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ICINDEKILER

Komiir Madenciliginde Sera Gaz1 Emisyonlarinin
Kaynaklar1 ve Karbon Ayak izinin Belirlenmesi............
Gizem SOLMAZ, Abdullah YINANC

Sustainable Pollution Control at the Intersection of
Green Chemistry and Environmental Engineering........
Zeynep YUCESOY, Cigdem KALKAN AKTAN



"Bu kitapta yer alan boliimlerde kullanilan kaynaklarin, goriiglerin,
bulgularin, sonuglarn, tablo, sekil, resim ve her tiirlii icerigin
sorumlulugu yazar veya yazarlarina ait olup ulusal ve uluslararast
telif haklarina konu olabilecek mali ve hukuki sorumluluk da
yazarlara aittir."
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KOMUR MADENCILIGINDE SERA GAZI
EMISYONLARININ KAYNAKLARI VE
KARBON AYAK iZININ BELIRLENMESI

Gizem SOLMAZ!
Abdullah YINANC?

1. GIRIS

Komiir, milyonlarca yil siiren jeolojik siire¢ler sonucunda
bitkisel organik maddelerin doniistimiiyle olusan yenilenemeyen
bir fosil enerji kaynagidir. Diinya genelinde enerji liretiminin
onemli bir kismi halen kémir kaynaklidir. Enerji talebinin
artmastyla Dbirlikte fosilyakitlarin kullanimi artmistir. Kémdr,
dinyadaki birincil enerji tiketiminin yaklasik %27°sini, elektrik
tretiminin ise %35’ini karsilamaktadir. Komir, dlnya enerji
arzinin 6nemli bir kismin1 karsilamasina ragmen, ¢evresel etkileri
bakimindan elestirilmektedir. Komir 0retimi ve kullanim
sirasinda agiga cikan karbon dioksit (CO:) ve metan (CHa)
emisyonlari, iklim degisikliginin temel nedenlerinden biri olan
sera gazi birikimine hem dogrudan hem de dolayl: olarak katki
saglamaktadir. Bu nedenle komir tretim sureglerinin cevresel
etkilerinin, 0&zellikle de karbon ayak 1izi bilesenlerinin
degerlendirilmesi ¢evre miihendisligi agisindan blyik 0Onem
tasimaktadir (IEA, 2023).

1 YL., Tekirdag Namik Kemal Universitesi Fen Bilimleri Enstitiisi Cevre
Miihendisligi Anabilim Dali, ORCID: 0009-0001-7209-1496.

2 Dog. Dr., Tekirdag Namuk Kemal Universitesi Teknik Bilimler MYO, ORCID:
0000-0002-8144-8266.
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Yiizey Madenciligi |Yeralti Madenciligi
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Sekil 1. Madencilik tirlerine gore komurin ylzeye olan mesafesi
(Hartman ve Mutmansky, 2002)

Sekil 1’de goriildiigii lizere, komiir yataklarinin yiizeye
olan derinligi ve jeolojik konumu, uygulanacak madencilik
yonteminin belirlenmesinde temel unsurlardan biridir. Yizeye
yakin komiir damarlarinin ¢cogunlukla agik ocak yontemiyle, daha
derinlerde bulunan damarlarin ise yeralti madenciligi
yontemleriyle  isletilmesi,  liretim  siireclerinin  teknik
Ozelliklerinin yani sira ¢evresel etkilerinin de farklilagmasina
neden olmaktadir. Acik ocak isletmeciliginde dekapaj, kazi,
yikleme ve tasima faaliyetleri nedeniyle yakit ve enerji
tiketimine bagli emisyonlar 6n plana ¢ikarken, yeralti
madenciliginde o6zellikle komiir damarlarindan ve ¢evre
kayaclardan kaynaklanan metan (CH4) emisyonlar1 6nemli bir
cevresel sorun olusturmaktadir. Bu farkliliklar, komiir
uretiminden kaynaklanan karbon ayak izinin yalnizca tretim
miktarina degil, ayn1 zamanda kullanilan madencilik yontemine
ve Uretim kosullarina baglhh  olarak  degisebilecegini
gostermektedir. Bu kapsamda, komdir tretim sireclerinin karbon
emisyonlar1 agisindan degerlendirilmesi ve farkli madencilik
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yontemlerinin ~ emisyon  profillerinin  ortaya konulmasi,
¢alismanin temel odak noktalarindan birini olusturmaktadir.

1.1. Kémir Uretiminin Onemi

Komdr, sanayi devriminden itibaren kiresel enerji
sistemlerinin yapi taglarindan biri olmustur. Madencilik agisindan
degerlendirildiginde, kOmiir {retimi, enerji arz giivenligini
destekleyen, istihdam vyaratan ve yerel/toplumsal kalkinmaya
katki saglayan stratejik bir faaliyettir. Yer alt1 ve acik ocak
madenciligi faaliyetleri jeolojik arastirmalar, miihendislik
coztmleri ve lojistik yonetim gibi birgok teknolojik bileseni
barindirir.  Bu  yonidyle kOmir madenciligi, yalnizca bir
hammadde ¢ikarimi degil, ayn1 zamanda madencilik sektorii i¢in
onemli bir teknik ve endiistriyel platform sunmaktadir. Ote
yandan c¢evre agisindan bakildiginda, komiir {retimi ve
kullaniminm bir dizi dogrudan ve dolayl etkisi vardir. Ornegin,
madencilik siirecinde arazi tahribati, orman Ortiisiiniin yok
edilmesi, topragin bozulmasi ve yeralti/yeriistii su kaynaklarinin
kirlenmesi gibi etkiler gézlemlenmektedir. Ayrica, madencilik ve
tagimacilik asamalarinda meydana gelen toz, partikiill madde
yaythmi ve agir metal salimmlar1 bolgesel ekosistemleri
etkileyebilir. Ozellikle aciga ¢ikarilan atik malzemeler ve
depolama sahalarindan kaynaklanan asit maden drenaji (AMD)
gibi surecler su kalitesini olumsuz etkileyebilmektedir. Enerji
uretim slrecinde ise, kdémurin yanmasi sonucu ortaya ¢ikan CO-
ve Ozellikle madencilik asamasinda yer altindan agiga ¢ikan
metan (CHa4) gibi sera gazlari iklim degisikligine onemli katki
yapmaktadir. Ulkemizde ve uluslararas: diizeyde yapilan veriler,
acik ve kapali madenlerden salinan metan emisyonlarinin toplam
sera gazi yikiinde dikkate deger bir paya sahip oldugunu
gostermektedir. Omegin, ABD’de aktif ve terk edilmis komiir
madenlerinden ¢ikan metan emisyonlar1 toplam metan
yayitlhminin yaklasik %7’sini olusturmaktadir. Bu durum, kdmdar
uretim zincirinin yalnizca enerji/nhammadde temini agisindan
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degil, iklim etkileri agisindan da stratejik bir 6nem tasidigini
gostermektedir  (Shongwe, 2018). Bu ¢ergevede, komir
tiretiminde siirdiiriilebilirlik perspektifiyle yaklasmak kritik bir
gerekliliktir. Madencilik operasyonlarinda ¢evresel etkilerin
azaltilmasi; Ornegin metan gaz1 yakalama, verimli enerji
kullanimi, rehabilitasyon ve restorasyon faaliyetleri, ¢cevre dostu
atik yonetimi gibi uygulamalarla mumkuindir. Ayni zamanda,
madencilik faaliyeti sonrasi arazinin yeniden kullanimi1 ve dogal
ekosistemlere entegrasyonu da uzun vadeli ¢evresel fayda saglar.
Bu bakimdan, komdir tretimi yalnizca enerji arz1 agisindan degil,
cevresel sorumluluk, teknoloji adaptasyonu ve toplumsal
karsilikli fayda boyutlariyla degerlendirilmeli; yeni donemde bu
alanlarda biitiinciil bir yaklasim benimsenmelidir (World Bank,
2018).

1.2. Kémurun Enerji Sektorundeki Yeri

Komiir, kiiresel enerji sisteminde tarihsel olarak kritik bir
rol oynamuis ve hala belirli bolgelerde 6nemli bir yiik tasiyicisi
olmaya devam etmektedir. Bu yaklasim hem arz giivenligi hem
sanayilesme hem de altyap1 perspektifinden degerlendirilmelidir.

1.2.1. Arz Giivenligi ve Temel Enerji Kaynagi

Komiir, diinya genelinde hala, elektrik iiretiminin yaklagik
licte birinden fazlasini karsilamaktadir. Ornegin, International
Energy Agency (IEA) verilerine gére komdar, “kiresel elektrik
tiretiminin hala biraz iizerinde bir bolimiini” saglamaktadir.
Bunun nedeni, komiiriin ¢ok sayida iilke i¢in yerel olarak
ulasilabilir ve fosil yakitlar iginde gorece yaygin bulunabilir bir
kaynak olmasidir. Bu durum, o6zellikle enerji talebinin hizla
arttigi ya da alternatif kaynaklarin heniiz yeterli olgunluga
ulasmadig1 kalkinma siirecindeki {ilkelerde onem tasimaktadir
(Balat, 2008).
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1.2.2. Sanayi ile Entegrasyon ve Elektrik Uretimi

Enerji sektoriinde komiiriin bir diger onemli islevi ise,
sanayilesmenin temel girdilerinden biri olmasidir. Komiir sadece
termik santrallarda elektrik {iretiminde degil, ayn1 zamanda
demir-gelik gibi yiiksek enerjili sanayi kollarinda da ham madde
ya da yakit olarak kullanilmaktadir. Tiirkiye gibi iilkelerde de
koémur, elektrik Gretiminde 6nemli bir paya sahip olup, yerli
komiir iretimi  enerji  bagimsizligi  agisindan  stratejik
goriilmektedir. Elektrik iiretiminde komiir santrallar1 genellikle
“temel yik” (base-load) gorevini lstlenmis olup, yani enerji
talebinin yiiksek ve degisken olmadigi zamanlarda siirekli
caligabilen sistemlerdir. Bu yoniiyle enerji sebekesinin
giivenilirligi agisindan kritik bir bilesendir (Balat, 2008).

1.2.3. Karbon Yogunlugu ve Gelecek Zorluklari

Komiiriin sahip oldugu bu 6nemli pozisyona ragmen,
enerji sektoriindeki kullanimi, ¢evre ve iklim degisikligi
acisindan ciddi sorunlar barindirmaktadir. Kémdir yakith
santraller, diger fosil yakitlara gore birim enerji Uretimi basina
daha yuksek karbon dioksit ve diger sera gazi emisyonlart
iretmektedir. Ayrica, birgok iilke “komiirden ¢ikarilma” ya da
“kémiir kullaniminin  azaltilmast” stratejilerini uygulamaya
baslamistir. Bu gegis siireci, enerji altyapisinda oldukga biiytik
degisiklikler gerektirmekte ve komiir temelli sistemlerin

modernizasyonu ya da asamali kapatilmasi gibi adimlar
icermektedir (IEA, 2023).

1.2.4. Teknolojik Adaptasyon ve Gelecek Perspektifi

Enerji sektoriinde komiiriin yerini korumasi ya da
doniismesi baglaminda, bazi teknolojik ¢oziimler gliindemdedir.
Ornegin, daha verimli santral teknolojileri, karbon yakalama ve
depolama (CCS) sistemleri, biyoyakita gecis ya da komiir-yakith
santrallerin  yenilenebilir enerji ile hibrit ¢alismast gibi
yaklasimlar tartisilmaktadir. Bu baglamda, komiir enerji
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sisteminden birdenbire c¢ikarilmasindan ziyade, asamali bir
gecisin hem enerji arz glivenligini koruyarak hem de ¢evresel
etkileri azaltarak daha gerg¢ek¢i oldugu diistiniilmektedir (IPCC,
2005).

2. KARBON AYAK izi

Karbon ayak izi, bir birey, kurum, Griin ya da faaliyet
sonucunda atmosfere salinan toplam sera gazi miktarinin,
karbondioksit (CO-) esdegeri olarak hesaplanmasidir. Bu kavram
yalnizca CO: emisyonlarini degil; metan (CH4), diazot monoksit
(N20) ve florlu gazlar gibi diger sera gazlarmi da kapsar. Bu
nedenle karbon ayak izi, kiiresel 1sinma potansiyeli (Global
Warming Potential - GWP) degeri kullanilarak hesaplanir ve tiim
gazlar CO2 esdegeri cinsine donistiiriiliir (IPCC, 2006). Sekil 2°de
yer alan karbon ayak izi yaklasiminin genel cergevesi emisyon
kaynaklarinn  birlikte ele alinmasinin gerekliligini ortaya
koymaktadir.

elektrik

emisyon .

@

B8Z  gerikazanim
atik

yakit

Sekil 2. Karbon Ayak izi (WRI & WBCSD, 2004)

Madencilik faaliyetleri siiresince gegirilen asamalar s6z
konusu karbon ayak izi kaynaklarina dogrudan ve dolayli yoldan
etki etmektedir. Tablo 1’de madencilik faaliyetleri boyunca
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karbon ayak izinin dogrudan ve dolayli bilesenleri
Ozetlenmektedir.

Tablo 1. Madencilikte Karbon Ayak izi Bilesenleri (Global
Methane Initiative, 2016)

Slre¢ Asamasi Karbon Ayak izi Kaynagi Tard

Madencilik Metan kagaklar1 (CHa), is Dogrudan
makinelerinde dizel tiketimi

Tagimacilik Komirln tren, kamyon veya Dolayl
gemi ile taginmasi

Yakma/Elektrik Uretimi CO2, SO2, NO, emisyonlart Dogrudan

Atik ve kil yénetimi Depolama alanlarindan ¢ikan Dolayli
sera gazlari

Enerji tuketimi (elektrik, Dolayli karbon ayak izi (Scope | Dolayh

su, kimyasal) 2&3)

Bu zincirin ¢evresel analizi, Yasam Dongiisii Analizi
(Life Cycle Assessment — LCA) yontemiyle yapilmakta olup,
bir¢cok caligmada en yiiksek sera gazi saliminin maden kaynakli
metan  emisyonlarindan  geldigi  bildirilmektedir. Komur
uretiminden kaynaklanan karbon ayak izini azaltmak igin gevre
miihendisligi uygulamalar1 biiyiik 6nem tasir. Enerji verimliligi,
metan geri kazanimi, yenilenebilir enerji entegrasyonu, karbon
yakalama ve depolama (CCS) sistemlerinin entegrasyonu ve LCA
temelli izleme sistemleri baslica stratejileridir. Diinya Bankasi
(2021) “Climate-Smart Mining” girisimi kapsaminda madencilik
faaliyetlerinin iklim dostu teknolojilerle yeniden
yapilandirilmasini 6nermektedir (Burchart-Korol, 2013).

3. KOMUR URETIM SURECLERI

Komiir tiretiminde kullanilan iki temel yontem olan acik
ocak madenciligi ve yeraltt madenciligi yalnizca ekonomik ve
teknik agidan degil, ayn1 zamanda karbon ayak izi agisindan da
farkli cevresel etkiler olusturur. Karbon ayak izi, bu siireclerde
aciga cikan karbondioksit (CO:), metan (CHa), dizel tiiketimi,
tagimacilik emisyonlar1 ve enerji kullanimi gibi tiim sera gazi
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kaynaklarm kapsar. Tiirkiye’de komiir iiretimi verileri TUIK,
Enerji ve Tabii Kaynaklar Bakanligi (ETKB) ve EUAS
raporlarindan elde edilmektedir. Bu veriler, agik ocak ve kapali

ocak isletmelerinin enerji tliketim farkliliklari1 da ortaya
koymaktadir (IPCC, 2006).

3.1. Acik Ocak Madenciligi ve Karbon Ayak izi

Acik ocak yoOntemi, ylizeye yakin komiir damarlarmin
¢ikarilmasinda kullanilan yiiksek mekanizasyonlu bir yontemdir.
Karbon ayak izi agisindan bu yontemin temel 6zellikleri sunlardir:
Acik ocak madenciliginde baslica karbon kaynaklar1 Tablo 2’de
Ozetlenmistir.

Tablo 2. A¢ik Ocak Madenciliginde Karbon Kaynaklan ve
Etkileri (Setiawan vd., 2018)

Karbon Kaynagi Aciklama ve Etkileri
Dizel Yakit Ekskavator, dozer, kamyon CO2 emisyonu
Tuketimi ve delici makineler
tarafindan yogun yakit
tiketimi
Toprak ve Bitki Karbon tutma kapasitesine Karbon
Ortiisiiniin sahip toprak ve bitki yutaklarinin
Kaldirilmasi Ortusiiniin yok edilmesi azalmasi
Patlatma Islemleri Patlayici kullanimi N20 (diazot
monoksit) ve CO2
Salinimi
Tagimacilik Kémurin uzun mesafelerde | Yakattliketimine
taginmasi bagli dolayli
emisyonlar
Rehabilitasyon Arazinin yeniden agaglandiriimamasi halinde
Eksikligi karbon depolama potansiyelinde kayip

Acik ocak madenciligi, yakit tiiketimi, tasima ve patlatma
gibi faaliyetler nedeniyle CO, agirlikli emisyon kaynaklarinin 6ne
ciktig1; metan emisyonlarinin ise jeolojik ve isletme kosullarina
bagl olarak yeralti madenciligine kiyasla genellikle daha diisiik
oldugu bir tiretim bi¢imidir (U.S. EPA, 2021).
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3.2. Yeralt1 Madenciligi ve Karbon Ayak iz

Yeralt1 (kapali ocak) madenciligi, kdmir damarlarinin
yuzeyden derinlerde bulundugu durumlarda tercih edilir. Bu
yontem karbon ayak izi agisindan farkli riskler tasir. Yeralti
madenciligine iliskin baslica karbon kaynaklari ve etkileri Tablo
3’te verilmistir.

Tablo 3. Yeralti Madenciliginde Karbon Kaynaklan ve Etkileri
(Burchart-Korol, 2013)

Karbon Kaynagi Aciklama ve Etkileri

Metan Gazi (CH4) | Komiir damarlari ve ¢evre kayaglardaki metan, kazi
sirasinda atmosfere salinir. CH4, CO2’den 28 kat daha
glclu sera gazidir

Havalandirma Metani uzaklastirmak i¢in Elektrik tiiketimi ve
kullanilan yliksek enerjili fanlar | dolayli CO2 emisyonlari

Dizel Kullanim Yer alt1 tasima ekipmanlari CO2 ve NOx gazlari

Yangin ve Patlama | Kontrolsiiz metan veya komur Ek emisyon ve glivenlik

Riski tozu patlamalari riski

Yeralt1 Su Seviyesi | Subosaltimiigin enerji Dolayli emisyonlar

Degisimleri kullanim

Yeralti madenciliginde metan kaynakli karbon ayak izi
onemli bir etkidir. Bu nedenle yeraltt komiir {iretiminin iklim
degisikligi iizerindeki etkisinin degerlendirilmesinde metan
emisyonlarinin dl¢ililmesi, raporlanmas1 ve azaltilmasi kritik
Ooneme sahiptir. Yeralti ve acik ocak isletmelerinin emisyon
profilleri Tablo 4’te karsilastirilmistir. (IPCC, 2006).

Tablo 4. Acik Ocak ve Yeralti Ocaklarimn Karsilastirmasi
(Hartman & Mutmansky, 2002)

Ozellik/Yontem  |Acik Ocak Yeralti

Baskin EmisyonCO2  (yakit, tagimacilik,[CH4 (metan gazi kaynakli)

Turd patlatma)

Enerji Tuketimi  [Daha yiiksek makine giicli, |[Havalandirma, su tahliyesi ve
diistik havalandirma |glivenlik sistemleri ile daha fazla
masrafi elektrik tiketimi

)Arazi Kullamimi  [YUksek ylzey tahribati veY{lzey bozulmasi siirlt
ekosistem kaybi1

Karbon Ayak IzilYilksek CO2, orta diizeyDaha diisik CO2 ancak yiiksek

Duzeyi toplam etki CH4 [ Kiiresel 1s1nma etkisi daha

biyuk olabilir
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4, KOMUR KAYNAKLI SERA GAZI
EMIiSYONLARI

Komiir, fosil yakitlar arasinda birim enerji basina en fazla
sera gazi emisyonuna neden olan kaynaktir. Hem {iretim
siirecinde hem de enerji iiretimi amaciyla yakildiginda atmosfere
ciddi miktarda karbondioksit (CO.), metan (CH4), diazot
monoksit (N2O) ve diger ikincil kirleticiler salinmaktadir. Bu
nedenle komiir, kiiresel iklim degisikliginin en Onemli insan
kaynakli sebeplerinden biri olarak kabul edilmektedir (IEA,
2023).

4.1. Sera Gaz Turleri ve Kaynaklari

CO2 (Karbondioksit) [1 Komiiriin yakilmasi, tasimacilik ve
enerji tiketimi sonucu olusur.

CH4 (Metan) [J Yeralti madenlerinden dogal metan s1zintisi
(grizu), terk edilmis madenlerde olusur. CO2’ye gore 28 kat
daha gucludr.

N20 (Diazot Monoksit) (1 Patlatma islemleri ve yuksek sicaklikta
gerceklesen yanma surecleri sonucunda meydana gelir. CO2’ye
gore 265 kat daha gugludur.

SO2, NOx Partikilleri 77 Komiir yanmasi sonucu olusur;

dogrudan sera gazi degildir ancak iklim ve hava kalitesini
etkiler (Setiawan vd., 2018)

4.2. Kémurin Yakilmas:1 ve Elektrik Uretimindeki
Emisyonlar

Komdrun termik santrallerde yakilmasi, emisyonlarin en
yogun oldugu asamadir.

o 1 kWh elektrik dretimi icin ortalama 820 g CO2-eq
emisyon olusur (IEA).

10
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o Bu deger dogal gazda ~400 g, riizgar enerjisinde ~12 g
civarindadir.

Komiir yakildiginda ayrica kiikiirt dioksit (SO-), azot oksitler
(NOy) ve partikiil madde (PM) de atmosfere karigir; bunlar iklim
etkisinin yan1 sira asit yagmurlar1 ve hava kirliligine neden olur
(U.SEPA, 2022)

5. KARBON AYAK izZi HESAPLAMA
YONTEMLERI

Karbon ayak izi, bir driin, sire¢, kurum veya bireyin
atmosfere saldig1 sera gazlarinin toplamidir ve genellikle
karbondioksit esdegeri (CO2-eq) cinsinden ifade edilir. Komr
madenciligi ve enerji liretimi gibi sektdrlerde bu hesaplamalar
hem cevresel etkilerin degerlendirilmesi hem de iklim
politikalarinin gelistirilmesi agisindan biiyiik 6nem tasir. Karbon
ayak izi hesaplamasinda kullanilan yontemler genel olarak
standartlagtirilmig uluslararasi protokollere dayanir (WRI VE
WBCSD, 2004)

Kapsam Belirleme ve Veri Toplama:

Hesaplamay! yapacadiniz alani segin ve bu
alandaki emisyon kaynaklanni belirlemek igin
veri toplayin.

Emisyon Hesaplama:

Topladiginiz verileri kullanarak, belirlediginiz
emisyon kaynaklarinin karbondioksit
egdegerini hesaplayin.

Sonuglari Analiz Etme:

Hesapladiginiz emisyonlari inceleyin ve hangi
kaynaklarin en fazia emisyon yarattigini
belirleyin.

Raporlama ve iyilegtirme:

Bulgulannizi raporlayin ve paydasglanniza sunun,
ardindan emisyonlan azaltma stratejileri
gelistirerek sUrekli olarak iyilestirmeye odaklanin.

Sekil 3. Karbon Ayak izi Hesaplama Adimlarinin Sematik
Gosterimi
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5.1. Dogrudan Hesaplama (Activity-Based
Calculation)

Bu yontem, bir faaliyette kullanilan yakit miktar1, enerji
tiikketimi veya emisyon yapan faaliyetlerin dogrudan oOl¢iimii
uzerine kuruludur.

Formiil:

E=AXxEF

Burada; E: toplam emisyon miktarii (ton CO:ze), A:
faaliyet verisini (6rnegin yakit tlketimi, tretilen kdmur miktari)
ve EF: emisyon faktoriinii (kg CO-ze/birim faaliyet) temsil
etmektedir (U.S. EPA, 2022)

Ornegin:
o Bir maden sahasinda kullanilan dizel miktar1 (litre) x
Dizel icin IPCC emisyon faktor(

o KOmur yakith santralde yanmis kOmir miktar1 (ton) X
Komir CO2 emisyon faktori (U.S. EPA, 2022)

5.2. Yasam DOngusu Degerlendirmesi (LCA — Life
Cycle Assessment)

Bu yontem, bir drin veya sirecin ham madde
¢ikarimindan, tretim, kullanim ve bertarafina kadar olan tiim
asamalardaki emisyonlarini degerlendirir. Madencilik sektoriinde
LCA, enerji kullanimy, yakit tlrleri, patlatma faaliyetleri ve tasima
asamalarmimn cevresel etkilerini biitiinciil sekilde analiz etmeyi
saglar (Burchart-Korol, 2013).
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Komdur icin LCA slirecinde degerlendirilen asamalar:

o Madencilik (acik ocak/yeralti): CH4 sizintilari, dizel
tiketimi

o Tasmmacilik: Tren, kamyon, gemi emisyonlari

e Yakma: Elektrik dretimindeki CO., NO,, SO:
emisyonlari

o Atk (kul) yonetimi: Depolama alanlarindan sizan
gazlar

Yalnizca yanma degil, tim sirecleri kapsadigi icin en
gercekci karbon ayak izi yontemidir. 1ISO 14040 ve ISO 14044
standartlarina dayanir. Burchart-Korol (2013), Polonya’daki
komur madenciliginde LCA yontemiyle yaptig1 analizde, CH4
emisyonlarinin toplam karbon ayak izinin %65’ine kadar
c¢ikabildigini belirtmistir. Nieto & Carranza (2020), agik ocak
madenciliginin kapali ocak yontemine gore %30 daha yiiksek
CO2 emisyonuna neden oldugunu bildirmistir. Haque vd. (2014),
Madencilik sektoriinde karbon azaltim stratejilerinin enerji
verimliligi ve proses optimizasyonu temelli olmas1 gerektigini
vurgulamistir.

5.3. Kurumsal Karbon Ayak izi - GHG Protocol
(Scope 1,2,3)

Kurumsal diizeyde karbon ayak izinin hesaplanmasi i¢in
Greenhouse Gas Protocol (WRI & WBCSD) tarafindan
gelistirilmis ~ standarttir.  Kurumsal  karbon ayak izi
hesaplamasinda kullanilan kapsamlar Tablo 5’te 6zetlenmistir.
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Tablo 5. Kurumsal Karbon Ayak izi Kapsamlan (Scope 1, 2, ve 3)
(WRI & WBCSD, 2004)

Kapsam Tanim Komur/Enerji Sektoriinde Ornek

(Scope)

Scope 1 Dogrudan emisyonlar ~ |Maden makinelerinde yakit kullanima,|

metan kacaklari

Scope 2 Dolayli enerji kaynakliMadencilikte  kullanilan  elektrik
emisyonlar tuketimi

Scope 3 Tum  diger  dolayliKdémir tasimaciligi, tedarik zinciri,
emisyonlar kil bertarafi

e Sirketlerin karbon raporlamasinda uluslararas: kabul
gérmiis en yaygin yontemdir

e COP, CDP, ISO 14064 gibi raporlama uygulamalari ve
programlart GHG Protocol ile birlikte veya onunla uyumlu
cerceveler kullanabilmektedir (WRI & WBCSD, 2004)

5.4. Emisyon Faktorlerine Dayah Ulusal Hesaplama
(IPCC Yontemi)

IPCC (Hiikiimetlerarast Iklim Degisikligi Paneli),
tilkelerin ulusal sera gazi raporlamalarinda kullanabilecegi bir
metodoloji sunar. Bu metodoloji 3 seviyeye ayrilir ve [IPCC’nin
metodolojik  yaklasimindaki Tier seviyeleri Tablo 6’da
karsilastirilmistir.

Tablo 6. IPCC Tier Seviyeleri (IPCC, 2006)

Tier Seviyesi Aciklama

Tier 1 Standart IPCC emisyon faktorleri kullanilir

Tier 2 Ulkeyeltesise 6zgii faktorler kullanilir

Tier 3 Dogrudan 6l¢im, modelleme ve yiiksek dogruluklu veri

Tiirkiye, TUIK araciligiyla ulusal sera gaz envanterini
genellikle Tier 1 ve Tier 2 diizeyinde hazirlamaktadir. Ancak
Madencilik sektoriine iliskin 6zel emisyon faktdrleri ¢ogu zaman

bulunmadigindan, IPCC’nin genel katsayilar1 kullanilmaktadir
(IPCC, 2006)
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6. KARBON AZALTIM STRATEJILERI

Komiir madenciliginde sera gazi emisyonlarmin
azaltilmasi, c¢evresel etkilerin smirlandirilmast  ve daha
stirdiiriilebilir iiretim siireglerinin gelistirilmesi agisindan 6nem
tasimaktadir. Bu kapsamda enerji tiiketiminin azaltilmasi,
yenilenebilir  enerji  kaynaklarimin  kullanilmasi, metan
emisyonlarinin kontrolii ve diisikk karbonlu teknolojilerin
uygulanmas1 baslica azaltim yaklasimlarmi olusturmaktadir.
Komiir madenciliginde karbon azaltim stratejileri dort ana
baslikta incelenebilir:

6.1. Teknolojik Stratejiler

Komiir madenciliginde sera gazi emisyonlarmin
azaltilmasinda teknolojik gelismeler 6nemli bir aragtir. Geligmis
madencilik ekipmanlari, enerji verimli sistemler ve emisyon
kontrol teknolojilerinin kullanilmasi, isletmelerin karbon ayak
izinin azaltilmasina katki saglamaktadir.

6.1.1. Karbon Yakalama, Kullanim ve Depolama (CCS
/ CCUS)

Karbon yakalama ve depolama (CCS) teknolojilerinin
uygulanmasi, metan gazi geri kazanimi ve yenilenebilir enerji
kaynaklarma yonelim, emisyonlarin azaltilmasinda etkili
olacaktir. Ayrica c¢evresel denetimlerin artirilmas1  ve
strdurdlebilir madencilik politikalarinin yayginlastiriimasi uzun
vadede karbon notr hedeflerine katki saglayacaktir.

o« Komir yakan enerji santrallerinden ¢ikan
COz’nin yakalanarak yeralti jeolojik
formasyonlarma enjekte edilmesi veya sanayide
kullanilmasidir.

o Karbondioksitin %90’a kadar tutulmast miUmkdndir
(IPCC, 2005).

o Uygulama asamalari:
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1. Yakalama: Oxy-fuel, post-combustion, pre-combustion
yontemleri

2. Tasmma: Boru hatlari ile

3. Depolama: Tiikenmis petrol-dogalgaz sahalari, tuzlu
akiferler (IPCC, 2005)

6.1.2.Metan Gaz1 Yakalama ve Enerjiye Doniisiim
(CMM/AMM)

Yeralti madenlerdeki metan (CHa4), CO2’den 28 kat daha
guclu sera gazidir.

o Havalandirma yoluyla atmosfere birakmak yerine:
o Enerji Uretimi icin yakilir (CMM).
o Elektrik tretiminde gaz motorlarinda kullanilir.

o Terk edilmis maden metan1 (AMM) toplanip enerjiye
cevrilebilir (U.S. EPA & Global Methane Initiative,
2021).

Yuksek Verimli Termik Santral Teknolojileri

Yuksek wverimli termik santral teknolojilerine iliskin
karsilastirma Tablo 7°de verilmistir.

Tablo 7. Yiksek Verimli Termik Santral Teknolojilerinin
Karsilastirlmas1 (IEA, 2023)

Teknoloji Enerji Verimi Emisyon Azaltimi
Konvansiyonel %33-35 Referans

Superkritik %38-40 %10-15 daha az CO:
Ultra Suiperkritik %42-45 %20-25 daha az CO:
IGCC (Gazlagtirma) %45-50 CCS ile entegre edilebilir
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6.1.3.Operasyonel ve Madencilik Kaynakh Azaltim
Stratejileri

Elektrikli makine ve diisiik emisyonlu dizel kullanimi
o Patlatmasiz kazi teknikleri (continuous miner, shearer)
o Lojistik optimizasyonu ve yakit tilketiminin azaltilmasi
o Enerji verimli havalandirma sistemleri

e Yeralti madenlerinde metan sensoOrleri ve otomatik
tahliye sistemleri (Global Methane Initiative, 2016)

6.1.4.Ekolojik ve Arazi Rehabilitasyon Stratejileri

o Maden sahalarinin kapatildiktan sonra agaglandiriimasi
(reclamation): Karbon yutak kapasitesi yeniden
olusturulur.

o Toprak geri yayilim: ve organik madde kazandirma:
Toprak karbon tutumunu artirir.

o Dogal ekosistemlerin geri kazanimi: Sulak alan, mera,
orman ekosistemleri yeniden kurulur (World Bank,
2018).

6.1.5. Politika ve Ekonomik Mekanizmalar

Karbon azaltimma ydnelik politika ve ekonomik
mekanizmalar Tablo 8’de 6zentlenmistir.

Tablo 8. Karbon Azaltimina Yonelik Politika ve Ekonomik
Mekanizmalar (IEA, 2023)

Strateji Aciklama

Karbon Vergisi CO: emisyonuna fiyat koyulur (6rn: Isveg,
Kanada)

Emisyon Ticaret Sistemi (ETS) AB Emisyon Ticareti, isletmelere emisyon

kotas1 tanimlar

Paris Anlasmast Ulusal Katki | Turkiye ve diger Ulkeler emisyon azaltim
Beyanlari (NDC) hedefi belirler

Yenilenebilir Enerji Tegvikleri Giines, ruzgar, biyokitle ile kdmirin
enerji payinin azaltilmasi
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7. SONUC VE ONERILER

Komiir iiretim stlireglerinin karbon ayak izi, sera gazi
emisyon kaynaklar1 ve yagsam dongiisii perspektifi ¢cergevesinde
degerlendirilmistir. Elde edilen bulgular, komiiriin cevresel
etkilerinin yalnizca yakma asamasinda ortaya cikan CO:
emisyonlariyla sinirli olmadigini; madencilik, enerji tiiketimi,
yakit kullanimi, metan salimi, tagimacilik ve atik yonetimi gibi
iiretim zincirinin farkli asgamalarinda 6nemli miktarda sera gazi
emisyonu olustugunu gostermektedir. Bu nedenle komiir
tiretiminin ¢evresel performansinin degerlendirilmesinde tiretim
zincirinin biitlin asamalarini kapsayan sistematik bir yaklasgimin
benimsenmesi  gerekmektedir.  Ozellikle yeraltt  komiir
madenciliginde agiga ¢ikan metan (CH4) emisyonlarinin karbon
ayak izinin Onemli bilesenlerinden biri oldugu, acik ocak
madenciliginde ise emisyonlarin biiylik Olclide dizel yakit
tiketimi, i3 makineleri, tasima faaliyetleri ve enerji
kullanimindan kaynaklandigi sonucuna ulagilmistir. Bu durum,
madencilik yonteminin emisyon profili tzerinde belirleyici
oldugunu ve karbon azaltim stratejilerinin isletmelerin teknik ve
tretim Ozellikleri dikkate alinarak olusturulmasi gerektigini
ortaya koymaktadir. Ayrica komiir iiretiminden kaynaklanan
emisyonlarin  dogrudan ve dolayli kaynaklar seklinde
ayristirilmasi, azaltim Onceliklerinin daha dogru belirlenmesine
olanak  saglamaktadir. Madencilik isletmelerinin  enerji
thtiyacinin ~ miimkiin ~ oldugunca  yenilenebilir  enerji
kaynaklarindan  karsilanmast da karbon emisyonlarinin
azaltilmast  a¢isindan  Onemli  bir  segenek  olarak
degerlendirilmelidir. Ozellikle giines ve riizgar enerjisinin uygun
saha kosullarinda madencilik isletmelerinin enerji sistemlerine
entegre edilmesi, elektrik kaynakli dolayli emisyonlarin
azaltilmasma katki saglayabilir. Bununla birlikte, karbon
yakalama ve depolama gibi teknolojilerin uygulanabilirligi;
teknik kapasite, ekonomik maliyet, jeolojik kosullar ve uzun
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donemli depolama giivenligi acisindan ayrica
degerlendirilmelidir.

Calisma sonuglar1 dogrultusunda, komiir madenciliginde
karbon ayak izinin azaltilmasma yonelik 6ncelikli uygulamanin
metan emisyonlarinin etkin bigimde izlenmesi, kontrol edilmesi
ve miimkiin olan durumlarda geri kazanilmasi oldugu
degerlendirilmektedir. ~ Bunun  yam1  swra,  madencilik
faaliyetlerinde kullanilan ara¢ ve ekipmanlarin enerji
verimliliginin artirilmasi, fosil yakit tiiketiminin azaltilmasi ve
elektrikli veya diisiik emisyonlu ekipmanlarin kullaniminin
yayginlastirilmas1 6nemli katkilar saglayacaktir.

Sonug¢ olarak, komiir iiretiminin enerji arz giivenligi
acisindan tasidigr onem devam etmekle birlikte, yliksek karbon
yogunlugu ve Ozellikle metan emisyonlar1 nedeniyle g¢evresel
acidan sirdiiriilebilir bir tiretim yaklasimmin gelistirilmesi
zorunludur.  Komir madenciliginde karbon ayak izinin
azaltilmasi, tek bir teknolojik uygulamaya bagli olmayip enerji
verimliligi, metan yoOnetimi, yenilenebilir enerji kullanim,
emisyon izleme, yasam dongiisii degerlendirmesi, arazi
rehabilitasyonu  ve etkin ¢evre politikalarmmn  birlikte
uygulanmasini1  gerektirmektedir. Bu dogrultuda, komiir
sektoriinde kisa ve orta vadede emisyonlarin azaltilmasina
yonelik teknik iyilestirmeler gerceklestirilirken, uzun vadede
diisiik karbonlu ve yenilenebilir enerji sistemlerine gegisi
destekleyen politikalarin gelistirilmesi, enerji arz giivenligi ile
cevresel siirdiiriilebilirlik arasindaki dengenin saglanmasi
acisindan 6nem tagimaktadir.
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SUSTAINABLE POLLUTION CONTROL AT
THE INTERSECTION OF GREEN CHEMISTRY
AND ENVIRONMENTAL ENGINEERING

Zeynep YUCESOY *
Cigdem KALKAN AKTAN?

1. INTRODUCTION

The increase in environmental pollution necessitates not
only the removal of pollutants from the environment but also the
reduction of pollution at its source and the limitation of the
environmental burden of the processes used. While traditional
pollution control mostly focuses on treating pollutants that have
already formed, the sustainable approach also considers the
prevention of pollution before it occurs as a fundamental goal
(Corominas et al., 2020; Pesqueira et al., 2020). This approach
requires that environmental engineering practices be evaluated
not only in terms of treatment performance but also in terms of
resource and energy use, waste generation, and environmental
impacts (Corominas et al., 2013; Lundie et al., 2004; Ribeiro et
al., 2024).

Green chemistry offers an approach that aims to design
chemical products and processes to be less hazardous and to
reduce environmental impacts as much as possible at the source
(Anastas and Eghbali, 2009). The combination of green chemistry
and green engineering allows for the development of a more

1 Aragtirma Goérevlisi Dr., Bitlis Eren Universitesi, Fen Edebiyat Fakiiltesi, Kimya
Bolumi, ORCID: 0000-0002-5547-2211.

2 Aragtirma Gorevlisi Dr., Marmara Universitesi, Mihendislik Fakiiltesi, Cevre
Miihendisligi Boliimii, ORCID: 0000-0002-4162-5803.
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holistic understanding of sustainability, from the design of
chemical processes to the production and use stages (Mulvihill et
al., 2011).

A similar transformation is seen in the field of wastewater
treatment. Treatment plants are not only systems where pollutants
are removed; wastewater treatment plants have begun to be
considered as resource centers where water, energy, and nutrients
can be recovered (Yadav et al., 2021). This transformation
necessitates considering the environmental impacts of resource
recovery and evaluating technological options from a life cycle
perspective (Rashid et al., 2023; Rufi-Salis et al., 2022).

Therefore, it is not enough for a treatment technology to
simply provide high removal rates. Energy and chemical
consumption,  secondary  wastes  generated,  potential
environmental impacts, and the extent to which resources can be
recovered must also be evaluated (Pesqueira et al., 2020). Life
cycle assessment is one of the important tools in making this
comparison (Lundie et al., 2004; Rashid et al., 2023).

This section addresses sustainable pollution control at the
intersection of green chemistry and environmental engineering;
preventing pollution at the source, developing safer processes, the
environmental ~ performance of  wastewater treatment
technologies, and resource recovery are evaluated together.

2. FUNDAMENTAL PRINCIPLES OF GREEN
CHEMISTRY AND ENVIRONMENTAL
ENGINEERING

2.1. The Concept and Basic Principles of Green
Chemistry

Green chemistry is an approach that aims to reduce the
negative impacts of chemical products and processes on the
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environment and human health and to achieve this at the design
stage rather than intervening after pollution occurs. Therefore, the
basis of green chemistry is not only to create less waste but also
to prevent waste generation as much as possible, to use fewer
hazardous substances, and to utilize resources more efficiently
(Clarke et al., 2018). The twelve principles described by Anastas
and Eghbali (2009) encompass basic design criteria such as waste
prevention, atom economy, less hazardous syntheses, safer
chemicals, safer solvents, energy efficiency, use of renewable raw
materials, reduction of unnecessary derivatizations, catalysis,
biodegradable product design, real-time analysis, and safer
chemistry. These principles are not considered as independent
applications but as a framework that should be evaluated together
throughout the life cycle of chemical products and processes
(Anastas and Eghbali, 2009).

2.2. Pollution Prevention Approach in Environmental
Engineering

The importance of green chemistry in environmental
engineering stems from the fact that pollution control is not
limited only to the removal of existing pollutants. Green
chemistry and green engineering address the increase in
efficiency and the reduction of hazards to human health and the
environment together during the development of technologies
(Anastas and Zimmerman, 2007; Corominas et al., 2020). The
design phase is important in this approach because the raw
materials used, energy requirements, chemical properties, and the
effects that may occur at the end of the process can be considered
from the outset (Mulvihill et al., 2011). Thus, instead of simply
transferring the environmental loads that arise in the treatment or
control phase to another environment, the aim is to reduce them
at the source.
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This perspective forms an important basis for sustainable
pollution control. For a technology to be more environmentally
acceptable, not only the pollutant removal capacity but also
material and energy efficiency, toxicity, and waste generation
must be considered. It is stated that green chemistry principles
and life cycle assessment are complementary tools in such
assessments (Clarke et al., 2018; Hessel et al., 2022; Mulvihill et
al., 2011). While green chemistry primarily guides the design of
new products and processes, life cycle assessment helps compare
the environmental impacts of existing options. Therefore, the use
of the green chemistry approach in environmental engineering
applications makes it possible to evaluate pollution control within
a broader framework of resource efficiency and environmental
performance (Tabone et al., 2010).

3. POLLUTION PREVENTION AT THE SOURCE
AND GREEN PROCESSES

3.1. Safer Chemicals and Alternative Substances

Preventing pollution at the source requires re-evaluating
the substances and processes used in the production process
before subsequently treating the pollutants that have already
formed (Pesqueira et al., 2020). The fundamental approach of
green chemistry is the design of chemicals and processes that pose
a lower risk to human health and the environment. In this
approach, simply replacing an existing chemical with a less
hazardous substance is not considered sufficient; the effects of the
alternative on the entire process must also be evaluated (Jessop,
2011; Winterton, 2016).

Solvents used in chemical processes are a particularly
important area of evaluation. It is stated that solvent losses can
cause significant amounts of organic pollution, and the removal
of solvents can lead to high energy consumption (Hessel et al.,
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2022; Jessop, 2011; Sheldon, 2005). Therefore, solvent selection
should be made by considering criteria such as toxicity,
environmental impact, energy requirements, recoverability, and
economic feasibility together. Renewable solvents, ionic liquids,
deep eutectic solvents, and supercritical fluids are among the
alternatives investigated in this context (Clarke et al., 2018).
However, simply defining a solvent as "green™ is not enough. Its
life cycle, from production to use and disposal, needs to be
evaluated (Capello et al., 2007).

3.2. Reducing Waste Generation and Chemical
Consumption

Preventing waste before it is generated holds a
fundamental place in the principles of green chemistry. This
approach sets a more advanced goal than simply reducing waste
generated during the treatment or disposal phase. Designing
processes to use fewer raw materials, energy, and auxiliary
chemicals has the potential to reduce both resource consumption
and environmental burden (Kundu et al., 2022; McCarty et al.,
2011; Ribeiro et al., 2024; Shehata et al., 2023).

A similar approach is gaining importance in wastewater
management. While the primary goal in traditional wastewater
treatment is the removal of pollutants from water, the current
sustainability approach focuses on recovering energy and
nutrients in addition to water (Mannina et al., 2022; Rani et al.,
2022; Yadav et al., 2021). Rufi-Salis et al. (2022) demonstrate
that considering energy and nutrient recovery together in
wastewater treatment plants can contribute to reducing
environmental impacts. Thus, treatment plants can transform
from systems that only control waste into systems that re-evaluate
resources.
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3.3. Green Solvents and Sustainable Production
Processes

For a sustainable process, in addition to the selection of
alternative chemicals, the entire process must be evaluated.
Winterton (2016) states that for an alternative to be considered
more environmentally friendly, not only the properties of the
chemical but also stages such as scaling up, economic feasibility,
energy use, and subsequent separation processes should be
considered. Jin et al. (2017) also emphasize that in the evaluation
of green solvents, criteria such as energy efficiency, recyclability,
waste generation, toxicity, and biodegradability should be
considered together. Therefore, the green process approach
should aim to reduce the environmental burden throughout the
entire production and usage chain, rather than simply replacing a
single chemical.

4. SUSTAINABLE WASTEWATER TREATMENT
AND POLLUTION CONTROL
TECHNOLOGIES

Sustainability in wastewater treatment is not limited to
achieving high pollutant removal efficiency. The energy and
chemicals used, the sludge and other by-products generated, the
operating conditions of the process, and the reusability of
resources should also be considered in technology selection
(Corominas et al., 2020; Rashid et al.,, 2023). Since the
composition of industrial wastewaters varies significantly
depending on the sector, a single treatment technology is not
expected to be suitable for all wastewaters. Therefore, it is
important to create appropriate treatment combinations by
evaluating the characteristics of physical, biological, and
chemical processes together (Kumar et al., 2024; Tarpani and
Azapagic, 2018).
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3.2. Biological Treatment and Natural Treatment
Approaches

Biological treatment is widely used, especially in the
removal of organic matter and pollutants such as nitrogen.
Activated sludge, anaerobic processes, membrane bioreactors,
and biofilm systems are considered within this scope. However,
the energy requirement of traditional activated sludge processes,
especially due to aeration, is an important issue in terms of
sustainability (Longo et al., 2016; McCarty et al., 2011).) Zhang
and Liu (2022) state that in current biological nitrogen removal
systems, a significant portion of the energy is spent on the
oxidation of ammonium, and in this process, the nitrogen present
in the wastewater is mostly converted into nitrogen gas instead of
being recovered.

Nature-based solutions, on the other hand, are among the
alternatives that can provide wastewater treatment with lower
resource requirements (Gallego-Schmid and Tarpani, 2019;
Kundu et al., 2022; Massoud et al., 2009). In particular, artificial
wetlands are applied in the treatment of municipal wastewater
using different designs and plant species. A recent systematic
review examining full-scale systems has shown that different
types of artificial wetlands can be used in the removal of organic
matter and nutrients (Silva et al., 2026). The performance of these
systems varies depending on design and operating characteristics
such as hydraulic loading, surface area, substrate used, and plant
species.

3.3. Adsorption and Low Environmental Impact
Adsorbents

Adsorption is an important physical treatment method
used especially in the removal of certain organic and inorganic
pollutants (Pesqueira et al., 2020; Yadav et al., 2021). Activated
carbon is widely used due to its high specific surface area and
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applicability to a large number of pollutants. However, the high
cost of activated carbon and the need for regeneration are issues
that need to be considered in terms of the sustainability of the
method (Rawat et al., 2023). Low-cost adsorbents obtained from
agricultural and industrial wastes are therefore being investigated
as alternatives.

This approach can transform the adsorption process from
being merely a pollutant removal process into one that allows for
the utilization of wastes as secondary resources. However, the
preparation of the adsorbent, its service life, regeneration, and the
management of the waste generated after use should be evaluated
together.

3.4. Membrane Technologies and Resource Efficiency

Membrane technologies are used in water and wastewater
treatment with different processes such as microfiltration,
ultrafiltration, nanofiltration, and reverse osmosis. One of the
important advantages of these systems is the selective separation
of pollutants of different sizes and characteristics (Kato and
Kansha, 2024; Shehata et al., 2023). However, membrane
fouling, energy requirements, operating costs, and the lifespan of
membranes are significant limitations in terms of sustainability
(Mannina et al., 2022; Yadav et al., 2021).

Current studies in membrane technologies are directed not
only towards increasing treatment performance but also towards
the reuse of membranes, reducing waste, and recovering
resources from water. Re-evaluating end-of-life membranes in
other membrane processes and membrane-based zero-liquid
discharge applications are examples of this approach (Shehata et
al., 2023; Yusuf et al., 2020). Therefore, when evaluating the
sustainability of membrane systems, not only the quality of
treated water but also the entire process from membrane
production to end-of-use should be considered.
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4.4. Advanced Oxidation and Photocatalytic Processes

Advanced oxidation processes are among the chemical
treatment approaches used in the conversion of biologically
difficult-to-decompose organic pollutants (Rufi-Salis et al.,
2022). Fenton processes, ozonation, photocatalysis, and various
combinations thereof are considered within this scope. While
Fenton processes are effective in pollutant removal, energy and
chemical consumption, as well as the resulting iron-containing
sludge, can pose significant problems in terms of sustainability
(Kato and Kansha, 2024; Pesqueira et al., 2020). Ribeiro et al.
(2024), who examined life cycle assessments of Fenton
processes, showed that energy and chemical use are among the
main sources of environmental impact. Therefore, the
sustainability of advanced oxidation processes should not be
evaluated solely on the basis of pollutant removal efficiency;
energy source, chemical consumption, and products that may be
formed at the end of the process should also be considered.

4.5. Resource Recovery from Waste and By-Products

One of the important changes in sustainable wastewater
management is that wastewater is considered not only as waste
that needs to be removed but also as a resource containing water,
energy, and nutrients (Zhang and Liu, 2022). The recovery of
energy, nitrogen, phosphorus, water, and various valuable
products from wastewater presents a significant opportunity for
transitioning from a linear treatment approach to a circular system
(Kundu et al., 2022; Yadav et al., 2021).

In this context, anaerobic processes can be used to obtain
energy from organic matter, membrane processes to separate
water and nutrients, and chemical and biological processes to
recover nitrogen and phosphorus. Zhang and Liu (2022)
emphasize that future wastewater treatment plants should be
designed not only as facilities that remove pollutants but also as
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systems that achieve water, energy, and resource recovery
together. Similarly, Rufi-Salis et al. (2022) have shown that
considering energy and nutrient recovery together can reduce the
environmental impact of treatment plants.

Therefore, the fundamental goal in sustainable pollution
control can be considered as a shift from a “pollutant removal”
approach to a “safely transforming the pollutant and, where
possible, recovering the source” approach. However, in this
transformation, the energy, chemical, cost, and environmental
impacts of each technology must be examined together, and the
technology selection should be made considering the entire life
cycle of the system (Corominas et al., 2020; Gallego-Schmid and
Tarpani, 2019; Pesqueira et al., 2020).

5. EVALUATION OF POLLUTION CONTROL
FROM A SUSTAINABILITY PERSPECTIVE

Evaluating a pollution control technology solely based on
the extent to which it removes pollutants is insufficient from a
sustainability perspective. The energy and chemicals used during
treatment, the sludge or other by-products formed, the materials
required for the plant's installation, and the emissions generated
after treatment must also be considered (Lundie et al., 2004;
Pesqueira et al., 2020). Therefore, life cycle assessment (LCA) is
considered an important tool in determining the environmental
performance of wastewater treatment systems today, along with
technical and economic evaluations. LCA allows for the
evaluation of not only the effects of a treatment system during the
operation phase but also the direct and indirect environmental
impacts that occur throughout the system's life cycle (Corominas
et al., 2020, 2013; Gallego-Schmid and Tarpani, 2019).

The main goal in a sustainable pollution control system is
to strike a suitable balance between high treatment efficiency and

31



Cevre Bilimleri ve Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

low environmental load (Rashid et al., 2023). A technology
removing pollutants at a higher rate does not, by itself, mean that
it is more sustainable. For example, the environmental burden
created during the treatment phase due to high chemical
consumption or high energy requirements can reduce the removal
advantage obtained. Therefore, in technology selection, treatment
performance, energy and chemical consumption, resource use,
waste generation, and environmental impacts throughout the life
cycle should be evaluated together (Emmerson et al., 1995;
Ribeiro et al., 2024; Yadav et al., 2021).

3.2. Energy, Chemical Consumption and Secondary
Wastes

Energy consumption is one of the key factors determining
the environmental performance of wastewater treatment plants
(Rani et al., 2022). Energy consumption can constitute a
significant environmental burden, especially in biological
treatment systems requiring intensive aeration. Therefore, in
sustainable pollution control, it is important not only to use
energy-efficient equipment but also to design the entire process
to require less energy. Zhang and Liu (2022) state that
conventional activated sludge processes require a significant
amount of energy, and aeration, in particular, has a significant
share in in-plant energy consumption. Another study showed that
instead of simply replacing equipment, automated dissolved
oxygen control and process operation design optimization could
achieve net savings of 20-36% in aeration tank energy (Panepinto
et al., 2016).

Energy consumption is also an important evaluation
criterion in advanced oxidation processes. A review of studies on
Fenton processes by Ribeiro et al. (2024) revealed that energy
was the primary environmental hotspot in 77% of studies
evaluating conventional homogeneous Fenton processes. In
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hybrid and heterogeneous Fenton processes, while energy
remains a significant factor, the share of chemical consumption
in environmental impacts becomes more pronounced. This
indicates that the same treatment technology can produce
different environmental results under different operating
conditions.

Chemical consumption should also be considered
separately in sustainability assessments (Corominas et al., 2020).
Life cycle assessments of Fenton processes have reported that
hydrogen peroxide and chemicals used for pH adjustment make
significant environmental contributions. Ribeiro et al. (2024), by
compiling the Life Cycle Assessment (LCA) literature, confirms
that chemical consumption is one of the most critical
environmental load centers in Fenton processes and that in 58%
of studies examining hybrid and heterogeneous Fenton processes,
the greatest environmental load originates from chemical
consumption. In particular, H.O. constitutes a significant
greenhouse gas emission and global warming potential due to its
high energy requirement in industrial synthesis (~1200 kWh/ton
H20:) and dependence on fossil fuels (Pesqueira et al., 2020). In
contrast, the contribution of low-dose, non-toxic FeSOa to total
greenhouse gas emissions is generally less than 1%; the majority
of the chemical load comes from H20: and pH regulators (Ribeiro
et al., 2024). Therefore, a process that provides higher removal
efficiency needs to be re-evaluated from a sustainability
perspective if it achieves this through high chemical
consumption.

In addition to chemical consumption, secondary waste
generation is also important. For example, in the classic Fenton
process, the continuous loss of iron and sludge formation are
considered significant disadvantages (Kato and Kansha, 2024;
Zhang et al., 2019). Since the resulting sludge also needs to be
managed, the removal of the pollutant from the water can become
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a different waste management problem. Therefore, in a
sustainable pollution control approach, "pollutant removal from
water” and “pollutant management without creating an
environmental burden” should not be considered the same
concepts. In this respect, resource recovery constitutes an
important alternative. Designing wastewater treatment plants not
only as systems that remove pollutants but also as systems that
recover water, energy, and nutrients has the potential to reduce
the overall environmental impact of the treatment process
(Mannina et al., 2022; Rufi-Salis et al., 2022; Zhang and Liu,
2022). Yadav et al. (2021) emphasize that the technical,
economic, and environmental dimensions of resource recovery
technologies should be evaluated together. A life cycle
assessment by Rufi-Salis et al. (2022) also showed that the
combined recovery of energy and nutrients (Total Resource
Recovery-TRR) can reduce net environmental impacts of the
plant in the categories of climate change, ecotoxicity, and
cumulative energy demand compared to the baseline scenario,
particularly by preventing the use of fertilizers and the release of
nutrients into the aquatic environment. Therefore, in a sustainable
treatment system, reducing energy consumption, limiting
chemical use, preventing secondary waste generation, and
recovering resources where possible should be considered
together. Instead of focusing solely on the quality of the treated
water, the entire life cycle of the treatment system should be
evaluated when selecting technology.

3.3. Ecotoxicity, Life Cycle Assessment, and
Sustainability Indicators

Life cycle assessment is one of the comprehensive
methods that can be used to compare the environmental impacts
of different pollution control technologies (Bare, 2011). In the
field of wastewater treatment, the aim of LCA is to consider not
only the direct emissions of a process but also different stages of
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its life cycle, such as energy production, chemical production,
production of facilities and equipment, operation, and disposal.
Numerous studies have emphasized the importance of clearly
defining the purpose and scope, appropriately determining the
functional unit and system boundaries, and evaluating the quality
of the inventory data used when applying LCA to wastewater
treatment systems (Corominas et al., 2020; Pesqueira et al.,
2020).

In particular, the determination of system boundaries can
directly affect the interpretation of the results (Rashid et al., 2023;
Tillman et al, 1994). Considering only the electricity
consumption within the plant when evaluating a treatment
technology may lead to neglecting the environmental impacts of
the production of chemicals used or the plant's infrastructure.
Corominas et al. (2020) emphasize that in wastewater treatment
LCA studies, energy and chemical production, infrastructure and
equipment, and substance flows from the treatment plant to the
air, water, and soil should be evaluated within appropriate system
boundaries.

Furthermore, relying solely on a single environmental
indicator is inaccurate when interpreting LCA results. Different
impact categories, such as climate change, eutrophication,
acidification, resource depletion, and toxicity, can yield different
results for the same process (Bare, 2011; Gallego-Schmid and
Tarpani, 2019; Tarpani and Azapagic, 2018). Therefore,
evaluating a process solely based on its carbon footprint or solely
on its energy consumption may not be sufficient to explain its
overall environmental performance. However, LCA should not be
considered a method that determines technology selection alone.
Corominas et al. (2020) state that LCA is a tool that provides
decision-makers with information on environmental impacts, but
it does not replace technical, economic, and social evaluations.
Especially in the selection of wastewater treatment technologies,

35



Cevre Bilimleri ve Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

investment cost, operating cost, treatment performance, space
requirements, operating conditions, and environmental impacts
should be evaluated together (Kalbar et al., 2013, 2012; Larrey-
Lassalle et al., 2017). This approach is also important at the
intersection of green chemistry and environmental engineering.
The use of less hazardous chemicals, reduced energy
requirements, prevention of waste generation, and resource
recycling should be addressed not only at the laboratory level but
throughout the entire process. Thus, pollution control can move
beyond a final stage of removing existing pollutants and become
a more holistic system that considers resource use and
environmental impacts together. Consequently, treatment
efficiency alone is not a sufficient measure in sustainability
assessment. Energy consumption, chemical use, secondary waste
generation, resource recovery, ecotoxicity, and other life cycle
impacts must be evaluated together. Especially in the evaluation
of new technologies, it is necessary to demonstrate not only high
technical performance but also the resource consumption and
environmental burden at which this performance is achieved. This
approach reinforces the understanding in environmental
engineering that "receiving the necessary treatment with a lower
overall environmental burden” is better than "more treatment.”

6. LIMITATIONS IN APPLICATION AND
FUTURE PERSPECTIVES

The application of green chemistry and environmental
engineering approaches to pollution control offers significant
opportunities for removing pollutants with lower environmental
burdens and converting waste into resources as much as possible
(Anastas and Eghbali, 2009; Kundu et al., 2022; Mulvihill et al.,
2011). However, transitioning sustainable treatment technologies
from laboratory or pilot scale to full scale is not always easy. A
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technology demonstrating high treatment efficiency under
laboratory conditions does not mean that the same performance
can be maintained under different wastewater characteristics,
variable operating conditions, and economic constraints
(Corominas et al., 2020; Ribeiro et al., 2024; Yadav et al., 2021).
Therefore, in sustainable pollution control, economic feasibility,
energy and chemical requirements, data quality, and
environmental impacts must be evaluated together with technical
performance.

3.2. Key Limitations in the Application of Sustainable
Technologies

One of the major problems facing sustainable treatment
technologies is that a significant portion of new technologies have
not yet been implemented on a large scale. Evaluations of
technologies for resource recovery show that while some
applications are technically promising, they can yield different
results in terms of economics and environmental aspects (Yadav
et al., 2021). In particular, the quantity and quality of the target
resource in the wastewater are important for resource recovery to
be achieved (Kleerebezem et al., 2015; Rufi-Salis et al., 2022). If
the substance to be recovered is present in low concentrations, the
energy and operating costs spent to separate it can exceed the
economic value of the obtained product (Mannina et al., 2022;
Yadav et al., 2021; Zhang and Liu, 2022)

Membrane technologies are a good example of this
situation (Mannina et al., 2022). Membrane processes offer
significant opportunities for reuse and resource recovery by
enabling the selective separation of different components in water
and wastewater. However, high investment and operating costs
are one of the main problems hindering the widespread adoption
of these Technologies (Kato and Kansha, 2024; Yusuf et al.,
2020). In addition, membrane fouling can increase operating and
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maintenance costs and raise the energy requirements of the
process (Shehata et al., 2023). Therefore, when evaluating the
sustainability of membrane technologies, not only separation
performance but also the membrane's service life, energy
requirements, cleaning needs, and the management of the
resulting concentrated stream should be considered.

A similar situation exists in advanced oxidation processes.
These processes can be particularly effective in removing
pollutants that are difficult to biodegrade (Kato and Kansha,
2024, Tarpani and Azapagic, 2018). However, high energy and
chemical requirements can increase the overall environmental
impact of the process. An evaluation by Ribeiro et al. (2024)
shows that energy and chemical use are significant determinants
of life cycle impacts in Fenton processes. In addition, the
possibility that the conversion products formed during treatment
may exhibit higher toxicity than the initial pollutant reveals that
evaluations based solely on removal rate may be insufficient.
Therefore, future studies should focus not only on the removal of
the target pollutant but also on the properties and environmental
impacts of the products formed at the end of the process.

Natural treatment systems and other low-energy
approaches also have significant advantages but are not equally
applicable in all conditions (Gallego-Schmid and Tarpani, 2019;
Silva et al., 2026). Factors such as land use, climatic conditions,
and direct and indirect greenhouse gas emissions should be
considered when evaluating the performance of these systems. In
systems requiring large areas, it is important to include changes
in land use in the life cycle assessment (Corominas et al., 2013;
Hernandez-Padilla et al., 2017). Therefore, “low energy
consumption” alone is not sufficient to demonstrate that a
technology is sustainable. Another important limitation is the
adaptation of existing wastewater treatment plants to new
sustainable Technologies (Kundu et al., 2022; Rashid et al.,
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2023). A significant portion of traditional plants are primarily
designed for pollutant removal. Transitioning to resource
recovery may require the redesign of existing processes, the
addition of new equipment, and in some cases, a change in the
plant's operational approach. Yadav et al. (2021) emphasize that
the implementation of resource recovery technologies requires
coordination among public institutions, scientists, the private
sector, operators, and end-users, as well as the redesign of
existing plants.

6.2. Future Perspective

One of the key trends in sustainable pollution control in
the future is to transform treatment plants from systems that
merely remove pollutants into systems that recover resources
(Corominas et al., 2013; Gallego-Schmid and Tarpani, 2019;
Silva et al., 2026). This transformation involves the recovery of
water, energy, nitrogen, phosphorus, and other valuable
components. However, for this transformation to be truly
environmentally beneficial, the additional energy and material
requirements created by new technologies must also be
considered (Zhang and Liu, 2022). Rufi-Salis et al. (2022)
demonstrate that the environmental benefits of technological
improvements towards resource recovery depend on the efficient
and sustainable management of the resources used. Therefore, in
future research, the development of integrated treatment systems
rather than a single technology will gain importance. An
appropriate combination of biological treatment, membrane
processes, advanced oxidation, natural treatment, and resource
recovery can enable the utilization of the advantages of different
processes. However, since increasing the number of processes in
such systems can lead to increased energy and chemical
consumption, whether integration truly provides environmental
advantages should be evaluated using a life cycle approach
(Pesqueira et al., 2020; Ribeiro et al., 2024).
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In the future, life cycle assessments need to be made more
reliable and tailored to local conditions (Hernandez-Padilla et al.,
2017). A significant portion of current studies suffer from a lack
of data, different system boundaries, and the use of different
functional units, making comparison of results difficult
(Pesqueira et al., 2020). Corominas et al. (2013) and Corominas
et al. (2020) emphasize the importance of methodological
consistency and transparent reporting of results in LCA studies.
Gallego-Schmid and Tarpani, (2019) state that the lack of
country- and region-specific databases, especially in developing
countries, is a significant source of uncertainty. Determining data
such as electricity generation mix, actual energy consumption,
chemical use, and direct greenhouse gas emissions according to
local conditions will increase the accuracy of future assessments.
Furthermore, the use of uncertainty analysis is needed more
frequently. The environmental performance of a treatment
technology; The energy source, operating conditions, wastewater
characteristics, and inventory data used depend on many variables
(Rashid et al., 2023). Studies have reported that switching
electricity consumption from a fossil fuel-based system to
renewable sources reduces the environmental footprint by 81—
86% (loannou-Ttofa et al., 2016). Therefore, instead of relying on
a single scenario, evaluating different operating and energy
scenarios can provide more reliable results. Gallego-Schmid and
Tarpani, (2019) state that uncertainty and sensitivity analyses
should be increased, especially for variables that have a
significant impact on results, such as greenhouse gas emissions
and electricity mix. Another important issue for sustainable
pollution control in the future is the safety and acceptability of
resource recovery products. The fact that a product obtained from
wastewater can be technically recovered does not mean that it can
be used economically directly (Kleerebezem et al., 2015;
Mannina et al., 2022). The quality and safety characteristics of
the product need to be determined, standardized, and its
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application area needs to be established. In addition, consumer
acceptance of recovered products is also important. Yadav et al.
(2021) emphasize that for resource recovery technologies to be
commercially successful, in addition to technical and economic
conditions, the involvement of policymakers, operators,
researchers, and society in the process is necessary. In this
context, the sustainable pollution control systems of the future are
not only technologies with higher removal efficiencies; Green
chemistry systems should be evaluated as those that consume less
energy and chemicals, generate less secondary waste, recover
resources, and have a lower environmental impact throughout
their life cycle. Integrating the green chemistry approach with
environmental engineering processes is also a crucial part of this
transformation. In particular, preventing waste generation at the
very beginning of the process, selecting safer materials, reducing
energy requirements, and reusing resources can transform
pollution control from a final treatment process into a more
holistic sustainability approach. Therefore, it is important that
research in the coming period focuses not only on developing new
treatment technologies but also on improving existing
technologies to use fewer resources, integrating different
processes under appropriate conditions, determining long-term
performance on real wastewater, and evaluating environmental
impacts throughout the life cycle. Such an approach will
contribute to the development of systems that can provide both
treatment performance and environmental, economic, and
resource efficiency, instead of technically successful but high
environmental cost processes.

7. CONCLUSION

When the approaches discussed in this section are
considered together, it is seen that sustainable pollution control
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cannot be achieved solely by improving treatment processes. To
make pollution control more sustainable, it is necessary to focus
on the point where the pollutant is generated, to re-evaluate the
raw materials and chemicals used, and to design processes that
generate as little waste as possible. Therefore, it is thought that
the most appropriate approach in terms of sustainability should
involve a shift from systems that try to remove pollution after it
has occurred to systems that prevent the formation of pollution as
much as possible. A similar approach should be adopted when
evaluating wastewater treatment systems. Viewing wastewater
only as a waste that needs to be removed leads to a significant
loss of opportunity in terms of evaluating the water, energy, and
nutrients it contains. Therefore, in the future, it would be more
appropriate to design treatment plants not only as facilities that
remove pollutants but also as systems where resources are
recovered. Such a transformation can reduce the environmental
burden of treatment plants while also contributing to the more
efficient use of existing resources. The technologies evaluated in
this study also show that there is no single solution for sustainable
pollution control. Each technology has different energy
requirements, chemical consumption, secondary waste
generation, operating conditions, costs, and resource recovery
potential. Therefore, a process's high removal efficiency alone is
not sufficient to conclude that it is sustainable. It is believed that
the true environmental value of a technology can only be
determined by evaluating all resource and waste streams entering
and exiting the process, along with its treatment performance.
From this perspective, energy efficiency, low chemical use, low
secondary waste generation, and resource recovery should be
considered together in future treatment systems. In particular,
water reuse, energy extraction from organic matter, and the
recovery of components such as nitrogen and phosphorus can
transform the treatment process from a purely removal stage into
amore circular system. However, it should also be considered that
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not every application aimed at recovery should automatically be
considered sustainable. The energy and chemicals consumed for
recovery must be evaluated together with the environmental gains
achieved. One of the most important contributions of combining
green chemistry and environmental engineering emerges at this
point. While green chemistry focuses on designing safer materials
and processes that consume fewer resources, environmental
engineering makes it possible to apply and control this approach
in real systems. Therefore, sustainable pollution control can be
achieved more effectively not only by improving existing
treatment technologies but also by considering the treatment,
recovery, and reuse phases as a whole, starting from the design of
the process. Consequently, the main goal of sustainable pollution
control should not only be to remove pollutants from the
environment but also to reduce pollution at the source, use fewer
resources, recycle generated waste as much as possible, and
reduce the environmental burden throughout the entire system.
For this approach to be implemented, technologies should be
considered not in isolation but in their interrelationships and their
total impact on the system. The success of future treatment
systems should be evaluated not only by their removal rates but
also by the amount of energy and chemicals they use, the
secondary waste they generate, their recovery capacity, and the
total environmental burden they create throughout their life cycle.
In this context, it can be concluded that the future of sustainable
pollution control lies not in more complex and technologically
advanced systems, but in systems that operate with fewer
resources, reduce unnecessary inputs, retain resources within the
cycle, and consider different environmental impacts together. The
real transformation will begin not with more effective cleanup of
existing pollution, but with a rethinking of the processes that
cause pollution in the first place.
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