas, and navigational channels, while photogrammetry
contributes precise visual documentation of infrastructure
conditions (see Figure 3) (Pefia-Molina et al., 2024; K. Wang, Hu,
Zhou, Zun, & Qian, 2021). These digital representations enable
port authorities to monitor structural health, optimize logistics,
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and manage capacity effectively by integrating real-time sensor
data with historical mapping records (Pefia-Molina et al., 2024).

Figure 3. Digital twin application for a container port (K. Wang et
al., 2021)

By continuously scanning these structures, digital twins
can detect subtle shifts in geometry or unexpected deformations
that may signal impending failures (Madusanka et al., 2023).

Figure 4. Planned route tracking and obstacle detecting
application by LiDAR mapping (Raza, Prokopova, Huseynzade,
Azimi, & Lafond, 2022)
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Digital twins generated through LiDAR mapping and
photogrammetry now serve as critical inputs into autonomous
navigation and control systems, essential for safe manoeuvring in
congested port environments and for collision avoidance in open
waters (Zhou et al., 2024). Calibrated digital twins allow vehicle
control systems to access real-time environmental and structural
information, thus increasing the reliability and safety of
autonomous navigation algorithms (Madusanka et al., 2023).

When integrated with meteorological and oceanographic
data, these models enhance the accuracy of route planning
systems, improving transit times while contributing to fuel
efficiency and reduced emissions (Pefia-Molina et al., 2024).

High-density LIDAR and photogrammetric data, captured
repeatedly over time, facilitate the development of multi-
temporal digital twins that can track gradual changes in coastal
erosion, sediment deposition, and structural deformations in port
installations (Pefia-Molina et al., 2024).

Figure 5. Surface elevation illustration and water depth detection
by LiDAR mapping (Haring, 2021)
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Figure 5 compares a river’s digital elevation model (left)
with a derived map of its channel slope (right) to reveal fine-scale
details of the riverbed topography.

Detailed geometric models from LIiDAR, combined with
the rich visual context from photogrammetry, allow for
sophisticated simulations of accidents, collisions, and structural
failures, enabling decision-makers to develop robust contingency
plans (Giering & Dyck, 2021). By simulating the effects of
natural disasters such as tsunamis or hurricanes, operators can
identify vulnerabilities and improve emergency response
protocols (Madusanka et al., 2023).
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Figure 6. Wharf monitoring process sample of a port
implementation (K. Wang et al., 2021)

5. CHALLENGES AND FUTURE DIRECTIONS

Maintaining geospatial accuracy across large, multi-
sensor datasets requires robust error correction and uncertainty
quantification (Themistocleous et al., 2022).
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The future of digital twins is geared towards creating more

dynamic, interconnected, and predictive systems. Key
development areas include:

Real-time Integration: Convergence with 5G connectivity
and edge computing will enable near-instantaneous
updating of digital twins from live sensor feeds, moving
from static snapshots to truly dynamic representations
(Gao et al., 2024).

Enhanced Automation: Al and deep learning will continue
to automate data processing and feature extraction,
reducing manual intervention and improving scalability
(L. Wang et al., 2024).

Interoperability and Security: The integration of
technologies like blockchain is being explored to ensure
data integrity, provenance, and secure sharing among
multiple stakeholders in applications like asset lifecycle
management (Gotz, Karlsson, & Yitmen, 2022).

6. CASE APPLICATION ON SMALL
TRADITIONAL MOTORBOATS

6.1. Digital Preservation of Small Traditional
Motorboats Using LiDAR and Photogrammetry

By integrating these remote sensing techniques,

researchers can develop high-fidelity digital twins—virtual
replicas that capture the precise geometry and visual
characteristics of these culturally significant vessels (Raza et al.,
2022; Tomczak et al., 2024). This approach supports everything
from operational efficiency and predictive maintenance to
heritage conservation and advanced performance simulation
(Legaz & Gaspar, 2024; Tomczak et al., 2025).
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6.2. Core Methodologies and Digital Twin Integration

LiDAR provides highly accurate 3D point clouds that
define a vessel’s geometric structure, performing reliably even in
the variable lighting conditions of maritime environments (Grau
etal., 2021; Raza et al., 2022). Photogrammetry supplements this
by generating photorealistic textures and colour, capturing the
aesthetic qualities of the boat (Tomczak et al., 2025).

This virtual model can be continuously updated to reflect
the boat’s current physical state, enabling real-time monitoring
and analysis (Tomczak et al., 2025). For traditional boats, which
often lack original blueprints, this digital replica is invaluable for
simulating structural stress, hydrodynamic performance, and the
effects of potential retrofits without physically altering the vessel
(Raza et al., 2022).

6.3. Key Applications: Heritage, Maintenance, and
Simulation

Small traditional motorboats are often handcrafted
artefacts whose design and craftsmanship are at risk of being lost.
Digital twins serve as a permanent, non-invasive record,
supporting documentation, virtual exhibits, and faithful
restoration efforts (Raza et al., 2022). Key applications include:

¢ Non-Invasive Inspection and Predictive Maintenance: By
capturing fine-scale details, LIDAR and photogrammetry
allow for detailed analysis of hull integrity, corrosion, and
surface wear without physical contact. This data enables a
shift from reactive repairs to predictive maintenance,
extending the vessel’s lifespan and reducing costs (Raza
et al., 2022; Tomczak et al., 2025).

e Reverse Engineering and Restoration: Digital models
allow for the accurate reconstruction of a vessel’s design,
which is particularly useful when original plans are
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unavailable. This facilitates the faithful reproduction of
damaged or missing parts and guides complex restoration
work (Raza et al., 2022).

e Performance Simulation and Optimization: High-fidelity
digital twins enable dynamic simulations to predict a
boat’s  hydrodynamic  behaviour, test  design
modifications, and optimize performance metrics like fuel
efficiency in a risk-free virtual environment (Tomczak et

al., 2025).
6.4. Scanned Motorboats within the Scope of the
Study

Traditional methods of documenting history, particularly
marine boats, may struggle to effectively retain and assess
necessary intricate geometry and details. These limits are
particularly evident when examining the distinctive attributes of
wooden motorboats, which frequently exhibit original designs
and a history of modifications. This study examines the
collaborative  application of LIiDAR scanning and
photogrammetry to generate very precise and detailed
reproductions of these vessels. Figure 7 illustrates that the
research encompasses various motorboats (ranging from 5 to 12
meters), thereby emphasizing the versatility and efficacy of this
integrated methodology in generating detailed 3D models that
accurately represent both the overall shape and surface textures,
essential for historical documentation, conservation initiatives,
and engineering assessments.
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Figure 7. Samples from the scanned motorboat hulls

6.5. Technical Solutions and Emerging Trends

Overcoming the challenges of data acquisition in maritime
environments—such as salt spray and dynamic conditions—has
been a key focus. Advanced calibration, adaptive filtering
algorithms, and robust data fusion techniques are essential for
creating accurate and reliable models (Danchenkov & Belov,
2023; Raza et al., 2022). The use of Unmanned Aerial Vehicles
(UAVs) for both photogrammetry and LIDAR surveys has also
become instrumental, offering a flexible and cost-effective way
to map vessels and their surrounding coastal environments (Grau
etal., 2021).

Future trends point towards greater integration and
automation. The incorporation of Artificial Intelligence (Al) can
automate anomaly detection, while the addition of multiple
sensors allows for dynamic, real-time updates to the digital twin
(Tomczak et al., 2025). Furthermore, the use of Augmented
Reality (AR) to overlay digital information onto the physical
vessel promises to revolutionize on-site maintenance and training
(Razaetal., 2022). As these technologies become more accessible
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and scalable, they will play a crucial role in ensuring the
sustainable management and cultural preservation of traditional
motorboats.

7. CONCLUSION

Utilizing  LIiDAR’s  geometric  accuracy  and
photogrammetry’s textural depth enables the creation of intricate,
precise, and visually striking models for several applications. This
comprehensive technique encourages substantial innovation in
various domains, such as urban planning, infrastructure
management, environmental monitoring, and cultural heritage
conservation.

In urban systems, digital twins provide a multi-scalar
framework for planning, simulation, and administration. They are
utilized for structural health monitoring, where frequent scans can
identify deformations and damage in essential infrastructure such
as bridges and buildings. These models furnish high-definition
maps crucial for autonomous vehicle navigation and traffic flow
analysis. When combined with sensors and GIS, they form the
foundation of Smart City programs, facilitating real-time
surveillance of energy consumption, environmental conditions,
and public services.

Notwithstanding  the  considerable  advancements
achieved, some obstacles endure, especially in preserving
geographic precision within extensive, multi-sensor datasets,
necessitating effective error rectification and uncertainty
assessment. The efficient management, processing, and real-time
updating of extensive databases pose considerable computational
hurdles. The future of digital twins is oriented towards developing
more dynamic, linked, and predictive systems. Critical
development domains encompass real-time integration, where the
amalgamation of internet connection with edge computing
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facilitates near-instantaneous updates from live sensor data,
transitioning from static snapshots to dynamic representations.
Augmented automation using Al and deep learning will persist in
streamlining data processing and feature extraction, minimizing
manual involvement and enhancing scalability. The exploration
of technologies such as blockchain is underway to guarantee data
integrity, provenance, and secure sharing among various
stakeholders in applications like asset lifecycle management,
while addressing interoperability and security issues. Continuous
progress in Al, sensor technology, and networking is facilitating
the emergence of advanced predictive and autonomous digital
twins, which are expected to improve decision-making and
sustainable management in a progressively data-centric
environment.

This research has been granted by Zonguldak Bulent
Ecevit University (project number: 2024-16545131-01) and
TUBITAK (project number: 223M509).
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APPLICATION AND COMPARISON OF
ADSORPTION PROCESS AMONG THE DYE
REMOVAL METHODS FROM WASTEWATER
EFFLUENTS

Adnan ALDEMIR!
Ali Riza KUL?2

1. INTRODUCTION

Dyes are typically incorporated into aqueous solutions to
improve their binding affinity to various materials (Tanasa et al.,
2021). While early colorants were extracted from plants and
insects, modern industrial practices predominantly rely on
synthetic dyes designed for superior performance (Berradi et al.,
2019). Dyes are absorb visible light due to their molecular
structure, which includes chromophores that provide color and
auxochromes that increase solubility and fiber adherence. Dyes
are represent a wide array of structures and they are generally
grouped either by their chemical composition or by their
application method. Soluble dye categories include acid, basic,
reactive, and direct dyes, while insoluble varieties encompass
sulfur, vat, and disperse dyes (Yaseen & Scholz, 2020; Salleh et
al., 2011). Acid dyes are used for nylon, wool, silk, modified
acrylics, leather, ink-jet printing, food, and cosmetics. The
chemical classes of acid dyes are azo, anthraquinone,
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triphenylmethane, azine, xanthene, nitro and nitroso. Basic dyes
are used for paper, polyacrylonitrile, modified nylons and
polyesters and in medicine. The chemical classes of basic dyes
are diazahemicyanine, triarylmethane, cyanine, hemicyanine,
thiazine, oxazine and acridine. Reactive dyes are generally used
for cotton and other cellulosics, and they are used to a small extent
on wool and nylon. These dyes form a covalent bond with the
fibper and contain chromophoric groups such as azo,
anthraquinone, triarylmethane, phthalocyanine, formazan,
oxazine. Direct dyes are used in the dyeing of cotton and rayon,
paper, leather, and, nylon. These dyes are contain polyazo
compounds, along with some stilbenes, phthalocyanines and
oxazines. Sulfur dyes are used for cotton and rayon which have
limited use with polyamide fibers, silk, leather, paper, and wood.
They have intermediate structures and though they form a
relatively small group of dyes the low cost and good wash
fastness properties. Vat dyes which are containing anthraquinone
and indigoids used for cotton mainly to cellulosic fibers as soluble
leuco salts and for rayon and wool too. Other classes of dyes like
azo dyes fluorescent brighteners having stilbene, pyrazoles,
coumarin and naphthalimides used for soaps and detergents,
fibers, oils, paints, and plastics and mordant having azo and
anthraquinone used for wool, leather, natural fibers after
pretreating with metals and anodized aluminium. Among these
azo dyes stand out for their widespread use accounting for nearly
70% of global production attributed to their vivid hues and
affordability (Lietal., 2019; Holkar et al., 2016). From a practical
perspective, classification based on fiber compatibility, as
endorsed by the Colour Index (C.1.), is widely applied in textile
operations (Yagub et al., 2014). Each dye type is preferred for
specific substrates such as acid dyes suit protein fibers like wool
and silk, basic dyes are used for synthetic materials and papers,
disperse dyes target hydrophobic polymers, reactive dyes form
covalent bonds with cellulose, and solvent dyes are suited for
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nonpolar materials like plastics and fuels (Benkhaya et al., 2020).
Other dye classes such as fluorescent brighteners and mordant
dyes are formulated for niche applications across detergents, food
packaging, and high-tech industries (Saratale et al., 2011).
However, their extensive utilization presents environmental
challenges. Effluents rich in synthetic dyes are resistant to
degradation, visibly discolored, and often toxic to aquatic
organisms (Lellis et al., 2019). Contaminated water bodies
affected by dye discharges pose risks to ecological and public
health (Srinivasan & Sadasivam, 2021). With growing concern
over water resource scarcity, recent research has emphasized the
recovery and recycling of dye contain wastewater to reduce
freshwater demand (Kumar et al., 2023). Various methods of dye
wastewater treatment are received the limelight recently as clean
water sources might soon begin to deplete rapidly if no
dependable solution is found.

The aim and outlines of this chapter the latest
advancements in dye classification and pollution impact, setting
the stage for a comprehensive review of treatment technologies,
their principles, and comparative effectiveness for sustainable
wastewater management. Application and comparison of
adsorption process among the dye removal methods from
wastewater effluents were explained with effects of process
conditions, isotherm and kinetic modeling with thermodynamic
behaviours.

2. DYE TREATMENT METHODS FROM
WASTEWATER

A wide range of dye remediation strategies has been
explored in recent literature, with numerous studies reporting
promising results. An optimal dye treatment approach should be
capable of removing substantial dye concentrations in a brief
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period while minimizing the risk of generating secondary
pollutants (Zhou et al., 2025; Mehta & Patel, 2023).
Environmentally responsible treatment options are increasingly
favored, prioritizing technologies that avoid producing harmful
by-products (Sathishkumar et al., 2021). Among the established
dye remediation techniques are photocatalysis (Kumari et al.,
2023), Fenton and photo-Fenton oxidation (Gupta & Suhas,
2020), electrochemical oxidation (Ghosh & Pal, 2022),
electrocoagulation (Kalia et al., 2024), solvent extraction (Yaseen
& Scholz, 2019), biological degradation (Saratale et al., 2011),
membrane based ultrafiltration (Li et al., 2025), ion exchange
(Zaharia & Suteu, 2020), persulfate mediated oxidation (Tan et
al., 2024), and adsorption techniques (Kumar et al., 2025; Singh
et al., 2025). Each of these technologies presents distinct
operational mechanisms and advantages depending on the
wastewater characteristics and target dye compounds.

2.1. Coagulation

Coagulation remains one of the most widely implemented
and established methods for treating dye-laden wastewater.
Despite its effectiveness, traditional chemical coagulation using
agents such as aluminum (Al**) or iron (Fe*") salts can incur
significant costs and generate large volumes of sludge, limiting
its economic viability for large-scale applications (Aldemir et al.,
2021; Holkar et al.,, 2016). Nonetheless, the process is
operationally simple, scalable, and effective at high initial
pollutant concentrations (Ghosh & Pal, 2022). Coagulants are
typically divided into inorganic and organic categories. Common
inorganic coagulants include aluminum sulfate, aluminum
chloride, ferric chloride, ferric sulfate, calcium oxide, and
magnesium oxide (Ayhan et al., 2024; Gupta & Suhas, 2020).
These compounds neutralize the negative charges on dye
molecules, promoting floc formation. Trivalent cations, in
particular, are more effective than divalent ones in destabilizing
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colloidal suspensions. However, the flocs generated from
inorganic coagulants are often lightweight and slow to settle.
Additionally, these salts rapidly dissociate in water to produce
hydrated cationic species, initiating coagulation. While effective,
some chemical coagulants have raised health concerns; prolonged
exposure to residual aluminum has been associated with
neurological disorders such as Alzheimer’s disease and even
potential carcinogenic effects (Lellis et al., 2019).

2.2. Electrocoagulation

Electrocoagulation (EC) has emerged as a viable
electrochemical alternative to traditional chemical coagulation
processes. Unlike conventional methods, EC leverages anodic
oxidation to produce metal ions directly from sacrificial
electrodes, typically composed of iron or aluminum. These ions
undergo hydrolysis, forming hydroxide flocs that interact with
pollutants through mechanisms such as surface complexation and
electrostatic attraction (Parsa et al., 2023). A notable advantage
of EC is its relatively low operational cost, as it eliminates the
need for externally added coagulants and reduces the generation
of chemical sludge (Ghosh & Pal, 2022). The process also
minimizes total dissolved solids (TDS) and avoids secondary
pollution, making it environmentally preferable (Holkar et al.,
2016). The system’s performance and cost-efficiency largely
depend on operational parameters like current density, electrode
material, and inter-electrode spacing. During EC, pollutants can
be captured either by being adsorbed onto precipitated metal
hydroxides or by binding to hydrous oxide surfaces through
ligand-like interactions, which facilitates their removal via
sedimentation or flotation. However, electrode passivation and
consumption over time may affect long-term performance and
maintenance requirements (Kalia et al., 2024).
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2.3. Membrane treatment

Membrane technologies have gained widespread attention
as a practical and efficient solution for dye removal, particularly
due to their cost-effectiveness and scalability when compared to
advanced oxidation processes (Li et al., 2025). Nanofiltration
membranes are especially prominent, operating via size exclusion
and electrostatic repulsion mechanisms to separate dye molecules
from wastewater streams. The field of membrane engineering has
experienced substantial innovation over the past two decades,
driven largely by advancements in nanotechnology and material
science. One of the primary challenges in membrane operations
is fouling the accumulation of organic or biological matter on or
within membrane surfaces which significantly reduces both
selectivity and permeability (de Rosset et al., 2025). Fouling is
influenced by three main factors: feed water quality, operational
conditions, and membrane surface characteristics. Efforts to
combat fouling have included the incorporation of antimicrobial
agents such as silver and copper into membrane materials,
enhancing their resistance to microbial colonization and
extending their operational lifespan (Arora & Sharma, 2023).
Membrane distillation (MD) which is a thermally driven
separation process, has shown promising results in recent studies.
MD utilizes hydrophobic porous membranes to separate a hot and
cold stream, creating a transmembrane vapor pressure gradient
that facilitates dye removal via vapor transport. This method
benefits from mild operating conditions and the ability to recover
dyes from concentrated residues. Compared to other pressure-
driven techniques like ultrafiltration, nanofiltration, reverse
osmosis, and forward osmosis, MD offers high rejection rates and
lower energy input by utilizing residual heat in wastewater.
However, membrane fouling remains a concern, necessitating
frequent maintenance and replacement.
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2.4. Advanced oxidation process (AOPS)

Advanced oxidation processes (AOPs) have become an
essential class of technologies in the degradation of persistent
organic contaminants in wastewater. These processes rely on the
in-situ generation of highly reactive species primarily hydroxyl
radicals (*OH) which possess strong oxidative potentials ranging
from 1.95 to 2.8 V relative to the saturated calomel electrode
(SCE), enabling them to break down complex pollutants into
harmless byproducts (Gupta & Suhas, 2020). Hydroxyl radicals
initiate degradation via various mechanisms such as hydrogen
abstraction, electron transfer, and radical addition, making AOPSs
effective for both organic and inorganic pollutant removal
(Sathishkumar et al., 2021). Commonly employed AOPs include
ozonation, Fenton reactions, UV/H:0., and photocatalysis.
Among these, ozone is particularly versatile and is frequently
used in multiple stages of wastewater treatment including
preliminary, secondary, and tertiary phases for color removal,
pathogen disinfection, reduction of biochemical oxygen demand
(BOD), and chemical oxygen demand (COD), as well as for
minimizing sludge generation (Lellis et al., 2019; Ghosh & Pal,
2022). The performance of AOPs is effected by factors such as
pH, oxidant concentration, presence of scavengers, and reaction
time. Their non-selective and rapid degradation capacity makes
them an attractive choice for treating dye effluents that are
otherwise resistant to conventional treatment methods.

2.5. Electrochemical treatment

Electrochemical treatment methods have also garnered
interest for their efficacy in color removal. Operational
parameters such as pH, temperature, and applied voltage critically
influence the treatment efficiency. Studies show that
incorporating additives like NaCl or HCI can enhance the
reduction of color and chemical oxygen demand (COD) in dye
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effluents (Kalia et al., 2024). The effectiveness of anodic
oxidation within electrochemical setups is heavily dependent on
the anode material; graphite is often preferred for its cost-
effectiveness. However, low overpotentials can lead to current
loss due to oxygen evolution, affecting overall efficiency.

To  further  enhance  treatment  performance,
electrochemical approaches are often integrated with AOPs,
forming hybrid systems such as the electro-Fenton process. In this
method, hydroxyl radicals are generated in situ and can
effectively break down aromatic dye molecules. Despite its
efficacy, this approach can produce intermediate byproducts
some of which may be carcinogenic necessity further analysis
using techniques like HPLC-MS, GC-MS, and UV-Vis
spectrophotometry ~ (Srinivasan &  Sadasivam,  2021).
Additionally, challenges such as sludge management in
heterogeneous systems and the removal of secondary pollutants
present operational limitations.

2.6. Photocatalytic process

Photocatalytic oxidation is a promising and emerging
variant of AOPs that couples light energy typically UV or visible
light with a semiconductor catalyst such as titanium dioxide
(Ti02). Upon irradiation, the semiconductor generates electron-
hole pairs that facilitate the formation of hydroxyl radicals, which
attack organic molecules non-selectively. These radicals convert
pollutants into benign end-products like carbon dioxide, water,
and mineral acids (Sharma et al.,, 2023). Photocatalysis is
particularly attractive due to its potential to operate under ambient
conditions and its compatibility with solar energy. The
effectiveness of this process depends on factors such as the
bandgap of the catalyst, intensity and wavelength of the light
source, and reactor design. Notably, some studies suggest that
photo-induced catalytic reactions may involve a transient
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electronic phase, distinct from traditional solid, liquid, or gaseous
states, influencing the degradation mechanism (Srinivasan &
Sadasivam, 2021). Despite its advantages, photocatalysis may
produce intermediate byproducts that require further assessment.
Analytical technigues such as HPLC-MS, GC-MS, and UV-Vis
spectrophotometry are often used to identify and monitor these
compounds, ensuring that the process yields environmentally safe
outcomes.

2.7. Ozonation

Another extensively applied oxidation process is
ozonation, primarily used for decolorizing dye contaminated
wastewater. The efficiency of o0zone reactions depends
significantly on pH, which determines whether molecular ozone
(direct oxidation), hydroxyl radicals (indirect oxidation), or both
are active concurrently during treatment. Ozone possesses a
strong oxidation potential that allows it to effectively degrade a
broad range of organic pollutants. Moderate reductions in COD
and TOC are typically achieved, with the extent of degradation
largely dictated by the ozone dosage and the rate of ozone mass
transfer to the liquid phase. Studies have demonstrated that higher
TOC removal occurs when more ozone is transferred into the
aqueous solution over time. Ozonation disrupts the chromophoric
structures in dye molecules by cleaving double bonds and
unsaturated bonds within aromatic rings, resulting in significant
decolorization. As ozone dissolves in water, it reacts with both
organic and inorganic constituents, decomposing into reactive
oxygen species such as hydroxyl radicals (OH), hydrotrioxy
(HOs), and superoxide (O:). These species enhance oxidation
efficacy while maintaining environmental safety. Key advantages
of ozonation include low operational costs post-installation,
effective pollutant degradation, and the absence of secondary
sludge production. However, limitations include high capital
investment, potential formation of by-products like bromates that
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pose health risks, and the continuous energy input required for
ozone generation and system operation (Tan et al., 2024).

2.8. Plasma treatment

In recent years, plasma based oxidation technologies have
emerged as a promising avenue for the degradation of persistent
organic pollutants in wastewater, owing to their high oxidation
capacity and operational versatility. These systems utilize various
discharge methods, including electrohydraulic, corona, dielectric
barrier discharge (DBD), microwave, and radio frequency
discharge. Among these, DBD stands out as one of the most
efficient configurations due to its stable operation under ambient
conditions and compatibility with a range of reactor designs.
Operating at low temperatures and atmospheric pressure, DBD
based systems produce reactive oxygen species, including
hydroxyl radicals, without the need for additional chemical
reagents. This enhances treatment safety while minimizing the
formation of hazardous secondary by-products. Plasma treatment
has demonstrated low to zero toxicity, making it suitable for
applications where environmental and human health concerns are
paramount (Sathishkumar et al., 2021). The efficiency of plasma
treatment is further enhanced when integrated with
complementary technologies such as ozonation or microwave
irradiation. The process induces high energy interactions at the
surface level cleaning, etching, or functionalizing materials
without altering their bulk properties. Oxygen-assisted plasma
treatment, in particular, has shown effectiveness in degrading
complex dye molecules. Despite its advantages, the adoption of
plasma based methods has been limited due to higher operational
costs and management complexities compared to more
conventional dye treatment techniques. Nonetheless, its unique
characteristics make it a valuable addition to the portfolio of
advanced wastewater treatment technologies.
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2.9. Biological treatment

Biological treatment methods have gained increasing
attention as cost-effective, sustainable, and environmentally
friendly solutions for treating dye contaminated wastewater.
Owing to their metabolic versatility and genetic diversity,
microorganisms including bacteria, fungi, algae, and yeasts are
capable of transforming or adsorbing dye molecules, ultimately
converting them into non-toxic end-products such as carbon
dioxide, water, and inorganic salts (Saratale et al., 2011; Yaseen
& Scholz, 2019). These biological mechanisms typically proceed
through either enzymatic degradation via metabolic pathways or
biosorption onto living and dead biomass. Common techniques in
this domain include fungal decolorization, microbial degradation,
bioremediation, and biomass adsorption. However, certain
technical constraints limit their widespread industrial application.
Challenges include the need for large treatment areas,
susceptibility to fluctuations in environmental conditions (e.g.,
temperature, pH), and sensitivity to chemical toxicity in effluents
(Gupta & Suhas, 2020). Numerous microbial species have been
explored for dye degradation, including Shewanella, Bacillus,
Scheffersomyces, Acinetobacter, and various strains of
cyanobacteria. Among these, algae especially marine varieties
have attracted significant interest due to their abundant
availability and surface bound functional groups such as
hydroxyl, carboxyl, amino, and phosphate, which enhance their
biosorption potential. Marine algae are typically classified into
brown, red, and green types, each characterized by
polysaccharide content like alginate, carrageenan, and
polycolloids, which further aid in pollutant capture (Yaseen &
Scholz, 2019). Recent researches have also focused on isolating
and optimizing enzymes from microbial sources that facilitate
dye breakdown. Understanding the biochemical pathways and
regulatory mechanisms governing these transformations is crucial
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for developing scalable and efficient biological wastewater
treatment technologies.

2.10. Adsorption

Traditional wastewater treatment technologies often fall
short when it comes to managing effluents containing synthetic
dyes due to their chemical stability and complex structures. In
contrast, adsorption has emerged as a widely accepted and
efficient alternative for dye removal. This process involves the
accumulation of substances from a liquid phase onto a solid
surface and is especially valued for its versatility and simplicity
(Nguyen et al., 2025). Historically, the concept of carbon based
adsorption dates back to ancient civilizations, including its use in
Egypt around 1550 B.C. and by figures such as Hippocrates and
Pliny the Elder. Scientifically, adsorption phenomena were
observed in the 18th century, and the term “adsorption” was
formally introduced by Kayser in 1881 to distinguish surface
accumulation from absorption.

Adsorption can be classified into physical adsorption
(physisorption), governed by Van der Waals forces, and chemical
adsorption (chemisorption), characterized by stronger chemical
bonding. While physisorption is reversible, chemisorption often
requires more effort for desorption. Both mechanisms may occur
concurrently depending on the system conditions. A major
advantage of adsorption is flexibility and minimal environmental
impact. It is cost-effective, insensitive to toxic pollutants, and
does not generate secondary waste. Adsorbents which are
different sizes (granules, powders and pellets) are used to removal
of dyes in adsorption processes (Dutta et al., 2021). Activated
carbon (AC) remains the most widely used adsorbent and is
derived from precursors such as coal, coconut shells, lignite, and
wood through either physical or chemical activation processes.
Physical activation generally requires high temperatures and
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longer times, whereas chemical activation uses agents that
necessitate post-treatment washing (Heidarinejad et al., 2020).
AC is available in multiple forms including powdered (PAC),
granular (GAC), pelletized, and fibrous (ACF). GAC is often
favored in continuous systems due to ease of handling, while PAC
is used in batch systems for its low capital cost and rapid contact
time, despite challenges in solid-liquid separation. Pelletized AC
is typically produced from coal for vapor-phase applications,
while ACFs are synthesized from polymer precursors like
polyacrylonitrile (PAN) and cellulose, yielding high surface area
materials. Despite their efficacy, the high cost and regeneration
needs of AC can limit its widespread application. Exhausted
activated carbon must be regenerated most commonly via thermal
methods, though chemical, oxidative, and electrochemical
approaches are also used (Demiral et al., 2021). Ongoing research
continues to seek cost-effective and sustainable alternatives for
large-scale adsorption applications (Kumar et al., 2023; Kumar et
al., 2025). The adsorption which is the efficient and low-cost
wastewater treatment method has given rise with low-cost
adsorbents (LCAs). The most of recent studies provides an
overview of LCAs comprising natural, industrial as well as
synthetic materials or wastes and their removal performance of
dyes. From a comprehensive research, it was found that LCAs, in
addition to having wide availability, have fast kinetics and
appreciable removal capacities. Advantages and disadvantages of
adsorbents used in processes, favourable removal conditions for
adsorbate—adsorbent systems, and adsorption capacities of
various LCAs and ACs which were prepared from different
materials available in the literature.
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3. EFFECT OF PROCESS CONDITIONS ON
ADSORPTION PROCESS

Numerous factors influence the adsorption of dyes onto
solid surfaces, including pH, temperature, dye concentration,
adsorbent dosage, agitation speed, and ionic strength. Proper
optimization of these variables is essential for enhancing dye
removal performance and facilitating scale-up for industrial
applications.

3.1. Effect of solution pH

Among the various factors influencing dye adsorption, pH
of solution plays a vital role in dictating adsorption behavior of
both adsorbent and dye molecules. pH, which reflects the acidity
or alkalinity of an aqueous medium, directly impacts the
ionization degree of dye molecules as well as the surface charge
of adsorbent. The electrostatic interactions that govern adsorption
are highly pH dependent. At acidic conditions (pH < 7), the
adsorbent surface tends to acquire a positive charge, which
enhances the adsorption of negatively charged (anionic) dyes.
Conversely, in alkaline conditions (pH > 7), the surface is
generally negatively charged, which favors the removal of
cationic dyes. This pH responsive behavior is closely linked to
point of zero charge (pHpz) or isoelectric point (pHiep) of
adsorbent, which denotes the pH at which the surface carries no
net charge. To determine the pHpz of an adsorbent, batch
experiments are typically conducted by preparing dye solutions
across a pH gradient and adding a fixed amount of adsorbent to
each. After equilibrium, a plot of final pH versus initial pH is used
to identify the pHpzc where the initial and final pH values are
equal. This value provides insight into surface-active sites and the
electrokinetic characteristics of the adsorbent material. The
presence of functional groups such as hydroxyl (-OH), carboxyl
(-COOH), and amine (-NH:) on the adsorbent surface also
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affects the pH dependent adsorption process. In general, cationic
dye adsorption is favored when pH > pHpz, while anionic dye
uptake is enhanced when pH < pHpzc due to prevailing surface
charge conditions. Understanding the pH effect is vital for
optimizing adsorption processes and designing efficient dye
removal systems for real-world wastewater treatment
applications.

3.2. Effect of initial dye concentration

The initial dye concentration plays a crucial role in
determining on adsorption performance and efficiency of an
adsorbent. It directly affects the mass transfer driving force and
extent of interaction between dye molecules and available
binding sites on adsorbent surface. When adsorption experiments
are conducted with a fixed adsorbent dosage and varying initial
dye concentrations, the results typically reveal a dual behavior.
At lower concentrations, a higher percentage of dye removal is
often achieved due to sufficient active sites being available for
adsorption. However, as the initial concentration increases, these
sites may become saturated, resulting in a reduced percentage of
dye removed. Nevertheless, the total quantity of dye adsorbed
(i.e., adsorption capacity) often increases with initial
concentration. This is attributed to the stronger concentration
gradient, which enhances mass transfer rates and accelerates the
adsorption process. Optimizing the initial dye concentration is
essential for designing efficient adsorption systems, particularly
in large scale wastewater treatment applications where pollutant
loads vary significantly (Kul et al., 2021).

3.3. Effect of temperature

Temperature is a significant physicochemical parameter
influencing the adsorption of dyes onto adsorbents. It can affect
both the adsorption capacity and the kinetics of the process by
altering the mobility of dye molecules and the interaction strength
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between adsorbate and adsorbent. Experimental evaluation
typically involves preparing adsorbent—adsorbate mixtures at
different temperatures and monitoring equilibrium dye uptake.
Depending on the system, an increase in temperature can lead to
two contrasting effects. If adsorption capacity increases with
temperature, the process is classified as endothermic. This is often
due to enhanced diffusion rates and increased surface activity that
facilitate dye transport to binding sites. In contrast, a decrease in
adsorption capacity with rising temperature indicates an
exothermic process, likely due to the weakening of adsorptive
forces. Thermodynamic changes such as the displacement of
water molecules by dye ions and corresponding changes in
system entropy also influence adsorption. Higher temperatures
may increase the translational entropy of displaced water
molecules, contributing to the spontaneity of the process. Thus,
thermodynamic parameters like enthalpy (AH), entropy (AS), and
Gibbs free energy (AG) are frequently analyzed to better
understand temperature related adsorption behaviors (Koyuncu et
al., 2021).

3.4. Effect of adsorbent dosage

The quantity of adsorbent used in a treatment system is a
key determinant of its dye removal capacity under given
operational conditions. Generally, increasing the adsorbent
dosage enhances removal efficiency due to greater availability of
surface area and active binding sites. This leads to higher
probabilities for dye molecules to interact with and adhere to the
adsorbent surface. However, beyond a certain threshold, further
increasing the dosage may yield diminishing returns. Excessive
adsorbent can cause particle aggregation, reducing the effective
surface area and potentially lowering adsorption efficiency per
unit mass. Evaluating the optimal dosage helps balance
performance with material cost and operational feasibility. It also
provides insight into the minimum adsorbent quantity required
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for effective dye removal an essential consideration for economic
and sustainable large-scale applications.

3.5. Effect of agitation speed

In batch adsorption systems, agitation speed significantly
influences dye removal efficiency by enhancing solute dispersion
and reducing external mass transfer resistance. Agitation
minimizes the thickness of boundary layer surrounding the
adsorbent particles, thereby facilitating transport of dye
molecules from bulk solution to the active sites on adsorbent
surface. The adsorption process generally comprises four
sequential steps: (1) migration of dye molecules from the bulk
solution to the adsorbent surface, (2) diffusion through the
boundary layer, (3) attachment to an active site, and (4)
intraparticle diffusion within the adsorbent pores. Increased
agitation accelerates these steps by forcing more dye molecules
toward the adsorbent interface, which results in improved
adsorption kinetics and higher dye uptake. Experimental setups
evaluating the effect of agitation typically involve varying the
stirring speed while maintaining constant dye concentration,
adsorbent dosage, and temperature. However, excessive agitation
may lead to particle disintegration or dye desorption, highlighting
the need to identify an optimal speed that maximizes efficiency
without inducing mechanical instability.

3.6. Effect of ionic strength

The ionic strength of wastewater, often elevated due to
high salt content, can significantly affect dye adsorption
dynamics. This parameter modulates electrostatic interactions
between the charged dye molecules and the adsorbent surface.
Experimental investigations typically involve the addition of
varying concentrations of salts such as sodium chloride (NaCl) to
the adsorbent—adsorbate system, followed by equilibration under
controlled conditions. The impact of ionic strength depends on
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the nature of electrostatic interactions. When these interactions
are attractive (e.g., between oppositely charged dye and
adsorbent), increasing the ionic strength tends to compress the
electrical double layer, reduce electrostatic potential, and thus
hinder dye adsorption. Conversely, in systems where repulsive
forces dominate, increased ionic strength may facilitate
adsorption by mitigating repulsion through charge screening.
Thermodynamically, ionic strength influences the electrostatic
component of the system’s Gibbs free energy (AG), which in turn
governs adsorption spontaneity. A higher ionic concentration
reduces the coulombic free energy, thereby decreasing the overall
adsorption efficiency for certain dye species, especially basic
dyes. Understanding and controlling ionic strength is vital in
designing optimized adsorption protocols for real wastewater
matrices.

4. MODELING APPLICABILITY OF
ADSORPTION PROCESS

4.1. Applicability of isotherm models on adsorption
process

The adsorption isotherm is significant for the explanation
of the interaction of adsorbent with adsorbate molecules and
propose an idea of removal capacity. The determination of the
most suitable isotherm is important for obtain the mechanism of
adsorption process. The parameters obtained from isotherm
models are provided important informations for analysis and
design of adsorption system. The surface phase may be
considered as a monolayer or multilayer adsorption which are
investigated with different isotherm models in the literature
(Aldemir et al., 2023; Saadi et al., 2015). Langmuir and
Freundlich models are the most widely used to describe the
adsorption isotherm. Langmuir isotherm model assumed that
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adsorption takes place at specific homogeneous sites within the
adsorbent, and it has been used for many adsorption processes of
monolayer adsorption. Freundlich isotherm model considers a
heterogeneous adsorption surface that has unequal available sites
with different energies of adsorption. The best fit isotherm model
can be chosen based on the values of correlation coefficient (R?)
and/or calculated error values such as MSE, SSE, RMSE
(Rajahmundry et al., 2021; Ayawei et al., 2017). Langmuir,
Freundlich and other isotherm model equations with their plot
axes are shown in Table 1.

Table 1. Isotherm model equations and their plot axes

Equation Isotherm Isotherm model equation Plot axes
no name (y vs x)
n q qe
1 Langmuir C_: =K, % qm — KL * qo ; vs qe
i 1
2 Freundlich In(g.) = In(Ks) + -+ In(C,) In(qe) vs In(C,)
3 Temkin qe qe vs In(C,)
= By *In(Ky) + By * In(C,)
4 Dubinin- In(gq.) = In(q,) — Kp * € In(q,) vs €2
Radushsckevich
5 6 1 6 1
Frumkin ln[(l - 9) : C_e] =In(i) + 2 ln[(l - 9) : C_e] vs®
xox0

6 C*(1—9) C,*(1-9)

Hill-Deboer ( ) (1 - 9) ln( 0 )

0
_ _ Z —
ln(Kl) «T (1 — 9) vs 6

7 Flory-Huggi 6 9

ory-Huggins In ( ) In(Kgn) + npy In (—) vsIn(1—6)

Co Co
*In(1
-0
8 Redlich- In(C./qe)
Peterson = B *In(C,) — In(Kgp) In(C./q.) vs In(C,)

9 a2 = 21— (ya,) 10g(c)

Harkin-Jura e = 7. H)* 108 e 1/q.* vs log(C,)
10

Henry qe = (Kyg) * (Ce) Ge Vs Ce
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11 Harkins- In(q.)
1 1
Henderson =—xIn(K,) — —* In(C,) Ing,vsinC,
ny Np
1 1
12 Halsey 00 = L e In(K,) — -« In(C,) Ing.vsinC,
ny L%
13 Scatchard qe _ Kg * Qg — Ks * q, Ie s e
C, Ce
14 Elovich In (q_9) =1In (Kp) * G — e ln‘é—e VS e
e m e
15 Hill ln(q q“’q )=n*H*1n(Ce) q
H — qe ln( ¢ )vsln Ce
—In(Kp) qu — qe (o)
C C
16 Jossens n (_e) = CIn(H) + F g, In (_6) —
Qe qe
17 Jovanovich In(q.) = In(g,,) — K; * C. In(q.) vs C,
* In(qy)
4.2. Applicability of kinetic models on adsorption
process

The control mechanism of adsorption process such as
chemical reaction, diffusion control or mass transfer coefficient
is determine with kinetic models. The kinetics of dye adsorption
onto adsorbent is prerequisite for choosing the best operating
conditions. The study of adsorption kinetics illustrates how the
solute uptake rate and obviously this rate control the residence
time of the adsorbate at the solution interface. Different kinetic
models are used in the adsorption studies which were given in
literature (Kul et al., 2023). Pseudo first order (PFO), pseudo
second order (PSO), and intraparticle diffusion (IPD) models are
the most widely used to describe the adsorption kinetics. For the
PFO model, the adsorption rate was expected to be proportional
to the first power of concentration, where the adsorption was
characterized by diffusion through a boundary. The PFO model
sometimes does not fit well for the whole range of contact time.
In that case, the PSO model was based on the adsorption capacity
of the solid phase and this model assumes that chemisorption may
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be the rate controlling step in the adsorption processes. The best
fit kinetic model can be chosen based on the values of the
correlation coefficient (R2) and/or calculated error values such as
MSE, SSE, RMSE. PFO, PSO, IPD and other kinetic models of
dye adsorption onto various adsorbent materials are shown in

Table 2.
Table 2. Kinetic model equations and their plots axes
Equation Kinetic model name Kinetic model equations Plot axes
no (Y vs X)
18 Pseudo First Order
(Lagereng) In(ge—q)=Ing. —k;*t | In(ge—q)vst
19 Pseudo Second Order t 1 t
(Ho & Mckay) q ki*q? +Z t/qust
20 Intraparticle diffusion
(Weber-Morris) q=kpextY2+C qvst V2
21 Elovich q: q. vs Int
1 1
=—xIn(a*B)+—=*In(t
7 B 3 ®
22 Fractional Power
Inq, = In(K) + v * In(t) Ing, vs Int
23 Diffusion Coefficient at 2
For D;: (= t
(Fick’s Law) (19 1 (q) vstz
n % For D,:
= (Dy*m?/a?) *t ln(l—ﬂ)vst
—0.4977 e
24 Bangham-Arrhenius _ E,
Ink, = Ink, — R*T Ink, vs 1/T
25 Avrami In [In (q./(qe — @))] In [In (q./(qe
= nyy * InK, + nyy *1n (t) —q))] vsInt

4.3. Applicability of thermodynamic parameters on
adsorption process

Thermodynamic parameters

provide

an important

information about inherent energetic changes associated with
adsorption process; the most common equations that related
thermodynamic parameters such as change in free energy (AG),
enthalpy (AH), and entropy (AS) are determined with Eq (26) —

Eq (28);
AG’
AG®

AH® —TAS®
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lTLKd = T — H (28)

Kq is a constant (L g %), which is obtained by plot of ge/Ce versus
Qe. AH® and AS° values are determined from plot of InKd versus
1/T. The activation energy (Ea) supply an idea about the
adsorption type for physical (0—40 kJ mol™) or chemical (40-800
kJ mol™). Ea of adsorption process is obtained from Arrhenius
equation which is given in Eq. (29);

Ink, = InA — A (29)

where k2 is rate constant (g.mol.s™?), A is Arrhenius factor
(g.mol.s™), Ea is activation energy (J mol?), R is gas constant
(J mol*.K?), and T is temperature (K), (Kul and Aldemir, 2024).

5. CONCLUSION

Dyes represent a significant class of pollutants, posing
severe threats to ecosystems. The choice of colorants in
manufacturing industries critically influences product quality, but
the resulting wastewater generation adversely impacts the
environment. Consequently, treating dye industrial effluent
before discharge is essential. This review examines various dye
removal methods, including coagulation, membrane filtration,
advanced oxidation processes (AOPs), and adsorption. Among
these, chemical oxidation, biological treatment, and adsorption
have been widely employed in recent decades, achieving removal
efficiencies exceeding 80% and in some cases, 90% when they
are combined. Coagulation faces limitations such as sludge
disposal challenges and inefficacy against diverse dye types,
prompting research into hybrid coagulation systems. Membrane
processes, though effective, encounter complexities like fouling
and concentrated sludge generation, driving studies toward low-
cost, high-strength membranes. AOPs excel in decolorization and

80



Akademik Perspektiften Miihendislik

mineralization but suffer from high energy demands. Biological
treatments offer an eco-friendly and straightforward approach,
yet their efficiency depends on effluent conditions, dye type, and
operational parameters. While promising, these methods are often
time-consuming, necessitating further research to optimize
degradation rates. Adsorption has been extensively studied, with
a substantial body of research dedicated to dye removal using
various adsorbent materials. However, the regeneration of spent
adsorbents remains a significant challenge. Despite this,
adsorption is widely regarded as a highly efficient and
advantageous method due to its cost-effectiveness, compact
operational requirements, high removal efficiency, and
operational flexibility. Recent studies have increasingly focused
on the reuse potential of spent adsorbents, demonstrating that
properly regenerated materials can be employed for multiple
treatment cycles without compromising their adsorption capacity.
For practical applications, adsorbents must exhibit selectivity
toward specific dye types while remaining economically viable.
In recent years, considerable research efforts have been directed
toward wastewater treatment, driven by the critical importance of
water as both a precious resource and a fundamental component
of ecosystems. Ensuring safe treatment practices and water
conservation is a collective responsibility. Moving forward, the
development of advanced, low-cost treatment technologies with
enhanced efficiency will be essential to address growing
environmental concerns. Application and comparison of
adsorption process among the dye removal methods from
wastewater effluents were explained with effects of process
conditions such as solution pH, temperature, adsorbent dosage,
initial dye concentration, and isotherm - kinetic modeling with
thermodynamic behaviours.
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KAMU KURUMLARINDA GUNES ENERJISI
KULLANIMININ VERIMLILiGi VE
SURDURULEBILIRLIK UZERINDEKI
ETKILERI

Biilent KARAKUS!
Harun YAKAZ

1. GIRIS

Giines enerjisi, dogal bir kaynak olarak, yenilenebilir
enerji arasindaki 6nemi ve sirddrilebilir kalkinmadaki rollyle
dikkat cekmektedir. Ozellikle kamu kurumlari, cevresel etKiyi
azaltmay1 ve enerji maliyetlerini diisiirmeyi hedeflerken giines
enerjisinin kullanimin1 benimsemekte, bdylece hem ekonomik
hem de ekolojik strdurtlebilirlik saglama yolunda Onemli
adimlar atmaktadir. TUrkiye’nin giines enerjisi potansiyeli,
cografi konum ve iklim kosullar1 agisindan oldukga yiksektir
(Sekil 1). Bu nedenle, kamu kurumlarinda giines enerjisi
sistemleri kurmak hem yesil enerji Uretimi hem de enerji
verimliligi ~ agisindan  stratejik ~ bir  hamle  olarak
degerlendirilmektedir.

Giines enerjisi sistemleri, fotovoltaik (PV) hucreler ve
termal giines sistemleri gibi gesitli teknolojiler araciligiyla enerji
uretimi etkinligini artirmaktadir. Bu kaynaklarin entegrasyonu,
kamu kurumlarinin  hem isleyisinde hem de c¢evresel
hedeflerinde belirgin bir degisim yaratmaktadir. Fotovoltaik

1 Mardin Valiligi, Mardin 11 Saghk Miidiirliigii, Elektrik Mihendisi,
bulent.karakus@saglik.gov.tr, bulent.karakus@icisleri.gov.tr,

2 Dog. Dr., Amasya Universitesi, Miihendislik Fakiiltesi, Makine Miihendisligi,
harun.yaka@amasya.edu.tr, ORCID: 0000-0003-4859-96009.
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sistemler, giines 1s1gm1  dogrudan elektrige doniistiirerek,
kurumlarin elektrik tiiketiminde bagimsizlik saglayarak enerji
maliyetlerini 6nemli 6lglde azaltabilir. Ayrica, giines termal
sistemleri, su 1sitma gibi uygulamalarda enerji tasarrufuna
katkida bulunmakta ve sirdirllebilir kaynaklarin verimliligini
artirmaktadir.

Sekil 1. Turkiye’nin giines enerjisi potansiyeli

(https://gepa.enerji.gov.tr/)

Ayn1 zamanda, giines enerjisinin kullanilmasi, kamu
kurumlarmin karbon salimmini azaltma hedefleriyle uyumlu
oldugu icin iklim degisikligi ile mucadelede 6nemli bir strateji
olarak One g¢ikmaktadir. Bu doniisiim, gevresel bilinglenmeyi
artirmanin yani sira toplumda yesil teknolojilere yonelik bir
egilim olusturarak yenilik¢i coztiimler gelistirilmesine de katkida
bulunabilir. Sonu¢ olarak, kamu kurumlarinda giines enerjisi
kullanimiin verimliligi ve surdirilebilirlik Gzerindeki etkileri
hem cevresel hem de ekonomik agilardan ele alinarak toplumun
genel yararina hizmet eden bir unsurdur. Bu baglamda, giines
enerjisi projeleri, yalnizca enerji Uretiminde degil, ayn1 zamanda
sosyal ve ekonomik siirdiiriilebilirligin saglanmasinda da kritik
bir rol oynamaktadir. Giines enerjisinin uygulanabilirligi,
Ozellikle gunimuzde artan enerji talebi ve fosil yakitlarin
tikenmesi egiliminde oldugu g6z 6nune alindiginda, daha da 6n
plana c¢ikmaktadir. Turkiye gibi Ulkelere, giines enerjisinin
kullanimiyla ilgili olarak gerek cografi konum gerekse iklim
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Ozellikleri agisindan Onemli avantajlar sunulmaktadir. Bu
baglamda, kamu kurumlari, giines enerjisi teknolojilerinin
gelistirilmesi ve uygulanmasma 6ncilik ederek hem enerji
giivenligini artirmakta hem de cevresel hedeflere ulasma
cabalarina katkida bulunmaktadir (Aksu2025).

Kamu sektorinde giines enerjisi uygulamalarinin
yayginlasmasinin sagladigi yararlar cesitlilik gdstermektedir.
Enerji verimliligi artirilarak, kamu hizmetlerinin yurutilmesinde
maliyetlerin  diistiriilmesi hedeflenmektedir. Giines enerjisi
sistemleri, genellikle disik bakim maliyetleri ve wuzun
omdirliligi ile dikkat c¢ekmektedir. Bununla birlikte, bu
sistemlerin  kamu kurumlarma entegre edilmesi, sadece
ekonomik vyararlar saglamakla kalmamakta, ayni zamanda
toplumda enerji bilincinin artmasina ve yenilenebilir enerjiye
olan glvenin pekismesine de katki saglamaktadir. Ayrica, bu
uygulamalar, kamu kurumlarmin kendi surddrulebilirlik
hedeflerini gergeklestirmelerine énemli bir zemin hazirlamakta
ve cesitli stratejilerin gelistirilmesine olanak tanimaktadir.

Sonug¢ olarak, giines enerjisinin kamu kurumlarinda
kullanimi, verimliligi artirmanin yani1 sira srdardlebilirlik
hedeflerine ulasmada da kritik bir rol oynamaktadir. Bu enerji
kaynagmin etkin bir sekilde entegrasyonu hem cevresel etkilerin
azaltilmasina  hem de ulusal enerji  politikalarinin
guclendirilmesine  katkida bulunarak, toplumsal fayday:
artirmaktadir. Boylece hem ginimiz hem de gelecek nesiller
icin daha surddrulebilir bir enerji yapisinin inga edilmesine
olanak taninmaktadir. Bu cercevede, kamu kurumlariin giines
enerjisi  uygulamalarin1  benimsemesi, gelecekteki enerji
senaryolarinda belirleyici bir unsur haline gelecektir.
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2. GUNES ENERJISININ TEMEL ILKELERI

Giines enerjisi, doganin sundugu en zengin ve
sirddrilebilir — enerji  kaynaklarindan  biri  olarak, temel
prensipleri Uzerinde sekillenmektedir. Bu enerji formu, giinesin
elektromanyetik spektrumundaki fotonlar1 kullanarak, ¢esitli
teknolojiler araciligiyla dogrudan elektrige veya 1sil enerjiye
doniistiiriilmektedir.  Giines enerjisinin  verimliligi, hem
fotovoltaik (FV) hucrelerin etkinligine hem de giines termal
sistemlerinin tasarimina baglidir. Fotovoltaik sistemlerde, giines
151811 dogrudan elektrik akimina geviren giines hucreleri
bulunmaktadir. Bu hiicreler genellikle silikon tabanl
malzemelerden Uretilmektedir ve fotonlarin enerji transferini
kullanarak, pozitif ve negatif yiklerin ayrilmas1 yoluyla elektrik
uretir. Sekil 2’de fotovoltaik sistem semasi gosterilmistir.

Sekil 2. Fotovoltaik sistem semasi

GUNES ISIGI

Giines Panelleri

l DC Elektrik

Invertér
DC — AC Diniisiim

l AC Elektrik

| Dagitim Panosu |

Bina Yiilkii Sebeke Baglantisa
(Aydinlatma, Tibbi Cihazlar) Fazla elekt. sebekeye verilir

Giines enerjisi sistemlerinin etkin ¢alisabilmesi icin,
giines 1s51g1m1n dogrudan alinmasi ve toplamaya yonelik optimum
acilarin belirlenmesi oldukca kritik bir rol oynamaktadir. Sekil
3’te glines acilar1 gosterilmistir. YUzeylerin egimi ve yond,
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giines 1siimimin  maksimum seviyede toplanmasini saglar.
Ayrica, giines izleme sistemleri gibi gelismis teknolojiler, panel
acilarimin  glin  boyunca giinese g0re otomatik olarak
ayarlanmasint mumkin kilar ve bu sayede enerji verimliligini
daha da artirir. Diger yandan, giines termal sistemlerde, giines
15181 dogrudan 1siya doniistirilmekte ve bu 1s1 gesitli
uygulamalarda kullanilabilmektedir; 6rnegin, sicak su Uretimi ve
yapilarin 1sitilmasi gibi.

Sekil 3. Giines agilari

Egim Agqist

Yiizey Aznmut Agis

< Giines
—
Yiikseklik Agisa

Surdrilebilirlik agisindan, gilines enerjisi sistemlerinin
kullanilmasi, karbondioksit emisyonlarinin azaltilmasina katki
saglarken, yerel ve ulusal enerji bagimsizliginin artirilmasina da
yardimci olur. Bununla birlikte, giines teknolojilerinin cevresel
etkileri de dikkate alinmasi gereken bir diger dnemli unsurdur.
Ozellikle, bu sistemlerin tretimi ve geri déniisiimleri sirasinda
ortaya ¢ikan atiklarin yonetimi hem cevresel koruma amaglari
hem de slrdirilebilir gelisim hedefleri agisindan 6nem arz
etmektedir. Dolayisiyla, giines enerjisi kullanimmin daha fazla
benimsenmesi, sadece enerji verimliligi saglayarak degil, ayni
zamanda sosyal ve cevresel boyutlar1 g0z Oninde
bulundurularak planlanmalidir.

Giines enerjisi, dogal bir kaynak olarak, giines 1s1ginin
enerjiye doniistiirilmesi prensibine dayanmaktadir. Giines, her
saniye buyuk bir miktarda enerji Uretmekte ve bu enerjinin
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Diinya'ya ulasan kesri, ¢esitli teknolojik streclerle elektrik ve 1s1
enerjisine donistiiriilebilmektedir. Giines enerjisi sistemleri,
esasen iki ana kategoriye ayrilmaktadir: fotovoltaik (PV)
paneller ve giines termal sistemler. Fotovoltaik paneller, giines
is1gim - dogrudan elektrik enerjisine geviren yar1 iletken
malzemelerden olusur. Bu sistemler, giines 15181 absorbe
ederek elektrigi Ureten bir doniisim sdreci icerir; burada
fotonlar, elektronlart uyararak akim olusturur. Giines termal
sistemler ise, giines 1sisin1 toplayarak sicak su veya buhar retir
ve bu enerji genellikle binalarin 1sitilmasi gibi uygulamalar igin
kullanilir (Ozdemir ve Ozmen, 2023).

Giines enerjisinin - maksimum verimliligi, sistemlerin
tasarimina, Yerel iklim kosullarina ve cografyaya baghdir.
Ornegin, bir PV sisteminin verimliligi, kullanilan malzeme
kalitesine, panelin agisina ve giines 1s1gmin yogunluguna
baghidir. Ayrica, giines enerjisi sistemlerinin kurulum yerleri,
golgelenme gibi faktorlerle etkilesime girdiklerinde, toplam
enerji Uretimini etkileyen kritik unsurlardan birini olusturur.
Giines enerjisinin siirdiiriilebilirligi agisindan, tarimsal alanlarin
veya dogal yasam alanlarinin korunmasi ve giines enerjisi
sistemlerinin ekosistemle uyumlu bicimde entegre edilmesi
blylk ©6nem tasimaktadir. Bu noktada gezegenimizin enerji
ihtiyacinin karsilanmasinda giines enerjisinin potansiyeli, fosil
yakitlarin yol agtig1 gevresel sorunlarin azaltilmasi ile biyuk bir
tezat olusturur.

Sonu¢ olarak, giines enerjisinin  temel ilkeleri,
toplumlarin enerji gereksinimlerini surdurulebilir bir bigimde
karsilama noktasinda Kritik bir rol oynamaktadir. Bu baglamda,
giines enerjisi  sistemlerinin etkinligi ve verimliligi, enerji
dontigim slreclerinin anlasilmasi, teknoloji gelistirilmesi ve
uygulama alanlarmin  genisletilmesi ile surekli  olarak
iyilestirilmektedir. Bu girisim hem bireysel hem de kurumsal
dizeyde cevresel faydalar saglarken, enerji bagimsizligi ve
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giivenligi yonlinde de Onemli adimlar atilmasina olanak
tanimaktadir.

3. TURKIYE'DE GUNES ENERJISI
POTANSIYELI

Turkiye, cografi konumu ve iklim kosullar1 nedeniyle
giines enerjisi potansiyeli bakimindan oldukga avantajli bir tlke
konumundadir. Sekil 4’te Ulkenin biyik bir kismi, yillik
ortalama 2.740 saatlik giineslenme suresi ile giines enerjisi
dretimi icin elverisli bir iklime sahiptir. Ozellikle giney ve
giineydogu bolgeleri, bu potansiyelin en yiksek oldugu alanlar
arasinda yer almakta olup, Adana, Gaziantep ve Kilis gibi iller,
giines enerjisi Uretiminde Oncii rol oynamaktadir. TUrkiye’nin
toplam giines enerjisi potansiyeli, yillik 380 milyar kilovat-saat
olarak hesaplanmakta, bu rakam dlkenin enerji ihtiyacinin
biylk bir kismini karsilayacak diizeydedir (Yasarsoy, 2024).

Sekil 4. Turkiye’de giineslenme streleri
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(https://gepa.enerji.gov.tr/)

Giines enerjisi potansiyelinin yerinde degerlendirilmesi
icin Turkiye, cesitli stratejiler ve yatirimlar gergeklestirmektedir.
Ozellikle 2010 yilinda yiiriirliige giren Yenilenebilir Enerji
Kaynaklar1 Destekleme Mekanizmas1 (YEKDEM), giines
enerjisi yatirimlari igin  6nemli bir tesvik mekanizmasi
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olusturmustur. Ayrica, giines enerjisi santralleri hem yerlesik
hem de yerel Olceklerde kurularak, sanayi tesislerinden
konutlara kadar genis bir yelpazede enerji saglama kapasitesine
sahiptir. Bu durum, yalnizca enerji bagimliliginin azaltilmasina
katki saglamakla kalmay1ip, ayn1 zamanda istihdami artirmak ve
yerel ekonomilere canlilik kazandirmak adina da 6nemli bir
firsat sunmaktadir (Yahlizade, 2025).

Bununla birlikte, Turkiye'de giines enerjisi potansiyelinin
verimli bir sekilde kullanilmas: igin g¢esitli zorluklarla da
karsilagilmaktadir. Teknik altyapmin yetersizligi, finansal
kaynaklarin siirlilign ve birokratik engeller, bu potansiyelin
gerceklestirilmesinde 6nemli engeller teskil etmektedir. Ancak,
iklim degisikligi ile mucadele ve surdarilebilir kalkinma
hedefleri dogrultusunda, giines enerjisi yatirimlarinin artirilmasi
ve bu alandaki teknolojik gelismelerin desteklenmesi, Glkenin
enerji dontisiim surecinde kritik bir 0neme sahip olacaktir.
Turkiye'nin gilines enerjisi potansiyelinin etkin bir sekilde
degerlendirilmesi, gelecekte enerji giivenliginin saglanmasi ve
cevresel siirdiiriilebilirligin elde edilmesi agisindan elzemdir.

Tirkiye, cografi konumu ve iklim kosullar1 itibariyla
oldukca zengin bir giines enerjisi potansiyeline sahiptir. Ulkenin
blyuk bir kismi, yillik glineslenme siiresinin 2,700 saatten fazla
oldugu, 1liman ve giinesli iklim kusaklarinda yer alir. Ozellikle
Turkiye’nin glney ve i¢ kesimlerinde bu potansiyel daha da
belirginlesmektedir; Adana, Mersin, Antalya ve Kayseri gibi
iller, yuksek giines 1simmmi degerleri ile dikkat cekmektedir.
Sekil 5 acisindan bakildiginda, Turkiye'nin giines enerjisi
kapasitesi yillik ortalama 1,400 kWh/m?2 civarinda bir yillik
giines enerjisi verimi saglamaktadir. Ayrica, Turkiye’nin toplam
yuzey alaninin yaklasik %92’si giines enerjisi Gretimi i¢in uygun
alanlar olarak degerlendirilmektedir (Yasarsoy, 2024).
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Sekil 5. Tlrkiye’nin global radyasyon degerleri (KWh/m?-giin)
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(https://gepa.enerji.gov.tr/)

Giines enerjisi, Turkiye’nin enerji bagimliligin1 azaltma
ve surddrdlebilir enerji hedeflerine ulagsma noktasinda énemli bir
rol oynamaktadir. Mevcut kosullar dahilinde, Tirkiye'nin giines
enerjisi potansiyelinin yalnizca bir kismi kullanilmakta olup, bu
durum enerjinin ulusal ekonomideki etkinligini artirma yéninde
genis bir alan sunmaktadir. Yenilenebilir enerji kaynaklaria
yapilan yatirimlar sonucunda, giines enerjisi santrallerinin sayisi
her gecen gun artmakta ve bu durum, yerel istihdama ek olarak
elektrik faturalarimi indirme gibi avantajlar da saglamaktadir.
Turkiye Enerji ve Tabii Kaynaklar Bakanligi'nin verilerine gore,
2022 yili itibariyla Ulke genelinde kurulu giines enerji gucu
yaklasgtk 10,000 MW seviyelerine ulasmistir. Bu rakam,
Turkiye'nin giines enerjisi potansiyelinin mevcut durumunu ve
gelecekteki buyume firsatlarim1 gozler ©nine sermektedir
(Beyoglu, 2023).

Dolayisiyla, TUrkiye’nin giines enerjisi potansiyeli hem
cevresel surdirdlebilirlik agisindan hem de ekonomik agidan
biyilk bir deger tasimaktadir. Ozellikle, giines enerjisi
sistemlerinin  kurulmasi ve entegrasyonu Uzerine yduritilen
aragtirmalar, bu potansiyelin ekonomik ve cevresel etkilerini
daha da derinlestirmekte ve yenilik¢i ¢cozimler gelistirmektedir.
Dolayisiyla, giines enerjisi, Turkiye’nin enerji geleceginde
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merkezi bir rol oynamakta ve yerel kaynaklarmm en verimli
sekilde kullanilmasi noktasinda somut adimlar atilmasina zemin
hazirlamaktadir. Bu baglamda, giines enerjisinin énemi hem
enerji giivenligini artirma hem de iklim degisikligi ile micadele
cabalarini destekleme agisindan vurgulanmaktadir.

4. ULKEMIiZ’DEKi UYGULAMA ORNEKLERI

Ulkemizde, yenilenebilir enerji kaynaklarina yonelerek,
Ozellikle giines enerjisi kullanimi1 konusunda 6nemli adimlar
atmaktadir. Giines enerjisi, Yyuksek enerji tiketimi olan
hastaneler icin oldukga verimli ve sdrdirtlebilir bir ¢6zim
sunmaktadir. Sekil 6 ile 7° deki lkemizde bazi basarili hastane
giines enerjisi uygulama oOrnekleri, bu alandaki gelisimi
gostermektedir.

Sekil 6. Kale DH kendi tiikettigi elektrigin tamamim hastanede
kurulan giines enerji santralinden iiretiyor

2017 yilinda Kale Devlet Hastanesine kurulan
Glines Enerji Santrali 4 yiin sonunda 808 bin
kwh elektrik Uretti. Sistem hastanenin elektrik
tiketiminin tamamini kargilarken, gilinesten
Uretilen elektrik sayesinde dogaya 450 ton
karbonun salinimi énlendi.

(https://kaledh.saglik.gov.tr/)
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Sekil 7. Antalya kamu hastaneleri birligine bagh Kepez Devlet
Hastanesine kurulan 17.16 kilovathik (kW) giines panelleri

5. GUNES ENERJISi VE KAMU POLITIKALARI

Giines enerjisi, kamu politikalar1 kapsaminda 6nemli bir
rol oynamakta ve iklim degisikligi ile miicadele, enerji giivenligi
ve ekonomik kalkinma gibi cesitli hedeflere ulasilmasinda
stratejik bir ara¢ olarak gorilmektedir. Kamu kurumlari,
yenilenebilir enerji kaynaklarmim kullanimin1 tesvik etmek
amactyla kapsamli mevzuatlar ve duzenlemeler gelistirmektedir.
Bu dizenlemeler, giines enerjisinin verimli bir sekilde
entegrasyonunu saglamak icin teknik standartlarin belirlenmesi,
izin sdreclerinin  hizlandirilmas1  ve finansal tesviklerin
sunulmas1 gibi unsurlar1 icermektedir. Ozellikle, “giines enerjisi
santralleri icin arazi kullanimi” gibi konular, kamu politikasi
aracihigiyla  duzenlenerek, cevresel  surdurulebilirlik ile
ekonomik faydalarin dengesini korumaya caligmaktadir.

Destekleme mekanizmalari, giines enerjisi projelerinin
hayata gecisini kolaylagtiran énemli bir unsur olmaktadir. Bu
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mekanizmalar, genellikle siibvansiyonlar, vergi indirimleri ve
yesil  sertifikalar gibi ekonomik tesvikler araciligiyla
uygulanmaktadir.  Ornegin, devlet destekli  finansman
programlari, kamu kuruluslarinin giines enerjisi sistemlerine
yatirnm yapmasini tesvik ederek, ilk kurulum maliyetlerini
diistirmektedir. Ayrica, cesitli Ulkelerde uygulanan besleme
tarifeleri (Feed-in Tariffs-FiTs) gibi girisimler, yenilenebilir
enerji Ureticilerine belirli bir stre boyunca sabit fiyatla elektrik
satma hakki taniyarak, giines enerjisi yatirimlarini cazip hale
getirmektedir. Bu tlr destekleme mekanizmalari, yalnizca giines
enerjisi kullanimin1 artirmakla kalmayip, ayni zamanda bu
alanda istihdam yaratma ve yerel ekonomilere katkida bulunma
potansiyelini de beraberinde getirmektedir (YYahlizade, 2025).

Sonug olarak, giines enerjisi ve kamu politikalari
arasindaki iliski, sirdurulebilir enerji gecisinin temel taglarindan
birini olusturmaktadir. Kamu kurumlarinin etkin diizenlemeleri
ve destekleyici politika gergeveleri, giines enerjisi altyapisinin
guclendirilmesine  ve bu kaynagmm toplum genelinde
benimsenmesine zemin hazirlamaktadir. Bunun yani sira,
uluslararasi is birlikleri ve bilgi paylasiminin artirilmasi, giines
enerjisi kullaniminin yayginlasmasina katki saglayan bir diger
Oonemli faktor olarak One ¢ikmaktadir. Bu baglamda, giines
enerjisi projeleri, sadece cevresel faydalar sunmakla kalmayip,
ayn1 zamanda kamu politikalarinin basarisint saglamada merkezi
bir rol oynamakta ve toplumlarin surdirilebilir kalkinma
hedeflerine ulagsmalarina yardimci olmaktadir.

Giines enerjisi, kamu politikalar1 agisindan 6nemli bir
alan olusturarak hem cevresel siirdiiriilebilirlige katkida
bulunmaktadir hem de enerji bagimsizlig1 agisindan stratejik bir
kaynak teskil etmektedir. Kamu politikalari, giines enerjisi
sistemlerinin entegre edilmesi ve genis ¢capta benimsenmesi igin
dizenleyici gerceveler ve tesvik mekanizmalar1 gelistirmektedir.
Bu baglamda, mevzuat ve dizenlemeler, inovasyonu tesvik
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etmek ve yatirimlar artirmak adina Kritik bir rol oynamaktadir.
Ulkeler, giines enerjisi potansiyelini en Ust diizeye ¢ikarmak
amaciyla, yenilenebilir enerji hedefleri belirlemekte ve bu
hedeflerin gerceklestirilmesini saglamak Uzere hukuki altyapiy1
olusturma yoniinde adimlar atmaktadir. One c¢ikan yasal
duzenlemeler arasinda, tesvik sistemleri, net metering
uygulamalar1 ve yerel yonetimlerin giines enerjisi projeleri igin
sagladigr izin slrecleri yer almaktadir.

Destekleme mekanizmalari, giines enerjisi
kurulumlarinin  yayginlastirilarak, ekonomik ve cevresel
faydalarin saglanmasini desteklemektedir. Bu mekanizmalar
arasinda, mali tesviklerin yani sira, vergi indirimleri, hibe
programlar1 ve diisiik faizli krediler 6ne ¢ikmaktadir. Ulkeler, bu
tir desteklerle hem bireysel hem de ticari tlketicilerin giines
enerjisi  projelerine  yatinm yapmalarmi tesvik  etmeyi
hedeflemektedir. Ayrica, enerji Ureticileri icin garanti fiyat
uygulamalar1 gibi mekanizmalar, yatirimcilarin uzun vadeli
guvence altinda kalmasini saglamaktadir. TUm bu diizenlemeler,
giines enerjisinin enerji portfoylerinde daha fazla yer almasini
kolaylastirmakta ve  sdrddrllebilir  kalkinma  hedefleri
dogrultusunda ilerlemeyi tesvik etmektedir.

Sonug olarak, kamu politikalari, giines enerjisi kullanimi
acisindan Kritik bir altyapt olusturarak cevresel sorunlarin
¢cOzimiine ve enerji ihtiyaglarinin karsilanmasina yonelik etkili
bir yaklasim gelistirmektedir. Bu politikalarin etkinligi, yalnizca
enerji Uretiminde degil, ayn1 zamanda ekonomik kalkinma ve
cevresel strdurulebilirlik hedeflerini gergeklestirmede de dnemli
bir etkiye sahip olmaktadir. Giines enerjisi ve kamu politikalar1
arasindaki iliski, yenilenebilir enerji gecisinde belirleyici bir
unsuru temsil etmekte ve gelecek nesillere daha sirddrulebilir
bir yasam alani1 sunma adina atilan adimlari sekillendirmektedir.
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5.1. Mevzuat ve Dizenlemeler

Giines enerjisinin kamu kurumlari tarafindan kullanimini
diuzenleyen mevzuat ve dlzenlemeler, Glkenin enerji
politikalarinin ~ ve  sirdirulebilirlik hedeflerinin  basarisini
dogrudan  etkilemektedir. Bu baglamda, yasalar ve
yonetmelikler, giines enerjisi santrallerinin kurulumu, isletilmesi
ve entegrasyonu slrecinde onemli bir cerceve sunmaktadir.
Ornegin, yenilenebilir enerji kaynaklarmin kullaniminin tesvik
edilmesine yonelik duzenlemeler, yerel yonetimler ve devlet
organlar1 arasinda is birligini saglamaya yoOnelik prensipleri de
icermektedir. Bu kapsamda, Turkiye’de 2005 yilinda yiiriirliige
giren Yenilenebilir Enerji Kanunu, giines enerjisi yatirimlarini
destekleyen mali tesvikler ve vergi indirimleri ile isletmelere
avantaj saglamaktadir.

Mevzuatin  etkinligi, yalmzca tesvikler ile smirh
kalmayip, giines enerjisi sistemlerinin glvenli bir sekilde
kurulmasini temin eden insaat ve isletme standartlari ile de
yakindan iligkilidir. Kamusal alanlarda giines enerjisi
uygulamalarinin yayginlagmasi igin gerekli olan bu standartlar,
dogal kaynaklarin verimli kullanimimi destekleyen cevresel
diizenlemelerle biitiinlestirilmistir. Ornegin, cevresel etki
degerlendirmeleri, potansiyel kurulum alanlarinin  segimi
esnasinda g0z oninde bulundurulmakta ve alanin ekosistem
uzerindeki muhtemel etkileri degerlendirilmektedir. Ayrica,
cesitli yerel ve ulusal otoritelerin bu alanda ortak g¢alismalar
yaparak uyumlu bir mevzuat gelistirilmesi, giines enerjisi
projelerinin basarisin1 6nemli 6lgude artirmaktadir.

Sonu¢ olarak, sunulan dizenlemeler ve mevzuat
cercevesi, gilines enerjisi  kullanommin yayginlastiriimasi
acisindan  Kkritik bir rol oynarken, surddrllebilir enerji
hedeflerine ulasilmasinda da temel bir ara¢ sunmaktadir. Kamu
kurumlari, bu diizenlemeleri etkin bir sekilde uygulayarak giines
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enerjisi yatirrmlarini tesvik edebilir ve toplumun bu yenilikgi
enerji  kaynagma olan erisimini artirma  potansiyelini
guclendirebilir.  Bdylelikle hem ekonomik kalkinmanin
desteklenmesi hem de cevresel etki alaninda sdrdirtlebilirlik
saglanmis olur.

Kamu kurumlarinda glines  enerjisi  kullanimini
sekillendiren mevzuat ve dizenlemeler hem enerji piyasasinin
isleyisini hem de slrdurdlebilirlik hedeflerini  dogrudan
etkileyen temel bir yap: tasini olusturur. Ozellikle, devletin
yenilenebilir enerjiye yonelik politikalari, giines enerjisi
projelerinin  hayata gecirilmesinde belirleyici  bir  rol
oynamaktadir. TuUrkiye'de, Elektrik Piyasasi Kanunu ve
Yenilenebilir Enerji Kaynaklar1 Destekleme Mekanizmasi gibi
dizenleyici cerceveler, giines enerjisi yatirimlarini tesvik etmek
Uzere tasarlanmustir. Bu tlr mevzuatlar, enerji Uretiminde
yenilenebilir kaynaklarin payini artirarak, kamu kurumlarinin
cevresel sirdurdlebilirlik hedefleriyle uyumlu hareket etmesine
olanak tanimaktadir.

Bunun yani sira, giines enerjisi sistemlerine yonelik imar
ve altyapr duzenlemeleri de projelerin uygulanabilirligini
dogrudan etkilemektedir. Tlgili kamu kurumlari, arazi kullanim
hakki, tesis yer secimi ve cevresel etki degerlendirme
streclerine dair net diizenlemeler olusturarak, giines enerjisi
yatirimlarmin hizlanmasini saglamay: hedeflemektedir. Ornegin,
giines enerjisi santralleri igin belirlenen kurulum standartlari ve
izin sirecleri, yatinmcilarin projelerini givenli ve hizli bir
sekilde hayata gecirebilmelerini saglamak ic¢in hayati 6neme
sahiptir. Bu baglamda, mevzuatin diizenli ve giincel tutulmasi,
ayrica yerel yonetimlerin is birligi ile  sdreclerin
kolaylastirilmasi, sektérin biyumesi agisindan kritik bir faktor
olarak 6ne ¢ikmaktadir.
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Tirkiye’nin, 2053 yilina kadar net sifir emisyon hedefi
dogrultusunda giines enerjisi  kullanimi Uzerine gelistirdigi
mevzuat, kamu  kurumlarmin  enerji  verimliligi = ve
strddrulebilirlik stratejilerini destekleyebilmesi icin 6nem arz
etmektedir. Bu baglamda, lisanslama sirecleri, tesvikler ve
tarife sistemleri gibi unsurlarin yani sira, yenilenebilir enerji
kaynaklar1 Uzerinde yapilan aragtirmalar ve gelistirme
projelerine saglanan destekler, giines enerjisinin potansiyelinin
gerceklestirilmesinde blyUk rol oynamaktadir. Sonug olarak, bu
diizenlemeler hem enerji bagimliligini1 azaltmak hem de gevresel
sorunlarla mucadele etmek amaciyla kamu kurumlarina ciddi
firsatlar sunmaktadir, dolayisiyla surdirtlebilir bir gelecek igin
hayati bir dneme sahiptir (Aykanat, 2023).

5.2. Destekleme Mekanizmalari

Giines enerjisi  potansiyelinin  etkin  bir  sekilde
degerlendirilmesi, kamu kurumlarinda benimsenen destekleme
mekanizmalartyla dogrudan iliskilidir. Sekil 8,9,10,11°de oldugu
gibi bu mekanizmalar, karbon salinimini1 azaltma hedefleri
dogrultusunda yenilenebilir enerji kaynaklarinin kullanimini
tesvik etmeye yonelik tasarlanmis bir dizi stratejiyi
kapsamaktadir. Ulkeler, giines enerjisi projelerini desteklemek
icin gesitli mali tesvikler sunarak, bu alandaki yatirimcilarin
risklerini asgariye indirmeyi amaclamaktadir. Ornegin, yatirim
tesvikleri, vergi indirimleri veya geri 0deme sistemleri gibi
finansal avantajlar saglanarak giines enerji santrallerinin
kurulumu ve isletilmesi slrecinde karsilasilan engellerin
asilmasi hedeflenmektedir.
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Sekil 8. Enerji verimliligi destekleri

ENERJI
VERIMLILIGI
DESTEKLERI

S/

(https://enerji.gov.tr/)

Sekil 9. VAP destek programi kapsaminda basvurular yil
icerisinde sUrekli veya donemsel olarak alinmaktadir.
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Sekil 10. Enerji ve Karbon Azaltimi (EKA) destek programi
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104

(https://enerji.gov.tr)



https://enerji.gov.tr/
https://enerji.gov.tr/
https://enerji.gov.tr/

Akademik Perspektiften Miihendislik

Sekil 11. 5. Bolge tesvikleri

Meveul Durwmuna

Gore BEn Az Yimde
On Besg Dnonmeba
Enerji Tesamuruy

(https://enerji.gov.tr)

Ayrica, kamu kurumlar1 tarafindan olusturulan gesitli
fonlar ve hibeler, giines enerjisi projelerinin  teknik
gelistirmelerini destekleyerek, teknolojinin inovasyonunu tesvik
etmektedir. Bu baglamda, Ar-Ge yatirimlar1 ic¢in saglanan
desteklerle birlikte, yerel duzeyde giines enerjisi ¢ozimlerini
benimseyen girisimcilerin  cesareti artirilmakta, bOylece
surddralebilir — enerji  sistemlerinin  kurulmasina  zemin
hazirlanmaktadir. Ote yandan, kamu politikalar1 cercevesinde
saglanan egitim ve bilinglendirme programlari, giines enerjisi
kullaniminda toplumsal farkindaligi artirmakta ve bu alandaki
teknolojiye olan kabull kolaylastirmaktadir.

Destekleme mekanizmalarinin etkinligi, zamanla degisen
piyasa kosullarina ve siyasi iradeye bagli olarak dalgalanmakta;
bu durum, kamu kurumlarinin stratejilerinin strekli olarak
gbzden  gecirilmesini  gerektirmektedir.  Uzun  vadeli
strdardlebilirlik hedeflerine  ulasabilmek igin, bu
mekanizmalarin sadece baslangic asamasinda degil, ayni
zamanda operasyonel sureclerde de etkin bir sekilde
uygulanmasi 6nem arz etmektedir. Aksi halde, yatirimcilar ve
kamuoyu nezdinde olusabilecek guvensizlik, giines enerjisi
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yatirimlarin1 olumsuz yonde etkileyebilir. Dolayisiyla, nesnel
veriler 1s1@inda gelistirilen bu destekleme mekanizmalarinin
optimize edilmesi hem verimliligi artiracak hem de
strddrilebilir kalkinma hedeflerine ulasmay1 kolaylastiracaktir.

Giines enerjisinin kamu kurumlarinda etkin bir sekilde
kullanilabilmesi icin gerekli olan destekleme mekanizmalari,
yalnizca mali tesvikler degil, ayn1 zamanda teknik ve yapisal
unsurlart da iceren karmasik bir sistemdir. Bu mekanizmalarin
temeli, yenilenebilir enerji kaynaklara olan talebin artirilmasi
ve bu kaynaklarmn kullanilabilir hale gelmesidir. Kamu
sektoriinde giines enerjisi uygulamalarin1 tesvik eden baslica
destekleme mekanizmalar1 arasinda dogrudan mali hibeler, vergi
indirimleri, uzun vadeli enerji alim garantileri (YAEAG) ve
finansman saglama imkanlar1 yer almaktadir. Ornegin, gesitli
ulkelerde uygulanan YAEAG yontemleri, giines enerjisi
projelerinin gelir garantisi saglayarak, 0zel sektoriin bu alana
yatirrm yapma istekliligini artirmaktadir (Yonetken ve Girsoy,
2021).

Bu mekanizmalarin; sunulan tesviklerin yani sira, kamu
kurumlariin giines enerjisi sistemleri kurulum ve isletme
streclerinde rehberlik saglayacaklar1 teknik destek programlari
da Onem tagimaktadir. Kamu kurumlari, gilines enerjisi
projelerine yonelik mevcut bilgi eksikliklerini giderebilmek icin
egitim  programlari  dlzenleyerek, proje gelistiricilerini
bilgilendirmekte ve en iyi uygulamalar1 yayginlastirmaktadir.
Ayrica, yerel yonetimlerin ve devlet kurumlarinin is birligi
icinde gelistirdigi projeler, gerekli altyapinin olusturulmasina
katk1 saglamakta ve bu siirecte paydaslarin rolini artirmaktadir.
Boylece hem cevresel siirdiiriilebilirligin saglanmasi hem de
enerji verimliliginin artirilmasi saglanmaktadir.

Sonu¢ olarak, destekleme mekanizmalari, kamu
kurumlarinda giines enerjisi kullanimimin yayginlasmasinda
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kritik bir rol oynamaktadir. Enerji piyasasinda rekabetin tesvik
edilmesi ve vyenilikgi ¢ozimlerin gelistirilmesi amaciyla
uygulanan bu mekanizmalar, sadece mali kaynaklarin etkin
kullanimin1  saglamakla kalmaz, aym1 zamanda toplumda
enerjinin stirdiiriilebilirligine dair biling olusturulmasina da katki
sunmaktadir. Kamu sektorinin bu mekanizmalara yonelik
stratejik yaklasimlari, giines enerjisinin gelecegi ve yenilenebilir
enerji hedeflerinin gergeklestirilmesi agisindan hayati Onem
tagimaktadir.

6. SONUC

Kamu kurumlarinda giines enerjisi kullanimi, enerji
verimliligini artirarak maliyetleri distliriir ve siirdiiriilebilir
kalkinma hedeflerine katki saglar. Fosil yakit bagimliligini
azaltarak sera gazi emisyonlarin diisiiren bu uygulamalar, iklim
degisikligiyle miicadelede Onemli bir rol oynar. Kamu
sektorinun yenilenebilir enerji projelerine dnculik etmesi, 6zel
sektorii de tesvik eder ve toplumsal bilinci artirir.

Glines enerjisi, kamu kurumlarinin isletme giderlerini
azaltirken c¢evresel siirdiiriilebilirligi destekler. Egitim ve
farkindalik ¢alismalariyla yesil enerji bilinci yayginlastirilabilir,
ayni zamanda yeni istithdam alanlar1 yaratilabilir. Bu doniisiim
hem ekonomik hem de ekolojik faydalar sunarak daha
yasanabilir bir gelecek i¢in temel olusturur.

Sonu¢ olarak Kamu kurumlarinda gilines enerjisinin
yayginlasmasi, enerji bagimsizlifi, c¢evre koruma ve
strdiiriilebilir  kalkinma acisindan  stratejik  bir adimdir.
Destekleyici politikalar ve yenilikci ¢oziimlerle bu sistemlerin
etkinligi artirllmalidir.
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