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Original Article

Karbotiyoamidin Substitiiye Benzimidazol Bilesiklerinin Sentezi ve Biyolojik
Aktivitelerinin Incelenmesi

Taner Ilker Giimriik¢iioglu'™ "', Hakan Akgiin® ', Bahar Bilgin Sokmen? *', Hakan Bektas?
1ML'ilkiyet Koruma ve Giivenlik Béliimii, Giimiishane Universitesi, Giimiishane, T iirkiye

2Kimya Boéliimii, Giresun Universitesi, Giresun, Tiirkiye
*tanerilker.gumrukcuoglu@gumushane.edu.tr

Ozet

Yapilarinda bir oksijen atomu ile birlikte nitrojen igeren heterosiklik bilesikler, gesitli biyolojik uygulamalari
nedeniyle dnemli bir tibbi kimya bilesikleri sinifidir. Benzimidazoller de bu grupa dahil olup halka yapisinda
farkli yapisinda iki farkli azot (N) atomu tasiyan heterosiklik aromatik organik bilesiklerdir. Bu galismada,
sentezlenen benzimidazol turevi 4a-e’nin anti-Ureaz ve antioksidan aktiviteleri spektrofotometrik
yontemlerle incelendi. Antioksidan aktiviteye dair elde edilen bulgular bu bilesigin vicutta olusabilecek
hastaliklara karsi bir savunma mekanizmasina sahip oldugunu gosterir. Sentezlenen tim benzimidazol
bilesikleri anti-lireaz ve antioksidan aktivite gésterdi. Ureaz inhibisyon aktivitesi gésteren en kuvvetli bilegik
4b numarali, en az aktif olan bilesik ise 4d numaral bilegikler oldu. Tum bilegikler tiyoureden daha yiksek
aktivite gosterdi. En ylUksek antioksidan aktivitesine sahip bilesik 4e numarali bilesik, en diisik antioksidan
aktiviteye sahip bilesik ise 4d numarali bilesikler olarak belirlendi.

Anahtar Kelimeler: ABTS ve DPPH aktivitesi, Antilireaz aktivite, Antioksidan aktivite, Benzimidazol

Synthesis of Carbothioamide Substituted Benzimidazole Compoundsand
Investigation of Biological Activities

Abstract

Heterocyclic compounds containing nitrogen and oxygen atoms in their structure are an important class of
medicinal chemistry compounds because of their diverse biological applications. Benzimidazoles are also
included in this group and are heterocyclic aromatic organic compounds with two different nitrogen (N)
atoms in the ring structure. In this study, spectrophotometric methods investigated the synthesized
benzimidazole derivative 4a-e's anti-urease and antioxidant activities. Findings regarding antioxidant
activity indicate that this compound has a defense mechanism against diseases that may occur in the body.
All synthesized benzimidazole compounds exhibited anti-urease and antioxidant activities. The strongest
compound showing urease inhibition activity was compound 4b, and the least active compound was
compound 4d. All compounds showed higher activity than that of thiourea. The compound with the highest
antioxidant activity was determined as compound number 4e, and the compound with the lowest antioxidant
activity was determined as compound number 4d.

Keywords: ABTS and DPPH activity, Antiurease activity, Antioxidant activity, Benzimidazole
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ALKU Fen Bilimleri Dergisi 2024, Say1 6(1):1-15 Aktivitelerinin Incelenmesi

1. GIRIS

Birgok ilag¢ ve dogal bilesikler, heterosiklik halkalara sahiptir. Heterosiklik halkalarda azot (N), kiikiirt (S),
oksijen (O) gibi atomlar bulunmaktadir. Bu atomlardan bir veya birkag1 halkada yer alan karbon (C) atomu
ile yer degistirmis halde bulunur. Benzimidazol de bu grupta yer alip, halka yapisinda farkli yapida iki azot
(N) atomu tasiyan heterosiklik bir aromatik organik bilesiktir [1,2]. Benzimidazol, molekiil yapisi
bakimindan aromatik heterosiklik bir farmakor olup ilag kimyasinda oldukg¢a 6nemli derecede yer sahibidir.
Yapilan ¢aligmalarda bircok farmakolojik 6zelliklere sahip olan benzimidazol, yaygin olarak kullanilan bir
molekiildiir. Dogada en fazla bulunan benzimidazol bilesigi B12 (kobalamin) vitaminin yapisinda yer alan
kobalt i¢in bir aksiyal ligant olarak gérev yapmakta olan N-ribozil-dimetil benzimidazol yapisidir [3].

Benzimidazol tiirevleri, antikanser [4], antihelmintik [5], antimikrobiyal [6], antifungal [7], antioksidan [8],
antihistaminik [9], antitlimor [10] ve lipaz inhibisyonlar1 [11] gibi farmakolojik 6zellikleri nedeniyle son
yillarda 6nemli ilgi gdrmiistiir. Benzimidazol tiirevleri gibi triazol ve tiyadiazol tiirevleri, antikonviilsan,
antitiimdr, antifungal ve antibakteriyel aktiviteler gibi biyolojik agidan 6nemli molekiil siniflaridir [12,13].
Tiyadiazol, triazol ve oksadiazol gibi bes iiyeli nitrojen iceren heterosiklik halkalara sahip olan
benzimidazoller oldukca ¢esitli biyolojik aktiviteler gostermektedir [14,15]. Bunun yam sira
tiyosemikarbazit ve triazol halkalarini igeren benzimidazollerin, onemli 6l¢iide antioksidan aktiviteye sahip
oldugu bilinmektedir [16,17]. Son zamanlarda, triazol ve tiyadiazol i¢ceren bazi benzimidazol bilesiklerinin
giiclii antimikrobiyal ajan oldugu rapor edilmektedir [18,19].

Benzimidazollerin bir¢cok farkli farmasétik 6zellik gosteren en 6nemli heterosiklik sistemler arasinda yer
aldig1 bilinmektedir. Son zamanlarda bazi benzimidazol tiirevleri beseri ve veteriner hekimlikte ila¢ olarak
kullanilmaya baglanmistir [20].

Ureaz enzimi (iire amidohidrolaz EC 3.5.1.5), iirenin amonyak ve karbon dioksite hidroliz reaksiyonunu
katalize eden ve nikel igeren bir metalloenzimdir. Ureaz, gesitli bitkilerde, mantarlarda, alglerde ve
bakterilerde olmak {izere dogada yaygin olarak bulunmaktadir [21].

Serbest radikaller, hiicre yapis1 lizerinde ¢ok tehlikeli etkilere yol agmalar1 nedeniyle toksik ve reaktif
bilesikler olarak bilinmektedir. Bu nedenle serbest radikaller; kanser, kardiyovaskiiler hastaliklar,
ateroskleroz, diyabet, norodejeneratif bozukluklar, yaslanma, siroz gibi ¢esitli patolojik hastaliklara neden
olurlar [22]. Metabolizmada serbest radikallerin artmasi hiicre hasarina yol actigi i¢in kalp-damar
hastaliklarindan solunum ve bosaltim sistemi bozukluklarina kadar pek ¢ok hastaligin nedeni olarak
goriiliir. Yeterli miktarda antioksidan alimi ve dengeli beslenme ile serbest radikallerin olumsuz olan
etkilerinden kurtulmak miimkiin olabilmektedir. Bu nedenle antioksidanlar, oksidan kaynakli olusabilecek
hastalik riskini azaltabilmek, kaliteli ve uzun bir yasam siirebilmek i¢in olduk¢a Gnemli bir savunma
mekanizmasi olarak onerilmektedir [23]. Ayrica, bazi ilaglar, vitaminler ve sentetik gida antioksidanlar1 da
ekzojen antioksidanlar olarak degerlendirilmektedir [24]. Farmakolojik endiistride, potansiyel antioksidan
ozellikte maddelerin sentezi i¢in etkili yontemlerin gelistirilmesi giiniimiiziin 6nemli arastirma konusu
olmaktadir [25].

Bu bilgiler 1s18¢inda, yapisinda farkli fonksiyonel gruplara sahip olan yeni benzimidazol tiirevlerinin
sentezlenmesi, bilim insanlarinin ilgisini arttirmaktadir. Yapilan bu calismada, yeni sentezlenen
benzimidazol tiirevlerinin antitireaz, DPPH ve ABTS radikal giderme, demir indirgeme giicli antioksidan
aktiviteleri incelendi.

2. MALZEME VE YONTEM

2.1 Kullanilan Cihazlar

Bu caligmada sentezlenen benzimidazol tiirevlerinin yapi tayini i¢in Bruker AVANCE III 400 MHz NMR
Spektrometre cihazi, Optimelt dijital erime noktas: tayini cihaz1 ve Agilent LC/MS-TOF kiitle
spektrofotometre cihazi kullanildi. Sentezlenen bilesiklerin antioksidan aktivite tayininde absorbans
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6lgtimleri i¢in Shimadzu UV Mini-1240 model UV-VIS spektrofotometre cihazi, manyetik karistirict i¢in
Chiltern Hotplate HS 31 marka, pH metre icin Butech marka, vorteksleme islemi i¢in Velp Scientific
Mmarka, hassas terazi i¢in Sartorius marka, ¢alkalamali su banyosu Memmert marka, sonik su banyosu i¢in
Selectra marka, santrifiij i¢in ise Kubota 4200 marka cihazlar kullanildu.

2.2 Metot

Hedef bilesiklerin elde edilmesi icin sentez stratejileri Sekil 1°de gosterilmektedir. Ilk olarak, baslangic
bilesigi 1, literatiire gore sentezlendi [26]. 1 nolu baslangi¢ bilesigi, 4,5-dimetil-o-fenilendiamin bilesigin
karsilik gelen iminoester hidrokloriirle reaksiyonu sonucu literatiirdeki yontemlere gore yapilmis ve yapisi
aydinlatilmigtir. 0.01 mol 1 bilesigi ile ekivalent molde 0.01 mol etilbromoasetat ve 30 mL aseton 50 mL’lik
balonda 5 saat geri sogutucu altinda reflaks edildi ve ardindan reaksiyon bitirildi. Elde edilen karisima su
eklendi, ¢oken beyaz renkli kat1 madde siiziildii. Devaminda aseton-su (1:1) karisimindan kristallendirilerek
saflastirildi. Vakum altinda kurutuldu. 2 bilesigi olarak elde edildi [27]. Verim: 3.02 g, %92 e.n: 120-121
°C. 2 bilesiginden 0.01 mol, 0.03 mol ii¢ kat1 olacak sekilde hidrazin hidrat ile 20 mL mutlak etanol 50
mL’lik reaksiyon balonunda 5 saat siire ile reflaks edildi. Bu siire sonunda reaksiyon TLC ile kontrol
edilerek bitirildi. Buzdolab1 igerisinde 0°C’de bir gece bekletildi ve tamamen ¢oktiikten sonra siiziilerek
alindi. Etil alkolle yikanarak saflastirildi ve vakum altinda kurutuldu. Elde edilen saf bilesik 3 bilesigi olarak
elde edildi. Verim: 2.52 g, %80 e.n: 253-254 °C.

HsC N HaC N R: (42)—CH,
\ BrCH,COOEt \
K,CO3/Acetone/A (4b)
N
HaC N — HaC —
O}) S
2

O

s OCHjs
= F
do— N~ |
OC,Hs |
1 N
NH,NH,.H,0 (4d)_/\
C,H50OHIA |
NS
(4e)—|/\
ANGZN

NO,

p—

Z

H3C N
H3C: : N
O}) S
HN
\NHZ

3
Sekil 1. Yeni benzimidazol tiirevlerinin sentez semasi.

2.2.1 2-{[5,6-dimethyl-2-(2-thienylmethyl)-1H-benzimidazol-1-yl]acetyl}-N-methylhydrazine
carbothioamidin sentezi (4a)
0.01 mol 3 bilesigi 0.01 mol metilizotiyosyanat ile 40 mL saf etil alkol igerisinde 100 mL’lik balon iginde

4 saat reflaks edildi. Reaksiyon TLC ile kontrol edilerek bitirildi ve ¢ken kati madde siiziilerek alindi. Elde
edilen diriin etil alkolden saflastirildi. Vakum altinda kurutuldu ve 4a bilesigi olarak elde edildi. Verim: 3.26
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g, %84 e.n: 242-243 °C, *H-NMR (DMSO-ds), 8, ppm: 2.3 (s, 6H, 2CHs), 2.9 (s, 3H, CH3), 4.4, 4.4 (s, 2H,
CHy), 4.9 (s, 2H, CH,), 6.98 (d, J: 4.2 Hz, 2H, Ar-H), 7.13, 7.2 (s, 1H, Ar-H), 7.40, 7.41 (s, 2H, Ar-H), 9.3
(s, 1H, NH), 9.54, 9.96 (s, 1H, NH), 10.25 (s, 1H, NH). C-NMR (DMSO-ds), 5, ppm: 20.3 (CHs), 20.6
(CHs), 28.1 (CHy), 44.8 (CH2), ArC: [110.8 (C), 119.3 (C), 125.7 (C), 126.6 (C), 127.3 (C), 130.3 (C),
130.9 (C), 134.5 (C), 139.3 (C), 141.0 (C)], 152.7 (C=N), 166.8 (C=0), 176.8 (C=S). LC-MS, m/z: 389.13
[M]*.

2.2.2 2-{[5,6-dimethyl-2-(2-thienylmethyl)-1H-benzimidazol-1-yl]acetyl}-N-(4-methoxyphen
ylhydrazinecarbothioamidin sentezi (4b)

0.01 mol 3 bilesigi 0.01 mol p-metoksifenilizotiyosyanat ile 40 mL mutlak etil alkol i¢erisinde 100
mL’likbalon i¢inde 4 saat reflaks edildi. Reaksiyon TLC ile kontrol edilerek bitirildi ve ¢oken kat1 madde
stiziilerekalindi. Elde edilen iiriin etil alkolden saflastirildi. Vakum altinda kurutuldu ve 4b bilesigi olarak
elde edildi.Verim: 4.08 g, %85 e.n: 160-161 °C, *H-NMR (DMSO-ds), 5, ppm:2.30 (s, 6H, 2CHs), 3.78 (s,
3H, OCH3),4.48 (s, 2H, CHy), 4.95 (s, 2H, CH>), 6.94 (d, 1H, J: 8.2 Hz, Ar-H), 6.97 (s, 2H, Ar-H), 7.15 (s,
1H, Ar-H),7.25 (d, 2H, J: 12.4 Hz, Ar-H), 7.36 (s, 2H, Ar-H), 7.40 (d, 1H, J: 4.0 Hz, Ar-H), 9.65 (s, 1H,
NH), 10.47 (s, 1H, NH), 11.00 (s, 1H, NH). *C-NMR (DMSO-ds), 3, ppm:20.56 (CHs), 20.99 (CHs),
27.90 (CHy), 44.80 (CHy), 55.69 (OCHs), ArC: [110.80 (C), 113.90 (C), 114.38 (C), 119.20 (C), 123.88
(C), 125.67 (C),126.53 (C), 127.30 (C), 129.34 (C), 130.43 (C), 131.07 (C), 132.16 (C), 134.50 (C),
136.79 (C), 139.20 (C), 140.81 (C)], 152.71 (C=N), 167.20 (C=0), 188.40 (C=S). LC-MS, m/z: 481,15
[M]".

2.2.3 2-{[5,6-dimethyl-2-(2-thienylmethyl)-1H-benzimidazol-1-yl]lacetyl}-N-(3-iodophenyl)
hydrazinecarbothioamidin sentezi (4c)

0.01 mol 3 bilesigi 0.01 mol 3-iyodofenilizitiyosiyanat ile 40 mL absol etil alkol i¢erisinde 100 mL’lik
balon i¢inde 4 saat reflaks edildi. Reaksiyon TLC ile kontrol edilerek bitirildi ve ¢coken kati madde siiziilerek
alind1. Elde edilen triin etil alkolden saflastirildi. Vakum altinda kurutuldu ve 4c bilesigi olarak elde edildi.
Verim: 4.89 g, %85 e.n: 191-192 °C, *H-NMR (DMSO-dg), 8, ppm: 2.31 (s, 6H, 2CHj3), 4.45 (s, 2H, CH,),
4.95 (s, 2H, CHy), 6.98 (m, 2H, Ar-H), 7.17 (s, 1H, Ar-H), 7.26 (s, 1H, Ar-H), 7.39 (s, 2H, Ar-H), 7.41 (s,
1H, Ar-H), 7.55 (s, 1H, Ar-H), 7.98 (s, 1H, Ar-H), 9.87 (s, 1H, NH), 10.51 (s, 1H, NH), 11.16 (s, 1H, NH).
13C-NMR (DMSO-dg), 8, ppm: 20.3 (CHs), 20.6 (CHs), 28.1 (CH.), 44.9 (CH>), ArC: [110.8 (C), 119.3 (C),
125.6 (2C), 126.6 (2C), 127.3 (2C), 130.3 (C), 131.0 (C), 131.1 (2C), 134.5 (C), 139.2 (2C), 140.9 (C)],
152.7 (C=N), 172.1 (C=0), 187.3 (C=S). LC-MS, m/z: 577,04 [M]".

2.2.4 2-{|5,6-dimethyl-2-(2-thienylmethyl)-1H-benzimidazol-1-yl]acetyl}-N-phenylhydrazine
carbothioamidin sentezi (4d)

0.01 mol 3 bilesigi 0.01 mol fenilizotiyosiyanat ile 40 mL absol etil alkol igerisinde 100 mL’lik balon iginde
4 saat reflaks edildi. Reaksiyon TLC ile kontrol edilerek bitirildi ve ¢6ken kat1 madde siiziilerek alindi. Ele
gecen tiriin etil alkolden saflastirildi. Vakum altinda kurutuldu ve 4d bilesigi olarak elde edildi. Verim: 3.78
g, %84 e.n: 203-204 °C, *H-NMR (DMSO-ds), 8, ppm: 2.31 (s, 6H, 2CHs), 4.38, 4.45 (s, 2H, CH>), 4.94
(s, 2H, CHy), 6.96-6.98 (m, 3H, Ar-H), 7.20-7.36 (m, 2H, Ar-H), 7.38-7.42 (m, 4H, Ar-H), 7.52 (s, 1H, Ar-
H), 9.72 (s, 1H, NH), 10.38 (s, 1H, NH), 10.50 (s, 1H, NH). 3C-NMR (DMSO-ds), 8, ppm: 20.2 (CHs),
20.5 (CHg), 28.0 (CHy), 44.9 (CHy), ArC: [110.8 (C), 119.2 (C), 125.6 (C), 126.6 (C), 127.3 (2C), 128.7
(2C), 130.3 (2C), 131.0 (2C), 134.5 (2C), 139.4 (C), 141.3 (C)], 152.7 (C=N), 168.4 (C=0), 181.1 (C=S).
LC-MS, m/z: 451,15 [M]".

2.2.5 2-{[5,6-dimethyl-2-(2-thienylmethyl)-1H-benzimidazol-1-yl]acetyl}-N-(4-nitrophenyl)
hydrazinecarbothioamidin sentezi (4e)

0.01 mol 3 bilesigi 0.01 mol p-nitrofenilizotiyosiyanat ile 40 mL absol etil alkol igerisinde 100 mL’lik balon
icinde 4 saat reflaks edildi. Reaksiyon TLC ile kontrol edilerek bitirildi ve ¢oken kat1 madde siiziilerek
alind1. Ele gegen iiriin etil alkolden saflastirildi. Vakum altinda kurutuldu ve 4e bilesigi olarak elde edildi.
4
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Verim: 4.15 g, %84 e.n: 170-171 °C, *H-NMR (DMSO-dg), 8, ppm: 2.30 (s, 6H, 2CHs), 4.47 (s, 2H, CH>),
4.47,4.49 (s, 2H, CH,), 6.91 (d, 2H, J: 4.2 Hz, Ar-H), 7.20 (s, 2H, Ar-H), 7.27 (s, 1H, Ar-H), 7.40 (s, 1H,
Ar-H), 7.38 (d, 2H, J: 8.4 Hz, Ar-H), 8.25 (d, 1H, J: 8.4 Hz, Ar-H), 10.15 (bs, 1H, NH), 10.57 (bs, 1H,
NH), 10.76 (bs, 1H, NH). *C-NMR (DMSO-ds), 5, ppm: 20.3 (CHa), 20.6 (CH3), 28.1 (CH5), 44.9 (CHy),
ArC: [110.9 (C), 112.8 (C), 119.2 (C), 121.6 (C), 124.3 (C), 125.2 (C), 125.7 (C), 126.7 (C), 127.3 (C),
130.5 (2C), 131.1 (2C), 134.4 (C), 139.1 (C), 140.7 (C)], 152.7 (C=N), 167.2 (C=0), 188.4 (C=S). LC-MS,
m/z: 496.13 [M]*.

2.3 Ureaz inhibisyon Aktivitesi Tayini

Benzimidazol bilesiklerinin antitireaz aktivitesi Van Slyke ve Archibald’in yontemine gore
spektrofotometrik olarak tayin edildi [28]. 16 mg/mL (0.1 M; pH 6.8 fosfat tamponunda) 500 pL iireaz
¢ozeltisi, 500 uL standart ve benzimidazol numunelerine (1.0x1075-1.0x10% ug/mL) ilave edildi. Tepkime
karisimi, oda sicakliginda 15 dakika siireyle inkiibe edildi. Ardindan karisim igerisine 400 pL fenol
kirmizisi ¢ozeltisi (iire-fosfat tamponunda, pH: 6.8) ilave edildi. Calismada, kor olarak, 0.1 M tire-fosfat
tamponu kullanildi. Biitiin bilesiklerin absorbans degerleri 570 nm dalga boyunda spektrofotometrede
okundu. Standart iireaz inhibitorii olarak tiyoiire kullanildi ve biitiin 6lgtimler ti¢ kez tekrarlandi. Anti-iireaz
inbisyonu, % inhibisyon olarak hesaplandi. % inhibisyon- konsantrasyon grafiginden elde edilen dogru
denkleminden %50 inhibisyona neden olan konsantrasyon degeri olan ECsg olarak hesaplandi.

2.4 Antioksidan Aktivite Yontemleri

Sentezlenen benzimidazol tiirevlerinin aktivite tayinleri i¢in dimetil siilfoksit (DMSO) kullanilarak ilk 6nce
1 mg/mL stok ¢ozeltileri hazirlandi. Bu stok ¢ozeltiler, yine DMSO kullanilarak farkli konsantrasyonlara
(50-200 pg/mL) seyreltildi. Antioksidan aktiviteleri, ¢esitli spektrofotometrik yontemlerle in vitro olarak
incelendi.

2.4.1 DPPH radikal giderme aktivitesi tayini

Benzimidazol bilesiklerinin DPPH (1,1-difenil-1-pikrilhidrazil) serbest radikal giderme aktiviteleri, Brand-
Williams ve ark.’nin spektrofotometrik yontemine gére tayin edildi [29]. Bu yontem, antioksidanin hidrojen
atomu verme Kapasitesi, reaksiyonun indirgeme kapasitesi ve serbest radikal ile antioksidan arasindaki
mekanizma hakkinda bilgi saglamaktadir [30]. Farkli konsantrasyonlara seyreltilmis (50-200 pg/mL)
benzimidazol bilesikleri ve standart antioksidan biitillendirilmis hidroksi toluen (BHT)’den ayr1 ayr1 100’er
uL deney tiipiine alind1. Uzerine 3’er mL metanolik DPPH (6x10° M) ¢ozeltisi ilave edilip vortex cihazinda
karigtirildi. Daha sonra 30 dakika oda sicakliginda karanlikta bekletildi ve absorbans degerleri, metanole
kars1 517 nm’de spektrofotometrik olarak 6l¢iildii. Biitiin 6l¢timler ii¢ tekrarli olarak yapildi ve ortalamast
alindu.

2.4.2 ABTS radikal giderme aktivitesi tayini

ABTS radikal giderme aktivitesi, Arnao ve ark.’nin spektrofotometrik yontemine gore tayin edildi [31]. 1
mL 7.4 mM ABTS c¢ozeltisi, | mL 2.6 mM potasyum persiilfat ¢ozeltisi ile karistirilarak yaklasik 12-13
saat karanlik odada bekletilip tizerine 60 mL metanol eklendi. Spektrofotometrede 734 nm’de metanole
kars1 absorbans degeri okundu (Her deney igin giinliik olarak hazirlandi). Metanollii ABTS ¢o6zeltisinden
2.850 mL alinarak 150 pL. benzimidazol ¢ozeltisi (50-200 pg/mL) eklendi. Standart antioksidan olarak
BHT kullanildi. Hazirlanan numune, kontrol ve standart tiipleri karanlikta ve oda sicakliginda 2 saat
bekletildi. Ardindan spektrofotometrede 734 nm’de koér deneme metanole karsi absorbans degerleri
kaydedildi. Kontrol olarak metanol iceren reaksiyon karigimi kullanildi. Antioksidan aktivite degerleri,
%50 inhibisyona neden olan konsantrasyon degeri olan 1Csq 0larak hesaplandi.
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2.4.3 Demir indirgeme gucii tayini

Standart ve benzimidazol bilesiklerinin indirgeme giicli, Oyaizu’nun spektrofotometrik yontemine gore
tayin edildi [32]. Standart antioksidan BHT ve benzimidazol numuneleri (50-200 pg/mL)’nden 1’er mL
ayr1 ayri santrifiij tliplerine alinarak, 2.5 mL fosfat tamponu (0.2 M, pH 6.6) ve 2.5 mL potasyum
ferrisiyaniir (%1) eklenerek reaksiyon karisimi 50 °C’de 30 dakika boyunca inkiibe edildi. Inkiibasyondan
sonra 3000 rpm’de 10 dakika santrifiijlendikten sonra reaksiyonu durdurmak i¢in karisima 2.5 mL TCA
(%10) eklendi. 2.5 mL siipernatant {izerine 0,5 mL FeCls (%0.1) ve 2.5 mL distile su ilave edildi. 5 mL
destile su iizerine 2.5 mL FeCl; eklenerek olusan karigim kor deneme olarak kullanildi. 10 dakika sonra
olusan renkli karisimin absorbans degeri spektrofotometrede 700 nm’de 6lgiildii.

3. BULGULAR VE TARTISMA

Sentezlenen orijinal bilesiklerin H-NMR spektrumlar incelendiginde; 3 numarali hidrazit bilesigindeki
NH.- piklerinin kayboldugu ve yerine 4a-e numarali hedef molekiillerde yaklasik 9.8 ve 10.5 ppm
degerinde goriilen yeni NH- piklerinin varlig1 sentezlenen yapilar ile uyum igindedir. Ayrica, *H-NMR
spektrumlarinfa 6.94-7.98 ppm araliginda goriilen yeni fenil halkasi pikleri 4a-e numarali maddelerin
yapilariin igerdigi siibstitiient gruplari ile drtiismektedir. 3 C-NMR spektrumlari incelendiginde; yaklasik
188 ppm civarinda net olarak goriilen C=S baglari, sentezi gerceklestirilen 4a-e numarali maddelerin
yapilari ile uyumlu olup, spektrumlarda 110-140 ppm araligindaki fenil grubuna bagli C pikleri sentezlerin
dogrulugunu ispatlamaktadir. Ayrica alinan kiitle spektrumlart da sentezlenen hedef molekiillerin kiitleleri
ile Ortiismektedir.

Bu ¢aligmada sentezlenen benzimidazol bilesikleri, tiyolireden daha iyi iireaz inhibitdr aktivitesi gosterdi
(Tablo 1). Bir bilesigin ECsp degerinin diisiik olmasi, enzim inhibitdr aktivitesinin bir o kadar yiiksek
oldugunu ifade etmektedir. Sentezlenen bilesiklerin tiimii, antitireaz aktivitesi gostermis olup, ECso= 0.0501
4+ 0.0089 uM degerine sahip olan bilesik 4b’nin en yiiksek enzim inhibisyon aktivitesi gosterdigi belirlendi.
En diisiik aktiviteye sahip olan bilesigin ECso= 0.1776 + 0.0529 uM degerine sahip 4d numaral bilesik
oldugu belirlendi.

Sentezlenen iiriinlerin DPPH serbest radikal giderme aktiviteleri, 1,1-difenil-1-pikrilhidrazil stabil
radikalinin menekse/mor rengini giderme yetenekleri ile ol¢iiliir ve DPPH tarafindan 517 nm’de {iiretilen
rengin Ol¢iimiine ve standart madde ile karsilagtirmaya dayanmaktadir [24]. Sentezlenen benzimidazol
bilesiklerinin ve standardin DPPH serbest radikal giderme aktiviteleri Tablo 1’de verildi. Diigiik 1Csp
degerleri olan bilesikler, bize daha yiiksek DPPH radikal yakalama potansiyelini isaret etmektedir. DPPH,
farkli malzemelerin serbest radikal yakalama yetenegini test edebilmek adina oldukga aktif olarak
kullanilan bir serbest radikal bilesiktir. DPPH, proton radikal temizleyicisine maruz kaldiktan sonra 6nemli
Olciide azalmaktadir [33]. Calismada test edilen biitiin benzimidazol bilesikleri, DPPH radikal giderme
aktivitesi gosterdi. Test edilen biitiin benzimidazol tiirevleri arasinda en yliksek ve en diisiik DPPH serbest
radikal yakalama aktiviteleri ayri ayri 4e ve 4a numarali bilesikler olarak belirlendi. 4a-e numaral
bilesiklerin standart antioksidan olan BHT den daha yiiksek aktivite gosterdigi yapilan ¢alismada aciga
cikt1 (ICso= 269.48 + 49.93 uM).

Tablo 1°de goruldiigii tizere BHT ye gore sentezlenen benzimidazol bilesikleri ABTS radikal giderme
aktivitesi gosterdi. ABTS’nin radikal giderme aktivitesi artan konsantrasyonla birlikte artti. Yapilan
caligmada test edilen biitiin benzimidazol bilesikleri arasinda en yliksek ABTS radikal giderme aktivitesi
4e numarali bilesik (176.98 + 125.02 uM) ve en diisiik ABTS radikal giderme aktivitesine sahip bilesik ise
4d numarali bilesik (282.91 + 202.15 uM) olarak belirlendi. 4a, 4b ve 4e numarali bilesikler, BHT den
daha yiiksek aktivite gosterdi (ICso=223.83 +36.27 uM).
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Tablo 1. Benzimidazol tiirevlerinin antiiireaz, DPPH ve ABTS radikal giderme antioksidan aktiviteleri

Bilesikler Antiiireaz EC50 (uM)* DPPH IC50 (pM)* ABTS IC50 (uM)*
4a 0.1592 + 0.0280 184.13 +£ 157.42 179.22 £ 161.90
4b 0.0501 + 0.0089 69.32+79.71 198.86 + 221.07
4c 0.1202 + 0.0152 91.88 + 106.69 240.80 +194.48
4d 0.1776 + 0.0529 102.00 £ 124.28 282.91 +202.15
4e 0.0822 + 0.0048 50.26 + 63.17 176.98 £ 125.02
Tiyotire 0.1864 + 0.0810 - -
BHT - 269.48 +49.93 223.83 +£36.27

*Degerler, ti¢ tekrarin ortalamasi = Standart sapma (SD)

Bir bilesigin demir indirgeme giiciiniin degeri, 0 bilesigin antioksidan aktivitesinin 6nemli bir gostergesidir.
Demir indirgeme giicii en yiiksek ve en diisiik aktivite degerleri sirasiyla 4e ve 4c bilesiklerinde gozlendi
(Tablo 2). Benzimidazol tiirevlerinin ve BHT nin Fe®" indirgeme giicii antioksidan aktivite absorban
degerleri, ¢alisilan tiim konsantrasyonlarda su siray1 gostermistir: 4e>4a>4d>4b>BHT>4c.

Bu sonuglara gore benzen halkasindaki dallanmalarda para pozisyonundaki nitro grubunun kuvvetli
elektron ¢ekici 6zelliginden dolayr antioksidan &zelligi arttigi goriilmektedir. Nitro grubundaki oksijen
tizerinde yogunlasan elektron yogunlugu yapinin antioksidan 6zelliginin artmasina sebebiyet vermistir.

Tablo 2. Benzimidazol tiirevlerinin demir indirgeme giicii antioksidan aktivitesi (Absorbans degerleri)

Bilesikler Konsantrasyon

Demir indirgeme

Bilesikler Konsantrasyon

Demir indirgeme

(ng/mL) Giicii* (ng/mL) Giicii*

50 0.2080 + 0.0368 50 0.1917 + 0.0330

4a 100 0.3715 + 0.0247 4d 100 0.3135 + 0.0346
150 0.5455 + 0.0742 150 0.4985 + 0.0276

200 0.7890 + 0.0495 200 0.6345 + 0.0332

ab 50 0.1590 = 0.0424 se 50 0.3038 + 0.1064
100 0.2660 = 0.0283 100 0.4915 + 0.0219

150 0.4315 + 0.0799 150 0.6750 + 0.0537

200 0.5515 + 0.0629 200 0.8330 = 0.0368

ac 50 0.1280 + 0.0269 BHT 50 0.1415 + 0.0289
100 0.2525 + 0.0163 100 0.2575 + 0.0615

150 0.3830 + 0.0339 150 0.4195 + 0.0261

200 0.5331 + 0.0340 200 0.5450 + 0.0580

*Degerler, ti¢ tekrarin ortalamasi = Standart sapma (SD)

4. SONUG

Bu ¢alismada, yeni bir seri benzimidazol bilesikleri sentezlendi ve bunlarin yapilar1 1H NMR, 13C NMR
ve kiitle spektrumu ile dogrulandi. Ayrica, yeni sentezlenen bilesikler antilireaz ve antioksidan aktiviteleri
acisindan incelendi. Elde edilen bulgulardan, bu benzimidazol bilesiklerinin iyi bir seviyede antilireaz ve
antioksidan aktiviteye sahip oldugu sonucuna varildi. Bu sonuglar 1s18inda yeni sentezlenmis bu
benzimidazol bilesiklerinin in vivo ¢alismalarla desteklenerek ilag, kozmetik ve tarim gibi ¢esitli
endiistriyel alanlarda antilireaz ve antioksidan kaynagi olarak kullanilabilecegi nerilebilir.
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Irem Akyilldiz"*", Sevim Yolcular Karaoglu?

"Malzeme Bilimi ve Miihendisligi, Ege U(aiversitesi, Izmir, Tiirkiye.
’Kimya Miihendisligi, Ege Universitesi, Izmir, Tiirkiye.
*iremakyildzz@gmail.com

Ozet

Gilinimiizde enerji kaynagi olarak yaygin bir sekilde fosil yakitlar kullanilmaktadir. Fosil yakitlarin
kullanim1 sonucunda ¢evreye ¢ok zararli etkiler gézlenmektedir. Bu yiizden temiz ve yenilenebilir enerji
kaynaklarinin kullanilmasi dogamiz i¢in olduk¢a 6nemlidir. Hidrojen enerji kaynagi olarak kullanildiginda
su gibi gevreyi kirletmeyen temiz yan tiriinler ortaya ¢ikmaktadir. Bu nedenle, temiz ve yenilenebilir enerji
kaynagi kategorisinde yer almaktadir. Bu ¢alismada, aliiminyum tozlarinin farkli ¢6zeltiler ile hidrojen
tiretimi hidroliz yontemiyle gergeklestirilmistir. Caligmada, su, KOH, Mg(OH), ve NaOH ¢ozeltileri, 35-
65°C sicaklik araligi, %0 ile %15 aras1 NaCl ilavesi, 5 ile 15 sa. aras1 aliiminyum tozlarimin ¢giitme siiresi
incelenmistir. Ogiitiilmiis tozlarin mikroyapilar1 SEM ile karakterize edilmistir. Deney sonuglarina gore
alkali ¢ozelti konsantrasyonu, sicaklik, NaCl ilave miktar1 ve 6gilitme siiresi arttik¢a hidrojen tiretim hizinin
arttig1 gézlemlenmistir. En iyi hidrojen iretimi, 65°C, %15 NaCl, 15 sa. 6giitme siiresi ve 1 M NaOH
cozeltisinde gorilmiistiir.

Anahtar Kelimeler: Aliminyum ile hidrojen tiretimi, Alkali ¢ozeltiler, Aliminyum hidrolizi, Hidrojen
tretim hizi, NaCl.

Hydrogen Production from Aluminium Hydrolysis with Different Solutions

Abstract

Today, fossil fuels are widely used as an energy source. As a result of the use of fossil fuels, very harmful
effects on the environment are observed. Therefore, the use of clean and renewable energy sources is very
important for our nature. When hydrogen is used as an energy source, clean by-products such as water don’t
pollute the environment. Therefore, it is in the category of clean and renewable energy source.
In this study, hydrogen production of aluminium powders with different solutions was carried out by the
hydrolysis method. In the study, water, KOH, Mg(OH). and NaOH solutions, 35-65°C temperature range,
0% to 15% NaCl addition, 5 to 15 h aluminium powders milling time were investigated. The
microstructures of the milled powders were characterized by SEM. According to the results of the
experiments, it was observed that the hydrogen generation rate increased as the alkaline solution
concentration, temperature, NaCl addition amount and milling time increased. The best hydrogen
production was seen at 65°C, 15% NaCl, 15 h milling time and 1 M NaOH solution.

Keywords: Hydrogen production with aluminium, Alkaline solutions, Aluminium hydrolysis, Hydrogen
production rate, NaCl.
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1. GIRiS

Gilinlimiizde fosil yakitlar biiyiik 6l¢lide kullanim alanina sahiptir. Fosil yakitlarin ¢evreye oldukca olumsuz
etkileri bulunmaktadir. Fosil yakitlarin kullanimi ile emisyonlar artarak hava kirliligi, asit yagmurlari, iklim
degisiklikleri gibi ¢evreyi oldukca tahrip edici etkilere neden olabilmektedir. Bu yiizden fosil yakitlara
alternatif olarak yenilenebilir enerji kaynaklari gelistirilmektedir. Bu yenilenebilir enerji kaynagina
hidrojen 6rnek gosterilebilmektedir. Hidrojen, yenilenebilir kaynaklardan iiretildiginde yenilenebilir ve
temiz bir enerji kaynagi oldugu icin olduk¢a 6nem arz etmektedir. Boylece temiz bir enerji kaynagi
saglanabilmektedir. Simdilerde ¢ok kullanilan fosil yakitlarin yerine temiz ve yenilenebilir enerji
kaynaklarinin yer almasi atmosfer i¢in olumlu sonuglanacaktir. Cevre dostu bir enerji kaynagi olan
hidrojenin kullanimi ile gelecek nesillerin daha saglikli yasamasina katkida bulunulabilmektedir. Zararli
sera gaz1 emisyonlarn salan fosil yakitlarin aksine, yakit olarak hidrojen kullamldiginda dogaya sifir
emisyonlu ve yan iiriin olarak sadece su ¢ikan temiz bir enerji kaynagi kullanilmig olmaktadir [1-3]. Alkali
sulu ¢ozeltilerle birlikte hidrojen iiretimi ¢alismalar yiriitiilebilmektedir [4].

Aliiminyum dogada en ¢ok bulunan {igiincii elementtir. Aliiminyum hidrojen iiretimi i¢in kullanildiginda
verimli sonuglar elde edilebilmektedir. Aliiminyumun korozyona direnci sebebiyle lizerinde olusturdugu
oksit film tabakasi, hidrojen iiretimini kesintiye ugratabilmektedir. Aliiminyumun sadece su ile
tepkimesinde bu oksit film olusumu engellenmeyebilmektedir. Fakat su yaninda alkali ¢ozeltiler
kullanildiginda oksit film tabakasimi ortadan kaldirarak hidrojen iiretimine devam edilebilmektedir [5].
Aliiminyum tozlarindan daha iyi hidrojen iiretimi saglanabilmektedir. Bunun nedeni aliiminyumun tane
boyutu azaldikg¢a yiizey alan1 arttig1 i¢in korozyona maruz kalan aktif yiizey artmaktadir [2]. Boylece toz
olmayan kaba taneli aliiminyum ile karsilastirildiginda toz olan aliiminyumun hidrojen iiretimi hizi artig
gostermektedir.

Calismalar incelendiginde hidrojen verimini etkileyen birgok parametrelerin oldugu sonucuna
varilmaktadir. Bunlar; metalin baslangi¢c miktari, metalin boyutu, metalin 6n islem siirecleri, reaktdrde
karigtirma miktarlari, reaksiyon sicakliklari, alkali ¢ozeltilerin konsantrasyonlari ve cinsi gibi parametreler
olmaktadir. KOH, NaOH ve Ca(OH); hidroksitlerinin hidrojen iiretim verimi bir ¢alismada incelenip
kiyaslama yapildiginda NaOH alkali ¢ozeltisinin aliminyumla daha hizli tepkimeye girdigi bulunmustur

[3].

Porcitincula et al., (2012), farkli boyuttaki altiminyum, farkli reaksiyon sicakliklar1 ve NaOH ve KOH alkali
cozeltilerinin aliiminyum hidrolizindeki etkisini incelediginde tiim bu faktdrlerin hidrojen {iretim verimini
degistirdigini ve NaOH alkali ¢ozeltisinin hidrojen iiretiminde daha hizli ve verimli sonu¢ gosterdigi
sonucuna varmigtir [6]. Ayn1 zamanda Irankhah & Salem (2018) NaOH alkali ¢ozeltisinin konsantrasyon
artig1 ve reaksiyon sicaklik miktarinin artisiyla hidrojen veriminde artis oldugunu, Yang et al., (2019) NaOH
alkali ¢Ozeltisini incelediginde konsantrasyon artisiyla hidrojen veriminde artis oldugunu gézlemlemistir
[7,8]. Ma et al., (2012) daha kiigiik aliiminyum pargaciklarinin daha yiiksek miktarda hidrojen trettigini
bulmustur [9]. Martinez et al., (2005) NaOH alkali ¢6zeltisini incelediginde konsantrasyon artigiyla
hidrojen tiretimi hacminin iliskili oldugunu gérmistiir [10]. Zhao et al., (2011) Al-Ca alasimindan bilyali
oglitme yontemiyle hidrojen tiretildiginde, hidrojen iiretiminin nispeten daha diisiik oldugunu fakat NaCl
katkis1 yapildiginda hidrojen verimini arttirabilecegini belirtmistir. Ayrica hidrojen iiretimini arttirmada
etkili parametreler olarak Ca miktarinin artmasi, bilyali giitme siiresinin artmasi ve NaCl katki oraninin
artmasi gosterilebilmektedir [11]. Phung et al., (2018) farkli tiir sular ve farkli derisimlerde NaOH alkali
cozeltisi ile farkl partikiil boyutlarinda aliiminyumdan hidrojen {iretimini incelemistir. Caligmalarinda
distile su, musluk suyu, deiyonize su ve ultra saf su kullanilmigtir. NaOH derisimi 0.2 M ile 1 M arasinda,
aliminyum partikiil boyutu ise 45 pm ile 500 pm arasinda degisiklik gostermistir. Distile suyun
kullaniminin hidrojen tiretim hizin1 arttirdig1 goriilmiistiir. Buna ek olarak, NaOH derisimi arttik¢a hidrojen
iiretiminin arttig1 goriilmiistiir. NaOH derisiminin artmasiyla hidrojen iiretiminin artmasimin nedeni, alkali
¢oOzelti konsantrasyon degeri yiikseldigi zaman aliiminyum yiizeyinde olusan pasif oksit filmini ¢6zmek
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icin ¢ozeltide hidroksit iyonunun artmasi gosterilebilmektedir. Aliiminyum partikiil boyutu kiigiildiigiinde,
yiizey alani arttig1 i¢in reaksiyona girecek alan artmakta ve hidrojen iiretimi artis gostermektedir. Buna ek
olarak daha kiiciik partikiil boyutu, aliiminyum yiizeyinde olusan pasif oksit filmin ¢éziinmesinin artigina
katkida bulunmaktadir. Tiim bu sebeplerden dolay1 en yiiksek hidrojen iiretim degeri, 45 um boyutundaki
aliminyum, distile su ve 1 M NaOH alkali ¢6zeltisinde goériilmiistiir [5]. Wang et al., (2011) hidrojen
tiretiminde tuz kullaniminin aliiminyum ylizeyini aktif hale getirdigini ve dolayisiyla reaksiyonu
hizlandirmaya katkida bulundugunu belirtmistir [12]. Ayrica ¢6zeltideki tuz miktar1 ne kadar fazla olursa
reaksiyona girme siiresi o kadar azalir dolayisiyla reaksiyonun hidrojen {iretim verimine ulagmasi hizlanir

[5].

Bu ¢alismanin amaci, aliiminyum tozlarinin su ve alkali ¢ozeltilerle hidrolizi saglanarak temiz bir enerji
kaynag1 olan hidrojen iiretiminin gerceklestirilmesidir. Toz halinde aliiminyum ve uygun kosullarda alkali
sulu ¢ozeltiler kullanarak, verimli bir hidrojen iiretiminin gerceklestirebilecegi ve hidrojenin temiz bir enerji
kaynag1 olarak daha yaygin kullanilabileceginin gosterilmesi amaglanmaktadir. Aliiminyum bilyali
degirmen ile kiiciik taneli tozlara 6giitiildiiglinde ylizey alan1 artmakta ve dolayisiyla aliiminyumun hidrolizi
icin reaksiyona girecek alanda artis gergeklesmektedir. Boylece hidrojen {iretim verimi de artmaktadir.
Ayrica alkali ¢ozeltiler kullanildiginda aliminyumun yiizeyinde olusan pasif oksit tabakasi ¢6ziinmekte,
boylelikle hidrojen iiretiminin devamlilig1 saglanarak hidrojen iiretim verimi de artis gostermektedir.
Calismada Al-NaCl tozlarinin 6giitiilmesi, bilyali degirmen kullanilarak gergeklestirilmistir. Su, NaOH,
KOH ve Mg(OH); ¢ozeltileri, 35-65°C sicaklik araligi, %0 ile %15 aras1 NaCl ilavesi, 5 ile 15 sa. arasi
aliiminyum 6giitme siiresi incelenmistir. Ogiitiilmiis tozlarin mikroyapilari SEM cihaz1 ile karakterize
edilmistir. Sicaklik, NaCl ilavesi orani, bilyali 6giitme siiresi arttikca hidrojen iiretim hizinda artis
gbzlemlenmistir. En iyi hidrojen iiretim degeri, 65°C, %15 NaCl, 15 sa. 6giitme siiresi ve 1 M NaOH
cozeltisinde gorilmiistiir.

2. MALZEME VE YONTEM

Bu ¢aligma yiiksek lisans tezi i¢in yapilmis olup deneylerde Al (60 um, Sigma Aldrich), NaCl (Merck, %98
saflikta), NaOH (Sigma Aldrich), KOH (Sigma Aldrich), Mg(OH). (Sigma Aldrich) kullanilmistir.
Altiminyum farkli oranlarda NaCl ilavesiyle bilyal1 degirmende &giitlilmiistiir. Deneylerde 1 g &giitlilmiis
toz karigimi1 kullanilmigtir. Al-NaCl tozlarinin 6giitiilmesi, bilya-toz orani 20:1 oraninda ve 200 rpm doniis
hiz1 ile bir QM-3SP4 planetary bilyali degirmen kullanilarak gerceklestirilmistir. Ogiitme islemi icin
paslanmaz celik vialler ve 10 mm capinda bilyalar kullamlmistir. Ogiitme siireleri 5, 10 ve 15 saat olarak
uygulanmistir. NaCl ilaveleri %0 (ilave yok), %5, %10, %15 olmak iizere farkli oranlarda yapilmistir.

Hidrojen tiretimi cam reaktorde gerceklestirilmistir. Deney diizenegi Sekil 1°de gosterilmistir. Deneyler
icin 35-65°C sicaklik araligi, saf su ve NaOH, KOH, Mg(OH), ¢ozeltileri kullanilmistir. Reaktor iginde
bulunan ¢dzeltiler istenilen sicakliga geldiginde aliiminyum tozlarinin ilavesi yapilarak hidrojen {iretimine
baglanmigtir. Cam reaktordeki tozlar, deney siiresi boyunca manyetik karistirici ile karistirilmistir. Su dolu
beher igerisine yerlestirilen ters ¢evrili biiret ile li¢ boyunlu cam reaktdr arasinda plastik boru ile baglanti
kurulmustur. Hidrojen gazi ¢ikis1 ile birlikte biiretteki su miktar1 yer degistirmek suretiyle zamana bagh
degisiklik gostermistir. Deneylerde hidrojen ¢ikisi 15 dakikalik siire boyunca gozlenmis ve degerler
kaydedilmistir. Hidrojen iiretim hizi, Al-NaCl toz karisimimin grami basina dakikada iiretilen hidrojen
hacmidir.
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Si 1. Deney diizenegi

3. BULGULAR VE TARTISMA

Deneysel ¢aligmalarda aliiminyumun farkli 6giitme stireleri ve dgiitiilme sirasinda farkli oranlarda NaCl
ilavesi, degisen sicaklik araligi, farkli ¢ozelti tipleri gibi parametreler incelenmistir. Al-NaCl tozlarinin
ogiitiilmesi, bilyali degirmen kullanilarak ger¢eklestirilmistir. Su, NaOH, KOH ve Mg(OH); ¢ozeltileri, 35-
65°C sicaklik araligi, %0 ile %15 arast NaCl ilavesi, 5 ile 15 saat arasi aliiminyum O6gilitme siiresi
incelenmistir. Ogiitiilmiis tozlarn SEM analizleri incelenmistir. Tablo 1’de aliiminyum ve %15 NaCl
ilavesinin farkli 6giitme siirelerinde, 65°C sicaklik ve 1 M NaOH ¢ozeltisi igin zamana bagli hidrojen tiretim
hizlar goriilmektedir.

Tablo 1. 5, 10 ve 15 saat 6giitme siireleri i¢in zamana bagli hidrojen iiretim hizlart

Hidrojen iiretim Hidrojen iiretim hizi Hidrojen iiretim hizi
Siire (dk.) hiz1 (ml.dk.2.g?) (ml.dk.t.g?b) (ml.dk.%.g?)
(5s5a.) (10sa.) (15sa.)

0 0 0 0
0.3 800 0 0
0.5 800 800 0
0.6 800 1000 0

1 300 1000 1300
2 60 175 800

3 65 130 220

4 60 120 210

5 50 95 200

6 40 90 190

7 35 85 180

8 30 80 185

9 25 75 190
10 20 70 180
11 10 70 170
12 7 60 165
13 5 55 160
14 4 50 155
15 3 45 130

Sekil 2°de, Tablo 1’den alian verilere gore cizilen grafik gosterilmektedir.
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Sekil 2. 5, 10 ve 15 saat 6giitme siireleri igin hidrojen tiretim hizlar

Deney kosullari, aliiminyum ve %15 NaCl ilavesi, 65°C sicaklik, 1 M NaOH ¢ozeltisi ve 5 sa. ile 15 sa.
araliginda 6giitme siireleri oldugunda, Sekil 2’de goriildiigii gibi 15 saat 6glitme siiresinde en yiiksek
hidrojen iiretim hiz1 goriilmiistiir. Hidrojen iiretim hizlari sirasiyla; 5 saat 6giitme siiresi i¢in 800 ml.dk..g"
110 saat 6giitme siiresi i¢in 1000 ml.dk.t.g?, 15 saat 6giitme siiresi i¢in ise 1300 ml.dk.?.g? olarak
bulunmustur. Ogiitme siiresi arttik¢a hidrojen iiretim hizi artis gostermistir. Ogiitme siiresinin artmas ile
birlikte aliiminyumun tane boyutu kiiciilmekte yiizey alan1 artmaktadir ve dolayisiyla aliiminyumun su ile
tepkimeye girecek yiizeyi arttig1 i¢in hidrojen iiretim hizi da artig gdstermistir.

Aliiminyum ve %15 NaClilavesi 15 sa. 6giitme, 1 M NaOH ve 35-65°C sicaklik araliginda yapilan deneyler
incelendiginde Tablo 2’deki hidrojen tiretim hizlar1 elde edilmistir.

Tablo 2. 35-65°C sicaklik aralig1 i¢cin zamana bagli hidrojen iiretim hizlar

Hidrojen Hidrojen Hidrojen Hidrojen
siire (dk.) iiretim hizi (ml.dk iiretim hizi iiretim hizi iiretim hizi
' Logh (mldktg?) (45 (mldkig?h (55 (mldkt.g?) (65
(35°C) °C) °C) °C)
0 0 0 0 0
0.3 400 0 0 0
0.4 350 0 0 0
0.5 300 0 0 0
1 90 600 1000 1300
2 70 250 450 800
3 100 240 180 140
4 90 200 120 120
5 100 100 100 130
6 110 90 140 100
7 70 80 170 110
8 70 70 130 100
9 60 60 100 95
10 50 40 100 90
11 20 40 90 150
12 10 40 80 160
13 10 40 80 150
14 10 40 80 160
15 10 40 80 150
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Sekil 3’de, Tablo 2’den alinan verilere gore ¢izilen grafik gosterilmektedir.
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Sekil 3. 35-65°C sicaklik araligi i¢in hidrojen tiretim hizlar

Aliminyum-%15 NaCl ilavesi, 15 sa. 6giitme siiresi, | M NaOH ¢ozeltisi ve 35-65°C sicaklik araligini
iceren deney kosullarina bakildiginda, Sekil 3’te goriildiigii gibi en yiiksek hidrojen iiretim hizi 65°C
sicakliginda 1300 ml.dk.?golarak bulunmustur. Hidrojen iiretim hizlar1 sirasiyla; 35°C°de 400 ml.dk.™.g
1 45°C’de 600 ml.dk.%.g?, 55°C’de 1000 ml.dk.?.g?, 65°C’de 1300 ml.dk.r.g? olarak bulunmustur.
Reaksiyon sicakligi arttikca hidrojen iiretim hizi artis géstermistir. Aliiminyum NaCl ilavesi olmadan ve
%5, %10 ve %15 NaCl ilavesi, 15 sa. ogitme, 1 M NaOH, 65°C sicakliginda yapilan deneyler
incelendiginde Tablo 3’teki hidrojen iiretim hizlari elde edilmistir.

Tablo 3. %0, %5, %10 ve %15 NaCl ilavesinin zamana bagli hidrojen tiretim hizlar

Hidrojen Hidrojen idroi Hidrojen
. iiretim hizi liretim hizi .. .HI rojen B iiretim hiz
Siire (dk.) (ml.dk. Lg% (ml.dk.%.g?) lll‘etllmlhlZOl (ml.dk. (ml.dk. Lg%

(%0) (%5) 97) (%10) (%15)
0 0 0 0 0
0.3 300 0 0 0
0.4 350 0 0 0
0.5 450 0 0 0
1 400 100 950 1300
2 100 550 900 800
3 80 450 120 220
4 120 200 140 210
5 80 200 130 200
6 50 100 130 190
7 30 50 120 180
8 20 50 120 185
9 20 50 120 190
10 15 50 110 180
11 15 50 120 170
12 10 50 110 165
13 10 50 110 160
14 5 50 110 155
15 5 50 110 130
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Sekil 4’te, Tablo 3’ten alinan verilere gore ¢izilen grafik gosterilmektedir.
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Sekil 4. %0, %5, %10, %15 NaCl ilavesi i¢in hidrojen tiretim hizlar

Aliiminyum NaCl ilavesi olmadan ve %35, %10 ve %15 NacCl ilavesi, 15 sa. 6gilitme, 1 M NaOH, 65°C
sicakliginda yapilan deney kosullarina bakildiginda, Sekil 4’te goriildiigii gibi en yiiksek hidrojen iiretim
hiz1 %15 NaCl ilavesinde 1300 ml.dk..g? olarak bulunmustur. Hidrojen iiretim hizlar sirastyla; %0 NaCl
ilavesiz igin 450 ml.dk..g?, %5 NaCl ilavesinde 550 ml.dk.*.g?, %10 NaCl ilavesinde 950 ml.dk..g*,
%15 NaCl ilavesinde 1300 ml.dk.™.g? olarak bulunmustur. NaCl ilavesi arttik¢a hidrojen iiretimi artis
gostermistir. NaCl aliiminyum ile birlikte 6giitiildiigiinde kesici gorev gordiigii ve tane boyutunu kiigiilttiigi
i¢in hidrojen iiretimi hizina katki saglayabilmektedir. Ayrica NaCl aliiminyum yiizeyinin hava ile temasini
keserek dolayisiyla pasif oksit tabaka olusumunu yavaglatarak hidrojen {iretimi hizina katki
saglayabilmektedir.

Aliiminyum ve %15 NaCl ilavesi 15 sa. dgiitme, 65°C sicaklik, saf su ve KOH, NaOH ve Mg(OH);
¢ozeltileri ile yapilan deneyler incelendiginde Tablo 4’teki hidrojen iiretim hizlar1 elde edilmistir.

Tablo 4. Saf su ve farkli ¢ozelti tiplerinin zamana bagl hidrojen iiretim hizlari

Hidrojen Hidrojen Hidrojen .
. N L Hidrojen
Siire(dk.) uretlm_ hl?l lll'etlm_hl?l uretlm_ hl%l iiretim hiza (ml.dk.-
(ml.dk..g?) (ml.dk..g?) (ml.dk..g?) 1 g7 (Mg(OH)2)
(saf su) (KOH) (NaOH) '
0 0 0 0 0
0.3 1000 0 0 0
0.5 1000 800 0 0
0.6 1000 1300 0 850
1 300 1000 1500 1250
2 60 175 800 1200
3 65 130 220 300
4 60 120 210 200
5 50 95 200 130
6 40 90 190 120
7 35 85 180 100
8 30 80 185 95
9 25 75 190 90
10 20 70 180 85
11 10 70 170 80
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12 7 60 165 75
13 5 55 160 65
14 4 50 155 60
15 0.3 45 130 55
Sekil 5’te, Tablo 4’ten alinan verilere gore ¢izilen grafik gosterilmektedir.
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Sekil 5. Saf su ve KOH, NaOH, Mg(OH): ¢6zeltilerin hidrojen tiretim hizlar

Aliiminyum-%15 NaCl ilavesi, 15 sa. 6giitme, 65°C sicaklik, her biri 1’er molar NaOH, KOH, Mg(OH).
cozeltileri ve saf su ile yapilan deney kosullarina bakildiginda, Sekil 5’te goriildiigii gibi en yiiksek hidrojen
iiretim hiz1 NaOH c¢ozeltisiyle yapilan deneyde goriilmiistiir. Saf suyla yapilan deneydeki hidrojen tiretim
hizi, alkali ¢ozeltilerle yapilan deneye kiyasla diisiik kalmistir. Bunun nedeni hidroliz reaksiyonu sirasinda
zamanla aliiminyum yiizeyinde pasif oksit tabakasi olusmaktadir. Bu da aliiminyumun hidrolizini
engelleyerek hidrojen iiretimini kesintiye ugratmaktadir. Fakat alkali ¢ozeltiler kullanarak aliiminyumun
yilizeyinde olusan pasif oksit tabakanin ¢dzlinmesini saglayarak reaksiyonun devamliligi bir siire daha
saglanabilmektedir. Bdylece hidrojen {iretim hizin1 da olumlu yonde etkileyebilmektedir.

Aliiminyum ve %15 NaCl ilavesi 15 sa. 6giitme, 65°C sicaklik, 0.1 M NaOH, 0.5 M NaOH ve 1 M NaOH
ile yapilan deneyler incelendiginde Tablo 5’teki hidrojen iiretim hizlari elde edilmistir.

Tablo 5. 0.1 M, 0.5 M ve 1 M NaOH i¢in zamana bagli hidrojen iiretim hizlari

Hidrojen iiretim

Hidrojen iiretim h1izi Hidrojen iiretim hiz

Siire(dk.) hzi (mLdk.1g?)  (mldk.lg?)(©05M  (mldk.lg?) (1M
(0.1 M NaOH) NaOH) NaOH)

0 0 0 0

0.3 700 0 0

05 700 600 0

0.6 700 1100 0

1 200 1000 1500

2 65 150 800

3 60 120 220

4 55 110 210

5 50 85 200

6 45 80 190

7 35 75 180

8 25 70 185

9 25 65 190
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10 20 60 180
11 10 55 170
12 7 50 165
13 5 45 160
14 4 40 155
15 2 35 130

Sekil 6’da, Tablo 5’den alinan verilere gore ¢izilen grafik gosterilmektedir.

Aliiminyum ve %15 NaCl ilavesi 15 sa. 6giitme, 65°C sicaklik, 0.1 M NaOH, 0.5 M NaOH ve 1 M NaOH
ile yapilan deney kosullarina bakildiginda, Sekil 6’da goriildiigii gibi en yiiksek NaOH konsantrasyonunda
yani 1 M NaOH ¢ozeltisiyle yapilan deneyde maksimum hidrojen iiretim hizina ulagilmistir. NaOH
konsantrasyonu arttik¢a hidrojen {iretim hizi artis gostermistir. NaOH gibi alkali ¢ozeltilerin
konsantrasyonu arttiginda aliiminyum yiizeyinde olusan pasif oksit tabakanin ¢6ziinme miktar1 da artacagi
icin hidrojen iiretim hizi da artis gosterebilmektedir. Fakat NaOH agindirici oldugu icin, yiiksek
konsantrasyonlarda kullanildiginda hidrojen iiretim hiz1 artig gdsterse bile pek tercih edilmemektedir.
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Sekil 6. 0.1 M, 0.5 M ve 1 M NaOH igin hidrojen iiretim hizlar

Cesitli caligmalar incelendiginde; Katsoufis et al., (2020), Al-6061 alagimi, 20°C sicaklik ve 5 M KOH
¢ozeltisi ile yaptig1 deneylerde 66.7 ml.dk.? degerine ulasan yiiksek seviyelerde hidrojen iiretimi elde
etmigstir [2]. Irankhah et al., (2018), yaptig1 calismada Al-NaCl ilavesi, %0.5’den %2’ye yiikseldiginde 40
sa. 6giitme siiresi i¢in Al-su reaksiyonundan hidrojen iiretimi 42 ml.dk.? g degerinden 1140 ml.dk.* g*
degerine yiikselmistir. Al-agirlik¢a %2 NaCl ilavesinde 65-80°C sicaklik araliginda Al-su reaksiyonundan
hidrojen iiretimi 96.5 ml.dk.? g degerinden 235 ml.dk.? g degerine yiikselmistir [7]. Soler et al., (2007),
0.1 g Al folyo kullanarak cesitli sicaklik degerleri ve NaOH, KOH ¢ozeltileriyle yapilan deneyler
incelendiginde en iyi hidrojen iiretim degeri 348 Kelvin 5 M NaOH ¢ozeltisiyle 3.23 dm® H, dk.* gt Al
olarak bulunmustur. Ayrica ayn1 sicaklik ve konsantrasyonda yapilan deneyler incelendiginde NaOH alkali
cozeltisi, KOH alkali ¢ozeltisinden bir miktar yiiksek oranda hidrojen iiretimi gdsterdigi gozlemlenmistir
[13]. Tiim ¢alismalar incelendiginde yapilan deneylerde, degisen parametreler ve uygulanan farkli deney
kosullart ile iiretilen hidrojen miktarinin degisiklik gosterebilecegi sonucuna varilabilmektedir. NaOH
¢ozeltisiyle yapilan deneyde hidrojen iiretim miktarinin artis1 bu ¢aligmada da benzer sekilde goriilmiistiir.
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Ogiitme siiresinin ve NaCl ilavelerinin mikroyap: ve tane boyutuna etkilerini daha iyi anlamak amaciyla
Al-NaCl tozlari, Thermo Scientific Apreo S SEM (Scanning Electron Microscope) cihazi ile karakterize
edilmistir. Sekil 7°de 15 sa. 6giitme siiresi ve farkli oranlarda NaCl ilaveleri i¢in 5000 x biiyiitme ile SEM
mikroyapi1 goriintiileri incelenmistir.

Sekil 7. Farkli NaCl oranlarinda 15 sa. dgiitme siiresi icin SEM analizi goriintiileri: sirasiyla (a) Al-%5
NaCl ilavesi, (b) Al-%10 NaCl ilavesi (c) Al-%15 NaCl ilavesi

Sekil 7°de gortildugii gibi NaCl ilavesi ylizdesi arttikca 6giitme etkileri daha iyi goriilmiistiir. 20 um 6lgek
skalasinda tane boyutlarinin distiigii goriilmektedir. Al-%15 NaCl tozunda 20 um 6lgekte 6giitme etkileri
daha iyi goriilmiis yaklagik 2-3 um civarina gelmistir. Tuz yiizdesinin artmasiyla tozlar daha da kiigilmiis
ve daha fazla girinti ¢ikint1 olusmustur. Bdylece hidroliz icin reaksiyona girecek daha fazla yiizey alani
saglamistir. Bu da hidrojen {iretimi i¢in olumlu etki yaratmaktadir.

Sekil 8’de Al ve %15 NaCl ilavesi, 5, 10 ve 15 sa. 6glitme siiresi i¢in 1000 x biiyiitme ile SEM mikroyapi
goriintiileri incelenmistir. Sekil 8’de goriildiigii gibi NaCl ilavesi ayn1 oldugunda 6giitme siirelerinin etkisi
incelenmistir. 100 um Olcek skalasinda tane boyutlarinin distiigii goriilmektedir. 15 sa. 6giitme i¢in 100
um oSlgekte dgiitme etkileri daha iyi goriilmiis yaklasik 2-3 um civarina gelmistir. Ogiitme siiresi arttik¢a
daha kiiciik toz pargaciklar1 olugmakta ve daha fazla reaksiyon yiizeyi olusmaktadir. Bunun sonucunda da
daha yiiksek hidrojen iiretim hiz1 olusmaktadir. Ogiitme siiresi arttik¢a hidrojen iiretim hiz1 artmaktadur.
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Sekil 8. Al ve %15 NaCl ilavesi i¢in SEM analizi goriintiileri: sirasiyla (a) 5 saat, (b) 10 saat, (c) 15 saat
ogiitme siireleri icin

4. SONUG

Aliiminyum aktif bir metal oldugu i¢in aliminyumun kullanimi ile hidrojen {iretimi saglanabilmektedir. Al
tozlarinin bilyali degirmende &giitiilmesi ile Al daha kiigiik tozlara doniigmekte ve boylece Al yiizeyinde
olusan catlaklar, girinti ve ¢ikintilar ile yeni yiizeyler olusmaktadir. Bu yiizeyler daha fazla reaksiyona
girecek yiizey alani anlamina gelmekte ve hidrojen iiretim hizi artmaktadir. Fakat aliiminyumun hidrolizi
yontemiyle hidrojen iiretiminde sorunlarla kargilagilabilmektedir. Bu sorun aliiminyum yiizeyinde olusan
pasif oksit tabaka olmaktadir. Bu tabaka aliiminyumun hidrolizini bir siire sonra kesintiye ugratmaktadir.
Bu durumu engellemek i¢in alkali ¢ozeltilerin kullanimi saglanabilmektedir. Saf suyun yaninda alkali
¢ozeltilerin kullanimi, aliiminyum yiizeyinde olusan pasif oksit tabakanin ¢dziinmesini saglayarak hidrojen
iretiminin devamliligim saglamaktadir. Bdylece hidrojen iretimi verimini arttirmaktadir. Alkali
cozeltilerin konsantrasyonu ile birlikte reaksiyon sicakliginin artig1 da aliiminyum yiizeyinde olusan pasif
oksit tabakanin olusumunu yavaslatarak hidrojen iiretimini arttirmaktadir. Fakat aliiminyum yiizeyinde
pasif oksit tabakanin olusumunu ne kadar geciktirsek de bir siire sonra olugsmasi kaginilmaz oldugu i¢in
hidrojen tiiretimi duracaktir. Amag, bu pasif oksit tabakanin olusmasini miimkiin oldugunca geciktirerek
hidrojen iiretiminin devamliligim saglayip, hidrojen tiretimi verimini arttirmaktir. Aliiminyum ile birlikte
NaCl kullanildiginda bilyali 6giitme sirasinda kati sert tuz parcaciklari kesici gorev alarak Al
parcaciklarinin kii¢iilmesini saglayabilmektedir, boylece Al daha kiigiik tozlara donlismekte ve hidroliz igin
daha fazla ylizey alani olusturarak hidrojen iiretimini olumlu etkilemektedir. Ayrica aliiminyumun su ile
hidrolizinden Once ve 6glitme islemi sirasinda, tuz tabakasi alliminyumun hava ile temasindan koruyan
inhibitor tabaka olarak goérev yapabilmektedir. Boylece Al ylizeyinde pasif oksit tabakanin olusmasini
yavaglatarak hidrojen {iretimini olumlu etkilemektedir. Hidroliz reaksiyonunda NaCl’iin su ve alkali ¢ozelti
icinde ¢Oziinmesi de hidrojen iiretim hizinin artmasini saglamaktadir. Tiim bu sebeplerden dolay1
aliminyum tuz orani artik¢a hidrojen lretimi artis gostermistir. Sonuglara bakildiginda en iyi hidrojen
iiretimi, Al ve %15 NaCl, 15 sa. 6giitme stiresi, 65°C sicaklik, ve 1 M NaOH ¢ozeltisiyle yapilan deneyde
gorilmiistiir. Cevresel agidan higbir zararli etkisi olmayan bu tiir caligmalarin artmasi ve gelistirilmesi ile
hidrojen enerjisinin bir¢ok alanda kullanimi saglanabilecektir.
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Ozet

Birgok klasik risk analizi yéntemi, subjektif ve gézlemsel degerlendirmeleri icerir. Ozellikle is kazalari ve
ramak kala olaylarin kaydedilmedigi, operasyonlar ve suregler hakkinda tarihsel bilginin bulunmadigi
durumlarda, yapilan analizler kisiden kigiye farklilik gdsterebilir. Bu nedenle, yapilan analizleri daha
matematiksel ve sayisal bir sekilde ifade etmek, analizin dogrulugu ve dogrulamasi agisindan daha verimli
bir galisma saglamaktadir. Bu nedenle risk analizlerinde g¢ok kriterli karar verme metotlari kullaniimaya
baslanmistir. Cok kriterli karar verme yéntemleri popdulerlik kazanmis ve uygulamalarda ve ¢alismalarda
kullaniimaktadir. Bu ydntemlerden popdiler olanlardan ikisi de AHP ve TOPSIS’tir. Bu ¢alismada, park
ekipmanlari Ureten bir sirket icin risk analizi gergeklestiriimistir. Tehlike tanimlamalari ve risklerin analizi i¢in
5x5 matris ydntemi kullaniimistir. Tespit edilen tehlikelerden on adeti c¢alismanin drneklemini
olusturmaktadir. Risk analizi yapilirken uzman gérusleri dikkate alinmistir. Tehlikelerin segilmesinde risk
turleri dikkate alinmistir. Belli bagh risk tlrlerinden fiziksel, kimyasal, ergonomik, psikolojik riskler érnek
olarak alinmigtir. Tehlikelerin skorlanmasinda kullanilan degiskenler olasilik ve siddet olarak segilmistir.
Tam yoéntemler bu degiskenler kullanilarak uygulanmistir. Ardindan elde edilen veriler kullanilarak Bulanik
TOPSIS ve Bulanik AHP metotlariyla dederlendirme yapilmigtir. Bulanik Cok Kriterli Karar Verme
yontemlerinden en ¢ok tercih edilen AHP ve TOPSIS ‘in uygulama adimlari agiklanmistir. Degerlendirme
sonuglari her bir yéntem igin karsilastiriimistir. On tehlikenin her biri igin skorlarina gére éncelik siralamasi
tablo halinde sunulmustur. Sonuglara gore tehlikeler 6nemlerine gére siralanmistir.

Anahtar Kelimeler: Bulanik TOPSIS, Bulanik AHP, L-tipi matris, Bulanik kiime kurami

Example of Risk Analysis with Fuzzy TOPSIS And Fuzzy AHP Methods
Abstract

Many classical risk analysis methods involve subjective and observational assessments. Especially in
cases where work accidents and near misses are not recorded and historical information about operations
and processes is not available, the analysis may differ from person to person. For this reason, expressing
the analysis more mathematically and numerically provides a more efficient study in terms of accuracy and
verification of the analysis. For this reason, multi-criteria decision-making methods have started to be used
in risk analysis. Multi-criteria decision-making methods have gained popularity and are used in applications
and studies. Two of the popular methods are AHP and TOPSIS. In this study, a risk analysis was performed
for a company manufacturing playground equipment. A 5X5 matrix method was used for hazard
identification and risk analysis. Ten of the identified hazards constitute the sample of the study. Expert
opinions were taken into consideration during the risk analysis. Risk types were taken into account in the
selection of hazards. Physical, chemical, ergonomic, and psychological risks were taken as examples of
the main risk types. The variables used in scoring the hazards were chosen as probability and severity. All
methods were applied using these variables. Then, Fuzzy TOPSIS and Fuzzy AHP methods were used to
evaluate the data obtained. The application steps of AHP and TOPSIS, which are the most preferred fuzzy
multi-criteria decision-making methods, are explained. The evaluation results are compared for each
method. For each of the ten hazards, the priority ranking according to their scores is presented in a chart.
According to the results, the hazards are ranked according to their importance.

Keywords: Fuzzy TOPSIS, Fuzzy AHP, L-type matrix, Fuzzy set theory
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1. GIRIS

Diinyada ve Tiirkiye’de, sanayilesme ve teknolojik ilerlemeye paralel olarak, igyerlerindeki ¢alisanlarin
giivenligi ile ilgili ortak sorunlar giindeme gelmeye baslamigtir. Gelisen teknolojiyle birlikte calisanlar,
daha once karsilagsmadiklari yeni risk ve tehlikelerle karsi karsiya kalmaktadir. Baslangicta fazla
Onemsenmeyen bu sorunlarin igletmelerin ¢aligmasini tehlikeye sokmasi ve is verimini olumsuz etkilemesi
sonucu, saglik ve giivenlikle ilgili tedbirlerin alinmasi giindeme gelmistir. Her gecen giin is kazalariyla
maddi ve manevi kayiplarin biiyiik boyutlara ulagmasi konunun 6nemini daha da artirmaktadir [1].

Isletmeler is kazalarindan korunmak ve ulusal mevzuata uymak igin risk analizi yapmak veya yaptirmak
zorundadir [2]. Calisma kapsaminda, park ekipmanlari sektoriinde risk 6nlemlerinin artirilmasi ve olasi risk
durumlarinin saptanmasi 6nem tagimaktadir. Calismanin amaglarindan birisi de risk degerlendirmesi
kavramini ve yontemlerini tanitmaktir. Bu ¢alismada, park ekipmanlari sektoriinde meydana gelebilecek
riskleri igeren mevcut L Tipi (5x5) Matris lizerinden 10 farkli risk secilerek bu durumlarin risk analizini
gergeklestirilmesi amaciyla Bulanik AHP ve Bulanik TOPSIS yontemleri kullanilmistir. Bu iki yontem,
risk durumlarinin 6nemini ve sonuglarini degerlendirmek i¢in Bulanik Mantig1 ve Cok Kriterli Karar Verme
yaklagimini bir araya getirmektedir.

2. LITERATUR TARAMASI

Giil, calismasinda limanlarda karsilasilan giivenlik sorunlarini ele almaktadir. Riskleri azaltmak ve kontrol
etmek amaciyla bir risk degerlendirme gercevesi Onermektedir. Tiirkiye'deki bir uluslararasi liman
otoritesinde yapilan vaka calismasiyla, Bulanik Cok Kriterli Karar Verme yontemleri olan B-AHP ve
VIKOR kullanilarak tehlikelerin &ncelik siralamasi belirlenmistir. Onerilen cerceve, risk faktorlerine
agirlik atama ve onceliklendirme siirecinde uzman goriislerine bagimlilik eksikligi gibi bazi sorunlari
cozmekte ve limanlardaki risklerin degerlendirilmesine katki saglamistir [3].

Liu ve Tsai ‘nin ¢aligmalarinda, insaat sektoriindeki mesleki tehlikelerin azaltilmasi veya onlenmesine
yonelik bir bulanik risk degerlendirme yontemi 6nerilmektedir. Yontem, insaat unsurlari, tehlike tiirleri ve
tehlike sebepleri arasindaki iligkileri temsil etmek i¢in iki asamali Kalite Fonksiyon Dagilimi (QFD)
tablolarini kullanmaktadir. Ayrica, Bulanik Analitik Ag Siireci (ANP) yontemi kullanilarak 6nemli tehlike
tiirleri ve tehlike sebepleri belirlenmektedir. Bulanik ¢ikarim yaklagimina dayali Hata Modlar1 ve Etkileri
Analizi (FMEA) ise tehlike sebeplerinin risk degerini degerlendirmek igin kullanilmistir. Onerilen yéntem,
bir telekom miihendislik sirketinde uygulanmig ve performans degerlendirmesi sonucunda, tehlike
sebeplerinin tatmin edici risk degerlendirme degerleri ve ilgili iyilestirme stratejileri saglayabilecegi
belirlenmistir [4].

Zhang ve Zou’nun ¢alismalarinda bir hiyerarsi yapisi olusturularak, JV (Joint Venture) projelerine iligkin
risk ortaminin degerlendirilmesi igin Bulanik Analitik Hiyerarsi Siireci (BAHP) modeli gelistirmistir.
Onerilen model, risk uzmanmin bilgisini entegre ederek JV projelerindeki riskleri etkili bir sekilde ele
almay1 amaglamistir. Bu ¢alismada, dnerilen Bulanik AHP modelinin uygulanmasi i¢in bir deneysel vaka
caligmasi kullanilmis ve modelin JV projelerindeki risklerle basa g¢ikmada etkili oldugu sonucuna
varilmstir [5].

Taylan, ¢aligmasinda insaat projelerinin belirsiz ve tamamlanmamis durumlardaki risklerini
degerlendirmek icin yeni analitik araglar kullanmistir. Bulanik Analitik Hiyerarsi Siireci (BAHP) ve
Bulanik TOPSIS yontemleri, projelerin risk onceliklerini belirlemek ve projeleri kategorize etmek igin
kullanilmigtir. AHP, ingaat projelerinin genel riskini degerlendirmek i¢in agirliklandirma yaparken,
TOPSIS yontemi grup karar verme problemlerini ¢ozmekte ve nitel verileri nicel Olgiimlere
donistiirmiistiir. Bu yeni metodolojiler, insaat projelerinin genel risklerini degerlendirmek ve en diisiik
riskli projeyi se¢mek i¢in etkili bir yaklagim sunmustur [6].

29



Bulanik TOPSIS ve Bulanik AHP
ALKU Fen Bilimleri Dergisi 2024, Say1 6(1): 28-45 Yontemleri ile Risk Analizi Ornegi

Mizrak Ozfirat‘in calismasi, modern bir risk analizi yontemi olan Hata Modlar1 ve Etkileri Analizi (FMEA)
yontemini, bulamik mantikla birlestirerek her iki yaklasimm avantajlarin1 bir araya getirmeyi
amaglamaktadir. Bu entegrasyon sayesinde FMEA sonuglar1 daha gergekei hale getirilmektedir. Gelistirilen
yontemde, FMEA 'da kullanilan olasilik, siddet ve fark edilebilirlik kriterleri, Bulanik Analitik Hiyerarsi
Siireci (BAHP) teknigiyle bulanik dnceliklendirme yontemi ile ele alinmaktadir. Belirtilen riskler tiim ii¢
kriter agisindan degerlendirilir ve risklerin 6nem katsayilari elde edilir. Bu katsayilar, FMEA 'da tanimlanan
tablolara cevrilerek risk oncelik sayilart (ROS) hesaplanir. BAHP ve FMEA’nin birlestirilmesi, ROS
hesaplamalarinin daha objektif, analistten bagimsiz ve gergekgi bir sekilde yapilmasini saglar [7].

Yilmaz ve Senol ‘un ¢aligmasi 2 agamadan olugsmaktadir: Tehlikelerin degerlendirilmesi ve bu tehlikelere
yonelik 6nlemlerin degerlendirilmesidir. Bu siiregte, Bulanik Mantik ve Cok Kriterli Karar Verme (CKKV)
yontemleri, geleneksel risk analizi yaklagiminin etkinligini artirmak i¢in risk analizi siirecine entegre
edilmistir. Ilk asamada, geleneksel risk analizinde kullanilan "olasilik" ve "siddet" faktorlerine ek olarak
"maliyet" faktorii de dahil edilmis, faktér agirliklart Bulanik Analitik Hiyerarsi Siireci (BAHP) ile
belirlenmistir. Bu agirhiklar kullanilarak tehlikeler, Bulanik-TOPSIS ile o6nceliklendirilmistir. ikinci
asamada ise tehlikelerin faktor agirliklari kullanilarak onlemlerin 6ncelik sirast Bulanik-TOPSIS ile
belirlenmistir. Bu yaklasimin énemi, risklerin yani sira dnlemlerin de dnceliklendirilmesidir. Onlemlerin
onceliklendirilmesinde, tehlikeler i¢in belirlenen faktor agirliklart dikkate alinmis; riskler ve dnlemler bir
arada degerlendirilmistir [8].

Hacibektasoglu vd. nin ¢aligmasi, Is Saghgi ve Giivenligi (ISG) faaliyetlerine odaklanarak isyerlerindeki
caliganlarin iyi olma durumlarini saglama amacini tagimaktadir. Bu ¢alisma, geleneksel Fine-Kinney
yontemini Bulanik Mantik temelli Cok Kriterli Karar Verme (CKKV) yontemleri ile entegre ederek risk
analizini gelistirmeyi amaglamaktadir. Karar vericilere uygun dil terimleri kullanilarak daha anlamli bir
yontem gelistirilmektedir. Olasilik, maruziyet ve ciddiyet kriterleri, giivenlik uzmanlar1 tarafindan B-
SWARA CKKV yontemi kullanilarak agirliklandirilmistir. Bu  agirliklar daha sonra tehlike
onceliklendirmesi i¢in B-VIKOR yontemine entegre edilir. Calisma, risk analizinde kriter agirliklamanin
Onemini vurgulayarak Bulanik Mantik temelli CKKV yodntemlerinin kullaniminin insan kaynakli hatalart
onemli 6l¢iide azaltmada 6nemli bir katkisi oldugunu gostermektedir. Hibrit yontemin sonuglart geleneksel
yaklagimin sonuglariyla karsilastirilmis, bu yeni entegre yaklagimin potansiyel faydalar1 ortaya konmustur

9.

Son olarak Calik‘in yayini, ¢evresel diizenlemelere ve miisteri beklentilerine uyum saglamak amaciyla
sirketlerin tedarik zinciri yonetimi uygulamalarina cevresel faktorleri entegre etme gerekliligine
odaklanmaktadir. Yesil Tedarik Zinciri (YTZ) stratejileri gelistirmek amaciyla sirketler, cesitli riskler ve
belirsiz faktorlerle karsilasirken operasyonlar1 aksatabilecek ve tedarik zinciri basarisim diisiirebilecek
risklerle karsi karsiyadir. Bu calisma, belirsiz bir ortamda YTZ uygulamalarina iliskin riskleri
degerlendirmek icin Analitik Hiyerarsi Siireci (AHP), TOPSIS, VIKOR ve ARAS metodolojilerini
birlestiren entegre bir karar alma yaklagimi 6nermektedir. Tiirkiye'deki bir mobilya iiretim sirketi {izerine
yapilan bir vaka calismasiyla, Bulanik AHP yontemi risk onceliklerini belirlerken, Bulanik TOPSIS,
VIKOR ve ARAS yontemleri bu énceliklere dayali olarak tedarikgi risklerini degerlendirmektedir. Onerilen
yaklagim, stratejik karar alma siireglerinde risk Onemini anlamak ve farkli karar alma yontemlerini
degerlendirmek icin sistematik araglar sunmaktadir [10].

3. MATERYAL VE YONTEM
3.1 Bulanik Kiime Teorisi

Bulanik kiime teorisi, 1960'l1 yillarda Lotfi Zadeh tarafindan gelistirilen bir matematiksel modeldir. Bu
teori, belirsizlik igeren problemleri ele almak ve bu belirsizlik durumlarin1 matematiksel olarak ifade etmek
icin kullanilir. Bulanik kiime teorisi, geleneksel kesin kiime teorisi yerine belirsiz ve bulanik durumlar ele
alarak gercek diinyadaki karmasik sorunlar1 ¢6zmek i¢in kullanilan bir aragtir.
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Bulanik kiime teorisi, elemanlarin tam olarak bir kiime i¢inde veya disinda olmadig1 durumlari ele alir.
Ornegin, "yiiksek sicaklik" gibi bir kavrami ele alalim. Geleneksel kiime teorisi, bir elemanin ya yiiksek
sicaklik i¢inde (1) ya da diginda (0) oldugunu sdylerken, bulanik kiime teorisi bir elemanin yiiksek sicakliga
ne kadar uydugunu bir iiyelik derecesiyle ifade eder. Bu {iyelik derecesi O ile 1 arasinda degisebilir ve
elemanin kavramla ne kadar iliskili oldugunu yansitir. Ornegin, 0.8 iiyelik derecesi, elemanin yiiksek
sicaklik kavramiyla yiiksek derecede iliskili oldugunu gosterirken, 0.2 iiyelik derecesi daha diisiik bir
iliskiyi ifade eder [3].

3.2 Bulanik AHP Yontemi

Literatiirde pek ¢ok bulanik AHP uygulamasi mevcuttur. Bu uygulamalarda da farkli AHP yaklasimlar
kullanilmigtir. Cesitli arastirmacilar tarafindan, bulanik kiimeler kuramini ve hiyerarsik yapiy1 kullanarak
cok olciitlii ortamda en iyi segenegi belirlemeye veya secenekleri siralamaya yonelik cesitli yontemler
sunulmustur. Kiyaslama prosesinin bulanik dogasindan dolay1 karar vericiler ikili kiyaslamalarini sabit bir
deger olarak belirlemektense, bir aralik lizerinde ifade etmeyi veya sozel olarak gerceklestirmeyi tercih
etmektedirler. Bu metotlar, bulanik kiime teorisi kavramini ve hiyerarsik yapi analizini kullanarak bir
alternatifin se¢imini ve agirliklandirilmasina yonelik sistematik yaklasimlar igerir.

Bulanik kiime teorisinin tiggensel bulanik sayilar metodu bu ¢alisma i¢in uygun goriilmiistiir. Bir tiggen
iiyelik fonksiyonu, ii¢ nokta ile tanimlanmaktadir. Bulanik iiyelik dereceleri 1, m, u sayilar ile ifade
edilmektedir. L ve u iiyelik fonksiyonunun sinirlarinin u¢ noktalarini, m de tiggen bulanik sayinin tepe
noktasimi yani yiiksekligini gostermektedir [11]. Asagida, Chang Bulanik AHP’de Mertebe Analizi
Yontemi ayrintili olarak anlatilacak ve risk analizi i¢in uygulanacaktir [12].

x = {xq, Xy, ..., Xn} , bir ol¢iit kiimesi U = {uy,u,, ..., u,} , bir amag kiimesi olsun. Chang’in yontemine
gore, her bir dl¢iit alinir ve her bir hedef icin Mertebe Analizi uygulanir. Bdylece her bir 6l¢iit icin m tane
mertebe analiz degerleri elde edilir. Bu degerler su sekilde gosterilir. Mgil,Mgiz, ...,Mgim i=1,2,...,n
Burada tiim Mgij (G =1, 2,...,m)’ler {iggensel bulanik sayilardir. Chang Mertebe Analizinin adimlar1 su
sekilde siralanabilir:

Adim 1: Olgiit i’ye gore bulanik sentetik mertebenin degeri su sekilde tanimlanir.

m . m .
Si=) Méi®[2?=1z. M;i] ()
j=1 j=1
m

Buradaki Méidegerini elde etmek i¢in m mertebe analiz degerine asagida goriildiigii gibi bulanik
j=1
toplama islemi uygulanir.

n ] m m m
Z}':lMgi B <Z,-=1 lj’zJ':lmj 'Zj=1uj> @
m ,
fa ), Mho= (il Ty, Sgw) G)
Daha sonra asagidaki vektoriin tersi su sekilde elde edilir.

-1
m .
Zn M} — 1 1 1 4
[ =1 Zj:l gi] ?=1ui,2?=1mi,2?=1li ( )

Adim 2: M2 = (12, m2, u2) > M1 = (11, m1, ul)’nin olabilirlik derecesi su sekilde tanimlanir.

V(My = M) = sup |min iy, (), i, )| (5)
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Denk olarak su sekilde de ifade edilebilir:

1, eger my, = my
>
VM, 2 M) = hgt(My 0 M) = g, (@ O egerh e ©)
L2 diger

(my—uz)—(my—1y)

Denk sekilde V (M, > M;)’id, ppy, Ve uy,arasindaki en yiiksek kesisim noktasi D’nin ordinati olmak iizere
Sekil 1 ’de gorildigii gibi ifade edebiliriz. M1 ve M2’yi kiyaslayabilmek i¢in V (M, > M;) ve
V (M; = M) degerlerinin her ikisi de gerekmektedir.

Adim 3: Bir konveks bulanik sayinin k tane konveks bulanik sayidan Mi = (i=1, 2, ..., k) biiyiik olmasinin
olabilirlik derecesi su sekilde tanimlanir.

V(M = M;,M,,..,M,)) =V[(M = M;) ve (M = M,) ve..ve (M = M,)] (7
=minVM=M;),i=1,2,..,k (8)
d'(A) = min V(S; = S;) ©

oldugunu varsayalim, k = 1, 2, ..., n; k # i i¢in agirlik vektorii asagida goriildiigii gibidir.

A
M> M,

V(M= M) / D

> m I d u m u

v

Sekil 1. M1 ve M2 arasindaki kesisim noktasi [12]

! ! ! ! T
W' = (d'(A)), d'(A2), .., d' (An)) (10)
Burada Aj(i = 1,2, ...,n) n sayisi kadardir.
Adim 4: Normalize edilmis agirlik vektorleri, asagidaki gibidir. Burada W, bulanik olmayan bir sayidir.

T
W = (d(4y),d(4y), ..., d(Ay)) Y
Bulanik AHP’de onceliklendirme yapilirken kullanilan dilsel ifadelerin tablosu Tablo 1’de verilmistir [13].
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Tablo 1. Dilsel ifadeler i¢in bulanik sayilar [13]

Dk alt elemanin géreceli dnemi Bulank uggen sayi Tersine bulamk tggen say
Est derecede dneml 1,1,1 1,1,1
11le 3 arasinda ver alan ara deder 1.2.3 173, 172, 1
Birar énemli 234 1/4, 113, 1/2
3ile 5 arasinda yer alan ara deger 24,5 1/5, 1/4, 173
Onemli 456 146, 145, 1/4
5 ile 7 arasinda yer alan ara defer 56,7 117, 16, 1/5
il bar selalde dnemh 678 1/8, 17, 116
7 ile 9 arasinda yer alan ara deger 7,89 1/9, 1/8, 117
| Son derece Gneml: 999 /9, 1/9, 1/9

3.3 Bulanik TOPSIS Yontemi

Bulanik TOPSIS yénteminin temelini, segilen alternatifin Bulanik Pozitif Ideal Céziime (BPC) en yakin ve
Bulanik Negatif Ideal Coziimden (BNC) ise en uzak mesafede olmasi olusturur. Pozitif ideal ¢oziim, fayda
kriterlerini maksimize eden ve zarar kriterlerini minimize eden ¢6ziim olarak tanimlanirken, negatif ideal
¢Oziim zarar kriterlerini maksimize eden ve fayda kriterlerini minimize eden ¢6ziim olarak tanimlanir [14].
Risk analizi i¢in belirlenmis olan her bir risk faktorii, belirlenmis olan risk seviyelerine gore bir sayisal
deger ile ifade edilir. Ornegin, "siddet" faktorii icin belirlenmis olan risk seviyeleri sunlardir: Cok Diisiik,
Diisiik, Orta, Yiiksek ve Cok Yiiksek. Bu risk seviyeleri, sirastyla 1, 2, 3, 4 ve 5 gibi sayisal degerlerle ifade
edilir.

Belirlenmis olan risk faktorleri ve risk seviyeleri bulanik kiimeleme yontemi ile bulaniklastirilmalidir. Bu
adim, Bulanik TOPSIS ydnteminin ana adimlarindan biridir. Burada, her bir risk faktorii ve risk seviyesi
icin agirliklar belirlenir. Bulaniklastirilmis veriler kullanilarak, karar matrisi olusturulur. Bu matris,
belirlenmis olan risk faktorleri i¢in her bir risk seviyesinin bulanik degerlerini igerir. Her bir risk faktorii
icin belirlenmis olan agirliklar kullanilarak, normalize edilmis degerler hesaplanir. Bu adim, her bir risk
faktorii i¢in ayr1 ayri yapilir.

Pozitif ve negatif ideal ¢Oziimler, normalize edilmis degerlerin maksimum ve minimum degerleri
kullanilarak belirlenir. Bir benzerlik ol¢iitii belirlenir. Belirlenmis olan risk faktorleri igin genellikle Oklid
mesafesi kullanilir. Her bir risk faktorii igin bulunan Oklid mesafesi, benzerlik skorlarina déniistiiriiliir.
Benzerlik skorlar1 kullanilarak, agregasyon matrisi olusturulur. Bu matris, her bir risk faktorii igin
hesaplanmig olan benzerlik skorlarini igerir.

Son olarak, agregasyon matrisi kullanilarak risk faktorleri siralanir ve sonuglar degerlendirilir. Bu siralama,
en yiiksek benzerlik skoruna sahip olan risk faktoriiniin en iyi segenek oldugunu gosterir. Diger risk
faktorleri, bu faktdre gore ne kadar yakin olduklarina gore siralanir. Karar kriterlerinin 6nem diizeylerinin
degerlendirilmesinde kullanilan dilsel degiskenlerin {iggen bulanik say1 karsiliklari Tablo 2°de verilmistir.

Tablo 2. Dilsel ifadeler i¢in bulanik say1 tablosu [15]

Cok énemli (9,10,10)
Onemli (7,9,10)
Orta (5,7,9)
Onemsiz (3,5,7)
Cok Onemsiz (0,1,3)
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Kullanilan Vertex Metodu, bulanik sayilar arasindaki uzakligin bulunmasinda yararlamlan bir metottur. Iki
licgen say1 arasindaki uzaklik vertex metodu kullanilarak su sekilde hesaplanir [16].

T:l = (l, m, u) ) NnN = (llJmZ'u3) (12)

A1) = [HI0 = 1)+ Gn = m)? + (= ) (13)

K tane karar vericiden olusan, WjK ‘nin K’mnc1 karar vericinin degerlendirdigi karar kriterinin 6nem
agirhgmi, x; jK ‘nin ise adaymn kriter degerini (rating) gosterdigi bir grupta karar kriterlerinin 6nem
agirliklan ve adaylarin kriter degerleri sirasiyla asagidaki formiillerle hesaplanir:

(144)

IR OLOMOEH o

Sonraki asama i¢in, 6ncelikle herhangi bir Bulanik CKKV probleminin matrisi asagidaki gibi olmaktadir:

¢ C .. Cym (16)
A1 [X11 X12 ... X1n _
D=Az| %71 Xzz 7 Aogp | W=[WiW,..Wy]
AmlXmi Xmz - Xmn

bulanik karar matrisi kullanilarak normalize edilmis bulanik karar matrisi elde edilir. Bu matris R ile
gosterilir ve

R= [Tij]mxn (17)

seklinde olusturulur. rij formiilii ise,

o (W by ey
Ty = (, o c;f)" €5 (19

seklinde hesaplanir. Her bir karar kriterinin farkli 6nem agirligimi goéz oOniinde bulunduran agirlikli
normalize edilmis bulanik karar matrisi;

V= []lmem,» i=12..m;j=12,.,n (16)

seklinde olusturulur. Burada,

formiiliiyle hesaplanir. Bulanik Pozitif ideal Coziim (BPIC, A*) ve Bulanik Negatif ideal Coziim (BNIC,
A-),

A" = (B, 0y, e, B0, (18)

A” =D, Uy, 0, Uy ), (19)

ile tanimlanir. Her bir alternatifin BPIC ve BNIC’ten uzaklig1 sirasiyla,
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n
j=1
n
di =2 d(v;,97) , i=12..,m 2D
j=1

formiilleri kullanilarak hesaplanir. Burada d (.,.) iki iiggen bulanik say1 arasindaki uzakligi gdstermektedir
ve uzaklik, vertex metodu kullanilarak bulunur. Uzakliklarin bulunmasinin ardindan adaylarin yakinlik
katsayilar,

d;
di+d; !

cc; = i=12,..,m (22)

formiilii kullanilarak hesaplanir.

4. UYGULAMA
4.1 L Matris Tablosu

Uzmanlar ile beraber incelenen igyeri i¢in tehlikeler belirlenmis ve 5X5 Matris yontemine gore risk analizi
tablosu olusturulmustur. 5X5 metodunun sik kullanilan diger bir ismi de L Tipi Matris metodudur.
Olusturulan tablodan on adet risk alinmistir. Asagidaki Tablo 3’te listelenen riskler goriilmektedir. L Tipi
Matris metodunda tehlikelerin risk skorlamasi yapilirken; olasilik ve siddet skorlari 5 puan iizerinden
degerlendirilir. Sonrasinda olasilik ve siddet skoru carpilarak risk puani elde edilir. Elde edilen puana gore
riske karsi1 6nceliklendirme derecesi bulunur.

Tablo 3. L tipi matrise gore risk degerlendirilmesi

RiSK DEGERLENDIRME RiSK DEGERLENDIRME
TEHLIKE RISK 2 é ONLEM g é g = é
o = | O = |» o«
Duman algilama
dedektorlerinin Duman algilama dedektorleri
ISLETME Yangin olmamasi Yanarak Tiim ba!ﬂm onarm, tesisi
1 Algilama durumunda s 5 5 saglanmali ve yilda 1 kez 1 5
ALANI N X Coklu Olim Gahsanlar .
Sistemi | ortamda olugacak periyodik bakim
yanginin geg tespit yapilmaldir.
edilmesi
Uygulanacak fazla
: OFis " . " ilerde cal
ISLETME Fazla Strelerle is kazasi, Tim mesatler "e calisanin rlza?|
2 CALISM 3 3 9 |alinmal, 6denecek mesai 1 3
ALANI Calgma yaralanma, Cahsanlar . "
ALARI ticretleri mevzuatta
belirlenen olmalidir.
. OFIS agirtis baskisi is baglamadan dnce ig plani
ISLETME s P /_ is kazasl, Tim s ag ) 5P .
3 ALANI CALISM | zaman yénetimi ; Hsanl 3 3 9  |olusturulmali ve sistematik 1 3
ALARI eksikligi yaralanma, Cahsanlar olarak plana uyulmaldir.
Cahsanlar yapilacak is
konusunda fiziki yapilan
uygun olmali, uygun
y | olmayan kaymaya miisaade
Eklem ve Bel
Calisanlarin fiziki Rahateizliklar eden ayakkabilar
4 ISLETME| ELLE yapisina uygun iskelet ve Kasl Tiim 3 . - kullamlmamalidir. Ergonomi 1 .
ALANI | TASIMA | olmayan yiikler Sistemi Calisanlar ve elle tagima islerinde saglk
taginmasi istemi ve givenliklerine tehdit
Rahatsizliklan eden risklere karsi
egitilmelidir.
Elektrikle calisan
makine ve Makinelerin gévde
5 ISLETME Elektrik ekiprt].anlann Elektrik Tim 4 5 tt?lp.r.alf!amallan yapilarak 1 5
ALANI govde garpmasl Cahganlar gorlndr sekilde monte
topraklamalarinin edilmelidir.
olmamasi
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boya ve diger kimyasallrin

msds formlar temin edilmeli
5 5 ve patlamdan korunma 1 5
ddkiimani hazirlanarak

. Patlayici gaz .
ISLETME|. Patlama, tiim
imyasalla karigim

ALANI angin, oliim alisanlar
konsantrasyonu vangin, Gals

riskler minimize edilmelidir.

kullanilan kimyasallar
siniflarina gére ayrilmali ve
tecritli bir depo sistemi
kurulmahdir. Kimyasallara 1 4
temasta kullanilacak
sollisyon veya goz yimaka
banyolari temin edilmelidir.

, ISLETME|. | Iiim\:.':lsallalr icin yt.'-lmgm,. Tiim \ \
imyasalla|  6zel depolama atlama, i
Atant [ P P ,_'__5 Calisanlar
alaninin olmamasi | kazasi, 6liim

tlim siitunlu matkaplara
operasyon noktasi
koruyucusu monte
edilmelidir.

ATOLYE| . is kazasi,
stitunlu | operasyon noktasi
g | CALISM

ALARI matkap | koruyucu eksikligi Bliim

| Tim c <
aralanma
¥ ! Calisanlar

1- Soyunma yerleri,
calisanlarin rahatga soyunup
giyinmelerine elverigli
geniglikte olmalidir.

2- Soyunma yerleri, aydinlk,
havalandirmaya elverigli ve
soguk mevsimlerde yeteri
kadar isitilmis olmali, temiz
ve bakimli bulundurulmalidir.
3- Soyunma yerlerinde
calisanlar icin, yeteri kadar 1 4
elbise dolabi, sira, sandalye,
tabure ve benzeri esya
bulundurulmalidr.

4- Soyunma yerlerindeki
dolaplarin yiiksekligi, 150
santimetreden asagi
olmamali, temiz ve kirli
giysiler icin ayn bolmeleri
olmali ve dolaplar kilitli
olmahdir.

ISLETME soyunm Bulasici Tiim

9 s a Biyolojik etkenler ¥

ALANI hastaliklar Calisanlar
Odalan

Ergonomik kosullar

Ergonom konusunda ¢ahsanlara egitim
OFis ik Ergonomik iskelet ve kas . S cals £
Tiim verilmesi ve calisma

10 | CALISM |olmayan| olmayan oturma sistemi 3 4 12 .
. Calisanlar ortaminin ergonomik
ALARI |esyalarin bigimi rahatsizliklan . .
kosullara gore diizenlenmesi

kull i
ullanimi gerekmektedir.

4.2 B-AHP Uygulamasi

L Matrise gore belirlenen tehlikeler i¢in karar degiskenleri siddet ve olasilik olarak ele alinmistir. Siddet ve
olasilik i¢in bulanik sayilarla 6nceliklendirme yapilmis ve karar degiskenlerinin Oncelik matrisi Tablo
4’teki gibi olusturulmustur.

Tablo 4. Kriterler i¢in karar matrisi

QLASILIK SIDDET
OLASILIE| 1,00 1,00 1,00 0,25 0,33 0.50
SIDDET | 2,00 3,00 4,00 1,00 1,00 1,00
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Ardindan karar degiskenleri i¢in agirlik hesaplamasi yapilmis ve olasilik agirligi; 0,253582 siddet agirligt;
0,746418 olarak bulunmustur. Olasilik kriteri i¢in bulanik karsilastirmali degerlerinin geometrik ortalama
degerleri asagidaki sekilde hesaplanir;

= [(1%0.25)%; (1%0.33)%; (1*0.50)%] = [0.70,0.57,0.5]

Siddet kriteri i¢in bulanik kargilastirmali degerlerinin geometrik ortalama degerleri asagidaki sekilde
hesaplanir;

F=[(2*D%; B*1)%; (4x1)%] = [1.4,1.7,2]

Olasilik ve siddet icin belirlenen geometrik ortalama degerleri Tablo 5°te gosterilmektedir. Tabloda ayrica
toplam degerler, ters deger ve artan siralamadaki degerleri verilmektedir.

Tablo 5. Kriterler igin geometrik ortalama degerleri

L i1 o
OLASILIE 0707107 0.574456 0.5
SIDDET 1.414214 1.732051 2
TOPLAM 2. 12132 2. 306507 2.5
TERSDEGER 0.471405 0435556 0.4
ARTAMN 0.4 04335556 0.471405
SIEAT ANTA

Olasilik kriteri i¢in bulanik agirlik degeri asagidaki sekilde hesaplanmaktadir;

w =[(0.707107*0.4) ; ( 0.574456*0.433556) ; ( 0.5*0.471405)]= [ 0.282842712; 0.249059; 0.235702]
Siddet kriteri i¢in bulanik agirlik degeri asagidaki sekilde hesaplanmaktadir;

w =[(1.414214*0.4) ; (1.732051*0.433556) ; (2*0.471405) ] = [ 0.565685425; 0.750941; 0.942809]

Olasilik kriteri i¢in bulanik olmayan agirlik degeri; M;= ( 0.282842712 + 0.249059 + 0.235702) / 3 =
0.255867979 olarak bulunur.

Normalize edilmis agirlik degeri; 0.255867979/ ( 0.255867979 + 0.75314567) = 0.253582 olarak bulunur.
Olasilik kriteri i¢in bulanik olmayan agirlik degeri; M;= ( 0.565685425 + 0.750941 + 0.942809) /3 =
0.753145167 olarak bulunur.

Normalize edilmis agirlik degeri; 0.753145167/ ( 0.255867979 + 0.75314567) = 0.746418 olarak bulunur.
Sonrasinda her bir tehlike olasilik kriteri igin birbiriyle 6ncelik karsilastirmasi yapilmistir. Tehlikelerin
olasilik karsilastirilmasi i¢in L Tipi Matristeki olasilik degeri dikkate alinmistir. Bulanik sayilar
kullanilarak olusturulan matris i¢in 6rnek, Tablo 6’da goriilmektedir.
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Tablo 6. Tehlikeler icin olasilik matrisi

QLASILIK T1 T2 T3 T4 5
T1 1,00 1,00 1,00 £,00 7,00 &,00 £,00 7,00 &,00 £,00 7,00 5,00 4,00 5,00 5,00
T2 0,17 0,14 0,13 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 0,25 0,20 0,17
T3 0,17 0,14 0,13 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 0,25 0,20 0,17
T4 0,17 0,14 0,13 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 0,25 0,20 0,17
TS5 0,25 0,20 0,17 4,00 5,00 £,00 4,00 5,00 £,00 4,00 5,00 &,00 1,00 1,00 1,00
6 1,00 1,00 1,00 £,00 7,00 &,00 &,00 7,00 &,00 &,00 7,00 &,00 4,00 5,00 6,00
77 0,25 0,20 0,17 4,00 5,00 £,00 4,00 5,00 £,00 4,00 5,00 &,00 1,00 1,00 1,00
T8 1,00 1,00 1,00 £,00 7,00 &,00 £,00 7,00 &,00 £,00 7,00 &,00 4,00 5,00 5,00
19 1,00 1,00 1,00 £,00 7,00 &,00 &,00 7,00 &,00 &,00 7,00 &,00 4,00 5,00 6,00
T10 0,17 0,14 0,13 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 0,25 0,20 0,17
T6 7 T8 T3 T10

1,00 1,00 1,00 4,00 5,00 &,00 1,00 1,00 1,00 1,00 1,00 1,00 6,00 7,00 5,00

0,17 0,14 0,13 0,25 0,20 0,17 0,17 0,14 0,13 0,17 0,14 0,13 1,00 1,00 1,00

0,17 0,14 0,13 0,25 0,20 0,17 0,17 0,14 0,13 0,17 0,14 0,13 1,00 1,00 1,00

0,17 0,14 0,13 0,25 0,20 0,17 0,17 0,14 0,13 0,17 0,14 0,13 1,00 1,00 1,00

0,25 0,20 0,17 1,00 1,00 1,00 0,25 0,20 0,17 0,25 0,20 0,17 4,00 5,000 £,00

1,00 1,00 1,00 4,00 5,00 &,00 1,00 1,00 1,00 1,00 1,00 1,00 &,00 7,00 &,00

0,25 0,20 0,17 1,00 1,00 1,00 0,25 0,20 0,17 0,25 0,20 0,17 4,00 5,00 6,00

1,00 1,00 1,00 4,00 5,00 £,00 1,00 1,00 1,00 1,00 1,00 1,00 £,00 7,00 8,00

1,00 1,00 1,00 4,00 5,00 &,00 1,00 1,00 1,00 1,00 1,00 1,00 &,00 7,00 &,00

0,17 0,14 0,13 0,25 0,20 0,17 0,17 0,14 0,13 0,17 0,14 0,13 1,00 1,00 1,00

Ardindan her tehlike igin olasilik degerlerinin agirligi hesaplanmigtir. Tehlikeler igin bulanik sayilar Tablo
5’teki yontemle hesaplanmustir. Her bir tehlike i¢in bulunan olasilik degeri agirligi Tablo 7°de verilmistir.

Tablo 7. Tehlikeler i¢in olasilik degeri agirliklari
BULANIK AGIRLIK ORTALAMA | NORMALIZE

T1 0,159099 | 0,19575 | 0,239527 | 0,198125 0,195164
T2 0,017911 | 0,021679 | 0,026966 | 0,022185 0,021854
T3 0,017911 | 0,021679 | 0,026966 0,022185 0,021854
T4 0,017911 | 0,021679 | 0,026966 | 0,022185 0,021854
T5 0,050068 | 0,065143 | 0,085689 | 0,066967 0,065966
16 0,159099 | 0,19575 | 0,239527 | 0,198125 0,195164
T7 0,050068 | 0,065143 | 0,085689 | 0,066967 0,065966
T8 0,159099 | 0,19575 | 0,239527 | 0,198125 0,195164
T9 0,159099 | 0,19575 | 0,239527 | 0,198125 0,195164
T10 0,017911 | 0,021679 | 0,026966 0,022185 0,021854

TOPLAM 1,015176 1

Sonrasinda tehlikelerin siddet kriterine gore karsilastirillmasi aymi prensibe gore yapilmistir.
Onceliklendirilen tehlikelerin siddet matrisine gére énem agirliklarinin hesaplanmasi Tablo 8°de goriildiigii
gibi yapilmistir.
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Tablo 8. Tehlikeler icin siddet degeri agirliklar

BULANIE AGIRLIK ORTALAMA | NORMALIZE

T1 0,136615 ] 0,166928 | 0,203136 | 0,163593 0,16626
T2 0,013359 | 0,016834 | 0,021%6 | 0,0173595 0,017123
T3 0,013359 | 0,016834 | 0,021%6 | 0,017395 0,017123
T4 0,040588 | 0,050585 | 0,064347 1 0,05154 0,051032
TS 0,156929 | 0,156077 | 0,242558 | 0,153668 0,195571
T6 0,156929 | 0,156077 | 0,242958 | 0,153668 0,195571
T7 0040588 | 0,050585 | 0,064347 | 0,05154 0,051032
T3 0,156929 | 0,156077 | 0,242958 | 0,153668 0,195571
T3 0045553 0,059418 | 0,0735916 | 0,060629 0,055654
T10 0,040558 | 0,050585 | 0,064347 | 0,05154 0,051032
TOPLAM 1,015836 1

Son olarak tehlikelerin olasilik ve siddet agirliklari, olasilik ve siddet kriterlerinin 6nem agirliklariyla
carpilmis ve ardindan bulunan degerlerin siitun toplamlar1 alinarak tehlikelerin 6nem siralamalari
bulunmustur. Hesaplanan degerler Tablo 9’da verilmistir.

Tablo 9. Tehlikelerin 6nem dereceleri
AGI | T1 T2 T3 T4 TS Th T7 TB T9 T10
RLIK
OLAS | 0,25 | 0,195 | 0,021 | 0,021 | 0,021 | 0,065 | 0,195 | 0,065 | 0,195 | 0,195 | 0,021
ILIK 731 | 77 73 73 73 01 77 01 77 77 73
siDD | 0,74 | 0,166 | 0,016 | 0,016 | 0,050 | 0,186 | 0,196 | 0,050 | 0,196 | 0,058 | 0,050
ET 268 | 8 94 94 56 1 1 56 1 34 Sk

T1 T2 T3 T4 TS5 TE T7 TG T9 T10

OLASILIK | 0,050 | 0,005 | 0,005 | 0,005 | 0,016 | 0,050 | 0,016 | 0,050 | 0,050 | 0,005
374 | 591 | 591 [581 | 728 |374 |728 |374 |374 | 591
SIDDET 0,123 | 0,012 | 0,012 | 0,037 | 0,145 | 0,145 | 0,037 | 0,145 | 0,044 | 0,037
881 |581 |581 |55 642 | 642 |55 642 | 071 | 55

TOPLAM | 0,174 | 0,018 | 0,018 | 0,043 | 0,162 | 0,196 | 0,054 | 0,196 | 0,094 | 0,043
254 | 173 | 173 |[142 | 369 |015 |278 | 015 | 445 | 142
YUZDELIK 17,42 | 1,817 | 1,817 | 4,314 | 16,23 | 19,60 | 5,427 | 19,60 | 9,444 | 4,314
543 | 251 | 251 |[175 |692 |151 |813 | 151 | 48 175

Yapilan hesaplamalar sonucunda tehlikelerin 6nem siralamas1 Tablo 10°daki gibi bulunmustur.
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Tablo 10. Tehlikelerin 6nem sirasi

TEHLIKE SIRL&MAS

TG

Ta

T1

T5

T3

T7

T10

T4

T2

W lw|(-J|(-d|m|n|=]|w|—= |

T3

4.3 B-TOPSIS UYGULAMASI

TOPSIS uygulamasi ile kriterler belirlenmistir. K1 olasiligi, K2 ise siddeti gostermektedir.

Tablo 11. Kriterlerin kodlarinin yazimi

Eod | Apklama
E1 CLASTTIE
EZ2 S]:DDET
Tablo 12. Kriterlerin karar verici tarafindan belirlenmesi
Earar El| E2
Venc/Enterler
RV CY | CY

Daha sonra agirliklar belirlenmistir ve bulanik agirliklar matrisi Tablo 13° te goriildigi gibi

olusturulmustur.

Tablo 13. Bulanik agirliklar matrisi

Enter Bulanik agirhiklar
E1l 0,91 1 1
Ed 051 1 1

Agirlik matrisi yardimiyla bulanik karar matrisi Tablo 14’ teki gibi olusturulmustur.
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Tablo 14. Bulanik karar matrisi

L matns TOPELS Puanlamast
Tuanlamas

Tehlikeler K1 Ez K1 Ez
T1 5 5 9 0| 10 8 10 | 10
T2 3 3 5 7 G 5 7 G
T2 3 3 5 7 9 5 7 9
T4 3 4 5 7 9 7 9 10
TS 4 5 7 9 10 9 10 | 10
Té ] 5 9 1 | 10 9 10 | 10
T7 4 4 7 9 10 7 9 10
T8 5 5 9 0| 10 8 10 | 10
TS ] 4 G 1 | 10 7 G 10
T10 3 4 5 7 9 7 9 10

Karar matrisindeki degerler ondalik hale getirilerek, normalizasyon islemi tamamlanmistir. Normalize
edilmis karar matrisi Tablo 15°te goriilmektedir.

Tablo 15. Normalize edilmis bulanik karar matrisi

Tehlikeler Enterler
K1 K2
T1 0,9 1 1 0,9 1 1
T2 0,5 0,7 0,9 0,5 0,7 0,9
T3 0,5 0,7 0,9 0,5 0,7 0,9
T4 0,5 0,7 0% 0,7 0,9 1
T5 0,7 0,9 1 0,9 1 1
Té 0,9 1 1 0,9 1 1
T7 0,7 0,% 1 0,7 0,9 1
T8 0,9 1 1 0,9 1 1
TS 0,9 1 1 0,7 0,9 1
T10 0,5 0,7 0,9 0,7 0,9 1

Normalize edilen bulanik karar matrisi Tablo 12 ve 13’teki agirlik matrisiyle ¢arpilarak agirlikli normalize
edilmis bulanik karar matrisi Tablo 16’daki gibi olusturulmustur. BPIC ve BNIC degerleri degerlendirmede
10 tehlike oldugu i¢in Tablo 16’da goruldiigi gibidir.
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Tablo 16. BPIC ve BNIC degerleri

Tehlikeeler Krnterler
K1l K2
T1 0,81 1 1 0,81 1 1
Tz 0,45 0,7 0.9 0,45 0.7 0,9
Tz 0.45 0.7 0.9 045 0.7 0.9
T4 0,45 0.7 0.9 0,63 0.9 1
T: 0,63 0.9 1 0,81 1 1
Té 0,81 1 1 0,81 1 1
T7 0,63 0,9 1 0,63 0,9 1
T8 0,81 1 1 0,81 1 1
TS 0,81 1 1 0,63 0.9 1
T10 0.45 0.7 0.9 0,63 0.9 1

A*=[(111),(11,1),(1,1,1),(1,1,1),(1,1,2),(2,2,1),(2,1,2),(2,1,2),(2,1,2),(1,1,2)]
A— =1(0,0,0), (0,0,0),(0,0,0),(0,0,0),(0,0,0),(0,0,0),(0,0,0),(0,0,0),(0,0,0),(0,0,0)]

Daha sonra, Tablo 17’de goriildiigii tizere her bir tehlikenin BPIC ve BNIC’ten olan uzakligimin
hesaplanmas! icin Vertex Metodundan yararlanilmistir. Ornegin T1 igin;

di* =\J/(1-08D)"2+(1-1D "2+ (1—1) "2+ (1—08D) 2+ (1—1) 2+ (1—1)"2)/3) = 0,155134

di~ = J((0,81) "2+ (1) "2 + (1) 2 + (0,81) "2 + (1) "2 + (1) *2)/3) = 1,330689
seklinde hesaplanmistir. Diger tehlike gruplarina da ayn1 adimlar uygulanmustir.

Tablo 17. BPIC ve BNIC uzaklik hesaplamasi

Tehlikeler Tzaklik degerlen
di* di—
T1 0,155134 1,330689
T2 0,518008 1,000833
T3 0,51800% 1,000833
T4 0427941 1,111%65
TS 0246982 1,273185
Té 0,155134 1,33068%
T7 0,312943 1,212558
T8 0,155134 1,33068%9
TS 0,246982 1,273185
T10 0427941 1,111965
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Son olarak da yakinlik katsayilari hesaplanmis ve tehlike siralamalari Tablo 18’de goriildiigii gibi
yapilmustir.

Tablo 18. Yakinlik katsayilar1 ve tehlike siralamalari

Tehlikeler Takinlhlk Eatsayilan Ziralama
T1 CCl 0,295590317 1
T2 61835 0658944768 g
Tz 2iC3 0658944768 3
T4 CiC4 0,722055403 7
Ta CC5 0837529811 4
Té CCH 0,395580217 1
T7 CC7 0,79491261 &
T8 CCE 0,295590317 1
T9 CC8 0837529811 4
T10 CC10 0,722095403 7

5. SONUG

Bu c¢alismada bir isletme is saglig1 ve giivenligi yoniinden incelenmis ve isletmedeki siireclerin ISG
acisindan uygunsuz olan kisimlar1 L matris, B-AHP ve B-TOPSIS yontemleriyle degerlendirilmistir.
Isletmede belirlenen 10 adet tehlike i¢in énce 5X5 matris yontemi uygulanmistir. Ardindan tehlikeler risk
puanlarina gore siralanmistir. Daha sonra Bulanik Analitik Hiyerarsi yontemi kullanilarak tehlikeler
degerlendirilmis ve agirliklandirilarak siralanmigtir. Daha sonra Bulanik TOPSIS yontemi uygulanmis ve
yine tehlikeler onceliklendirilmistir. Elde edilen verilere gore L Tipi Matris sonucu ilk énlem alinmasi
gereken tehlikeler, T1, T8, T6 olarak goriilmiistiir. Bu tehlikeler ayn1 6nem derecesine sahiptir. Ardindan
TS, T7, T9 ikincil 6neme sahip tehlikeler olarak bulunmustur. T2, T3, T4, T10 ise énlem alinma sirast
ticiinciil olan tehlikelerdir. Devaminda aymi tehlikeler B-AHP yontemine goére ayni karar degiskenleri
kullanilarak (siddet ve olasilik) degerlendirilmistir. B-AHP yontemine gore yapilan analizde ise tehlikelerin
onlem Oncelik siralar1 su sekildedir; ilk sirada T6 ve T8 bulunmaktadir. Ardindan sirayla T1, TS, T9, T7
yer almaktadir. T10 ve T4 7. sirada yer almaktadir. Son olarak T2 ve T3 9. sirada yer almaktadir. Ardindan
B-TOPSIS uygulamas: yapilmistir. Yine ayni1 karar degiskenleri ve aymi tehlikeler kullanilmistir. B-
TOPSIS’ e gore; ilk sirada T1, T6, T8’in oldugu goriilmiistiir. T5 ve T9 4. sirada yer almaktadir. T7 6.
sirada, T4 ve T10’un 7. sirada yer aldig1 gériilmiistiir. T2 ve T3 ise son sirada yer almaktadir. Elde edilen
sonuglara bakildiginda bulanik mantik kullanilarak yapilan ¢ok kriterli karar verme yontemlerinden AHP
ve TOPSIS’in 5X5 Matrise gore daha ayrintili bir analiz imkani sundugu goriilmiistiir. B-AHP ve B-TOPSIS
yontemlerinin sonuglar1 benzerlik gostermektedir.

Her ii¢ degerlendirme yonteminde de T6 tehlikesi ilk sirada bulunmaktadir. Klasik L Tipi Matris yontemi
ile elde edilen sonuglara bakildiginda tehlikelerin skorlanmasi bes grupta toplandigi i¢in (6nemsiz, kabul
edilebilir, orta, yiliksek, kabul edilemez) risklerin siralamasinda da 6beklenme olmaktadir. Bulanik AHP ve
Bulanik TOPSIS gibi yontemler de ise tehlikelerin skorlanmasi agirlik degerleri ile elde edildigi icin
obeklenme daha azdir. Dolayisiyla tehlike siralamalar1 daha net bir sekilde ortaya ¢ikmaktadir.

Bektasoglu, Mertoglu ve Tozan’in da ¢alismalarinda belirttigi gibi klasik risk degerlendirme yontemleri
degerlendirme kriterlerinin etkisini esit kabul ettigi i¢in c¢ikan risk skorlar1 tehlikeleri oncelikleri
belirlemede yaniltict olabilmektedir. Bu durumda degerlendirme yapilacak kriterlerin ¢ok kriterli karar
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verme metotlarryla agirliklandirilmasi bu sorunu ortadan kaldirarak daha optimal bir problem ¢6ziimii
sunmaktadir. Tehlike siralamalarinin birbiriyle kryaslandigi Tablo 19’da goriildiigi gibidir.

Tablo 19. Tehlike Siralamalarinin Karsilastiriimasi

L tip1 matrise gére B- AHP' ye gére B-TOPZIE e gére
tehlike siralamalar tehlike siralamalan tehlike siralamalan
sra Tehlike Sira Tehlike Srra Tehlike
e 1o no

1|T1 1Té& 1|T1

1|Té 1|T8 1|Té

1|T8 3T 1|T8

4TS 4\Ta 4|T5

4|T7 2| T2 4|T9

4(T9 6| T7 6| T?

7Tz F|T10 7|T4

7T3 T\ T4 7T10

7 T4 9|T2 T2

F(T10 9|T3 T3

5. TARTISMA VE ONERILER

Calismanin 6rneklem kiimesini 10 adet tehlike olusturdugu icin daha biiyiik bir veri seti alinarak yontemin
tutarlilik oran1 incelenebilir. Ayrica elde edilen verilerin 1s181nda tehlikeleri bertaraf etmek igin verilecek
oneriler i¢in de bir B-CKKYV yontemi uygulanabilir. Tehlike tanimlamalari yapilirken uzman gériislerinden
faydalanilmistir. Sonraki yapilacak calismalarda tehlike tanimlamasi yapilirken de CKKV yontemleri
kullanilabilir. Ayrica tehlikelerin daha iyi tanimlanabilmesi i¢in Hata Agaci Analizi veya Olay Agaci
Analizi yontemleri kullanilabilir.
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Abstract

In order to reduce the negative impact of the coronavirus (COVID-19), which first emerged in Wuhan,
China measures such as distance education and curfews were taken by governments to reduce the negative
impact on human health. These precautions had an impact on electricity consumption. Turkey was one of
the countries adversely affected by COVID-19. Therefore, the objective of this paper analyze the variation
of electricity consumption and generation in Turkey depending on the COVID-19 outbreake. For this
purpose, residential, industrial, business and total electricity consumption of six provinces was analyzed in
order to examine the variation in electricity consumption in Turkey. Considering the ten months of the year,
with March when the first case occurred in 2020 compared to 2019, it was observed that residential
electricity consumption increased in the six provinces studied. Industrial electricity consumption decreased
in March and the following months, but increased in the following months. On the other hand, it was
observed that there was a decrease in the business electricity consumption in almost all ten months. In the
per capita electricity generation estimation study in Turkey, it was calculated that the electricity generated
in 2020 is 5.89% more than the estimated value obtained by the curve fitting method. In addition, according
to the study of coverage the electricity consumption and generation per capita for the years 2019 and 2020,
it was calculated that generation could not coverage the consumption by 0.22% in 2019 and 0.27% in 2020.

Keywords: COVID-19, Electricity Consumption, Electricity Generation, Per Capita Electricity,
Residential Electricity

COVID-19 Karantinasinin Elektrik Tiiketimi ve Uretimine Etkisi: Tiirkiye Ornegi

Ozet

Ilk olarak Cin'in Wuhan kentinde ortaya ¢ikan koronaviriisin (COVID-19) insan saghg iizerindeki
olumsuz etkisini azaltmak icin hiikiimetler tarafindan uzaktan egitim ve sokaga c¢ikma yasaklar1 gibi
onlemler alindi. Bu onlemler elektrik tiiketimini etkiledi. Tirkiye, COVID-19'dan olumsuz etkilenen
iilkelerden biri oldu. Bu nedenle, bu makalenin amaci, Tiirkiye'de elektrik tiiketiminin ve {retiminin
COVID-19 salginina baglh olarak degisimini analiz etmektir. Bu amacla, Tirkiye'deki elektrik
tilkketimindeki degisimi incelemek igin alt1 ilin konut, sanayi, is yeri ve toplam elektrik tiiketimi analiz
edilmistir. 2020 yilinda ilk vakanin goriildiigii Mart ay1 ile birlikte yilin on ayina bakildiginda 2019 yilina
gore incelenen alt1 ilde konut elektrik tiiketiminin arttig1 gozlemlenmistir. Sanayi elektrigi tiiketimi Mart
ve sonraki aylarda azalmistir, ancak sonraki aylarda artmistir. Ote yandan, neredeyse on ayin tamaminda
igyeri elektrik tiiketiminde azalma oldugu gdzlenmistir. Tiirkiye'de kisi basina elektrik {iretimi tahmini
caligmasinda, 2020 yilinda liretilen elektrigin egri uydurma yontemiyle elde edilen tahmini degerden %
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5,89 daha fazla oldugu hesaplanmistir. Ayrica 2019 ve 2020 yillar1 elektrik tiiketimini ve kisi bagina iiretimi
kargilama ¢aligmasina gore 2019 yilinda % 0,22, 2020 yilinda ise % 0,27 oraninda iiretimin tiiketimi
karsilayamadig1 hesaplanmistir.

Anahtar Kelimeler: Covid-19, Elektrik Tiiketimi, Elektrik Uretimi, Kisi Basma Diisen Elektrik, Konut
Elektrigi

1. INTRODUCTION

The infectious disease known as COVID - 19 caused by the SRA-CoV-2 coronavirus was first detected in
Wuhan, China. COVID-19 is an acute respiratory disease. The outbreak significantly affected all aspects
of life since its first appearance. Following the first cases, people started to experience unexpected changes
in their lives. Health facilities had to work intensely during this period. Country governments had to take
social and economic outbreakes to reduce the spread of COVID-19 and its adversities. Some of these
outbreakes were distance education in schools, flexible working in the public sector, daytime curfews and
closure of workplaces [1-3]. Those who were out of their mandatory work areas had to continue their jobs
from home. Most educational institutions transformed education activities into online distance education.
Due to these transformations and restrictions on a global scale, electrical energy consumption shifted from
places such as industry, business and educational institutions, especially to homes and hospitals. This
transition in work and lifestyle has led to a significant change in the level of electricity demand. The slowing
down of generation in all sectors or the cessation at some points caused the electricity consumption used in
the industry to decrease significantly. These changes have an impact on electricity demand. Turkey has also
been one of the countries affected by this outbreake. The first case in Turkey was announced on 11 March
2020. Energy supply is one of the sectors considered critical. Energy demand is closely related to people's
activities [4-6]. Due to the continuous increase in per capita electricity consumption in developed countries
around the world, the total electricity consumption and the amount of electricity used per capita are
increasing every year. Turkey is a country with a dynamic economy and rapid population growth. In parallel
with the economic development in Turkey, the energy demand is constantly increasing. For Turkey,
increasing the diversity of energy generation is also of great importance in terms of coverage energy
consumption due to both economic development and the outbreake. Due to the scarcity of fossil resources,
Turkey's dependence level on imported energy is around 70%, and it is estimated that this rate could rise to
over 80% by 2030 [7, 8].

Guler et al. (2020) analyzed the direction and strength of the relationship between daily coronavirus cases
in Turkey and daily electricity consumption. "Hendry General-to-Specific Modeling" method was used. It
was determined that there was a negative relationship between the increase in the number of cases and
electricity consumption, and the effect of the changes in the number of cases on electricity consumption
emerged after two days [9]. Ozbay et al. (2021) examined electricity consumption data in Turkey during
the outbreake period. It was observed that electricity consumption decreased significantly on days of
restrictions. NARX and LSTM methods were used to estimate energy consumption [7]. A study was
conducted by The Economic Policy Research Foundation of Turkey (TEPAV) (2021) in Turkey to reveal
the economic impact, taking into account the effect of COVID-19 on electricity consumption. It was
concluded that the electricity consumption in Turkey between 30-31 March 2020 decreased by 12%
compared to the previous year [10]. Firik et al. (2021) conducted a study that was investigated to COVID-
19 early effects of the outbreake process in Turkey's electricity sector. Compared to the previous year, it
had been observed that electricity consumption had decreased on weekdays and consumption hours had
also changed. When evaluated according to the consumer group, it was observed that the most serious
decrease was experienced in the industry and business group, while residential consumption increased [11].
Delgado et al. (2021) calculated the electricity load trend for Brazil depending on the COVID-19 outbreake.
Weekly electricity loads before and after the restrictions were compared. The biggest decrease was
calculated as 19% in the southern regions and 3% in the northern regions [12]. Santiago et al. (2021)
conducted a study on how restrictions change electricity consumption in Spain. It was calculated that
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between March 14 and April 30, electricity consumption decreased by 13.49% compared to the average
value of the previous five years. A decrease of 10.62% on weekends and 14.53% on weekdays was
calculated [5]. Abu-Rayash et al. (2020) analyzed hourly electricity demand data for the province of
Ontario. It was determined that the general electricity demand decreased by 14% in April. After the
outbreake, they concluded that the highest demand for electricity occurred early in the week [13]. Edmarh
et al. (2020) examined the change of electricity consumption in the days of curfew in Nigeria. According
to the results, they found that residential consumption increased by 49% and industrial electricity
consumption decreased by 18% [14]. Ghiani et al. (2020), the changes in electrical energy consumption
due to the outbreake in Italy were examined. It had been determined that the amount of consumption has
decreased by around 37%. Generation from renewable energy sources had been observed to increase from
23% to 40% [15]. Aruga et al. (2020), the changes in the amount of energy consumption in India were
examined. The number of tests and case situations were also taken into account in the study. According to
the results obtained, it was concluded that household income level was related to electricity consumption
[16]. Carvalho et al. (2021) [17], Geraldi et al. (2021) [18] and [19-27] had also studied the impact of the
COVID-19 lockdown process on electricity consumption and production.

The purpose of this article is to reveal to what extent the restrictions applied to cope with the COVID-19
outbreak affect Turkey's electricity consumption and generation. In this respect, analyzes were made on
electricity consumption and generation data before and after COVID-19. While analyzing, criteria such as
the number of consumers, population and the number of days in a year were also taken into consideration.
In addition, curve fitting method was used while estimating generation. The main contribution of this study
is to reveal how the electricity consumption and generation during the lockdown changes according to the
non-lockdown periods. The effect of the COVID-19 outbreak had been investigated with the obtained
variation rates. The next part of the study after this stage consists of four sections. The materials used in the
study are explained in the second chapter, and the method in the third chapter. In the fourth chapter, the
findings obtained in the study are included. Finally, in the fifth chapter, the effects of changes in electricity
consumption and generation due to the COVID-19 outbreak in Turkey are presented.

2. MATERIALS

The data used in this study were obtained from various publicly available sources. Electricity consumption,
electricity generation and consumer number data were taken from the website of Energy Exchange Istanbul
(EXIST) and population data were taken from the website of Turkish Statistical Institute (TSI) [28-31].

#23-31 March 2020 - Distance education and flexible working |

+1-30 April 2020 - Distance education |
11-12, 18-19, 25-26 April 2020 - Curfew restriction )

bar
[ovember

«<

1-31 May 2020 — Distance education and flexible working )
01-03 May 2020 - Curfew restriction |

+1-19 June 2020 - Distance education and flexible working |
*23-26, 27-28 June 2020 - Curfew restriction )

1-30 September 2020 - Distance education |
14-30 September 2020 - Flexible working

1-31 October 2020 - Distance education and flexible working |

1-30 November 2020 - Distance education and flexible working |
21-22, 28-29 November 2020 - Curfew restriction

+1-31 December 2020 - Distance education and flexible working |
B «05-06, 12-13, 19-20, 26-27 December 2020 - Curfew restriction

€«

Figure 1. COVID-19 restrictions timeline in Turkey during March to December in 2020 [32].
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Figure 1 shows the timeline of the restrictions imposed in 2020 due to COVID-19. The first COVID-19
case in Turkey was announced on March 11, 2020. Since March, restrictions on distance education in
schools, flexible working in the public sector and curfew had been imposed. The type of restriction and the
number of days varied from month to month. The study was carried out with data belonging to six provinces
of Turkey. Each of the selected provinces are leading cities in terms of both population density and
industrial and business sectors in their regions. These provinces were Istanbul (Europe), 1zmir, Antalya,
Malatya, Denizli and Trabzon.

3. METHODS

In this study, in order to determine the effect of the COVID-19 lockdown process on electricity in Turkey,
consumption and total generation analyzes were made in the total, residential, industrial and business
sectors, and graphical tools were used to interpret the analyzes. The curve fitting method was used while
estimating the total generation.

3.1 Residential Electricity Consumptions

Residence refers to home, where people live day to day. Residential electricity is different from industrial

and business electricity [33]. In Figure 2, residential electricity consumption graphs of six provinces
analyzed are given.
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‘ Figure 2. Residential electricity consumption
a) Istanbul (Europe) b) Izmir ¢) Antalya d) Malatya e) Denizli f) Trabzon

As can be seen from Figure 2, distance education that applied for nine days of March and all days of April
increased residential electricity consumption. Increases in May and June can also be seen from the graph.
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Although distance education, flexible working and no restrictions in July and August, there has been an
increase in residential electricity consumption. It is thought that this is due to the excessive time spent at
homes because of closed schools. With the initiation of distance education and flexible working in the
public in September, an increase was seen in residential electricity consumption again.

With the start of distance education and flexible working in the public sector in September, again, an
increase in residential electricity consumption was observed. The average increase rates of residential
electricity consumption in 2020 compared to 2019 were respectively 7.54% (530 161 MWh) for Istanbul
(Europe), 9.1% for Izmir (361875 MWh), 8.1% for Antalya (207075 MWh), 6.02% for Malatya (24658
MWh), 7.33% (49065 MWh) for Denizli and 5.05% (31257 MWh) for Trabzon. The increase rates in
January and February are respectively 3.48% and - 1.61% for Istanbul, 6.12% and 6.62% for Izmir, 3.58%
and 6.26% for Antalya, -3.90% and -0.74% for Malatya, -2.56% and 6.82% for Denizli and -3.07% and -
3.37%.for Trabzon. As can be seen, the increase rates in January and February for all provinces in 2020 are
below the average value of that province. This indicates that in the remaining 10 months, residential
electricity consumption has increased due to the impact of COVID-19.

3.2 Industrial Electricity Consumptions

Industrial consumers use electrical energy to produce a product by processing raw materials in many areas
such as manufacturing, construction, agriculture and mining [34].
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. Figure 3. Industrial electricity consumption
a) Istanbul (Europe) b) izmir c) Antalya d) Malatya e) Denizli f) Trabzon

The industrial electricity consumption values of six different provinces are given in Figure 3. In 2020, the
industrial electricity consumption in 2019 for the six provinces studied is as follows: 3.62% (158516 MWh)
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increase in Istanbul (Europe), 21.92% (561070 MWh) increase in izmir, 35.04% (147962 MWh) increase
in Antalya, 2.75% (5632 MWh) decrease in Malatya, % 2.94 (30661 MWHh) increase in Denizli and 3.24%
(5786 MWh) increase for Trabzon.

3.3 Business Electricity Consumptions

Business premises are places where business activity takes place. This group has a different tariff than
residential and industrial electricity tariffs in Turkey [28].
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Figure 4. Business Electricity Consumption
a) Istanbul (Europe) b) Izmir ¢) Antalya d) Malatya e) Denizli f) Trabzon

In Figure 4, it is possible to say that the biggest impact of the COVID-19 outbreake on Turkey's electricity
consumption is in business. Business electricity consumption values for 2020 were low in the six provinces
studied. In January and February, when there was no outbreake in all six provinces, it is seen that the
consumption was almost the same as the 2019 values, but there were decreases in the following months.
The average decrease rates of business electricity consumption in 2020 compared to 2019 were respectively
14.50% (1635121 MWh) for Istanbul (Europe), 8.77% (345 275 MWh) for izmir, 27.75% (1341521 MWh)

for Antalya, 4.73% (19896 MWh) for Malatya, 8.60% (65559 MWh) for Denizli and 10.84% (58683 MWh)
for Trabzon.
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3.4 Total Electricity Consumptions

COVID-19 Lockdown Impact to Electricity Consumption

and Generation: The Case of Turkey

In Figure 5, the total electricity consumption values of the six provinces studied are given.
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Figure 5. Total Electricity Consumption
a) Istanbul (Europe) b) Izmir ¢) Antalya d) Malatya e) Denizli f) Trabzon

In the city of Istanbul (Europe), electricity consumption is 24928841.35 MWh in 2019, while this value is
23940480.02 MWh in 2020. A decrease of 3.95% (988361.33 MWHh) occurred. In January and February,
when the COVID-19 outbreake is not seen, there is an increase of 2.5%. The months in which total
electricity consumption decreased were March with 11.48%, April with 18.19%, May with 26.22%, July
with 6.96%, August with 1.19%, and September with 4.97%. Due to the outbreake, it is seen that the biggest
decrease in electricity use is in the business sector for Istanbul (Europe).

While 10448965.86 MWh of electricity consumption is realized in the province of 1zmir in 2019, this value
is realized as 11051796.76 MWh in 2020. There was an increase of 5.77% (602830.90 MWh). The reason
for this increase is thought to stem from industrial electricity consumption. In 2020, the rate of industrial
electricity usage increased by 21.92% compared to 2019. The biggest decrease in total electricity
consumption is realized in May with 9.47%.

While 7253153.45 MWh of electricity consumption is realized in Antalya in 2019, this value is realized as
6323616.99 MWh in 2020. A decrease of 12.82% (929536.46 MWh) occur. Except for the months of
January and February when the outbreake is not seen, an increase of 12.22% is observed only in September.
In the remaining nine months, there is a decrease in total consumption compared to 2019. The biggest
decrease is 33.66% in April.
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While 1132106.74 MWh electricity consumption is realized in the city of Malatya in 2019, this value is
realized as 1137624.17 MWh in 2020. An increase of 0.07% (5517.43 MWh) is observed. In Malatya,
industrial and business electricity consumption decreased by 2.75% and 4.73%, respectively, in 2020
compared to 2019, while residential electricity consumption increased by 6.02%. The biggest decrease is
14.48% in April. While 2978398.18 MWh electricity consumption is realized in Denizli in 2019, this value
is realized as 3003 846.76 MWh in 2020. An increase of 0.86% (25448.58 MWh) is observed. In Denizli,
industry (2.94%) and residential (7.33%) electricity consumption increased, while business (8.60%)
electricity consumption decreased compared to 2019. The biggest decrease is 19.49% in May. While
1436659.38 MWh electricity consumption is realized in the province of Trabzon in 2019, this value is
realized as 1419696.25 MWh in 2020. There is a decrease of 1.20% (16963.13 MWh). In 2020, electricity
consumption rates for residential (5.05%) and industrial (3.24%) increased, while electricity consumption
rate decreased to business (10.84%). It is observed that the decrease in total electricity consumption is due
to business.

3.5 Residential Consumer Number

In this section, the changes in the number of residential consumers are examined in order to interpret the
changes in residential electricity consumption from 2019 to 2020 more accurately.
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Figure 6. Residential Consumer Number
a) Istanbul (Europe) b) izmir c¢) Antalya d) Malatya e) Denizli f) Trabzon

When Figure 6 is examined, it is seen that the number of residential consumers is constantly increasing in
the six provinces where the study is conducted. The number of residential consumers in Istanbul (Europe)
increased from 4014125 to 4163743 in 2019. In 2020, it reached 4174978 in January, and rose to 4236699
at the end of the year. While in Izmir province increase from 2000858 to 2072566 in 2019, it increases from
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2080481 to 2135939 in 2020. While these values are 1299332 in January 2019 in Antalya, it become
1371484 in December 2020. It increases from 328612 to 342163 in Malatya province, from 481490 to
514478 in Denizli and finally from 477590 to 504182 in Trabzon.

3.6 Industrial Consumer Number

In this section, the change in the number of industrial consumers by years has been examined. Changes in
the number of consumers enable a more accurate analysis of the change in electricity consumption in the
industrial sector.
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. Figure 7. Industrial Consumer Number
a) Istanbul (Europe) b) Izmir ¢) Antalya d) Malatya e) Denizli f) Trabzon

When Figure 7 is analyzed, it is seen that the number of industrial consumers generally increased in the six
provinces where the study is conducted. The decreases occurred in Antalya in March, in Malatya in
December and in Trabzon in September, November and December. While the number of industrial
consumers increase from 11988 to 13113 in 2019 in Istanbul (Europe), it reaches 13992 from 13254 in
2020. While in izmir province increase from 2704 to 3146 in 2019, it increases from 3185 to 3432 in 2020.
These values increase from 1859 in January 2019 in Antalya to 2996 in December 2020. It increases from
223 to 233 in Malatya, from 1899 to 2146 in Denizli and from 388 to 408 in Trabzon. The highest increase
in Istanbul (Europe) is in March with 37.07%. The highest increase in Izmir province is realized in February
with 19.78%. While a decrease of 5.20% is experienced in the province of Antalya, the highest increase is
realized with 56.61% in December. While the province of Malatya decrease 2.10% in December, the highest
increase is seen in July with 15.49%. While the lowest increase in Denizli is in December with 5.20%, the
highest increase is in March with 15.50%. Finally, the biggest increase in Trabzon province is realized in
January with 10.31%.
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3.7 Business Consumer Number

In this section, the changes in the number of business consumers in six provinces for the years 2019 and
2020 are analyzed.
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Figure 8. Business Consumer Number
a) Istanbul (Europe) b) izmir c¢) Antalya d) Malatya e) Denizli f) Trabzon

When Figure 8 is analyzed, it is seen that the number of business consumers generally increased in four
provinces excluding Istanbul and Antalya. A decrease is observed in all months in the province of Istanbul.
The average decrease in these twelve months is 3.35%. In the first ten months of Antalya, the number of
business consumers decrease. These decreases vary between 0.49% and 2.54%. While the number of
business consumers in Istanbul (Europe) decrease from 994066 to 938899 in 2019, it decreases from
938207 to 936113 in 2020. There is a decrease in both years. While in Izmir province increase from 407332
t0 417999 in 2019, it increases from 419291 to 431849 in 2020. While these values are 316738 in January
2019 in the province of Antalya, it become 316806 in December 2020. It increases from 77380 to 83807 in
Malatya province, from 83682 to 87748 in Denizli and finally from 85839 to 91595 in Trabzon.

3.8 Consumption Variation Rates
With the consumption variation study, the aim is to reveal the real consumption variation. It would
be misleading to evaluate only the energy consumption values on a yearly basis and to comment

on the decrease or increase. Because electricity consumption values can also vary with the number
of consumers. In this respect, equation 1 has been obtained to make the correct analysis.
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(o) ~ Comamae)] < o0 ®

(TEC2019—month)
CNZOlQ—month

Variationonen (%) =

Variationmontn (%), Percentage variation for the relevant month between 2020 and 2029
TEC2020-month, TOtal energy consumption for the relevant month for 2020, (MWh)
CN2020-month, Consumer number for the relevant month in 2020

TEC2019-month, TOtal energy consumption for the relevant month for 2019 (MWh)
CN2019-month, Consumer number for the relevant month in 2019

4. RESULTS AND DISCUSSIONS
4.1 Residential Consumption Variation Rates

Table 1 is obtained by using the residential consumption data in equation 1.

Table 1. Residential consumption variation values

Residential
Months Variations (%)
Istanbul (Europe) | Izmir | Antalya | Malatya | Denizli | Trabzon

January -0.51 2.06 0.15 -6.15 -6.24 -5.74
February -5.29 2.60 2.86 -3.02 2.89 -6.00
March 1.72 -1.58 0.55 -1.50 0.03 1.93
April 18.88 14.47 0.59 3.32 5.68 4.47
May -5.75 -0.44 8.12 12.44 2.21 4.77
June 1.54 0.58 -2.31 -3.64 11.30 -1.80
July 5.86 -0.32 -2.94 5.09 -2.74 1.97
August 10.45 13.75 | 1271 11.67 17.62 3.84
September -8.05 -3.15 9.80 7.90 0.50 -5.42
October 6.53 14.74 | 20.55 7.24 8.97 4.80
November 15.24 13.18 3.73 -1.54 0.68 4.24
December 13.95 9.30 11.09 14.84 -3.30 20.60

Residential consumption variation rate in the province of Istanbul (Europe) is negative for three months. In
other words, electricity consumption has decreased in these months compared to 2019. The highest decrease
in electricity consumption is in May with 5.75%. In the months when the increase is observed, the biggest
increase is realized in April with 18.88%. While the month in which electricity consumption fell the most
in Izmir city is March with 1.58%, the highest increase in consumption is in October and April with 14.74%
and 14.47%, respectively.

In Antalya province, electricity consumption decreases only in June and July, while an increase is observed
in other months. The biggest increase is in October with 20.55%. In the province of Malatya, there is a five-
month decrease and a seven-month increase. The biggest decrease is in January, when the COVID-19
outbreake isn’t yet seen in Turkey, with 6.15%. The biggest increase is realized in December with 14.84%.

The province of Denizli has only decreased for three months. An increase is observed in the remaining nine
months, the highest increase is in August with 17.62%. In the province of Trabzon, the biggest decrease is
in January with 5.74% and the biggest increase is in December with 20.60%.
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4.2 Industrial Consumption Variation Rates

Table 2 is obtained using industrial consumption data in equation 1.

Table 2. Industrial consumption variation values
Industrial
Variations (%)
Months Istanbul | Izmir | Antalya | Malatya | Denizli | Trabzon
January 4.30 4.11 6.04 24.32 10.26 -14.22
February 0.00 7.63 -0.93 8.40 -2.09 -7.46
March -39.42 2.39 | -30.78 -21.23 -5.25 -8.99

April -42.87 | -13.17 5.99 -58.72 | -32.21 -33.47
May -3554 | -11.19 | -27.11 -60.41 | -32.78 -26.73
June 29.57 17.45 9.52 -3.14 6.32 8.67
July -11.94 8.38 -14.44 -10.42 -6.90 -5.38
August 6.37 16.48 6.13 7.61 -0.52 19.58

September 5.59 16.04 11.06 -0.90 -12.58 15.01

October 1.24 12.00 11.39 7.05 -0.66 16.83
November | -14.41 11.38 4.10 10.91 8.92 15.02
December | -10.90 12.14 -0.36 0.58 15.61 33.94

When the industrial consumption variations values in Table 2 are examined, the variation in the province
of Istanbul (Europe) has been negative for three months since March, when the COVID-19 outbreake first
appeared. In other words, electricity consumption has decreased in these months compared to 2019.

The month in which electricity consumption fall the most was April with 42.87%. In the months when the
increase is observed, the biggest increase is in June with 29.57%. In 1zmir, the month in which electricity
consumption fall the most was April with 13.17%, while the highest increase in consumption is June with
17.45%. The biggest decrease in electricity consumption in Antalya is realized in May with 27.11%. In the
province of Malatya, it has been observed that electricity consumption has decreased for four months,
especially since March, when the COVID-19 outbreake and restrictions begin.

The biggest consumption decrease is realized in May with 60.41%. In Denizli province, the biggest
electricity consumption decreases are seen in April and May with 32.21% and 32.78%. In the province of
Trabzon, the biggest decreases were in April and May with 33.47% and 26.73%, respectively.

As it will be noted, in all provinces, following the onset of the COVID-19 outbreake and the start of the
restrictions, it is seen that the consumption of industrial electricity decreased in the following months due
to the removal of the restrictions.
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4.3 Business Consumption Variation Rates
Table 3 is obtained using business consumption data in equation 1.

Table 3. Business consumption variation values
Business
Variations (%)
Istanbul | Izmir | Antalya | Malatya | Denizli | Trabzon
January 411 8.07 -0.14 -8.21 -4.01 -4.34

Months

February 8.44 0.39 9.83 -2.82 -4.18 2.16

March -16.76 | -11.13 | -25.42 -12.79 | -19.16 | -18.39
April -33.03 | -28.56 | -51.68 -27.26 | -32.34 | -31.75
May -41.01 | -32.29 | -59.21 -25.19 | -31.18 | -23.34
June -6.43 | -23.68 | -53.63 -10.66 | -15.94 | -19.64
July -16.75 | -10.21 | -43.25 151 -4.69 -6.82

August -16.03 | -5.10 | -29.73 -1.99 5.68 -18.63

September | -15.11 -1.90 8.34 6.44 25.73 -8.89

October -9.54 -1.33 -23.46 -1.67 -3.33 -9.47
November -0.01 -9.52 -22.99 -3.75 -13.80 -9.90
December 2.72 -21.19 | -31.27 -9.66 -32.03 -19.33

When the business consumption variations values in Table 3 are analyzed, it is seen that business electricity
consumption decrease in Istanbul (Europe) in all months except January, February and December. The
highest decrease is in May with 41.01%. There is a decrease in all months except January and February in
the city of Izmir. The biggest decrease is seen in May with 32.29%. In the province of Antalya, there is a
decrease in business electricity consumption in 10 out of 12 months. The biggest decrease is in May with
59.21%. In the province of Malatya, the biggest decrease is realized in April with 27.26%. The biggest
decrease in business electricity consumption in Denizli province take place in April with 32.34%. In the
province of Trabzon, decreases are observed in eleven months. The biggest decrease is in April with
31.75%. If it is noticed, it is seen that the biggest decreases in business electricity consumption generally

occur in April and May. The graphical representation of the values in Table 1, Table 2 and Table 3 is as in
Figure 9.

4.4 Box-plot Graphs

A boxplot chart is used to show the visual distribution of numerical data and variability. It is a type of chart

frequently used in data analysis. It provides a visual summary of the distribution of the data set and the
signs of variability [35].
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Figure 9. Variation (%) Values (%) from 2019 to 2020 (Boxplot)
a) Istanbul (Europe) b) Izmir ¢) Antalya d) Malatya e) Denizli f) Trabzon

When the boxplot graphs in Figure 9 are examined, it is calculated that the median value for the number of
residential buildings in Istanbul is 3.79% and the mean value is 4.55%. In the industrial graph, the median
value is - 5.45%, the mean value is -9.0%, in the business graph the median value is -12.33%, while the
mean value is -11.62%. It has been calculated that the median value for the number of residential buildings
in Izmir is 2.33% and the mean value is 5.43%. The median value is 9.88% in the industrial graph, the mean
value was 6.97%, in the business graph the median value is -9.87%, while the mean value was -11.37%. It
is calculated that the median value in the residential graph in Antalya province is 3.30% and the mean value
was 5.41%. The median value is 5.05% in the industrial graph, the mean value is -1.62%, while the median
value is -27.58% in the business graph, while the mean value is -26.88%. It is calculated that the median
value in the residential graph in Malatya province is 4.21% and the mean value is 3.89%. The median value
is -0.16% in the industrial graph, the mean value is -8.0%, while the median value is -5.98% in the business
graph, while the mean value is -8.00%.

It is calculated that the median value in the residential graph in Denizli province is 2.55% and the mean
value is 3.88%. The median value is -1.38% in the industrial graph, the mean value was -4.32%, while the
median value is -9.25% in the business graph, while the mean value is -10.77%. It is calculated that the
median value in the residential graph in Trabzon province is 2.91% and the mean value is 2.31%. The
median value is 1.65% in the industrial graph, the mean value is 1.07%, in the business graph the median
value is -14.14%, while the mean value is -14.03%.
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4.5 Daily per Capita Electricity Consumption Analysis

In this section, the analysis of daily per capita electricity consumption in total electricity consumption in
Turkey in 2020 compared to 2019 has been made.

Table 4. Annual electricity energy consumption in Turkey [29]

Total Consumption
(MWh)

2019 290446923.91
2020 291017232.10

Years

The total electricity consumption values in 2019 and 2020 are given in Table 4. For the daily electricity
consumption per capita calculation, the total electricity consumption value, the number of days for that year
and the population data of that year should be included in the calculation. These values are shown in Table
5. The population data used in the study were obtained from TSI [31].

Table 5. Days and population numbers for 2019 and 2020 in Turkey

Years | Number of days | Population
2014 365 77695904
2015 365 78741053
2016 366 79814871
2017 365 80810525
2018 365 82003882
2019 365 83154997
2020 366 83614362

Accordingly, equation 2 is obtained for the total daily electricity consumption calculation.

TC (Wh)
TD XTP

)

PPCyqiy (Wh) =

PPCaaily, daily per capita electricity consumption (Wh)
TC, total electricity consumption for that year (Wh)
TD, the total number of days for that year

TP, total population for that year

According to the calculation made according to this equation, daily electricity consumption values per
person are as in Table 6.

Table 6. Variation values for per capita electricity consumption for 2019 and 2020
Years | Per capita electricity consumption (Wh) | Variation (%)
2019 9569.42 -0.63

2020 9509.48 '

The variation of - 0.63% corresponds to 60.29 Wh per capita electricity consumption. In other words, daily
electricity consumption per capita in 2020 has decreased by 60.29 Wh compared to 2019.
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4.6 Daily per Capita Electricity Generation Analysis

In this section, the variation analysis of the total electricity generation daily per capita in Turkey in 2020
compared to 2019 has been made.

Table 7. Per capita electricity generation by years [30]

Years Total Generation
(TWh)
2014 247.84
2015 258.42
2016 269.29
2017 289.86
2018 291.17
2019 289.82
2020 290.23

Table 7 shows the total electricity generation values between 2014-2020. For the calculation of daily
electricity consumption per capita, total generation, the number of days for that year and the population
data of that year should be taken into account. Considering the data in Table 5 and Table 7, the daily total
electricity generation calculation is obtained with equation 3.

TG (Wh)
PPGdally (Wh) TD X TP ( )
PPGuaily, daily per capita electricity generation (Wh)
TG, total electricity generation for that year (Wh)
TD, the total number of days for that year
TP, total population for that year

Accordingly, the variations in the daily per capita electricity generation amount obtained over the years
have been as in figure 10. This graph includes the values until 2019. Because it is aimed to compare the
actual amount generated in 2020 with the estimated amount. In order to calculate the estimated value for
2020, curve fitting method is used.
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Figure 10. Total electricity generation of Turkey
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With the study done in Matlab [36] environment, the polynomial equation in equation 4 has been obtained
for the curve fitting for total electricity generation.

Generation (Wh) = 4.605x* — 97.291x> 4+ 590.05x% — 982.78x + 9237.6 4)

The x values in this equation represent values assigned to years. 1 for 2014, 2 for 2015, 3 for 2016, 4 for
2017, 5 for 2018, 6 for 2019 and 7 for 2020. R? value of equation 4 is obtained as 0.9559. Accordingly,
while the real electricity generation value per capita in 2020 was 9483.67 Wh, it is estimated as 8956.38
Wh according to the polynomial curve equation obtained here. In other words, it is estimated that the daily
electricity generation per capita generated in Turkey in 2020, when the COVID-19 outbreake is
experienced, is above the expected. This estimated rate of increase is around 5.89%.

Table 8 is obtained as a result of the calculations made to determine the variation of electricity
consumption and generation values per capita by years and the ratio of generation to consumption
by years.

Table 8. Per capita consumption and generation and variation amounts for 2019 and 2020

Years Consumption (Wh) | Generation (Wh) | Insufficiency of generation for consumption (%)
2019 9569.42 9548.61 -0.22
2020 9509.48 9483.67 -0.27

Variation (%) - 0.63 - 0.68

As can be seen from Table 8, the per capita consumption in 2020 has decreased by 0.63% (59.94 Wh)
compared to 2019. When the generation per capita is compared, per capita generation in 2020 decreased by
0.68% (64.94 Wh) compared to 2019. At the point where per capita generation coverage per capita
consumption, it is seen that the generation in 2019 could not coverage the consumption and this ratio is
0.22% (20.81 Wh). In 2020, as in 2019, per capita generation could not coverage per capita consumption.
The failure rate is 0.27% (25.81 Wh), higher than in 2019.

When the studies in the literature are examined, studies had been conducted to analyze the variations in
electricity consumption and generation during the COVID-19 outbreak both in Turkey and worldwide. In
this study, unlike other studies, the variations in both total and residential, industrial and business sectors
were analyzed, and real variation rates were obtained by taking into account not only the variations in the
data but also the consumer, population and number of days. By using the generation data of previous years,
the generation variation due to the outbreake was estimated by comparing the estimated generation for 2020
with the actual generation amount with the curve fitting method. In the studies mentioned in the section of
the literature review and carried out using different methods, TEPAV (2021) had reached the conclusion
that the electricity consumption in Turkey between 30-31 March 2020 decreased by 12% compared to the
previous year. Also,

In the study conducted by Firik et al. (2021), it was concluded that electricity consumption decreased on
weekdays compared to the previous year, when evaluated according to the consumer group, the most serious
decrease was experienced in the industrial and business group, and residential consumption increased.
According to the data obtained in this study, it was calculated that per capita electricity consumption
decreased by 0.63% compared to the previous year. When the consumer group was evaluated, it was
concluded that the decrease in electricity consumption is in the industrial and business sectors and the
increase is in the residential sector. It is thought that this presented study will contribute to the literature
with the technical analyzes and evaluations it contains and will be beneficial to the readers.
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5. CONCLUSIONS

In this study, variations in residential, industrial, business and total electrical energy consumption and
electricity generation in Turkey due to the COVID-19 global outbreake had been comprehensively
analyzed. Consumption analysis was carried out for six provinces. Variation rates were obtained by dividing
annual consumption data for each sector by the number of days and the total humber of consumers. In
addition, daily electricity consumption values per capita for each year were also obtained. According to the
values obtained, it was clearly seen that the biggest decreases in the residential, industrial and business
sectors were in the business area. Daily electricity consumption per capita decreased 0.63% (60.29 Wh) in
2020 compared to 2019. Per capita electrical energy generation values in Turkey in 2019 and 2020 were
also calculated. Using the generation data for the years 2014-2019 and applying curve fitting method, the
daily electricity generation value per person for 2020 had been estimated. By comparing this estimated
value with the actual value, the effect on electricity generation in 2020, when COVID-19 was effective,
was revealed. When the per capita generation amounts were compared, it had been determined that the per
capita generation in 2020 decreased by 0.68% (64.94 Wh) compared to 2019. Finally, the ratio of per capita
electricity generation values obtained for both 2019 and 2020 to coverage the electricity consumption in
the same years was obtained. According to the values obtained, it was seen that the generation could not
coverage the consumption by 0.22% (20.81 Wh) in 2019 and 0.27% (25.81 Wh) in 2020. In studies
conducted in other countries, Delgado et al. [12] reported the decrease in total electricity load in Brazil as
19%, Santiago et al. [5] reported the decrease in electricity consumption in Spain as 13.49% and Abu-
Rayash et al. [13] reported the decrease in electricity consumption in Ontario as 14%. In this study, the
calculated change values in total electricity consumption were calculated as 3.95% decrease for Istanbul
(Europe), 5.77% increase for Izmir, 12.82% decrease for Antalya, 5.77% increase for Malatya, 0.86%
increase for Denizli and 1.20% decrease for Trabzon. In the provinces where the increase occurred, there
was an increase in electricity consumption due to the interruption of industrial activities and the people
spending time at home. This study determined the variations in electricity consumption and generation
caused by the outbreak, and it is thought that it will guide government officials in terms of what kind of
outbreakes can be taken in case of similar restrictions that may occur in the future.
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Abstract

In this study, a disturbance observer-based power control system is developed for voltage source
converters (VSC) to achieve smooth power delivery to the grid. Firstly, modelling of grid connected
converter which is used for power delivery in terms of frequency and current dynamics is executed under
consideration of modelling errors and uncertainties. This disturbance effects are mainly consist of frequency
and amplitude variations, output impedance aging, large dc-link voltage ripple. A nonlinear observer is
integrated into the controller in order to reject model uncertainty and disturbances of the system. Due to
the objective of the proposed controller is power regulation, there is no need voltage and current
compensator. Simulation comparisons are carried out to verify the robustness of the proposed controller.
Also the effectiveness of the proposed approach is tested under different grid scenarios (e.g., weak grid,
dc-link variation, frequency deviation)

Keywords: Direct power control (DPC), Grid disturbance, Model errors, Parametric uncertainty

Gerilim Kaynakh Doénlisturiciilerin Gurbuliz Dogrudan Gili¢g Akis Kontrolu
Ozet

Bu galismada, gerilim kaynakli donusturiculler icin bozucu etki gdzlemleyicisi tabanli bir bir glii¢ kontrol
sistemi gelistirilmistir. ilk olarak, giic dagitimi igin kullanilan sebeke baglantili dénistiriiciilerin frekan ve
akim dinamikleri modelleme hatasi ve belirsizlikleri gz 6nline alinilanarak modellemesi gergeklestirilmistir.
Bu bozucu etkiler cogunlukla frekans ve genlik dalgalanmalari, ¢ikis empedansindaki eskime ve dc hat
gerilim dalgalanmalarindan olusur. Sistemin model belirsizlikleri ve bozucu etkilerini engellemek amaciyla
bir dogrusal olmayan gézlemleyici denetleyiciye entegre edilmistir. Onerilen denetleyicinin amaci giic
dengesini saglamak oldugu igin gerilim ve akim denetleyicileri ihtiyac duyulmaz. Onerilen denetleyicinin
gurbuzliglu simulasyon c¢alismalari ile dogrulanmigtir. Ayrica, Onerilen denetleyicinin verilimligi Cesitli
sebeke senaryolari (zayif sebeke, dc hat dalgalanmalari, frekans degisimi) altinda test edilmistir.
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belirsizlikler
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1. INTRODUCTION

Although DC/ac pulse width modulated (PWM) voltage source converters (VSC) are widely used in
industrial applications, they face some difficulties during grid integration. Uninterruptible power supplies
require high power factor, the low current harmonics for public utility, and motor drives for railway traction
need bidirectional energy flow, and steady dc input voltage [1]-[5]. Besides, the renewable energy
connected VSC, wind turbine system and photovoltaics are faced fluctuating dc-link voltage in changing
atmospheric conditions like wind or sunlight irradiation; the uncertainties of grid power parameters
(frequency, amplitude,phase) effect the stability of the operation of VSC.

Several nonlinear control approaches have been proposed for VSC to obtain satisfactory transient
performance and against to the unmodelling dynamics, such as model predictive control (MPC) [6,7],
lyapunov based control [8], proportional reononant based control [9], proportional integral (PI) control [10]
and direct power control (DPC) [11,12].

Among these techniques, DPC can be considered as a suitable candidate for three phase VSC, due to it’s
the instantaneous power theory basis [13]. The DPC aproach directly uses instantaneous active and reactive
power components as control states instead of current and voltage variables commonly used in the voltage-
oriented control (VOC) [14]. Two key factors play important roles in the performance of DPC approach:
one is obtaining precise values of the instantaneous active and reactive power; the other is the accurate field
orientation for grid voltage or virtual flux vector position [15,16]. Compared with the vector current control,
the DPC scheme has fast dynamic power regulation response in some extreme conditions. To improve
performance of the DPC, advanced strategies have been proposed such as model predictive DPC (MP-DPC)
[17], fuzzy logic based DPC [18] and deadbeat DPC [19].

However, some drawbacks of DPC scheme in grid voltage parametric variations. One of them is the
frequency dynamics are not modelled in the DPC, which makes it difficult to compensate the power angle
between the VSC and the grid [20]. Another limitation is phase locked loop (PLL) that deteriorates the
stability and the control response of VSC in weak grid conditions [21]. The the dc-link voltage variation
can affect the stability of the VSC in the DPC [22] as well. The droop control for power flow with two
paralled operated VSC have been videly used. It still has limitations to deal with parametric variations of
grid voltage and requires additional control loops for current and voltage regulator [23].

In this paper, a composit power control strategy based on the nonlinear disturbance observer (NDQO) aproach
is constructed for VSC to transmit active and reactive power to the utility. The NDO is an complementary
key tool for base controller that can observe and estimate the uncertainties independently of the controller
[24],[25]. In recent years, the NDO-based methodology demonstrates its robustness performances in several
industrial applications, such as power electronics [26], control of PMSM [27], and the variable-speed
generators [28].

In this study, first step consists of power-based modelling of VSC system including both frequncy and
voltage dynamics. The Second step is NDO which is integrated into the control law design to achive robust
regulation for active and reactive power against to unmodelling dynamics such asimpedance variation and
power factor angle, coupling effects due to grid frequency. Also, proposed scheme takes into account some
dynamic distubances such as DC-link ripple and grid voltage variations.

Compact structure of the proposed approach simplifies the digital implemetation of the controller. Because
the controlled states are active and reactive powers, there is no need to use voltage or current regulation.
Proposed controller scheme provides seperated structure between desired tracking error dynamics and
disturbance rejection. The effectiveness of the proposed approach is investigated by theoretical analysis
and verified through simulation studies with the help of simulations in Matlab.
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2. SYSTEM STRUCTURE AND CONTROL DESIGN

Figure 1. Three phase grid connected voltage source converter

Figure 1 shows schematic of the electrical connection of the three-phase two-level grid-connected voltage
source converter (VSC). DC input voltage is tied to the converter via C capacitor which keeps the DC —link
voltage constant. L and R are the equivalent inductor and resistance of the grid filter, respectively.

The dynamic model of the grid filter current in the d—q coordinates can be derived with the help Kirchhoff
voltage law as follows:

dig , ,
Ld_ =Ucq — Rig + wlizg —ugq
t (1)
dig . ,
LE = ucq - qu - (A)qu - ugq

where u.qand u., are the control functions, ug, and uggare the grid voltages, i; and i, are the converter
filter currents, and o represents the nominal angular frequency.

According to basics of of the instantaneous power theory, the active power P and reactive power Q are
given as as follows:

1 . .
P = 5 (ugdld + ugqiq)

)
Q= E(ugqid - ugdiq)
Then, the differential values of active and reactive powers are derived as:
dP dugd . dld dugq . dlq
at [ dr @ e T g e T g Ve -
dQ [dugq N dig dugg . dig
dt | Tdt 4T g tea T Tqp T g Med

Assuming components of grid voltage in d—q rotating frame are constant, dynamics of (3) active and
reactive powers can be reformulated as:
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( p R P wg ug | Ueatly
= ——P—-—w) ——+ —
L 2L 2L (4)
0 R 0+ wP Ucqly
= —— wpP ——=
L 2L

(4) Can be considered as two part, which are dynamic and steady state component as follows:

. U-qU
e TR
- (5)
0=y
2L a

The dynamic part of the equation (5) can be compensated with controller, whereas steady state components
additionally include lumped uncertain terms d; and d, caused by impedance variations from nominal
values and coupling effects due to frequency changing. Lumped uncertainties are small and bounded which
are given as:

2

£, = RP 00 Ug
=——P— _9
L 2L (6)

R
fq=—zQ+a)P

With the approximation of the uncertain terms given in (6) and the dynamics of power (3) are converted to
linear dynamics in (5) with the uncertain terms. This will simplify the controller design and also observer
to estimate the uncertain terms for (5), which will be detailed in next section.

2.1 Controller Design

The control objective is to construct a control law that forces the reactive power Q and active power P
tracking error which is defined in (7), converge to zero ast — o

quQref_Q ey = ref_Pv (7)

Where, P..rand Qs represents active and reactive power reference, respectively. Assuming all the
parameters of the VSC system are nominal value and disturbance parameters fzand f,are knowm. P,.fis
obtained through the outer voltage control loop and Q. is generally set as 0. Here, a simple closed loop
error equation is governed by,

eq = —Kqeq, €, = —Kpep (8)
Where Kp > 0 and K,>0 are the positive real feedback gains to ensure the asymptotic stability of (8).
Putting together (5) and (8) gives

ucdug

Pref Y — fa = —Kpep ©)
. UcgU
Qref +%_fq = _quq (10)

With the assumption that grid voltage u, is measurable and disturbance f;and f; are available, the control
law for the the active and reactive powers can be derived as:
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2L .
Ueqg = u_ [Pref - fd + KPep] (11)
9
2L .
Ueq = =7~ [Qrer — fo + Kpeq] (12)
g

Specifically, the desired transient performance determines the control gain K,, and K, . From a practical
perspective, it is not possible to sense f; and f, disturbance; the only available signal is grid voltage u,.
By implementing control law with the estimation of disturbance £, and qu instead of f; and f; solves this
issue, yielding;

2L . A
Uca = W [Pref —fat KPep] (13)
g
2L . A
Ueq = u, [Pres — fq + Koep) (14)

2.2 Observer Design

With the assumption that disturbance is boundedand its bound is constrained with f; = 0, fq =0 and
considering active and reactive power are measurable, an observer can be derived as fallows [25]:

A A . UecqU,

fa=lafa+ la® == (15)
A ” . ucdug 16
fq - _quq + lq(P - T) ( )

Where [, and [, are observer gains. Following, (5) and (11) estimation error of disturbance fa=fa—fs and
fo=Fy—f, are governed by

fa =—lafa (17
fo=—lafa (18)

It is obvious that observer error dynamics in (17,18) can be made stable by selecting the gain parameters
[_d>0and [_g>0. It is clear the observer estimation error converges to zero with

iMoo fa =0 (19)
li Mtoo fq =0 (20)

When choosing observer gain for practical application, there are some concern to take into attention.
According to (11), fast estimation response can be obtained with high observer gain [l4, [,]. In addition, it
causes large measurement noises. Thus, a trade off between a fast estimation response and measurement
noises reduction is needed to prevent large the state fluctuations. The other concern about the related DO
is that in digital implementation the derivative of the state that can not be processed because it is not
available. Such a drawback can be circumvented by reformulating the proposed DO as follows:

ucdug
2L

. ucqug
Zq = —quq - lq [T + quq]

Zg = —lgzg — lg[ + laz4]

(21)

where z is an auxiliary variable which is used to get rid of time derivation of the state. Selecting z(0) =
—p(x(0)), the estimation can be preserved in the condition that there is no disturbances.
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3. STABILITY AND STEADY STATE PERFORMANCE ANALYSIS
3.1 Stability Analysis

Considering the VSC supplying power to the grid with the dynamic equation (5), and the NDO-based direct
power control function (11) and (12), if the disturbance terms are bounded, then the closed-loop system
stablity is guaranteed in the sense of boundedness,for all t > 0.

proof. Considering the Lyapunov stability function:

V(t) = %(epz +e4%) (22)

Deviration of V(t) along (8) gives:

V() = épep + €4eq

. u (23)
=€y (Pref Czd _fd)‘l'eq(Qref‘l' = g_fq)
With the NDO-based DPC laws (13) and (14), and along with (21),
V() = ep(—KPep + fy - fd) + eq(—KQeq + fq — fq) (24)

5 _ _
= —Kpe,®—Kpe,” — epfa—eqfy

if the lumped uncertainty terms f,; and f; are bounded and observer parameter ; and [, are large enough,
then estimation errors f; and fq can be considered as bounded. With the help of Young’s inequality, (23)
can be reformulated as,

V(t) < —Kpe,?—Kye,’ +%(e7[,2 +e,2) +%(de +7.5 (25)
. 1 1 1 . -

V(t) = _(KP_E) epz—(KQ —E) €Q2 +E(fd2+fq2) (26)
V(t) < —ayV(t) + 0, (27)

Where, o, = min{2Kp — 1,2K, — 1} > 0, a, > 0 is top bound for V(¢). Then evaluating (25)-(27) gives:

V(t) < V(0)e 1t + %(1 — ety (28)
1

The bounds of e,, and e, can be tuned through the control feedback gains K, , K,. Estimation accuracy of

disturbance terms f; and fq depend on observer gains I; and I, which make error tracking convergent to
zero.

3.2 Performance Analysis

When the observed terms £, and fq are substituted in (11) and (12) and to replace f; and f;, control error
dynamics in (8) can be rewritten as:

é, = —Kpep, — fy (29)
eq = —KQeQ - fq (30)

Substituting (17) and (18) into (29) and (30), control error dynamics in frequency domain can be described
as,
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S
sep(s) = ~Kpep(s) = fa(s) [ =] (3
s+ ld
S
seq(s) = —Kqeq() = fy(s) (32)
s+l

Where e, (s), e4(s), fa(s) and f,(s) are laplace transform of e,, e,, f; and f,. Then,

ep(8) = ~fa(s) [(5+Kp)(s n zd)] 53
S

eq(s) = _fq(s) [(S-l—KQ)(S T lq)] (34)
It is assumed that disturbance values f; (s) and f, (s) are bounded.

limss. fy(s) < 0 (39)

£i_r)ré s. fq(s) <0 (36)
by applying the final value theorem to (33) and (34), there are;

Imen(®) = ~lmfe(®) [ ] = @

. . s

ltl_rgeq(s) - _lsl—r%fq(s) [(S-i—KQ)(S + lq)] =0 (38)

From (37), (38) it can be seen that the average values of tracking errors for active and reactive power
converge to zero as time goes infinity. This means stable power delivery to the grid is obtained.

4. SIMULATION STUDIES

Some simulation studies were conducted to observe the performance of the proposed controller. The block
diagram for simulate the proposed controller is represented in Fig. 2. The experimental parameters of the
grid-connected system can be listed as: Filter inductor is L = 8 mH, dc-link voltage V,;. 300 V, grid
frequency 50 Hz, and maximum value of grid voltage is 110 Vrms, filter resistance R=1 0. The sampling
frequency for the controller is tuned to 10 kHz. The three-phase voltage references are generated by the
proposed controller scheme must be converted into modulating signals da , db , and dc for PWM carrier
wave. PWM modulation was conducted for modulating signals to produce the gating signal for the three-
phase inverter. The switching frequency for the PWM is selected as 10 khz. Simulations were carried out
on Matlab.
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Figure 2. Proposed control system for VSC

To obtain the desired tracking error dynamics, parameter constant for feedback gain are selected as K, =
K,= 10. Basically, the control gain K;, and K,, determines the closed loop response in the dq reference
frame. By making use of (29)—(30), it is clear that the time constant of the closed-loop system, 1/K,, and
1/ K,, are on the order of 1 ms. The observer feedback parameters /; and [, is calculated according to
(17),(18). In order to obtain a better estimation of disturbance terms f, and f, , the bandwidth of the
observer filter should be bigger than time constant of desired step response 1/K;,, and 1/ K,,. Under bandwith
limitation, the observer parameters are chosen as [; =25 and [, =25 To estimate the components of the grid

voltage (e.g., phase and amplitude), second-order generalized integrator (SOGI) phase-locked-loop is
integrated in the control loop.

4.1 Dynamic Reponse of Proposed Control

Fig. 3 shows the grid currents and the active and reactive powers of inverter when a reference power step
is changed suddenly. The active power is increased from 0.75 kW to 1.5 kW, whereas the reactive power
reference steps is set from 0 to 0.5 kVAr and from 0.5 kVAr to 0. As it can be seen, the active and reactive
powers have a fast transient response. Also, a small fluctuation is observed.

10 T T T

current (A)
(e

—5F
—10 i 1 1
0 0.05 0.1 0.15 0.2
time (s)
(a)
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Figure 3. Step change of power
(a) three phase currents (b) active power (c) reactive power

4.2 Performance Analysis with Impedance Uncertainties and Input Voltage Disturbances

In this case of simulation, input voltage magnitude of inverter is deliberately changed by keeping the voltage
and frequency of grid in default value. The simulation takes 30 sn. At time t = 5 s. reference value of active
power is set P..r= 100 W, and reactive power is Q.= —50 Var. 10 sn later, active power is decreased to
50 W, and reactive power is increased to —25 Var. Finally input voltage is reduced from 300 to 250 V at t
=20 sn and returns to 300 V 5 sn later.

T ‘. : ' '
msbo
S 300 | it
T S—— SR SN N SRR SRR S
S ! ;
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= : i : | :
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Figure 4. Dc-link input voltage variation
(a) input voltage (b) reactive power (c) frequency (d) active power

The esimulation result are shown in Fig. 4. After 5sn later, real power and reactive power are settle down
at the reference values P = 100 W and Q = —50 Var respectively. Transient response takes 0.5 sn with a
small overshoot. As shown in Fig. 4b, the variation real power causes a positive and negative frequency
bounce ant time t =5 s and t = 15s respectively. Then inverter frequency reaches its nominal value quickly.
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4.3 Robustness Analysis of Proposed Control

Robustness of the proposed controller is studies with addition of virtual resistance which is shown in Fig.
5. Default references for active and reactive powers is not changed until t=5sn (Py.¢, Py s)=(100W,-50Var).
A virtual resistance is added at t=10sh and then returned to the nominal value to emulate uncertainty of
output impedance. It is observed that reactive power has big bounce for about %25 of its nominal value at
t=10sn and t=20 sn. Then, it converges to the set reference value within 0.5 sn. As shown in Fig. 5, resistance
variation of the system causes small spikes on the real power and grid frequency.
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Figure 5. Grid impedance variation
(a) input voltage (b) reactive power (c) frequency (d) active power

the variation of grid impedance is observed wtih virtually added inductor in Fig 5. Robustness are almost
same with the case of resistance variation. We can say that sytem resonponse to disturbance effect of
resistance and inductor variation are similar.

5. CONCLUSION

In this study, a novel NDO strategy based on DPC scheme was built for voltage source converter to improve
the disturbance rejection and robustness against the perturbations while achieving satisfactory dynamic
performance. The detailed power model of the VSC is developed. Proposed method provides a unified
control approach with the closed loop response and attenuation of disturbance which are considered as
lumped disturbance. Control gains of NDO-DPC can be designed separately for the desired closed loop
response and disturbance rejection. In addition, computational and PWM delays have been considered as
lumped uncertainty while construction of proposed control system. Compared with the DPC-NDO and
classical DPC, the proposed NDO-DPC has faster dynamic response and could reach the given references
with zero tracking error under parametric variations. In order to select the control gains of the proposed
NDO-DPC based on desired transient response specifications, an analytical parameter tuning method has
been developed. Finally, the proposed control approach was verified by the comparative simulation and
experimental results with Matlab.
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Abstract

The main purpose of this study is the investigation of the optimization of the conditions of oxalic acid
(OxA\) adsorption using layered double hydroxide (LDH), modeling the adsorption with both an artificial
neural network (ANN) and the response surface methodology (RSM). Mg-Al LDH, which was
characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) techniques and
inductively coupled plasma mass spectrometry (ICP-MS), was synthesized via the co-precipitation
method. The equilibrium time and kinetic model data required to realize the adsorption process design
were examined. The process time, initial acid concentration, temperature, and adsorbent dosage as the
independent variables were chosen while measuring the percentage of OxA removal. Modeling these
results with both ANN and RSM techniques resulted in an ANN model showing a slightly better
coefficient of determination than the RSM model. The models obtained in this study yielded consistent
results for the optimum conditions of the process.

Keywords: Adsorption, Layered double hydroxide, Oxalic acid, Artificial neural network, Response
surface methodology

Cift Tabakali Hidroksit ile Oksalik Asit Uzaklagtirnimasinin Modellenmesi ve
Optimizasyonu

Ozet

Bu ¢alismanin temel amaci, oksalik asit (OxA) adsorpsiyon kosullarinin gift tabakali hidroksit (LDH)
kullanilarak optimizasyonunun arastirilmasi, adsorpsiyonun hem tepki yiizeyi metodolojisi (RSM) hem de
yapay sinir ag1 (YSA) ile modellenmesidir. Mg-Al LDH, birlikte ¢oktiirme yontemiyle sentezlenmis olup,
fourier doniistimlii kizil6tesi spektroskopisi (FTIR), indiiktif eslesmis plazma-kiitle spektrometresi (1CP-
MS) ve X-isim kirmnimi (XRD) teknikleriyle karakterize edilmistir. Adsorpsiyon proses tasariminin
gerceklestirilmesi igin gerekli olan denge siiresi ve kinetik model verileri incelenmistir. OxA uzaklagtirma
yiizdesi Olgiiliirken bagimsiz degiskenler olarak proses siiresi, baglangi¢ asit konsantrasyonu, sicaklik ve
adsorban dozaji se¢ilmistir. Bu sonuglarin hem RSM hem de YSA teknikleriyle modellenmesi, RSM
modelinden biraz daha iyi bir belirleme katsayisi gosteren bir YSA modeliyle sonuglanmistir. Modeller
prosesin optimal kosullari i¢in tutarli sonuglar vermistir.

Anahtar Kelimeler: Adsorpsiyon, Cift tabakali hidroksit, Oksalik asit, Yapay sinir agi, tepki yiizeyi
metodolojisi
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1. INTRODUCTION

Oxalic acid (OxA), which ranks first among dicarboxylic acids, is commonly found in soil and water [1,
2]. It is also called ethanedioic acid and is abundantly found in many plants, such as spinach, rhubarb and
lettuce [1, 3]. The industrial use of OXA as an agent or ligand includes the corncobs being simultaneously
sweetened and fermented to produce ethanol, the depolymerization of lignocellulose to produce xylose
from beechwood, and the adsorption of numerous heavy metals to increase the brightness and hardness of
paper industry products. [2,4-5]. In addition, it is also used for photocatalytic activation [6, 7] and in the
metalworking industry as a rust remover and a precipitating agent [8]. Apart from these, OxA is the
exhaust by-product of automobiles. It can also contaminate the environment as a pollutant from all the
processes mentioned above [9]. Considering the short-term side effects of OxA intake in humans and
animals, it is very harmful due to the insoluble calcium salt that forms when combined with calcium and
causes urinary stone formation. Stomach pain, vomiting, and coma may develop over time due to OxA
buildup in the body. [10]. Many researchers seek more effective, cheaper and environmentally friendly
methods to remove OXA from aqueous solutions. There are several methods to remove carboxylic acids
from water. Calcium precipitation is the most common technique. However, it comes with the drawback
of producing a lot of waste calcium and providing low yields. [11, 12]. Therefore, the researchers turned
to find alternative separation methods. One of these methods is liquid extraction, which is advantageous
regarding energy consumption. Kirsch and Maurer analyzed the liquid-liquid balance data of the aqueous
solution of OxA using different organic solvents [13]. The other is the reactive extraction method, which
has higher separation yields in aqueous solutions than physical extraction [14]. The third one is the
membrane separation method, in which Manzak and Inal [8] examined the separation of OXA by
Emulsion Type Liquid Membrane. Despite the fact that there are numerous ways to remove carboxylic
acids from aqueous solutions [11], the adsorption methods are frequently preferred because of their low
cost and ease of use [16, 17]. Jain et al. [18] used flayash, an adsorbent obtained as a waste product from
thermal power plants, to remove OXA. Similarly, Singh et al. [19] examined the adsorption kinetics using
an activated carbon-fly ash mixture to separate OxA.

Looking at studies on OxA removal in the literature, there is always a search for new materials to provide
more economical and environmentally friendly separation adsorption properties and methods. In this
regard, materials in the waste group, such as eggshells and commercial products such as A21 amberlist
and activated carbon are used, as well as clay minerals such as hematite, montmorillonite, feldspar are
also widely preferred [16,17,20-23]. Another type of adsorbent alternative to these materials is layered
double hydroxide (LDH). It is an inorganic material, and the general formula for its chemical
compositions is [M";_\M",(OH)2] ** [A"™ wn-yH20]* A™ is an n-valent anion, M" and M"" are divalent
and trivalent metal cations, respectively. LDH, an anionic clay, is a useful, environmentally friendly
adsorbent due to its ion exchange capacity [24-25]. Gok et al. [26] used this adsorbent to remove malic
acid from an aqueous solution and investigated the kinetics. Hosseini and Akbari [27] used ZnO-Mg/Al
LDH as an adsorbent-photocatalyst to remove the dye pollutants, modeled by RSM and ANN. Similarly,
Yasin et al. [28] used tartrate-Mg-Al LDH to remove lead ions by optimization with a hybrid ANN-
genetic algorithm.

One of the most important reasons LDH has used such an active adsorbent in the literature is that it is a
host-guest material. Because of this, we evaluated LDH adsorption for the first time in this study to
remove OxA from aqueous solutions. By analyzing the effects of temperature, process time, initial acid
concentration, and adsorbent dose on the adsorption process, as well as by modeling the data using the
response surface approach and an ANN, the process was analyzed and optimized. The response surface
methodology (RSM) is a statistical approach for process optimization where multiple independent input
factors influence a dependent output variable. The response is the output variable. When forecasting an
outcome, RSM, as an improved systematic method to experimentation, concurrently takes into account
every aspect of the process. One of its key benefits is that it just requires a small number of experimental
runs to identify the ideal experimental settings. A mathematical model known as an artificial neural
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network (ANN) simulates how biological neural networks work while processing information. Input and
output layers are typically joined by one or more hidden layers; the number of those layers depends on the
nature of the experiment. A neural network's ability to perform some internal calculations while using a
set of input values to determine output is its key characteristic. Using these models, we deduce optimal
reaction points and comment on the importance of the independent process variables.

2. MATERIALS AND METHODS
2.1 Materials

The following items were acquired from Sigma (USA): OxA, sodium hydroxide, Magnesium chloride
hexahydrate (MgCl,-6H-0), and Aluminum chloride hexahydrate (AICIs-6H.0). Without additional
purification, all compounds were used.

2.2 Synthesis and Characterization of Mg-Al-LDH
2.2.1 Synthesis

The chloride form of Mg-Al LDH adsorbent (MgCl,.6H20:AICl3.6H,0 - 3:1 mmol) was synthesized by
standard co-precipitation method under a nitrogen environment at ambient temperature. [26]. Briefly, 10
mL of decarbonated water was used to dissolve the magnesium and aluminum salts. The salt solution was
then promptly poured into a 40 mL solution of 6 mmol NaOH while constantly agitated for 10 minutes.
After aging for one hour under a nitrogen atmosphere, the resultant slurry was centrifuged twice for 5
minutes at 4500 min rpm and against at 6000 min~' rpm for 10 min one time, washing with water before
each centrifugation process. The precipitate was lyophilized at 0.01 mbar pressure at -55 + 1 °C
(Lyoquest, Telstar, Spain).

3 mmol MgCl..6H-0 and
1 mmol AICI;.6H.0
in 10 mL water

N> l N
s T N-
A
6 mmol NaOH in > —_—
40 mL water
<:'\'\:,—, ¥ ;) —
O = 3
co-precipitation aging under N2 centrifuging and freeze drying at 0.01 mbar
under N. atmosphere atmosphere for washing slurry three pressure at-55+ 1 °C
for 10 minutes one hour times
v v v
v > v o — 7 7. ’
~ ; ’ 7 ’ : -~ ’ - e -
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Figure 1. Schematic diagram of (a) synthesis of Mg-Al LDH adsorbent and (b) intercalation of oxalic
acid into Mg-Al LDH
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2.2.2 Characterization

OxA, Mg-Al LDH and OxA-Mg-Al LDH were characterized with FTIR technique (Cary 630, Agilent;
USA). Their FTIR spectra were taken using KBR disks (sample: KBR; 1:200 w/w) over 4000-650 cm™,
and X-Ray Powder Diffractometer with Cu K radiation ( = 1.5406 nm) was used to analyze their
crystalline structures (Rigaku D/Max-2200/PC; Japan) at 30 mA and 40 kV (1°/min; 2 = 5°- 30°). ICP-
MS analyze was used to determine the weight % ratio of Mg and Al (Thermo Scientific Element X-
SERIES 2 (USA)).

2.3 Adsorption Experiments and Experimental Design

Our purpose for applying experimental design is to determine the optimum process point, which can be a
minimum or a maximum, depending on the desired response. The optimum point reduces the time and the
cost of the process and is used by process engineers to design an economical process [29]. With the trial
version of Design-Expert 11, the experimental design for this investigation was carried out. Central
Composite Design (CCD) was selected for the adsorption studies. A general quadratic equation, denoted
as Eq. 1, was employed as the study's model.

Y = Bo+ Xfca Bjxj + Xfca Bjjxi + X Xi<; Bijxj + € (1)

A simplified equation form can define the process values after a detailed ANOVA analysis of the
experimental data [30]. A total of 54 experimental points to apply both ANN and RSM methodologies
were investigated. Time (Xi), starting acid concentration (Xz), adsorbent quantity (Xs), and temperature
(X4) were chosen as the independent variables for the experimental design. The recovery percentage of
OxA was the dependent output (Y). o value is the distance between the experimental point and the design
center point, which was chosen as 1. Coded variables with their corresponding levels are given in Table 1.

Stock acid solutions were prepared with distilled water according to the experimental design points. First,
5 mL of acid solution was combined with the adsorbent. The flask was then covered with a glass tap, set
into a thermostat-controlled water bath, and shaken continuously at 120 rpm (Niive Shaker ST30). After
the necessary amount of time had passed for adsorption, LDH was removed from the acid solution using a
0.20 m RC Syringe filter, and the sample was centrifuged for 10 minutes at 9000 rpm. Acid-base titration
measured the OxA concentration (Schott Titroline Easy module 2; Germany).

Table 1. Experimental design coded variables

Coded Factor Level -1 0 1
Time (min) (Xa1) 2 6 10
Initial Acid Concentration (%w/w) (X2) 3 5 7
Adsorbent amount (g) (Xs) 0.05 0.25 0.45
Temperature (K)(X4) 298 308 318

The Recovery (R) formula is as follows,
R (%) = 2= x100 2)
0

where the initial and final acid concentrations are Co and C. (mg/L), respectively. Q. (mg/g) was
calculated according to the formula below, where V (L) is the volume of the solution used, and m is the
adsorbent amount as g.

Qe = (Co—Co) = ©)

For the equilibrium experiments, solutions of OxA at 3, 4, 5, 6, 7 and 8 (w/w %) concentrations were
prepared with distilled water. These acid solutions were treated at 298, 308, and 318 K with 0.1 g LDH in
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a temperature-controlled shaker water bath (Niive Shaker ST30) until the equilibrium concentration was
reached. For the kinetic experiments, 5% OXxA solution was mixed with 0.1 g of LDH for up to 10 min at
298 K. The final acid concentration was determined by volumetric titration. All experiments were
repeated three times (n=3).

2.4 Artificial Neural Network Modeling

Modeling the N-dimensional response surface using a feed-forward ANN has also been performed. A
neural network is a mathematical construct loosely inspired by biological neural networks in animal
brains. An ANN in the context of this study consists of interconnected “neurons”; each neuron sums its
weighted input values, adds a scalar called bias, uses the result as the argument of a so-called transfer
function and passes along this function value to the neurons it’s connected. Therefore, the output of an
individual neuron is determined as:

y=fb+XWx;) 4)

where x; are input values, W; are connection weights, b the bias term and f the transfer function. In an
ANN, neurons are organized in layers, and they are only connected to the neurons at an adjacent layer. A
layer of neurons that are only connected to another layer is called a hidden layer (Figure 2). The user
defines characteristic parameters of an ANN such as the network topology and the activation functions. A
neural network is trained with a set of input-output data. The training procedure aims to adjust connection
weights and biases, so the network produces outputs closest to the ones corresponding to a given set of
inputs. A well-designed and trained ANN can generalize and yield good results for inputs other than the
values it’s trained with.

Input Hidden Output
layer layer layer
|

4 C " Y

Figure 2. Topology of the ANN model used in this study.
xi are the input features, while y is the target variable.

3. RESULTS AND DISCUSSION

The synthesis of Mg-Al LDH for OxA adsorption was carried out by the co-precipitation method. Salts-
enriched species precipitate in this method based on the pH of the slurry. [31]. The pH of the slurry was
kept at 8.3 to obtain the Al-enriched layered content of LDH. The molecular formula of Mg-Al LDH is
[Mgo.s5Al0.35(OH)2](Cl)0.35.0.58H,0, and the atomic ratio (Mg/Al) is 1.88.

3.1 Fourier Transform Infrared Spectroscopy

The FTIR spectra of the OxA, Mg-Al LDH and OxA-Mg-Al LDH are given in Figure 3. The broadband
due to the OH stretching vibrations of COOH groups at 3300-3550 cm* region (max at 3432 cm™), the
sharp absorption band related to the stretching vibrations of C=0 bonds in COOH groups at max. 1696
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cm? and the sharp absorption band related to the OH deformation vibrations of COOH groups at the
1380-1250 cm™ region (max. 1256 cm™) were seen in the FTIR spectrum of OxA.

The broadband due to the asymmetric and symmetric stretching vibrations of hydroxyl groups in the LDH
layers (Mg-Al-OH) and at 3350-3700 cm™ region (max at 3548 cm™) was seen in FTIR spectra of Mg-All
LDH. Moreover, the weak broadband due to the deformation bending vibrations of water between these
layers max at 1630 cm™ was also seen. However, a small sharp band is caused by the asymmetric
stretching vibration of the CO32, which occurs in a minor quantity during the synthesis of LDH under a
nitrogen atmosphere to prevent excess carbonate contamination (at max. 1360 cm™).

FTIR analysis was used to study the overall changes in the structure of Mg-Al LDH caused by OxA
adsorption. As seen in FTIR spectra of OxA-Mg-Al LDH, the broadband due to the stretching vibrations
of OH groups has shifted to the max at 3448 cm-1. Moreover, the absorption bands or shoulders that
appeared at approximately 1710-1630 cm™ region (max at 1697 cm™ and 1638 cm™) were attributed to
stretching vibrations of C=0 bonds and deformation bending vibrations of the water molecule. The weak
absorption bands that appeared at approximately 1450-1300 cm™ region (max at 1407, 1375 and 1328 cm-
1) were related to a combination band that stretched vibrations of C=0 bonds and deformation vibrations
of OH groups [32].

OxA-Mg-Al LDH

Mg-Al LDH

OxA

Transmittance (%)

|
1696
— -
1256
—-

' 1 ' | ' ] ! 1 ' I ' 1 ' 1

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3. FTIR spectra of Mg-Al LDH and OxA-Mg-Al LDH

3.2 XRD

Powder XRD (PXRD) patterns of Mg-Al LDH and OxA-Mg-Al LDH were compared to study the OxA
adsorption onto Mg-Al LDH. Figure 3 shows the results for Mg-Al LDH and OxA-Mg-Al LDH. In the
PXRD pattern of Mg-Al LDH, the main strong peak (003) around 206=11.3° corresponding to d=0.7778
nm gives information about the basal spacings of two consecutive brucite-like hydroxide layers.
According to this, in the PXRD pattern of OxA-Mg-Al LDH, the main strong peak in Mg-Al LDH shifted
to around 26=8.8° corresponding to d=1.003 nm by the reduction of the intensity of d003 in LDH. The
basal spacing of LDH expands from 0.7778 to 1.003 nm after the adsorption of OxA onto LDH, resulting
from ion exchange between chloride (partially carbonate) ions and OxA in interlayer spaces (Figure

1.(b)).
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Figure 4. PXRD patterns of Mg-Al LDH and OxA-Mg-Al LDH

3.3 Equilibrium and Kinetic Adsorption Models

Experimental studies were conducted to determine the equilibrium time of the adsorption process and
kinetic model. For this purpose, the compatibility of the adsorption kinetics with the Elovich equation, the
Lagergren rate equation and the Pseudo-second-order models were investigated. The equations of these
three models are given in Table 2 [33-35]. Once evaluated, the results obtained with these three model
equations were highly compatible. However, when the theoretical and experimental results were
compared, it was found that the best equation that models the adsorption kinetics of OxA on LDH was the
Lagergen rate equation, also known as the false first order. The obtained R2 values and the equation
parameter values are shown in Table 2.

Table 2. Kinetic parameters for the adsorption of OxA by LDH

Elovich Equation a B R?
1 1 436 0,78 0.9901
Qt =Eln(a’ﬂ)+[—;ln (t) ' ! '
Lagergren rate equation Qe K1y R?

k

2.303
Pseudo second order Qe K: R?
t__t .t 7641 0027  0.9897
2
Qt sze Qe

Adsorption isotherms assist us in understanding adsorption mechanisms and developing innovative
industrial processes. The isotherms of Langmuir, Freundlich, and Temkin were explored using acid-
starting solutions at various temperatures. The linearized equations (Table 3) are used to examine the
adaptation of the isotherms [36]. It was observed that high compliance was achieved for all isotherms.
However, it can be said that the Langmuir isotherm provides the best fit between the adsorption
isotherms. The obtained values of R2 and isotherms are given in Table 3.
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Table 3. Isotherm constants adsorption of OxA onto LDH

T/K Qo/mg-g* Ku/g-L* R?
298 573 9.54 0.9992
Langmuir Isotherm 308 681 12.33 0.9987
e 2 + = 318 742 15.12 0.9983
Qe KiQo Qo
T/K n K R2
298 1.97 0.41 0.9929
Freundlich Isotherm 308 1.31 0.68 0.9790
logQ. = logK; + (1/n)logC. 318 0.95 0.97 0.9951
T/K B: Kr R2
298 15.87 0.71 0.9974
Temkin Isotherm 308 17.15 0.93 0.9895
Qe = By In(K7) + B; In(Ce) 318 20.25 1.25 0.9916

The thermodynamic properties of an adsorption process can change under the influence of many
parameters. Although it is very difficult to analyze them, some parameters can be used for some basic
interpretations. The most important ones are standard free energy (AG°), enthalpy (AH°) and entropy
(AS°). AG® is determined by using the following equation;

AG® = —RT In(K) ©)
Where R is the universal gas constant, T is temperature, and K is the Langmuir constant. Van’t Hoff
equation is utilized to determine the values of (4H°) and (45°):

AH AS
IH(K)——E‘F? (6)

AH and AS were calculated from the slope and the intercept of the line in the graph of In (K) versus 1/T,
respectively. Comments that can be made through these parameters are; The positive or negative value of
AG? indicates the spontaneous realization of the adsorption without an external effect. Adsorption occurs
negatively for negative values. Negative values of AH® adsorption are indicative of the fact that the
adsorption is physical and exothermic. The results obtained from our studies are presented in Table 4.

Table 4. Thermodynamic parameters for the adsorption of OxA by LDH

T/K (AG") (AH") (AS°)
(kj . mol™) (J . mol?) (J. molt. K%
298 -6.85 -17.72 59.28
308 -9.97
318 -13.64
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Overall, when comparing our findings to those of earlier research, Dilek et al. employed Amberliyst A21
as an adsorbent to oxalic acid. Recovery of acid value is 27 % for 5% acid concentration. Ozcan et al.,
performed an adsorption with multiwalled carbon nanotubes this investigation results were smilar to
previous study. Our outcomes shows that LDH is an effective and environmentally friendly adsorbent for
oxalic acid adsorption.

3.4 RSM Modeling and Optimization

In order to evaluate the effect of each factor on the response, one-way analysis of variance (ANOVA) was
applied to experimental data and the results are given in Table 5. The model F value is found to be 53.28,
which means that the model is significant. If p < 0.05 indicates significance, the relevant model terms are
determined to be X1, Xz, Xz, Xi2, X3 and X42. The final equation in terms of the coded factors is given
below;

Y= +45.21+4.61 X1-2.65 X,+22.12 X3-6.56 X12-11.45 X5°+8.38 X4? (7)

ANOVA gives a lack of fit value of 22.55, which is significant. Although a significant lack of fit values
are undesirable, it is usually the result of replicate run results of independent variables as very close or
exactly the same [37,38]. The predicted regression coefficient (R was 0.9064, and the adjusted R? value
calculated with Design-Expert software was 0.9325. The fact that both coefficients are close to each other
indicates the suitability of this model. R? value was also 0.9503. Adequate precision (AP) terms stand for
the signal-to-noise ratio. It should be greater than 4 for an adequate signal, calculated as 22.494.
Therefore, this model can be used to navigate the design space.

Table 5. ANOVA test for OXA Adsorption

Source Sum of Squares Df Mean Square F P-Value
Model 20736.58 14 1481.18 53.28 <0.0001
X1 765.65 1 765.65 27.54 <0.0001
X2 313.21 1 313.21 11.27 0.0018
X3 17662.03 1 17622.03 633.87 <0.0001
Xa 88.60 1 88.60 3.19 0.0820
X1 X2 45.34 1 45.34 1.63 0.2091
X1X3 46.29 1 46.29 1.67 0.2045
X1 X4 16.33 1 16.33 0.59 0.4480
XaX3 32.49 1 32.49 1.17 0.2863
XaX4 29.93 1 29.93 1.08 0.3058
XaX4 5.94 1 5.94 0.21 0.6464
X1 221.07 1 221.07 7.95 0.0075
X2 0.59 1 0.59 0.0021 0.8852
X3? 673.82 1 673.82 24.24 <0.0001
X4? 361.47 1 361.47 13 0.0009
Residual 1084.23 39 27.80
Lack Of Fit 960.67 10 96.07 22.55 <0.0001
Pure Error 123.57 29 4,26
Cor Total 21820.82 53
Sd =5.27 R2=0.9503 R?%a¢)=0.9325 RZpr4=0.9064 %CV=13.67 AP=22.494

The quadratic model’s 3D surface graphs were drawn by holding two parameters constant for each time
(Figure 5). As seen from Figures 4a, 4b and 4d, the most effective parameter of the model is the amount
of adsorbent. Figure 5a shows the effect of the amount of adsorbent and the initial acid concentration on
removing OxA from water. In order to observe only the change in the adsorbent amount, the other
parameters were fixed (X1 = 6 min; Xz = 3%; X4 = 308K). Thus, while the amount of adsorbent increases
from 0.05g to 0.45g, the removal percentage (%) also increases from 15.2% to 57.4%.
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Although the initial acid concentration has a lesser effect than the amount of adsorbent, it reduces the
removal with increasing concentration. For example, when the parameters are fixed to X3=0.45g, X:=6
min, X,=308K, while initial acid concentration increases from 3% to 7%, the removal percentage
decreases from %57.4 to %53. This effect could also be observed in Figures 4c and 4e. Figures 4c and 4f
show that the removal percentage increases with time. For example, when the parameters were fixed to
X2=5%, X3=0.25 g, X4=298K, the removal percentage increases with increasing time (10 min) from
44.7% to 52.4%. Finally, as seen in Figures 4e and 4f, the effect of temperature on the adsorption process
reduces the removal percentage. For example, when the parameters were fixed to X;=6 minutes, X,=5%,
Xs= 0.45 g, the removal percentage decreases with rising temperature (from 298 K to 318 K) from

66.26% to 62.2%.
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Figure 5. Response surface of removal (%) of OxA from water as a function of (a) adsorbent amount (g)
and initial acid concentration (w/w %); (b) adsorbent amount (g) and time (min); (c) initial acid
concentration (w/w %) and time (min); (d) temperature (‘K ) and adsorbent amount (g); (€) temperature

(°K) and initial acid concentration (w/w %); (f) temperature (°’K) and time (min).
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3.5 Artificial Neural Network Modeling

Practical applications of RSM and ANN methods include determining the response's best value,
determining enhanced or ideal process settings, and identifying process weaknesses. If the process
variables are complicated, it is crucial to construct and adapt intricate experimental protocols utilizing the
design of experiments (DOE) method in conjunction with various modeling and optimization tools like
RSM and ANN in order to obtain accurate data. For this purpose, after RSM, we applied ANN to the
experimental data. ANN libraries provided by the scikit-learn package were used. The input features we
used with our model are the reaction time, initial acid concentration, adsorbent amount and temperature.
Our target variable was percent removal. We measured ANN regression performance with two commonly
used statistics. First is the mean squared error (MSE), defined as:

1 = 2
MSE =+ %.2Y (Vipred — Vi data) .

where y is the target variable in a sample of N measurements. Second performance statistic we used is the
coefficient of determination (R?), defined as:

RZ =1— Zézllv(yi,pred_yi,data)z (9)
- i=N(.,,. 5 2
Zi:l (yl,pred ydata)

where y4ata 1S the mean of target variable data:

_ 1 i—
Ydata = NZ:=11V Vi data (10)

We trained the ANN with 80% of available experimental data chosen randomly, and the remaining data
were used as the test sample. Training data was used to train the ANN, while test data was used to assess
that the model was not overfit. The ANN itself must start training with a set of initial weight and bias
values and as is the common practice these values were chosen randomly. Since ANN model performance
is sensitive to feature ranges, feature scaling is an important part of ANN data preprocessing. We tested
two feature scaling algorithms; the “standard” and the “min-max” algorithms. The standard algorithm
scales the input features, so their distributions have zero mean and unit variance. On the other hand, min-
max scaler scales the features, so their values lie in a user-defined range. Our performance results for
different scaling choices can be seen in Table 6. Although the observed performances are similar, the
standard scaler shows slightly better performance, so we utilized this normalization method in this study.

Table 6. Comparison of the effects of different normalizations method
on model performance with an ANN having a topology of 4:4:1.

Train set Test set
Scaler MSE R2 MSE R?
Standard 2.08 0.996 16.74 0.966

Min-max [0,1] | 2.65 | 0994 | 16.92 0.965
Min-max [-1,1] | 2.0 | 0.996 | 16.96 | 0.965

For the model topology, we used a single hidden layer network. We tested the modeling performance of
models with different numbers of hidden layer neurons. The results are shown in Table 7 for comparison.
Here we observe that topologies with 3 and 4 hidden layer neurons yield the best regression performance.
This should be expected considering the size of our dataset. Considering the model performance on both
training and test datasets, also the number of free parameters each topology requires, we chose 4:4:1 as
the optimal topology for this study.
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Table 7. Comparison of model performance versus network topology

Train set Test set
ANN topology MSE R? MSE R?
4:2:1 16.74 0.965 29.82 0.939
4:3:1 8.65 0.982 21.73 0.955
4:4:1 2.08 0.996 16.74 0.966
4:5:1 1.45 0.997 20.51 0.958
4:6:1 2.06 0.996 16.21 0.967

About the transfer functions, we considered three options: ReLU, logistic and tanh. Among these,
logistic and tanh are sigmoid type (s-shaped) nonlinear functions where the logistic function is
defined as f(x) = 1/(1 + e™). ReLU is a “nonlinearized” identity function with a rather simple form:
ReLU(x) = max(0, x). Model performances for different transfer functions are shown in Table 8. In this
study, we chose the logistic function as the transfer function as it yielded the best performance.

Table 8. Comparison of the effect of transfer function
on model performance with an ANN having a topology of 4:4:1.

Train set Test set
Transfer function: MSE R? MSE R?
tanh 6.17 0.987 36.79 0.925
logistic 2.08 0.996 16.74 0.966
RelLU 27.54 0.942 133.01 0.727

3.5.1 ANN Modeling Results

As shown in Table 8, the performance metrics show that we have an ANN model with good predictive
power. The data-prediction agreement can also be seen in Figure 6, which shows both the train and the

test data.
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Figure 6. Data points vs. model prediction for train and test samples. The data-prediction agreement is

confirmed by the regression line, which has a null intercept and close to unity slope. The coefficient of
determination value shown is calculated using all available data.
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We used our ANN model to do a grid search in the parameter space for the optimal reaction point. The
optimal point we found was 3% initial acid concentration with 0.45g adsorbent at 45 °C temperature for
10 minutes, with the removal of 64.4%. In general, this prediction is in good agreement with both our
experimental results and the RSM results shown in section 3.4. Both methods predict quite close
maximum removal values. They also predict the same value for the most important independent variable,
the adsorbent amount. We observe small differences in the model predictions for the remaining variables,
yet none deviates significantly from neither the other model nor the experimental data. ANN models
allow one to estimate the extent to which an input feature affects the model predictions. This is called the
importance of a feature. We studied the relative feature importances by ranking the input features

according to their relative importances as calculated using the following expression [39]:
e | (757D O R

j = JI=N;(wm=N " N; ;
Simy By MW/ Ly Wit ) x(wko )

(11)

which gives the relative importance of the j™ input feature. In this expression, N; and Ny, are the number of
neurons in the input and hidden layers, respectively. le,ﬁ terms are the weights for the connection

between the j™ (input layer) and m™ (hidden layer) neurons, while W;*2 weights are for the connections
between the hidden and output layers. Note that I; values are in the interval [0, 1) and should add up to
unity. Relative importance results show that the adsorbent amount is the most important feature for the
model results (1=0.52), reaction time being the next (1=0.20), temperature and concentration being the
least (both about 1=0.14). These results are also consistent with the RSM results shown in section 3.4.

4. CONCLUSIONS

In this study, the removal of OxA from an aqueous solution using LDH, optimizing the conditions and
determining the kinetic model and modeling with both RSM and ANN are introduced for the first time.
According to the obtained results, the adsorption mechanism showed good agreement with Langmuir
isotherm with monolayer homogenous adsorption mechanism. Also, the kinetic studies showed that the
adsorption of OxA with LDH follows the Lagergren kinetic model. The RSM model optimum process
conditions were predicted as 8.17 min, 4.63% initial acid concentration 0.45 g adsorbent at 298 K with
67.75 % OxA removal. The ANN model predicted the optimum process conditions as 10 min, 3% initial
acid concentration 0.45 g adsorbent at 318 K with 64% OxA removal. Comparing both the ANN and
RSM results, the values of R? and MSE and the model predictions exhibited that the two models yielded
consistent results with reasonable accuracy. Both models show that the adsorbent amount is the most
important independent variable for the % OxA removal.
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