ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

LIFE CYCLE ASSESSMENT OF PACKAGE AND ULTRAFILTRATION
SYSTEMS AND FOUR DISINFECTION TECHNOLOGIES FOR A FULL-
SCALE WATER TREATMENT PLANT

Ph.D. THESIS

Mehmet Zahid DEMIR

Department of Environmental Engineering

Environmental Science Engineering and Management Programme

AUGUST 2024






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

LIFE CYCLE ASSESSMENT OF PACKAGE AND ULTRAFILTRATION
SYSTEMS AND FOUR DISINFECTION TECHNOLOGIES FOR A FULL-
SCALE WATER TREATMENT PLANT

Ph.D. THESIS

Mehmet Zahid DEMIR
(501152714)

Department of Environmental Engineering

Environmental Science Engineering and Management Programme

Thesis advisor: Prof. Dr. ismail KOYUNCU

AUGUST 2024






ISTANBUL TEKNIK UNIiVERSITESI * LISANSUSTU EGITIM ENSTITUSU

TAM OLCEKLI BiR SU ARITMA TESISI iCIN PAKET VE
ULTRAFILTRASYON SISTEMLERI ILE DORT DEZENFEKSiYON
TEKNOLOJISININ YASAM DONGUSU DEGERLENDIRMESI

DOKTORA TEZi

Mehmet Zahid DEMIR
(501152714)

Cevre Miihendisligi Anabilim Dal

Cevre Bilimleri Miihendisligi ve Yonetimi Program

Tez Damisman: Prof. Dr. ismail KOYUNCU

AGUSTOS 2024






Mehmet Zahid DEMIR, a Ph.D. student of ITU Graduate School student ID
501152714, successfully defended the dissertation entitled “LIFE CYCLE
ASSESSMENT OF PACKAGE AND ULTRAFILTRATION SYSTEMS AND
FOUR DISINFECTION TECHNOLOGIES FOR A FULL-SCALE WATER
TREATMENT PLANT”, which he prepared after fulfilling the requirements specified
in the associated legislations, before the jury whose signatures are below.

Thesis Advisor :  Prof. Dr. Ismail KOYUNCU ...,
Istanbul Technical University

Jury Members : Prof. Dr. Vedat UYAK
Istanbul Technical University

Prof. Dr. Halil HASAR
Firat University

Assoc. Prof. Dr. M. Evren ESAHIN ...,
Istanbul Technical University

Assoc. Prof. Dr. Afsin Y. CETINKAYA  .....ccccocoovviienne,
Yildiz Technical University

Date of Submission : 11 Temmuz 2024
Date of Defense : 02 Agustos 2024






To my beloved father, son and family..

Vil






FOREWORD

Firstly, 1 would like to express profound gratitude to my beloved father, Prof. Dr.
Ibrahim DEMIR, who has been my guiding light, mentor, and inspiration throughout
my life. His exemplary behavior has shaped me into the person | am today and his
determined support has been instrumental in my journey to becoming an
environmental engineer. 1 am deeply thankful for his endless efforts and unwavering
presence in every moment of my life. Words cannot express my gratitude to my Ph.D.
advisor, Prof. Dr. Ismail KOYUNCU. His unconditional support has been a constant
source of strength since the very beginning of my doctoral journey. Special
appreciation goes to Assoc. Prof. Dr. Mustafa Evren ERSAHIN, Assoc. Prof. Dr. Hale
Ozgiin ERSAHIN, Assist. Prof. Dr. Hiiseyin GUVEN and Assist. Prof. Dr. Mehmet
Emin PASAOGLU for their support during the preparation of my academic articles.
Thanks to Orhan ATACAN for his invaluable and consistent help during the modeling
process. This journey wouldn't have been possible without the steady support of my
wonderful wife Derya DEMIR and son Ibrahim Uraz DEMIR. Their encouragement
kept me going through the toughest times. Huge thanks also to my mom Rasime
DEMIR, brothers Mithat Erkam DEMIR and Abdurrahman Mesud DEMIR and uncle
Ali Ayhan DEMIR for always being there to lend a hand. Also thanks to my father-in-
law Y1lmaz BAKIR and mother-in-law Nebahat BAKIR, thank you for your constant
support as well.

AUGUST 2024 Mehmet Zahid DEMIR






TABLE OF CONTENTS

Page
FOREWORD ..ottt sttt sbe st sbeareeneene e iX
TABLE OF CONTENTS ..ottt Xi
ABBREVIATIONS ...ttt xiii
LIST OF TABLES ...ttt XV
LIST OF FIGURES ...t XVii
01V A o S XiX
OZET ...ttt XXi
1. INTRODUCGCTION ..ottt st nee e 1
1.1, PUIPOSE OF THESIS ....eeiiiiiiieii ettt 2
1.2, UNIQUE ASPECT.....eeiiiiiiesiieite ettt ste et ste e aeste et este e e e saeeneeaneenneaneas 2
1.3. Organization of the TheSIS.......c.ciiiiiii i 2
2. LITERATURE REVIEW. ......coiiiiiiiieii et 5
2.1. Historical DeVeIOPMENL........c.oooiiiiiiiiesieie e 8
2.2. Life Cycle Assessment of Water Treatment and Disinfection...................... 13
2.2.1. GOAl AN SCOPL.....c.eiveiiiiiiesiieii ettt 13
2.2.2. Life cycle inventory analysis (LCI).......ccceoviirieeiiiiesie e 16
2.2.3. Life Cycle Impact Assessment (LCIA) ..o 17
2.2.4. INEIPretation ........covveie e 19
2.3. Current LCA Studies on Water Treatment and Water Disinfection .............. 22
2.4, ECONOMIC CONSIABIALIONS. ....c.viviieeiiieiiisiisiesie et 29
2.5. FULUIE PEISPECTIVES.....c.uiiiiiiiiieieeeee et 30
2.6, CONCIUSION.....eiviitiiit sttt sbenne s 33

3. COMPARATIVE LIFE CYCLE ASSESSMENT OF FOUR MUNICIPAL
WATER DISINFECTION METHODS. ..ot 35
K200 I 111 oo [0 o{ o o SRS 35
3.2. Materials and MethodS ..........ccoviiiiiiiiieee s 39
3.2.1. GOAl AN SCOPL. ...ttt 39
BL2.2. LCI o e 40
B.2.3. LA e are s 42
3.2.4. INLErPretation ........covveeeieeie e 44
3.3 RESUILS ..t 44
3.4, CONCIUSIONS ..ttt st sbenne s 54

4. LIFE CYCLE ASSESSMENT OF PACKAGE AND ULTRAFILTRATION
DRINKING WATER TREATMENT SYSTEMS AT MUNICIPAL LEVEL...57

R 1) 0T [ o3 £ o] o I 57
4.2. Materials and MEethod.........c.c.oooiiiiiiiii e 59
4.2.1. GOAl @NU SCOPE.....ccueeiiiiiieie ittt 60
S T O L 62
S T O R 63
4.2.4, INEErPretatioN ....cccvee i 64
4.3. RESUILS aNT DISCUSSION.....cciiiuviiieiiittiieesiitie e e s eitte e s s ebeee e s ssseesesssbaeeessssreneesaans 65

Xi



4.3.1. Environmental performance of Package and UF Water

Treatment SYSTEMS .......oiiiiiei e 65

A4, CONCIUSION ....ovviieie ittt 73
5. CONCLUSION AND FUTURE PERSPECTIVE........cccooeviiiiiiene 75
REFERENCES .......coo oo 77
CURRICULUM VITAE ...ttt 89

Xii



ABBREVIATIONS

AOP : Advance Oxidation Process

DBP - Disinfection by Products

DEC : Department of Environment and Conservation Water Resources
Management Division

ELCC : Environmental Life Cycle Cost
EOFP : Ozone Formation - Terrestrial Ecosystems
EPA : Environmental Protection Agency
EPLCA : European Platform on LCA

EU : European Union

FEP : Freshwater Eutrophication

FETP : Freshwater Ecotoxicity

FFP : Fossil Resource Scarcity

FU : Functional Unit

FWT : Freshwater Transfer

GAC : Granular Activated Carbon

GFRP : Glass Fiber Reinforced Plastic
GWP : Global Warming Potential

HOFP : Ozone Formation - Human Health
HTPc : Human Carcinogenic Toxicity
HTPNC : Human Non-Carcinogenic Toxicity
ILCD : The International Reference Life Cycle Data System
IRP : lonizing Radiation

ISO . International Organization for Standardization
IWA : The International Water Association
LCA : Life Cycle Assessment

LCI : Life Cycle Inventory Analysis
LCIA : Life Cycle Impact Assessment
LED : Light Emitting Diode

LOP : Land Use

LP : Low pressure

LPHO : Low Pressure High Output

LPRO : Low Pressure Reverse Osmosis
LWA : Local Water Administration

MDH : Minnesota Department of Health
MEP : Marine Eutrophication

METP : Marine Ecotoxicity

NF : Nanofiltration

ODP : Stratospheric Ozone Depletion

oM : Organic Matter

PMFP : Fine Particulate Matter Formation
PU : Polyurethane

PVC : Polyvinyl Chloride

PVDF : Polyvinylidenefluoride

Xiii



PWTS
RO
SDGs
SOP

SS

TAP
TETP
UF
UFWTS
UN
UNICEF
uv
WCP
WHO
WTP

: Package Water Treatment System

: Reverse Osmosis

: Sustainable Development Goals

: Mineral Resource Scarcity

: Suspended Solids

- Terrestrial Acidification

: Terrestrial Ecotoxicity

- Ultrafiltration

- Ultrafiltration Water Treatment System
: United Nations

: The United Nations Children's Fund
- Ultraviolet

: Water Consumption

: World Health Organization

: Water Treatment Plant

Xiv



LIST OF TABLES

Page
Table 2.1 : Scopus Search ReSUILS. ......c.cooviiiiiic e 10
Table 2.2 :LCA articles on water supply systems, water treatment and disinfection
.................................................................................................................................... 22
Table 3.1 : ReCiPe midpoint impact categories and UNitS ...........ccoocvvvevvveresieesnenn. 43
Table 3.2 : Percentage change in the results due to electricity mix used................. 52
Table 4.1 : Design data of the UF water treatment SyStem ..........ccocvvvverererennninns 61
Table 4.2 : The water quality parameters on the scope of this study ........................ 63
Table 4.3 : Overview of the impact categories including the sources, results and
Interconnections DEtWEEN CAtEGONIES. ......ouviieeriirie ettt 70

XV






LIST OF FIGURES

Page
Figure 2.1 : Milestones of LCA NISTOIY ......oociiiiiiiieiiecec e 12
Figure 2.2 : Stages typically used for the system boundary for water treatment plant
LCA STUIES. ..ottt et bbbt ettt b et e neenre e 16
Figure 2.3 : LCIA methodologies distribution among the reviewed articles............ 18
Figure 2.4 : LCA software percental distribution among the reviewed articles ....... 19
Figure 3.1 : The system boundary of four disinfection methods .............ccccceoenenee, 40
Figure 3.2 : Location of the Water Treatment Plant where LCI data are collected.. 41
Figure 3.3 : Distribution of inputs for chlorination water disinfection system......... 45
Figure 3.4 : Distribution of inputs for ozone water disinfection system................... 46
Figure 3.5 : Distribution of inputs for UV LP water disinfection system................. 47
Figure 3.6 : Distribution of inputs for UV LED water disinfection system.............. 48
Figure 3.7 : Comparison of the four disinfection methods on midpoint impact
(01 (T o] =T TSRS 51
Figure 4.1 : System boundary of the compared water treatment methods................ 62
Figure 4.2 : Impacts of the package water treatment plant for midpoint impact
(08 LT[0 1= USSR 66
Figure 4.3 : Impacts of the UF water treatment plant for midpoint impact categories
.................................................................................................................................... 67
Figure 4. 4 : Comparison of the analyzed water treatment methods...............cccc.c.... 69

XVii






LIFE CYCLE ASSESSMENT OF PACKAGE AND ULTRAFILTRATION
SYSTEMS AND FOUR DISINFECTION TECHNOLOGIES FOR A FULL-
SCALE WATER TREATMENT PLANT

SUMMARY

A growing global population underscores the urgent need for access to adequate
drinking water, a basic human need. As recognized by the United Nations, access to
safe and clean drinking water is a basic human right and obliges governments to ensure
this right. To meet this need, various treatment and disinfection methods are used
depending on the water source. The materials and equipment used in these processes
are sourced from different sectors and discarded after use, potentially leading to
significant environmental consequences such as depletion of natural resources,
emissions and waste generation. To comprehensively assess these environmental
impacts, Life Cycle Assessment is one of the most comprehensive and
accuratemethodologies available.

Today's approaches to improving drinking water quality are mainly based on physical
and chemical processes as well as combination of those. Package treatment systems
offer several advantages over conventional plants by treating water through pre-built
treatment tanks using both physical and chemical processes. These systems are
characterized by relatively low initial investment cost, minimal spatial footprint, quick
installation and ease of operation. Furthermore, the materials used in these systems are
recyclable, reducing their environmental impact. In contrast, ultrafiltration systems
rely on physical processes which provide advantages such as reduced chemical use,
minimal space requirements, operational simplicity and potential for capacity
expansion. Regardless of the treatment method, disinfection of water is essential to
ensure safety for consumption.

Drinking water must be free of pathogenic microorganisms to be considered safe for
human consumption. Common water disinfection techniques include chemical
methods such as chlorination and ozonation, physical methods such as ultraviolet (UV)
irradiation, advanced oxidation processes and electrochemical methods. UV
irradiation is increasingly preferred because it is effective against a wide range of
microorganisms and easy to use. From an economic point of view, chemical
disinfection methods are generally more cost-effective, with the exception of ozone
due to its high investment and operational costs. Although the adoption of UV systems
has been increasing, it is supported by installations that utilize a variety of UV sources
despite its relatively high investment cost.

The aim of this thesis is to present a comparative analysis of the environmental impacts
of the most widely used disinfection systems, including gas chlorine, ultraviolet and
ozone, as well as package treatment and ultrafiltration water treatment systems, using
the Life Cycle Assessment methodology. This study aims to achieve a thorough
comprehension of the ecological consequences associated with both water treatment
and water disinfection systems, with the objective of facilitating knowledgeable
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decision-making in the pursuit of environmentally sustainable water treatment and
disinfection alternatives.

The comparisons were made by following the steps of ISO 14040 "Environmental
management - Life cycle assessment - Principles and framework" standard. 1SO 14040
specifies the steps to be applied in LCA studies and how they should be, and ISO
14044 "Environmental management - Life cycle assessment - Requirements and
guidance™ explains these steps in detail. The treatment and disinfection systems
examined in this thesis include phases i) Goal and scope definition ii) Life cycle
inventory analysis (LCI) iii) Life cycle impact assessment (LCIA) and iv) Life cycle
interpretation. The data used for the environmental impact calculations were collected
through site visits, literature and market researchThe data collected were arranged in
accordance with the functional unit and utilized in the computational process.. For the
calculation of environmental impact values, SimaPro, an LCA software, was used to
evaluate 18 impact categories together with the ReCiPe LCA methodology. The
results of the water treatment and disinfection systems examined within the scope of
the thesis were analyzed and the results were compared with the existing studies in the
literature in line with the thesis subject.

The water treatment systems were compared in terms of their environmental impacts
from both operation and construction. Although more material is used to produce
package water treatment system than ultrafiltration water treatment system, it is seen
that the environmental impact of package treatment systems is less in all impact
categories. The main reason for this is the high environmental impact of the production
of materials used in the production of ultrafiltration systems and the high energy
consumption required for operation. Another important aspect is that the materials
used in the production of the treatment tanks used in package treatment systems (e.g.
stainless steel, galvanized sheet) can be reused instead of being disposed of at the end
of their useful life.

The comparison of water disinfection systems considers only the impacts caused by
the operational phase. Environmental impacts caused by the production of the water
disinfection equipment are not included in the calculations. The reason for this is that
there is no literature information about the production of the disinfection equipment
examined and the manufacturers do not share this information. Among the water
disinfection equipment compared, the systems with the lowest environmental impact
were the UV system using low pressure amalgam ultraviolet lamps and the gas
chlorine system. The ozone system and the UV system using LED ultraviolet lamps
had the highest environmental impact. The main reason for this result is the amount of
energy required for operation.

The results show that the environmental impacts of the water treatment and
disinfection processes are important for the source of the energy and material
production steps used in the plant. When utilizing two separate sets of electricity
generation data - one encompassing global electricity generation and the other
focusing on local electricity generation - no alteration was observed in the ecological
impact rating of water disinfection systems. However, variations were evident in each
impact category, both showing increases and declines. The use of renewable energy
sources will reduce the environmental impacts of drinking water treatment and
disinfection systems.
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TAM OLCEKLI BIR SU ARITMA TESIiSI ICIN PAKET VE
ULTRAFILTRASYON SIiSTEMLERI iLE DORT DEZENFEKSIYON
TEKNOLOJISININ YASAM DONGUSU DEGERLENDIRMESI

OZET

Artan kiiresel niifus, temel bir insan ihtiyaci olan yeterli igme suyuna acil erisim
thtiyacinin altin1 ¢izmektedir. Birlesmis Milletler tarafindan da kabul edildigi iizere,
giivenli ve temiz i¢gme suyuna erigim temel bir insan hakkidir ve hiikiimetleri bu hakk1
saglamakla yiikiimlii kilar. Bu ihtiyaci karsilamak i¢in su kaynagina bagli olarak cesitli
aritma ve dezenfeksiyon yontemleri kullanilmaktadir. Bu siireglerde kullanilan
malzeme ve ekipmanlar farkli sektorlerden temin edilmekte ve kullanim sonrasinda
atilmakta, bu da potansiyel olarak dogal kaynaklarin tiikenmesi, emisyonlara ve atik
olusumu gibi 6nemli ¢evresel sonuclara yol agmaktadir. Bu ¢evresel etkileri kapsamli
bir sekilde degerlendirmek i¢in Yasam Dongiisii Degerlendirmesi mevcut en kapsamli
ve hassas metodolojilerden biridir.

Giliniimiizde i¢cme suyu kalitesinin iyilestirilmesine yonelik yaklasimlar temel olarak
fiziksel ve Kkimyasal siireglerin yani sira bunlarin birlikte kullanilmasina
dayanmaktadir. Paket aritma sistemleri, suyu hem fiziksel hem de kimyasal siirecler
kullanarak oOnceden insa edilmis aritma tanklar1 aracilifiyla aritarak geleneksel
tesislere gore ¢esitli avantajlar sunmaktadir. Bu sistemler nispeten diisiik ilk yatirim
maliyeti, minimum alan ihtiyaci, hizli kurulum ve isletme kolaylig1 ile karakterize
edilir. Ayrica, bu sistemlerde kullanilan malzemeler geri dontistiiriilebilir ve ¢evresel
etkilerini azaltir. Buna karsilik, ultrafiltrasyon sistemleri daha az kimyasal kullanima,
minimum alan gereksinimi, operasyonel basitlik ve kapasite genisletme potansiyeli
gibi avantajlar saglayan fiziksel siireclere dayanir. Aritma yontemi ne olursa olsun,
tilketiciye saglikli ve giivenli igme suyu saglamak i¢in suyun dezenfeksiyonu esastir.

Igme suyunun insan tiiketimi acisindan giivenli kabul edilebilmesi icin patojen
mikroorganizmalardan arindirilmig olmasi gereklidir. Yaygin su dezenfeksiyon
teknikleri arasinda klorlama ve ozonlama gibi kimyasal yontemler, ultraviyole (UV)
gibi fiziksel yontemler, gelismis oksidasyon islemleri ve elektrokimyasal yontemler
yer almaktadir. UV ¢ok ¢esitli mikroorganizmalara karsi etkili olmasi ve kullaniminin
kolay olmasi nedeniyle giderek daha fazla tercih edilmektedir. Ekonomik agidan
bakildiginda, yiiksek yatirim ve isletme maliyetleri nedeniyle ozon hari¢, kimyasal
dezenfeksiyon yontemleri genellikle daha uygun maliyetlidir. UV sistemlerinin
kullanim1 artmakla birlikte, nispeten yliksek yatirim maliyetine ragmen cesitli UV
kaynaklarini kullanan tesislerin sayis1 her gecen giin artmaktadir.

Bu tezin amaci, Yasam Donglisii Degerlendirmesi metodolojisini kullanarak gaz klor,
ultraviyole ve ozonun yani sira paket aritma ve ultrafiltrasyon su aritma sistemleri de
dahil olmak iizere en yaygin kullanilan dezenfeksiyon sistemlerinin g¢evresel
etkilerinin karsilastirmali bir analizini sunmaktir. Bu calisma, ¢evresel agidan
stirdiiriilebilir su aritma ve dezenfeksiyon alternatifleri arayisinda karar vermeyi
kolaylastirmak amaciyla, hem su aritma hem de su dezenfeksiyon sistemleriyle iligkili
ekolojik sonuglarin kapsamli bir sekilde anlasilmasini saglamay1 amaclamaktadir.
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Karsilagtirmalar ISO 14040 “Cevre yonetimi - Yasam dongiisii degerlendirmesi -
Ilkeler ve cerceve” standardinin adimlar takip edilerek yapilmistir. ISO 14040, LCA
calismalarinda uygulanacak adimlar1 ve bunlarin nasil olmasi gerektigini belirtirken,
ISO 14044 “Cevre yonetimi - Yasam dongiisii degerlendirmesi - Gereklilikler ve
kilavuz” bu adimlan detayli olarak aciklamaktadir. Bu tezde incelenen aritma ve
dezenfeksiyon sistemleri i) Hedef ve kapsam tanimi ii) Yasam dongiisii envanter
analizi (LCI) iii) Yasam dongiisii etki degerlendirmesi (LCIA) ve iv) Yasam dongiisii
yorumlama asamalarint igermektedir. Cevresel etki hesaplamalar1 i¢in kullanilan
veriler saha ziyaretleri, literatilir ve piyasa arastirmasi yoluyla toplanmistir. Toplanan
veriler fonksiyonel birime (functional unit) goére diizenlenmis ve hesaplama siirecinde
kullanilmistir. Cevresel etki degerlerinin hesaplanmasinda, ReCiPe LCA metodolojisi
ile birlikte 18 etki kategorisini degerlendirmek i¢in bir LCA yazilimi olan SimaPro
kullanilmistir. Tez kapsaminda incelenen su aritma ve dezenfeksiyon sistemlerinin
sonuglart analiz edilmis ve sonuglar tez konusu dogrultusunda literatiirdeki mevcut
calismalarla karsilastirilmistir.

Modellemede kullanilan veriler iki grup altinda toplanmistir. Birinci grubu 6n plan
verileri (foreground data) ve ikinci grubu ise arka plan verileri (background data)
olusturmaktadir. On plan verileri, bir iiriiniin yasam déngiisiiniin sistem simir1 i¢indeki
stireglerden dogrudan toplanan spesifik, birincil verileri ifade eder. Bu veriler
genellikle dogrudan olgiimlerden veya ayrintili sirket kayitlarindan toplanir ve
degerlendirilen belirli iiriin veya siirece 6zgiidiir. On plan verileri saha ziyaretleri,
iretici firmalar ve isletmeciler ile direkt goriismeler gibi ¢alismalar ile
toplanabilmektedir. Arka plan verileri, incelenen sistemin dogrudan kontrolii disindaki
ortalama kosullar1 veya siiregleri temsil eden genel verileri kapsar. Bu veriler
genellikle veri tabanlarindan, literatiirden veya diger ikincil kaynaklardan elde edilir
ve enerji liretimi, malzeme iiretimi ve atik yonetimi gibi siirecler i¢in daha genis bir
baglam saglar. Arka plan verileri belirli slire¢ detaylarinin mevcut olmadigir genel
durumlarda kullanilmaktadir. Bu tez kapsaminda 6n plan verileri pilot igme suyu
aritma tesisine yapilan saha ziyaretleri, ekipman tireticileri ile gériismeler, aritma tesisi
isletmecileri ile yapilan goriismeler ve ilgili kurumun isletme kayitlar1 incenelerek
olusturulmustur. Arka plan verileri ise Ecoinvent veritabani, litereatiir arastirmalar ve
Amerika Cevre Ajanst (US EPA) gibi kurumlarin hazirlamis oldugu raporlar
kullanilarak olusturulmustur.

Su aritma sistemleri hem isletme hem de insaat kaynakl cevresel etkileri agisindan
kargilastirilmistir. Paket su aritma sistemi iretmek icin ultrafiltrasyon su aritma
sistemine gore daha fazla malzeme kullanilmasina ragmen, paket aritma sistemlerinin
cevresel etkisinin tiim etki kategorilerinde daha az oldugu goriilmektedir. Bunun temel
nedeni, ultrafiltrasyon sistemlerinin iiretiminde kullanilan malzemelerin iiretiminin
yiiksek cevresel etkisi ve igletme icin gereken yiiksek enerji tiiketimidir. Bir diger
onemli husus ise paket aritma sistemlerinde kullanilan aritma tanklarinin iiretiminde
kullanilan malzemelerin (6rn. paslanmaz c¢elik, galvanizli sac) kullanim omiirlerinin
sonunda bertaraf edilmek yerine yeniden kullanilabilmesidir. Su aritma sistemlerinin
on plan verileri incelen ekipmanlarinda kullanilan malzemeler, igme suyu aritma
tesisinin belirlenen faydali Omrii boyunce isletme esnasinda kullanilan sarf
malzemeleri, kimyasallar enerji ve aritilan igme suyu miktar1 {izerinden
olusturulmustur.

Su dezenfeksiyon sistemlerinin karsilastirilmasinda sadece isletme asamasindan
kaynaklanan etkiler dikkate alinmaktadir. Su dezenfeksiyon ekipmaninin iretiminden
kaynaklanan c¢evresel etkiler hesaplamalara dahil edilmemistir. Bunun nedeni,
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incelenen dezenfeksiyon ekipmanlarinin iiretimine iligkin literatiir  bilgisi
bulunmamast ve Treticilerin bu bilgileri paylasmamasidir. Karsilagtirilan su
dezenfeksiyon ekipmanlar1 arasinda ¢evresel etkisi en diisiik olan sistemler diisiik
basingli amalgam ultraviyole lambalarin kullanildigr UV sistemi ve gaz klor sistemi
olmustur. Ozon sistemi ve LED ultraviyole lambalari kullanan UV sistemi en yliksek
cevresel etkiye sahip sistemlerdir. Bu sonucun ana nedeni isletme i¢in gereken enerji
miktaridir. Su dezenfeksiyon sistemlerinin 6n plan verileri mense iilke, nakliye rotasi
ve tiirti, isletme icin gerekli olan kimyasallar, enerji ve dezenfekte edilen icme suyu
miktari tizerinden olusturulmustur.

Sonuclar, su aritma ve dezenfeksiyon proseslerinin g¢evresel etkilerinin, tesiste
kullanilan enerji ve malzeme iiretim adimlarinin kaynagi agisindan énemli oldugunu
gostermektedir. Biri kiiresel elektrik tiretimini kapsayan, digeri ise yerel elektrik
tiretimine odaklanan iki ayr1 elektrik tretim verisi seti kullanildiginda, su
dezenfeksiyon sistemlerinin ekolojik etki derecelendirmesinde herhangi bir degisiklik
gbzlenmemistir. Ancak, her bir etki kategorisinde hem artis hem de diislis gosteren
farkliliklar goriilmiistiir. Yenilenebilir enerji kaynaklarinin kullanimi, igme suyu
aritma ve dezenfeksiyon sistemlerinin ¢evresel etkilerini azaltacaktir.
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1. INTRODUCTION

Delivering safe and healthy drinking water to consumers requires a comprehensive
strategy influenced by a combination of processes and expertise combining various
industries. It can be accepted that the extraction of natural sources is the beginning of
the water treatment operation because the equipment and the chemicals used in the
production of drinking water are made with the various process that converts raw
materials to a product. Even though different chemicals and equipment are used
depending on the chosen water treatment process, all of them are energy and chemical

dependent.

Every step involved in producing drinking water has environmental implications,
impacting soil, water, air, and the surrounding ecosystem. These impacts can be
assessed and managed using different methods, such as carbon footprint, water
footprint, or life cycle assessment (LCA). While methods like carbon and water
footprint focus on specific aspects, LCA provides a holistic view, covering multiple

areas that require protection.

In conducting life cycle assessments, various categories are surveyed to evaluate
impacts. Common categories include acidification, climate change, depletion of
resources, eutrophication, ionizing radiation, and human and ecological toxicity. As
global awareness of the urgent need for environmental conservation and the fight
against global warming continues to rise, the importance of Life Cycle Assessment

(LCA) is poised to increase significantly in the years ahead.

This thesis compared an existing municipal water treatment plant (conventional
package water treatment system) with a virtually designed ultrafiltration water
treatment system. Together with the whole water treatment process, four different
water disinfection systems; chlorination, ultraviolet (UV) system using low pressure
high output (LPHO) amalgam lamps, ultraviolet (UV) system using light emitting

diodes (LED) lamps and ozonation.



1.1. Purpose of Thesis

In this thesis, the goal is to conduct a thorough examination of the environmental
consequences associated with the production of drinking water and its disinfection at
a municipal level, utilizing the framework of Life Cycle Assessment (LCA). Water
treatment involves a complex blend of industrial processes, each exerting a direct
influence on natural resources and ecosystems. To quantify these impacts, the ReCiPe
midpoint impact category methodology is employed. Through the analysis, we analyze
different water treatment and disinfection systems to understand their environmental

impacts, including those from production, operations, energy use, and transportation.

1.2. Unique Aspect

A notable aspect of this research lies in its response to a gap identified in the existing
literature. Previous studies on LCA within the field of water treatment and disinfection
have predominantly focused on small-scale facilities. By contrast, this thesis addresses
this deficiency by examining into the LCA of a full-scale water treatment plant, with
a capacity of 9072 m®/h. Moreover, the study extends its scope beyond conventional
boundaries by evaluating novel disinfection systems such as the LPHO UV, UV LED,
and ozone disinfection technologies. The inception of these systems was influenced
by a pilot water treatment facility that is currently operational. This departure from
traditional practices lends a unique perspective to the LCA analysis, offering insights

into technologies and flow rates that are up to the present remained uninvestigated.

1.3. Organization of the Thesis

The structure of this thesis comprises five main sections, each subdivided into
subsections to facilitate a comprehensive analysis of the research. The first section
starts with the introduction where the insights of thesis is explained. Following this,
the thesis includes literature riveiw section, providing a thorough examination of
relevant literature. Chapters three and four present the main research chapters
describing the methodology of the compared water treatment and water disinfection
systems, findings and discussions in the sub-chapters. These investigations were
carefully constructed using collected data and then modeled using LCIA software.

Finally, the thesis concludes with a comprehensive conclucions and recommendations



section, wherein the outcomes of the study are deliberated upon, accompanied by

reflections on future research directions.






2. LITERATURE REVIEW

United Nations recognizes that access to safe drinking water is accepted as a human
right and indicates this right, as well as other human rights, must be provided and
protected by States that infers giving the duty to governmental institutions to provide
safe water to the public (UN, 2010). Assessing the potential environmental impacts of
water treatment is essential to ensuring that these projects are implemented in a
sustainable manner. The production of quality and safe drinking water for the public
can have environmental and human health impacts, which need to be carefully
considered. An evaluation method named Life Cycle Assessment (LCA) started to be
used in the late 20" century to evaluate the enviromental impacts of products or
services. Even though LCA is mainly used to compare the environmental impacts of
different alternatives to a product/service, it can also be used to assess the
environmental impacts of a particular product/service (Collado-Ruiz & Ostad-Ahmad-
Ghorabi, 2010). International Organization for Standardization (ISO) internationally
standardizes the method with 1SO 14040 and 1SO 14044. The LCA evaluation method
is also being used to address the environmental impacts of water production and water

disinfection.

Water treatment and disinfection technologies have been continuously developing
since the 18™ century (Symons, 2006). Water production in the 21% century mainly
uses groundwater, surface water, and seawater as raw water sources. Surface water and
groundwater are the most common water sources used to provide fresh water to people.
Depending on the water quality, some groundwaters are eligible for direct use with
filtration and disinfection, but others need treatment before consumption. With the
improvements in membrane technology, water from the sea or brackish waters started
to be used for human consumption after treatment methods such as advanced
membrane treatment or thermal processes (Younos & Tulou, 2009). Conventional
water treatment plants usually consist of steps for coagulation, flocculation, settling,

filtration and disinfection (Weiner & Matthews, 2003). Process modifications can be



implemented in conventional water treatment plants depending on the raw water
quality and the targeted quality determined by regulations (Jiménez et al., 2018).
Nowadays, package water treatment systems are starting to be used in water treatment.
Package treatment systems combine coagulation, flocculation, settling, and filtration
in a one single tank taking less space than conventional methods. In case of high

expropriated pricing, it is a good solution for using less space (Kulkarni et al., 2022).

Raw water that enters the water treatment plant (WTP) may have turbidity, and to
reduce the turbidity, coagulants are used to neutralize the particles and bring them
together to make flocs. Once the flocs are formed, they need to be removed from the
water by a settling process. Suspended particles in the water settle in the settling tank,
and sludge is removed from the settling tank. After the settling tanks, water is filtered
to retain suspended solids from the flocculation and settling process. The next step is
water disinfection, which is crucial in preventing waterborne diseases caused by
pathogenic microorganisms. Chlorination is the maturest and the most commonly used
disinfection method in water treatment (Monaghan et al., 2011). Different types of
chlorine-based disinfectants are used in water treatment plants for water disinfection
such as gaseous chlorine (HOCI) and liquid chlorine (NaOCI) (Kumar & Pandit, 2012).
Chlorine has a distinct advantage as being a residual disinfectant, but at the same time,
it has a disadvantage due to the formation of disinfection by-products (DBPs) which
is caused by the organic matter in the treated water. Optimization of the chlorine is
essential to control DBPs, which are cancerogenic for humans. Even though chlorine
is well known and highly used for water disinfection, it affects the aesthetics of water
in the means of taste and odor. When chlorine is used as a disinfectant, and if there are
chlorine-resistant microorganisms in the water source, a second or different
disinfection alternative is needed. For this issue and to reduce the usage of chlorine,
other alternative water disinfection technologies, such as ozone and ultraviolet, are
increasing around the globe. The Multi-Barrier Approach, which combines two
different water disinfection alternatives, helps to minimize DBP formation, increase

the disinfection effect, improve water aesthetics and meet the required limits.

Another water treatment method that is started to be used widely is desalination, Jones
et al. (2019). Desalination uses advanced membrane technologies or thermal processes
to produce drinking water from seawater. The desalination process can be divided into

three steps; pre-treatment, main treatment and post-treatment. For the main treatment,



membrane and thermal processes are mainly used. The cost of desalination is higher
than conventional treatment in terms of capital investment, operation and cost of
producing a cubic meter of water, but the forecast shows that in 20 years, the
construction costs, water production costs, and electricity consumption will be reduced
by almost 50% and the efficiency of membranes for producing one cubic meter of

water will increase 3 times (IWA, 2016).

When the environmental impacts of a product or service are evaluated, carbon
footprint (Hofs et al., 2022b) and water footprint (Ledo et al., 2022) are also considered
as an individual category for impact assessment method. Although these two factors
are essential, a more comprehensive approach is needed to evaluate the broader
impacts of environment. At this point, Life Cycle Assessment (LCA) is used, which
covers a wide range of environmental impacts with midpoint and endpoint indicators
(Finnveden & Potting, 2014). Depending on the region, different approaches to LCA
are made with the chosen Life Cycle Impact Assessment methodologies and databases
which screen different impact categories (Su, 2021). Regarding LCA of water
production, studies on conventional and membrane process water production have

been carried out.

Scopus, a peer-reviewed literature database that can be used for article searches, is
used for literature search on LCA of water treatment and water disinfection techniques.
4 different research topics are used to find the related articles on this paper’s topic; i)
LCA Water Treatment ii) LCA Potable Water Production iii) LCA Water Disinfection
iv) Life Cycle Water Disinfection. Article research is carried out in the article title,
abstract and keywords section of articles with using keywords together with
conjunction “AND” between them. A large number of research articles are seen at first
glance but these results contained many articles which are not related LCA of drinking
water treatment or drinking water disinfection. When the detailed search is made using
the advanced search section of Scopus, different results are received. To be able to
narrow down the search for the exact articles that are related, connective “AND NOT”
is used to exclude words that are not related to this review paper. Even after using this
method some unrelated articles were shown on the search page. Each article had to be
checked and narrow it down to the ones that are related with the area of this paper.
Tablel shows the search results of the articles from Scopus with different search

options and their results. In addition to Scopus, ScienceDirect and Google Scholar was



2.1.

used to access to research articles on the topic of this review article. Table 2.1 shows
the number of articles on drinking water treatment and drinking water disinfection
published in the Scopus database between 1997 and 2022.

This chapter of the thesis thesis conducted a comprehensive review of studied articles
that investigated the life cycle assessment (LCA) of water treatment and disinfection,
encompassing those that analyzed water treatment and disinfection within the water
supply system, as well as a restricted number of articles that integrated economic
factors in conjunction with the life cycle of water treatment. In light of the fact that
capital and operational costs are crucial considerations for decision-makers, it would
be advantageous to assess LCA models that consider the financial implications for the
public interest. LCA studies in the field of water disinfection technology are limited,
with a narrow focus on the disinfection of water itself rather than on related areas such
as the disinfection of wastewater, reuse water disinfection or disinfection by-products.
The present review paper aims to examine the existing life cycle assessment (LCA)
studies on water treatment and disinfection, while also identifying the research gaps

and providing recommendations for future LCA investigations in this area.

Historical Development of Water Teratment, Water Disinfection and LCA

The history of water treatment started with the filtration process. The first illustrated
filtration system dated back to 1685: Sand filtration following straining (coarse
filtration) and sedimentation. Around the 1750s, the first patent of filtration was issued,
which used a sponge, sand, and wool filtration, and in 1791 a British inventor, James
Peacock, patented his slow sand filter with backwashing. At the beginning of the 18"
century, Dr. Pluche stated that river water quality could be increased by sedimentation.
The industry used these filters, and the first municipal installation of a filtration system
was made in Scotland in 1804, but there was no distribution system. In 1807, Glasgow
became the first city in the world to have a water treatment system with a distribution
network. At these times, the treatment was used to improve water quality parameters
such as odor, color, and taste. Parallel to studies on filtration, softening of water started
to be tested by researchers. In 1882, Doctor Robert Koch discovered tuberculosis
bacillus, and the studies on bacteriology started to receive more attention (Symons,
2006). The mid-1880s was a turning point for water treatment when cholera bacteria

were discovered, and water was the carrier (Lippi & Gotuzzo, 2014). These



discoveries’ outcome was the understating and need for water disinfection. Different
methods for water disinfection were carried out in the world around at the same time.
Belgium was the first country in the world to use chlorination for water disinfection in
1902 followed by the USA with first experimental ozone water disinfection in 1906
(Miller et al., 1978) and France with the first UV water disinfection system installation
in 1910 (Chen et al., 2006). Another historical moment for water treatment was the
desalination process. Around 1965, the first desalination plant was built in San Diego
(Swyngedouw & Williams, 2016).



Table 2.1 : Scopus Search Results.

Search Search Within ~ Keywords Included Keywords Excluded Number
Topic of Papers
LCA Water
Treatment
TITLE-ABS-  LCA, water, treatment  None 1,165
KEY
TITLE-ABS-  LCA, water, treatment, none 529
KEY plant
TITLE-ABS-  LCA, water, treatment,  Wastewater, recovery, effluent, 27
KEY plant sewage, recycle, waste, industry,
sludge, soil, fire, harvesting,
rainwater, biomass, power-plant,
wash, chemicals, reuse,
purification
LCA
Potable
Water
Production
TITLE-ABS-  LCA, potable, water, none 68
KEY production
TITLE-ABS-  LCA, potable, water, Wastewater, food, solvent, 33
KEY production chemical, bone
LCA Water
Disinfection
TITLE-ABS-  LCA, water, none 45
KEY disinfection
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Table 2.2 (continued): Scopus Search Results.

TITLE-ABS- LCA, water, wastewater 24
KEY disinfection
TITLE LCA, water, none 1
disinfection
Life Cycle
Water
Disinfection
TITLE-ABS-  Life, cycle, water, Wastewater, covid, hospital, 10
KEY disinfection bacteria, textile, health, clean,
rain, solar
TITLE Life, cycle, water, 5
disinfection

The first LCA study was made by the Midwest Research Institute in 1969 for a private
beverage company to assess the environmental impacts attributed to energy and
material consumption of different packaging material production processes from the
extraction of raw materials to the removal of the packaging materials (Hunt et al.,
1992). The target of the beverage company was to determine the packaging material
with the least impact on natural sources and the environment. Depending on the region,
LCA studies were conducted under the names such as Resource and Environmental
Profile Analysis and Ecobalances. During the late 1980s and early 1990s, the
foundations of LCA were laid out as two LCA Software programs were launched,
followed by the Society of Environmental Toxicology and Chemistry's introduction of
the Life Cycle Assessment (LCA) concept in 1996, which further solidified its
structure (Hunt & Franklin, 1996). One of the turning points for LCA was the
introduction of 1ISO 14040 (LCA principles and framework) in 1997. Following years
ISO 14041/14042/14043 was released. In 2006, ISO 14044 and I1SO 14040:2006 was
published, and 1SO 14040:1997, ISO 14041:1988, ISO 14042:2000, and ISO
14043:2000 were repealed. Figure 2.1 shows the critical milestones of LCA history,
starting from the study accepted as the first LCA work. In following years, the field of
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LCA underwent significant development. The introduction of various LCA
methodologies and software, alongside the standardization of LCA by 1SO, facilitated
a more intense approach. However, it was not until 1997 that global concern for
environmental impacts gained international recognition. With the adaptation of Kyoto
protocol, targets were set for the UN member states to reduce the emissions. The global
efforts to reduce the emissions of the gases which were responsible for global warming
and climate change continued. UN’s Sustainable Development Goals (SDGs) targets
various objectives. 17 goals are described and for each goal various targets are set.
Goals number 6 (clean water and sanitation), number 7 (affordable and clean energy),
number 9 (industry, innovation and infrastructure), number 12 (responsible
consumption and production) and number 13 (climate action) are directly related with
LCA by the means of protecting natural resources, shifting towards renewable energy
sources, using cleaner industrial processes, waste management, sustainable use of

natural resources and reducing Greenhouse Gases.

1969 First LCA Study UN Sustainable
- Development | - Impact Emissions
Life Cycle Assessment Kyoto IS0 14042  TRACI 15014040 Goalswere  |mpactworld+ Reduction
Terminology 150 14040 Protocol 1SQ 14043 Released 150 14044 Introduced Released Target by 45%

v \J \J \J \4 \4 \4
A A A A A A

GaBi- FirstLCA 1993 CML- First  First LCA Study 15014041 LIME ILCD ReCiPe Paris EU Green Emissions
Software LCA Methodology on Water Released Released Agreement  Deal Net Zero
Released Released Treatment

Figure 2.1 : Milestones of LCA history.

The earliest study on LCA of water treatment was made by Sombeke et al.(1997),
where an environmental impact assessment of groundwater treatment with
nanofiltration was made. Since then, some LCA studies of water treatment, potable
water production, water systems, and desalination have been made. When the literature
was investigated, it was seen that there are more desalination and membrane process

water treatment LCA articles than conventional water treatment articles.
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2.2. Life Cycle Assessment of Water Treatment and Disinfection

2.2.1. Goal and Scope

Defining the goal of the LCA is very important due to its effect on interpreting
the outcomes. Other phases of LCA should comply with the goal definition to
prevent misleading. Based on the 1SO standard 14040 (1SO-14040), defining
the Goal and Scope is the first step of an LCA study. On the International Life
Cycle Data system (ILCD, 2010) LCA Guidance, it is stated that, based on ISO
14044, the goal of an LCA study should cover/answer six aspects; i) Type of
application(s) that the deliverables and results will be used ii) Limitations for
the study due to the chosen method, impact coverage and assumptions iii) Why
this study and decision is carried out iv) Who are the targeted audience for
results? v) Will the comparative study be shared with the public? vi) Who is

commissioning the study, and are there influential decision-makers.

Most of the reviewed articles about LCA water treatment/disinfection clearly
described their goal. The LCA study by Walsh and Mellor (2020) compared
four methods (boiling, bio sand filtration, ceramic water filters, chlorination)
for drinkable water production and described their goals as a comparative
analysis of these four methods. An evaluation of water services in the city of
lasi, Romania, was conducted by Barjoveanu et al. (2013) to analyze the water
system of the city through LCA. The LCA study made by Jachimowski &
Nitkiewicz (2019) compared only the disinfection process, and the goal was to
check the environmental impacts of UV disinfection and chlorine disinfection.
Igos et al. (2014) compared two water treatment plants (WTP) from the point
of view of LCA, and the goal was to investigate each process by focusing on
their infrastructure and waste generated by the plants. LCA studies are not
always carried out to compare outputs. Meron et al. (2020) applied LCA to the
water system of Israel, and the goal was to evaluate the life cycle environmental
impacts of the centralized water system of Israel. Together with the described
goal, there were some other objectives of the study, such as acting as a
guideline for future LCA studies for Israel’s water system, contributing to

regional LCA methodology, and observing the environmental impacts of water
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production while identifying the critical elements of water distribution system

to reduce the energy needs together with the environmental impacts.

The scope definition of an LCA study also works as a guideline for the goal
definition. This part of an LCA study defines essential aspects such as
functional unit, system boundary, limitations, assumptions (if made), the
system that will be studied, data needed, and the interpretations used. One thing
that needs to be described in the scope of the an LCA study is the Life Cycle
Impact Assessment (LCIA) methodology and type of impact. The parameter
for the LCA study to work on is the Functional Unit (FU) which works as an
anchor point for the carried-out LCA study. FU should contain quantitative and
qualitative aspects of the studied system and it should correlate with the
definitions of goal and scope defined in the study (Joint Research Center,
2010). A valid and fair comparison of studied systems/products without FU is
impossible. 1ISO 14044 defines FU as the “quantified performance of a product
system for use as a reference unit.” The ILCD LCA guidelines stated that FU
should answer the questions what, how much, how, well, and how long? The
LCA studies on water treatment mostly use 1 m? treated water at the plant.
Unlike most articles, Bonton et al. (2012) chose the FU of 1 m* nano-filtered
quality water based on four water parameters and compared two WTPs with
the same function. Barjoveanu et al. (2019) brought a different approach by
choosing two FU for their LCA study. The author’s first FU was 1 m? of treated
water, and his second FU was 1 kg of organic matter and suspended solids
removed from the water. Amores et al. (2013) detailed her FU, 1 m® of water
received by consumers in the Spanish Mediterranean region, as defining the

exact location for water usage.

The System boundary is the investigation of processes covered in the LCA for
production or service. Choosing a system boundary that is compatible with the
study's goal and scope is essential. In case of neglecting a process or a stage
used in the production, it should be specified with the reasons. In the reviewed
articles, system boundaries were defined, but only a few explained the reasons
for excluding the processes which were not used for the LCA study.
Capitanescu et al. (2016) conducted an LCA study that compared WTP from a
cost and LCA perspective. The study system boundary was explained as the
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operation stage of WTP’s life cycle without the construction and
decommissioning stages. Goga et al. (2019) studied the LCA of two potable
water production systems and included construction and operation phases to
the system boundary while neglecting the decommissioning stage. The author
neglected the decommissioning stage considering the findings of Friedrich
(2002) & Raluy et al. (2005), which showed the impact of the decommissioning
stage had a low overall impact compared with other processes. Similar to Goga
etal. (2019), Tarnacki et al. (2012) neglected the construction and dismantling
phases of the LCA study, which compared two desalination processes due to
their minor impact on the results. Godskesen et al. (2013) selected a
comprehensive system boundary, which included water intake from three
different water sources, a water treatment facility including all the processes, a
water distribution network and the transportation/treatment of wastewater.
Figure 2.2 shows the general demonstration of the stages included in the system
boundary of a water treatment plant LCA study. The figure shows the input and
output parameters of the three main stages of the WTP LCA study. Materials
are transported to the site in construction, and energy is used to build the
facility. The water treatment phase uses materials (transportation), energy and
raw water to produce treated water. Once the economic life of the WTP is
completed, decommissioning stage starts and materials that could be reused are
recycled, and the rest is sent to landfills.
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Figure 2.2 : Stages typically used for the system boundary for water treatment plant
LCA studies.

2.2.2. Life cycle inventory analysis (LCI)

Life cycle inventory analysis (LCI) is the second phase of an LCA study and is the
part where the data for LCA is collected. These data include the inputs and the outputs
of the studied system. The goal and scope stage guide this phase and directs data
collection and analysis. The input data can include construction, operation, and
decommissioning data depending on the system boundary. The LCI process is the most
time-consuming step of an LCA study. During the data collection, more insights about
the system can be gained, and this can cause new data collection and limitations. In

some cases, the LCI phase can cause an update in the goal and scope of the LCA study.

In the reviewed articles, there were different approaches for the LCI phase. Some of
them used existing data from the operators, some used data from the databases, and
some used literature data for the LCI phase. The reviewed 60 articles were focused on
the LCA of the water supply process and water disinfection. The LCI phase generally
consists of data from i) construction, ii) operation & maintenance iii)
decommissioning. Depending on the LCA study's goal, the data collection and

selection can vary (Corominas et al., 2020).
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In the study by Bonton et al. (2012), the authors compared one existing WTP plant
with a virtual WTP which is designed with the same water outlet parameters as the
existing WTP. For this LCA study, the existing data was used together with the design
data of the non-existing plant. The input and output data for the construction and
decommissioning phases included in the LCA study were drawn for the Ecoinvent
database. A similar study and inventory data collection were made by Goga et al.
(2019), where the LCA of a desalination plant was made for potable water production.
The data was drawn from the plant by a spreadsheet that included input and output
data for all unit operations. In situations where the data could not be received, such as
the weights of the tanks, it was calculated based on the available data. In their article,
Vince et al. (2008) stated that the studied system's environmental impacts depend on
the LCI, where all the inputs and outputs are generated as the system boundary
explains. The LCI phase of this study was mostly built by the literature, modeling, and
assumptions. Similar to Vince et al. (2008), Tarnacki et al. (2012) used data from the
pilot and laboratory plants, data, and assumptions based on the literature. Barrios et al.
(2008) interviewed WTP personnel, collected internal reports, and withdrew data from
databases to generate LCI for the study.

2.2.3. Life Cycle Impact Assessment (LCIA)

Life Cycle Impact Assessment (LCIA) is the third step of an LCA study. In this step,
the LCI results are evaluated regarding potential environmental impacts through the
chosen LCIA methodology. It is essential to plan the LCIA phase for the success of
the goal and scope of the LCA study. There are mandatory and optional elements for
the LCIA based on ISO 14040/14044. Mandatory elements consisted of

1. characterization models, indicators for the category, and determining impact

categories;
2. grouping the LCI results based on impact categories;
3. calculating category impact results (1SO, 2006).

Choosing an LCIA method depends on different factors such as data availability,
requirements, need for midpoint/endpoint assessment, etc. The most crucial point is
that the chosen method must meet the requirements of 1SO 14040. ISO 14040/14044
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does not address using a specific LCIA methodology, but in some cases, national
governmental institutions can advise using a specific LCIA methodology (Hauschild
et al., 2018). One crucial point is that LCIA is that each impact category has its
approach in the means of values, assumptions, and reference data used for the
weighting and normalization (Roth et al., 2022). There are different LCIA methods;
on a global scale, IMPACT World+, LC-IMPACT, and ReCiPe 2016 are widely used.
In North America, BEES and TRACI are prevalent methods for LCIA. European
methods have more variety from CML-IA, Environmental Prices, Ecological Scarcity
2013, EF 3.0, EN 15804 + A2, WPD 2018, and EPS 2015d and EPS 2015dx (SimaPro,
2022).

In the reviewed articles, most used methodologies were ReCiPe, CML, and Eco
indicator. Figure 2.3 shows the distribution of the LCIA methodologies among the
reviewed articles. In accordance with Figure 2.4, the LCA software employed and its
corresponding percentage are illustrated. SimaPro and Gabi are the most widely used
ones compared to other software. This two software are European-based and contain
different datasets and LCIA methodologies. Around 30% of the reviewed articles did
not specify the software they used.
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Figure 2.3 : LCIA methodologies distribution among the reviewed articles.

The study of Bonton et al. (2012) Impact 2002+ methodology was used. Three
scenarios were developed for nanofiltration WTP by controlling corrosion and the
energy source. Renzoni & Germain (2007) studied the LCA of water from the pumping
station to the wastewater treatment plant and used Eco Indicator as an impact
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assessment method. However, instead of working on all categories, he only worked

with eight categories chosen by the author.

Unspecified

0,
32% SimaPro

43%

Mul. Soft.
7%

OpenLca

2% Umberto Gabi

4% 12%

Figure 2.4 : LCA software percental distribution among the reviewed articles.

In the reviewed articles, it was seen that different methods for LCIA were used. It was
observed that depending on the goal and scope definition of the study, region and
targeted environmental issues have an essential role in choosing the LCIA
methodology. After the methodology is chosen, targeted impact categories (midpoint)

and damage categories are studied with the LCA modeling software.

2.2.4. Interpretation

Interpretation is the last phase of an LCA study where the outcomes of the study, based
on the results of the LCI/LCIA, are evaluated together to address the issues described
in the goal definition with recommendations (European Commission, 2010).
Depending on the goal and scope of the study, interpretation could contain opinions
for decision-makers and recommendations. While the LCI and LCIA stages offer
valuable insights into the production system or service being analyzed, the definition
of the study's goals and scope, as well as the interpretation of the results, form the
backbone of the LCA study. The LCI and LCIA findings should be interpreted based
on the goal and scope definition. Based on I1SO 14040/14044 (1SO, 2006) the
interpretation phase should proceed by i) identifying the significant issue, ii)
assessment of the study by conducting a completeness check, sensitivity check, and
consistency check iii) determining the limitations, building the conclusion and

recommendations for the targeted audience. Most of the reviewed articles had a section
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explicitly titled "interpretation.”" Instead, the authors presented their analysis and
conclusions on the findings and outcomes of the LCA study under sections labeled as

"results & discussion" or "conclusion."

Testing different input parameters and developing further scenarios could be used to
perform sensitivity analysis and can be made by changing the operating conditions and
the energy source or chemicals used in the process. In the study of Mohapatra et al.
(2002), they increased and decreased the values of selected parameters by 50% using
Monte Carlo simulation and found that conducting the granular activated carbon
filtration (GAC), softening, and pumping under different conditions can reduce the
environmental impacts. Amini et al. (2015) did the sensitivity analysis by changing
the input values by 10%, and the results indicated that impact categories are sensitive
to different aspects of the LCA study. Saad et al. (2019) only performed a sensitivity
analysis on energy sources and pumping efficiency in their study. Mo et al. (2018)
studied the environmental impacts (embodied energy, life cycle cost, and carbon
footprint) of upgrades’, on small water systems that served less than 3,300 people, to
reduce disinfection by-products. They analyzed four different disinfection scenarios.
The study showed that, for the GAC, reduction in the regeneration (a process to remove
the contaminations from the activated carbon granules) weight loss and changes in the
carbon type reduce energy consumption. Another study on LCA of drinking water
production also indicated that the energy sources have drastic effects on environmental
impact categories. Roth et al. (2022) presented the effects of energy sources on impact
categories while conducting sensitivity analyses on electrical energy sources caused
by the usage of UV/H.0: (hydrogen peroxide) with GAC, and Ultra Filtration (UF) -
Low Pressure Reverse Osmosis (LPRO) - Os/H20. with GAC. This LCA study
observed the effect of energy sources on environmental impact categories. Prezelus et
al. (2021) first conducted a sensitivity analysis to the baseline scenario with the 4 other
scenarios in the means of electricity mix where nuclear energy was the reference
(baseline scenario) and this energy source compared to the French renewable
electricity sources. In this study, another sensitivity analysis was performed by
changing the operating conditions, e.g., backwash efficiency and cleaning in place. In
3 out of 4 scenarios, by changing the operating conditions, a slight improvement for
the environmental impacts were gained. However, in the other scenario, high

environmental scores were observed when filtration flux and cycle duration were
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changed. Manda et al. (2014) studied membrane filtration and its LCA. Sensitivity
analysis was made for electricity source and membrane coating frequency by
assumptions with the electricity consumption per m® of water between 0.1 kWh/m?-
0.9 kWh/m? (reference 0.45 kWh/m?) and coating (reference lifetime - covalent bond
coating and adsorption coating) of the membrane for a lifetime, yearly, quarterly,

monthly, weekly and daily.

The parameters were chosen for sensitivity analysis based on different causes. The
causes could be the environmental impact score, the effect on the water quality, or
operation conditions. All the parameters can be subjected to sensitivity analysis but
are usually carried out to identify the parameters with the most effect on impact scores.
These parameters are changed by ratio or assigned new values between the ranges of
minimum and maximum values. Sensitivity and uncertainty analysis are essential for
interpreting the environmental impact assessment results by showing the accuracy of
the LCA study. Some of the reviewed articles conducted uncertainty analyses in their
studies using simulations like Monte Carlo analysis. Uncertainty analysis shows the
accuracy of the gathered data for the LCA study. It should be kept in mind that
uncertainty analysis and sensitivity analysis should be made when the LCA study is
made for comparison and shared with public (ISO, 2006). Bonton et al. (2012)
conducted a Monte Carlo analysis for the processes contributing more than 2% to at
least one damage category. 3000 iterations were made for each Monte Carlo analysis.
Another LCA study carried out an uncertainty analyses by Godseken et al. (2013).
The LCA of three water systems were studied, and the uncertainty analyses showed
that their results were accurate. Accuracy of an LCA study is based on the collected
data and the assumptions and their results compared to the real-world scenarios
(EPLCA, 2021). Uncertainty analysis shows the accuracy of the gathered data and the
assumptions for the LCA study. The article by Meron et al. (2020) shows that the
impact scores on six categories are accurate up to 98% (range changes between 60%-
98%) with the results of uncertainty analyses made using Monte Carlo simulation. Lee
et al. (2012) compared the LCA of disinfection methods in their study and chose
electricity consumption as the parameter for sensitivity analysis. It was stated that the
study did not require uncertainty analysis. Hence electricity consumption can be

measured precisely.
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2.3. Current LCA Studies on Water Treatment and Water Disinfection

Different types of water such as groundwater, surface water and seawater are used as

water sources in the viewed articles. Current LCA studies on water treatment plants

and water disinfection technologies are addressed in this section depending on their

water sources. The results of the studies have similar results for the processes that have

major environmental impacts. Table 2.2 outlines a selection of several reviewed

articles along with the year of publication and the subject area in which LCA was

utilized to assess environmental impacts.

Table 2.3 : LCA articles on water supply systems, water treatment and disinfection.

LCA Topic

Reference

Drinking water production

Sombekke et al. 1997, E. Friedrich 2002, Barrios et al. 2008,
Vince et al. 2008, Sharaai et al. 2010, Bonton et al. 2012, Mery et
al. 2013, Zine et al. 2013, Igos et al. 2014, Ahmadi and Barna
2015, Garfi et al. 2016, Capitanescu et al. 2016, Barjoveanu et al.
2019, Saad et al. 2019, Walsh and Mellor 2020, Prezelus et al.
2021, Lakho et al. 2022

Drinking water production

(desalination)

Raluy et al. 2006, Tarnacki et al. 2012, Goga et al. 2019

Water supply systems

Mohapatra et al. 2002, Lassaux et al. 2007, Lyons et al. 2009,
Godskesen et al. 2011, Borghi et al. 2012, Amores et al. 2013,
Uche et al. 2013, Godskesen et al. 2013, Barjoveanu et al. 2014,
Mo et al. 2018, Meron et al. 2020, Tarpani et al. 2021

Drinking water

disinfection

Jones et al. 2018, Jachimowski and Nitkiewicz 2019, Romanovski
et al. 2020, Busse et al. 2022

Drinking water production
with financial evaluation —
Processes in drinking

water production

Nessi et al. 2012, Igos et al. 2013, Amini et al. 2015, Holloway et
al. 2016, Roth et al. 2022
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When it is searched on Scopus earliest study for drinking water LCA goes back to
1997 to assess the environmental impacts of groundwater treatment with membrane
process. This study could be accepted as a turning point for water treatment LCA
studies. When the study is reviewed, it could be seen that it is not comprehensive as
the current LCA studies due to the limited sources and lack of LCA methodology at
that time. The study showed comparable results between conventional treatment with
GAC (Granular Activated Carbon) and pellet softening, and nanofiltration water
treatment had very little difference, Sombeke et al. (1997). Another LCA study for
water production from groundwater by Zine et al., (2013), for a conventional water
treatment plant, only focused on Global Warming Potential (GWP). The findings of
this study showed that the production of chemicals for coagulation and
remineralization contributed the most, followed by lime production and electricity

consumption.

LCA studies on surface water treatment to produce water had similar results. The most
comprehensive surface water treatment LCA study in the reviewed articles was made
by Bonton et al. (2012) using IMPACT 2002+, where two WTP, nanofiltration (NF)
and conventional WTP with GAC filtration, were compared for 13 midpoint impact
categories and 4 endpoint damage categories. In both systems, the main burden is
derived from the operational stage compared to the construction and decommissioning
stages. Results of the study showed that the impacts of conventional treatment were
higher than the NF system. The main contributor of impacts for the conventional
system was GAC and wastewater treatment, while the impacts of NF treatment are
almost equally distributed between the processes. Electricity consumption is the main
parameter for the impacts caused by the NF system. The environmental impacts of
ionizing radiation and ozone depletion were slightly higher with the NF system. Using
different chemicals, GAC, and green energy sources can help to reduce the
environmental impacts. Igos et al. (2014) compared two water treatment plants (WTP),
WTP1 and WTP2, both using conventional water treatment processes to treat the same
surface water source and the main difference between these two WTPs is WTP2 has
an extra water line to use in irrigation. The purpose of the study was to investigate the
environmental impacts of WTPs and examining the economic aspects at the same time.
For this study, 3 LCIA methodologies, ReCiPe/Stepwise/Ecocosts (Stepwise and

Ecocosts are environmental evaluation methods from the financial perspective) were
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used, and additionally, the cost performance of the plants was also surveyed.
Regardless of the LCIA method, the findings showed that the main contributors to
environmental impact for both WTPs were CO2 emissions caused by electricity and
active carbon production. The operational costs for WTP1 were lower than for WTP2,
but the environmental impact was higher. Another study on LCA of WTP with cost
analysis was made by Capitanescu et al. (2016), and the author only focused on the
environmental impacts caused by climate change impact and GWP100 by using the
ReCiPe method. The LCA study included scenarios based on minimum environmental
impact, cost and considering both together. The scenario that minimizes the cost of
operation results in the maximum CO2 emissions, while the scenario to minimize the
environmental impacts resulted in a reduction in cost and impact compared to the
current situation. The study's findings suggest that modifications to the ozonation
process, such as adjusting the ozone transfer efficiency by altering the gas-liquid ratio,
bubble sizes, or ozone concentration, as well as regulating the frequency of activated
carbon regeneration and the dosage of coagulant, can result in cost-effective

improvements.

Other review studies for surface water treatment had similar results. Saad et al. (2019)
and Friedrich (2002) stated that the main contribution comes from electricity
consumption, followed by using chemicals in the treatment process. In his LCA study,
Shaari et al. (2010) compared 3 technologies, which included conventional WTP with
dissolved air flotation (DAF), conventional WTP with Pulsatube® (a technology that
joins flocculation and clarification processes in one area) and UF, for surface water
treatment to produce water and derived similar results as the previously mentioned
studies stating that the electricity and the chemicals used during the treatment stages
are the primary sources for selected environmental impacts and damage categories. An
LCA study, by Roth et al. (2022), for surface water treatment focused on the removal
of specific contaminants (micropollutants) with two different treatment methods with
evaluation from 3 different LCA methods (Ecological Scarcity 2013, EDIP 2003,
ILCD 2011). The compared treatment methods for this LCA study were advance
oxidation process (AOP) (UV/H,0> oxidation) followed by GAC filtration and LPRO
with UF pretreatment (retentate treated with Os/H202 and GAC before discharge to the
river). The main environmental impact for AOP was caused by the operational stage,

where GAC filtration had more impact on the oxidation process, while the impacts
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from construction were negligible. For the LPRO system, the main contribution came
from the operational stage, with LPRO and liquid oxygen having a significant share,
followed by construction. Between two systems, results showed that LPRO is more

environmentally friendly compared to AOP in in the chosen 3 LCA methodologies.

Another water source to produce potable water is seawater, and advanced treatment
systems such as membrane or thermal processes can be primarily used. Goga et al.
(2019) compared potable water production from the sea and mine water (wastewater
from mining activities). Reverse osmosis (RO) was used for the desalination process,
and the mine water reclamation, NF + RO was used. Environmental impacts caused
by construction and operational stages were included, and the decommissioning stage
was neglected due to the findings of previous literature studies, which showed that the
impacts were negligible. Electricity consumption was the main contributor to the
environmental impacts of both water treatment options, followed by chemical usage.
However, one interesting finding of this study was that chemical usage for the mine
water reclamation had a positive environmental impact on agricultural land due to the
use of ferric chloride and hydrochloric acid. Overall, the environmental impacts of
desalination were higher except for water and metal depletion. The authors outline one
crucial point to make an equal comparison between the two systems; the assumptions
and the conditions (same raw water quality and same treatment efficiency) must be the
same due to 1SO 14040 (1SO, 2006). In this case, it was evident that the raw water
quality was not the same as stated in the paper. Tarnacki et al. (2012) compared two
membrane technologies, RO and Memstil® (a membrane desalination process), for
water production from seawater. The study surveyed the electric mix of different
countries with their effect on 8 impact categories. Since both membrane technologies
were energy driven, the main cause for the environmental impacts was electricity and
the heat needed for the Memstil® process. The production of energy results in different
impacts depending on the technology to produce it. The minimum environmental
impacts for RO were achieved with wind power and mixed with solar heating for
Memstil® (except for Eutrophication potential and ionizing radiation). The countries
with different electricity mixes (total electricity produced with different electricity
generation technologies) were compared were France electricity mix, Germany,
Netherlands, Portugal, and Spain. The comparison of the environmental impacts due

to the electricity mix showed the most negligible impacts for GWP, achieved with
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France electricity mix, with 78%. Environmental impacts caused by chemical usage
had a minor effect compared to energy, and RO chemicals had more effect to impact
categories over Memstil®. The study indicates that using renewable energy sources
improves energy efficiency and employment of energy recovery systems. Raluy et al.
(2005) made the LCA of 3 standard desalination technologies, Multi Stage Flash (MSF
— thermal desalination process)/Multi Effect Distillation (MED - sea water distillation
process based on evaporation)/RO, using EI 99, CML2 baseline 2000, and Ecopoints
97 LCA methodologies. The operation stage for these technologies has a significant
impact on the environment. Based on the used 3 LCIA methods in the study, MSF had
the highest environmental loads while RO had the least. Since these desalination
technologies require massive energy, changes in the energy sources have a great
potential to reduce environmental loads. When MSF and MED systems, which require
thermal energy, use waste heat instead of fossil fuels, up to 84% of emissions can be
reduced. Similar results are achieved with the use of renewable energy sources for RO.
Another study by Raluy et al. (2005) compared RO desalination water production with
a freshwater transfer (FWT) project from the LCA point of view. The study included
the environmental impacts of materials for construction and energy for the operation
stage. The results showed that both methods have similar environmental loads, and

loads caused by the operational stage are higher than the construction stage.

Some of the LCA studies for water treatment used more than water sources. Barrios et
al. (2008) surveyed a conventional water treatment plant's environmental and financial
life cycle assessment in the Netherlands. The study showed that the processes that
caused the main environmental impacts were softening, coagulation, and biological
activated carbon filter. Alternatives to reduce environmental impacts are presented in
the study. Replacing the existing coagulant (ferric chloride) with alum or ferrous
sulphate and softening chemical (sodium hydroxide) with lime/soda ash or soda ash
decreases the environmental impacts. Another way to reduce the environmental
impacts due to chemicals used in water treatment is to use green energy to produce
existing chemicals. The biological activated carbon filter changes in the run time and
regeneration period could help reduce environmental impacts, but this is not feasible
because it requires a change in the treatment scheme. The author stated in the article
that the measures to decrease the environmental impacts are expected to cause an

increase in financial impacts. Barjoveanu et al. (2019) evaluated a conventional WTP
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from the LCA perspective using groundwater and surface water as a source. The results
showed that most of the environmental impacts are caused by electricity consumption
and chemical usage. In this study, FU was chosen as 1m?® treated water, but the
researcher also worked with another FU, which was the removal of 1 kg of suspended
solids (SS) and organic matter (OM). In this situation, the main environmental impacts
for SS removal result from electricity consumption and coagulant usage, and for OM
removal, electricity consumption is followed by ferric chloride usage. A study by
Vince et al. (2008) provides similar results to the other reviewed articles stating that
electricity and chemical usage, together with remineralization, a process by adding
minerals to protect the treated water against corrosion and reverse the against human
health (Lesimple et al., 2020) in some treatment systems, are the main contributors to
environmental impact and the damage categories. Reduction of these impacts and
damages could be achieved by green energy and the use of alternative chemicals. One
critical remark made by the author is that water transfer to a distant location will cause

more impact than local treatments.

Researchers have conducted LCA studies for different water treatment methods. One
was made by Walsh and Mellor (2020), where four endpoint (treatment at the point of
use) water treatment technologies were used in a city in South Africa where the
municipal water system lacks. The examined water treatment technologies were i)
boiling, ii) ceramic water filters, iii) bio-sand filters iv) chlorination. The end users
applied these treatment methods at the point of consumption. Boling of water
outscored other methods in 4 out of 6 categories, and chlorination outscored others in
2 out of 6 categories. Garfi et al. (2016) compared 5 different alternatives for the
consumption of drinking water from an LCA perspective, i) tap water from
conventional WTP, ii) tap water from conventional WTP and RO, iii) tap water from
conventional WTP and RO at the endpoint, iv) mineral water in PET bottles v) mineral
water in glass bottles. Conventional WTP is the most environmentally friendly method
within all 6 impact categories, and bottled waters are the minuscule environmentally
friendly method. PET bottles had less environmental impact than bottled water except
for global warming and photochemical oxidation. Significant contributors to the
conventional WTP method were electricity consumption and coagulant use. For the

RO scenario, the end point of use had lower impacts than conventional WTP with RO.
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Only a few studies on the LCA of water disinfection are available compared to the
LCA of wastewater disinfection. As part of the chemicals used in the water treatment
process, chlorination process for disinfection contributes to environmental impacts.
On the other hand, other water disinfection systems, such as UV and ozone, are energy-
intensive processes. In the study of Jones et al. (2018), the environmental impacts of
chlorine disinfection were compared with UV disinfection. The study made
assumptions for 3 different scenarios, and in all scenarios, disinfection with chlorine
was more environmentally friendly than UV disinfection. Environmental impacts due
to construction was much lower than the operational stage in both technologies.
Similar outcomes were reported in the study of Jachimowski & Nitkiewicz (2019),
where chlorination (gaseous chlorine) was compared with UV disinfection. The study
stated that additional sodium hypochlorite was used because UV disinfection does not
have a residual effect. For the gaseous chlorine disinfection, the impacts are directly
from the use of Clz, and for the UV disinfection, almost 25% is from NaCl, and the

rest is electricity generation.

The findings in the reviewed articles showed that chlorine disinfection has lower
environmental impacts than UV disinfection except for ozone layer depletion. In the
study of Mo et al. (2018), different disinfection methods, including GAC, ozone,
UV30 (30 mJ/cm?), and UV186 (186 mJ/cm?), were compared to assess the life cycle
of these technologies. The study aimed to address the optimal disinfection upgrade in
achieving the DBP reduction goal, energy consumption, GWP, and cost. Only in the
UV scenarios, additional disinfectant was used to have a residual effect to protect
against the contamination possibilities in the distribution system. The results showed
that the UV30 scenario has the lowest energy consumption while GAC has the lowest
impact on GWP. After the sensitivity analysis, results have altered by favoring other
scenarios. When the outlet water quality changes from 1 mg TOC/L to 1.5 mg TOC/L,
ozone disinfection requires the lowest energy for the operation. An LCA study on the
disinfection process for the low income settings compared 4 alternatives for water
disinfection with different lifespan and amount of water disinfected (Busse et al.,
2022). The important point of this study was that it compared 2 non-technological solar
disinfection techniques (methods that uses only the sun light for water disinfection),
which rely on solar disinfection, with UV and chlorination. The solar disinfection

techniques, which rely on the sunlight for disinfection, were continues flow compound
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parabolic collector and storage of water in clear plastic containers. Also, for the UV
disinfection there were two alternatives one using LED UV lamps and the other using
low pressure mercury UV lamps. Results showed that disinfection with chlorination
show the lowest environmental impacts in all scenarios followed by solar methods,
mercury UV lamps and LED UV lamps. Romanovski et al., (2020) studied the
environmental impacts of ozone and hypochlorite disinfection together with their
corrosion effect. The findings stated that ozone disinfection has less impact on the 17
midpoint impact categories, except ozone depletion and ionizing radiation, over
sodium hypochlorite and calcium hypochlorite. The reason for this outcome was the

environmental impacts generated for the production of hypochlorite disinfectants.

2.4. Economic Considerations

In the literature, some articles also included the costs of water treatment and water
disinfection together with LCA. Combining the cost performance of treatment
processes with the LCA requires more time and data. The cost analysis of a WTP
usually starts with investment cost, which includes infrastructure (construction) and
equipment (mechanical, electrical, and automation). The operational costs include
chemical, personnel, energy, maintenance, repair, and disposal costs (waste).
Economic parameters are vital to support new investment decisions and the

environmental impacts.

The integration of life cycle assessment studies with economic assessments can
provide decision-makers or stakeholders with a more comprehensive perspective.
Capitanescu et al. (2016) made a study where the cost and LCA of WTP, which has
conventional processes, was analyzed and compared based on operational costs and
reducing the environmental impact. The results indicated that optimizing the plant to
GWHP100 also causes a reduction in costs compared to the base scenario. In practice,
this can be achieved by ozone transfer efficiency, change in the activated carbon
regeneration frequency, and adjustment with the coagulant dosing. Amini et al. (2015)
showed that when the treatment plants’ flow rate increases, the environmental impacts,
and cost per FU decrease. Another important point mentioned in the article about the
cost performance of WTP is directly affected by waste disposal and chemicals used in

the plant. The study which monitored the environmental and financial life cycle
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impacts of water production in the Netherlands showed that the operational processes
with the highest environmental impact also have the most financial impacts Barrios et
al. (2008). The financial impacts were caused by softening, biologically activated
carbon filters, and slow sand filtration. Garfi et al. (2016) showed the cost of producing
one m® of water in 3 different treatment scenarios (conventional WTPs with/without
reverse osmosis at different points of the water treatment process) and 2 different
bottling methods. The lowest cost was achieved with conventional WTP at 0.95 €/m?>,
conventional WTP with RO at 1.2 €/m3, RO domestic use (end user) at 31 €/m?,
mineral water in PET bottles at 267 €/m®, and mineral water in glass bottles with 600
€/m?.

2.5. Future Perspectives

When the literature is reviewed, LCA studies focus on different water treatment
technologies. Some of these article/research results need to be updated due to new
technological improvements, energy-efficient treatment equipment, changes in the
electricity mix, developments in package water treatment plants or higher efficiencies
in green energy production. The efficiency rate of photovoltaic energy started its
journey at 1%, but now it is possible to reach up to 47% efficiency with multijunction
cells (NREL, 2020). A similar situation is with the electricity mixes of the countries.
In year 2000, electricity production from renewable energy was 6.3% in Germany.
However, as of 2022, the ratio of renewable energy is 46.2% which can cause a
significant change to LCA results (UBA, 2023). Databases should be up to date for
fair comparisons in the LCA studies. To carry out fair and comprehensive LCA studies
LCI phase must be precise, and to accomplish this, data for the LCA study should be
reachable. Companies producing water treatment equipment should carry out LCA
studies for their products or share production data (i.e., raw materials used) with

researchers making LCA studies.

The cost of reducing environmental impacts is often the critical investment parameter.
Some studies in the literature have also considered the economic impacts of these
interventions. As seen from the literature, some studies included the economic impacts.
However, the life cycle cost (LCC) analysis is not as broad as having an Environmental
Life Cycle Cost (ELCC) aligned with the LCA. Instead of having costs on specific

processes, the whole treatment system could be surveyed and controlled with future
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economic perspectives together with environmental impacts (i.e., new regulations
causing either improvements or penalties). There are some differences between LCC
and ELCC. A crucial distinction lies in; LCC is made from the view of a single actor,
such as a producer or consumer, to a product for the economic results whereas ELCC
is carried out, with all the stakeholders involved, to support LCA parallel to I1SO
14040/44 and involves environmental and economical results together (Hauschild et
al., 2018). The outcome of an LCA study is sometimes shared with the public. In the
case of water production, the results of the LCA study should be made public when
the improvements for environmental impacts come with an extra cost. The financing
of these improvements can be a burden to the local authorities and the public. The
compensation for these improvements needs to be discussed publicly if it is going to

be laid on the shoulders of the end users, which can financially impact society.

One crucial point is that water treatment should be considered as a whole system, from
the raw water intake structure to the end user. There are researchs in the literature
where the whole water systems is inspected from the LCA perspective, and these
studies are the pioneers in this field. If the water treatment LCA studies are made
together with ELCC of the whole water system, it could have a different impact as it
covers all the aspects of the water supply system. This can result in choosing
decentralized water solutions over centralized water treatment systems or encourage

end users to have a solution at the endpoint to decrease the environmental impacts.

The protection of the public from waterborne diseases is an essential duty of water
providers. Water disinfection is a critical step in the water treatment process to achieve
this goal. Chlorine-based disinfectants are the most common and economical method.
The most common and well-known method, which is also the most economical, is
chlorine-based disinfection. One of the reasons chlorine-based disinfectants are
popular is their effect on the water distribution system as a residual disinfectant.
Chlorination has some adverse effects, such as forming disinfection by-products and
impacting the end users because of taste and odor. Over the years, different
disinfection technologies such as UV and ozone are started used in water treatment
systems. The environmental impacts of these systems are higher than those of
chlorination systems caused by electricity consumption. New-generation UV lamps
with higher efficiency and lower electricity consumption (Schalk et al., 2006) should

be studied with renewable energy sources. Another crucial area for the researchers
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should be the multi-barrier disinfection strategy for water disinfection. Combining
different water disinfection technologies to have the optimal solution for disinfection
and environmental impact. The use of a combination of chlorine with UV disinfection
started to increase globally. A critical part of water disinfection is that the negative
results of poorly disinfected water are immediately observed in society as sicknesses.
The cost of multi-barrier disinfection can be high, but further LCA studies with ELCC
can involve the cost of waterborne diseases to the public and their social impacts using
SLCA (social life cycle assessment). This approach can bring a broader perspective to

water disinfection LCA studies.

States regulate their drinking water regulations with the new developments in
technology and scientific studies. For example; with the detection of micro/nano
plastics in drinking water sources brought up concerns for removal of these micro
pollutants from drinking water which caused updates to drinking water regulations
(Directive 2020/2184). Similar to European Union, US EPA regulated drinking water
policies starting from 1979 with latest update on 2019 (Humphreys & Tiemann 2021).
When the evaluation and decision making for drinking water policies were examined
for the United States of America, it states the important points for making new
regulations which involves contamination’s negative health impacts, possibility of
having contamination in the water system and its concentration and economical
analyses based on cost and benefit but the environmental impacts do not play an
important role as the others (US EPA, 2020). As the regulations gets tighter, the quality
of treated water increases but at the same time it might cause more environmental
impacts from WTP. The United Nations Sustainable Development Goals (SDGSs),
signed by 193 countries, includes topics for clean energy, sustainability and climate
change (UN, 2021) which are directly related with LCA. SDGs also has a topic for
safe water, that requires states to provide safe water for consumption and sanitation.
In the light of SDGs and developing water regulations it can be clearly stated that more
LCA studies on water treatment and disinfection must be made for having

sustainability for water production.
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2.6. Conclusions

To address the historical development and highlight the current situation on LCA of
water treatment and disinfection, sixty articles were reviewed on the topics of LCA of
water treatment, LCA of water systems, LCA of water disinfection methods and cost
impacts. The findings of these papers revealed similar environmental impacts, and
their results on the contributors to environmental impacts are consistent. Depending
on the chosen LCIA methodologies, different midpoint and endpoint impacts were
covered in these papers. The results indicated that the impacts from the construction
and decommissioning stages, having the most negligible environmental impact, are
minimal compared to the operational stage. Significant environmental impacts from
the operational stages were caused by energy consumption, GAC filtration, and
chemical usage in the different stages of the treatment process. The environmental
impacts caused by energy consumption could be reduced by using green/renewable
energy and technological improvements to the machinery used in the water treatment
plant. In the GAC process, the generation of environmental impact is attributed to the
production of GAC, as well as the processes of filtration and regeneration. Plant-based
materials (such as coconut shelves) and changes in regeneration frequency were
recommended to decrease the impacts due to GAC. The environmental impacts caused
by the chemical’s usage are primarily due to softening and coagulation processes. It
was shown that changing the chemicals with alternative ones and using green energy

in production will reduce environmental impacts.

LCA of water disinfection favors the usage of chlorination to disinfect water over UV
and ozonation. The high energy consumption of UV and ozone disinfection for
operation is the main cause of the environmental impacts. One crucial point is that the
LCA water disinfection studies are not up to date. The technology for UV disinfection
changed dramatically over the last ten years, where the efficiency of UV lamps went
up to 40% from 12%, which caused a significant difference in the production and
operation of these systems. A similar situation is with ozone disinfection systems; the
new ozone technologies with lower energy consumption and higher ozone efficiency
need to be surveyed. As a result, the environmental impacts and the cost need to be re-
examined. New LCA studies must be conducted comparing the newly developed

disinfection technologies for water.
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Overall outcome of the reviewed article shows that the LCA of water treatment plants
and water disinfection circles around energy and chemical consumption while putting
pressure on water sources. The future of producing “environmentally friendly” safe
water relies on using green energy, less chemicals and using other possible water
sources such as wastewater and rainwater. There are studies that shows the unnecessity
of residual disinfectants which can directly influence the environmental impacts of
water treatment plants and water disinfection systems. Right decision, maintenance
and optimization of the equipment used at the water treatment plants are also essential
to reduce the impacts. For example, pumps which are a vital component of a water
treatment plant, will keep their pumping efficiency and longer life span if maintenance
and optimization is performed on regular bases. This will result in using less energy
and not replacing the equipment helping to reduce the impacts caused to produce
equipment. Another operational thing is to control the energy consumption at intervals
of the equipment so modifications or adjustments can be made. When the water supply
system is considered, decreasing run off waters will have a positive result in
environmental impact. Last but not the least is that manufacturers must take on
responsibility for their products by conducting LCA studies or making date available

so these LCA studies can be made by researchers.
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3. COMPARATIVE LIFE CYCLE ASSESSMENT OF FOUR MUNICIPAL
WATER DISINFECTION METHODS!

3.1. Introduction

Historical recordings show that activities to improve the aesthetics of water go back to
4000 B.C. (USEPA 2000), when they made water treatments using physical methods.
With the invention of the microscope and finding about animalcules (Symons 2006),
the connection between drinking water and health started to be investigated. An
important milestone for water and health was the introduction of Germ Theory by
Pasteur, which indicated that organisms were responsible for the spread of infectious
diseases (Smith 2012). Water is a pathway for viruses, bacteria and protozoa to
transmit to humans, and different types of effects on human health are observed when
unsafe drinking water is consumed. The health effects include diarrhea, gastroenteritis,
acute gastroenteritis, vomiting and nosocomial infections (Griffith 2017). Annual
causes of death related to unsafe water are around 829,000 worldwide (UNICEF 2024)
and around 255,500 of these are children (UN 2022). These deaths have a major social
impact on society, which also causes an economic impact. A person who is affected
by a waterborne pathogen is treated, and while their treatment continues, there are
direct costs, indirect costs and intangible costs that have an impact on public and
personnel budgets (Scott 11 2009). Waterborne diseases are not only a concern for
developing countries, but they also affect developed countries (WHO, 2009). A study
by Collier et al. (2021) showed that around 7.15 million illnesses are caused by
drinking water, and the burden on the economy in the USA is USD 3.33 billion. The

! This chapter is based on “Mehmet Zahid Demir, Huseyin Guven, Mustafa Evren
Ersahin, Hale Ozgun, Mehmet Emin Pasaoglu and Ismail Koyuncu. 2024.

“Comparative Life Cycle Assessment of Four Municipal Water Disinfection
Methods”. Sustainability. Volume 16 Issue 13 July-1 2024
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solution for safe drinking water comes from comprehensive and proper disinfection

following water treatment.

The need for water disinfection was understood after it was discovered that water is a
pathway for transmitting diseases. Chlorine usage for drinking water disinfection
started to spread after it was introduced for municipal water disinfection in 1902 in the
city of Middelkerke, Belgium (Bull 1999). Different water disinfection methods, such
as ozone and UV, were tested and started to be used in a similar time phase. The first
country to use ozone as a water disinfectant was the Netherlands, and they used ozone
in the water treatment plant in the city of Oudshoorn in 1893 (Miller et al. 1978).
Ozone disinfection remains widely used in major cities such as San Diego (City of San
Diego 2022), Tokyo (Tokyo Water News 2020) and Ziirich (Kaiser 2018). In 1910,
the first ultraviolet (UV) water disinfection system was installed in Marseilles, France
(Bolton 2008). Since then, UV water disinfection systems have been implemented in
numerous cities, including New York (New York City Department of Environmental
Protection 2019), Berlin (LIT UV 2020), St Petersburg (Svarog UV 2007), Las Vegas
(AquiSense 2023) and Wien (LIT UV 2020), showcasing their widespread usage and
effectiveness. The working principles of UV, ozonation and chlorination are different.
Chemical methods such as ozonation and chlorination inactivate microorganisms by
oxidatively degrading amino acids, damaging DNA and RNA, and altering cell
membrane permeability (Zhang et al. 2023). Chlorination has advantages, such as
lower investment and operation costs, is an easy-to-operate well-known technique, and
has a residual effect. Still, it also has disadvantages, such as the taste and odor of the
water, the formation of disinfection by-products (DBPs) (Mazhar et al. 2020), not
being effective for certain microorganisms, such as cryptosporidium, requiring care
and attention for operators and being corrosive (MDH 2023). The ozonation process
uses the ozone for the disinfection process and can work in a wide range of pH and
temperature. While having a positive impact on the taste and odor of water, it is highly
corrosive and requires corrosion-resistant material (DEC 2005). Unlike chlorine and
ozone, UV is a physical disinfection method (Wang and Lin 2021). The working
principle of UV disinfection is based on the UVC light produced by various types of
UV lamps, such as low-pressure (LP) amalgam UV lamps, low-pressure high-output
(LPHO) amalgam UV lamps, medium-pressure mercury UV lamps and light-emitting

diode (LED) UV lamps. UVC light damages nucleic acid, which is responsible for the
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reproduction of microorganisms (Pirnie et al. 2006). This process is called inactivation
rather than destruction because the microorganisms are not killed. The implied UV
dosage and contact time are very important for UV water disinfection systems because
microorganisms can repair themselves if the suitable UV dosage and contact time are
not applied (Fitzhenry et al. 2021) (Li et al. 2017). The main consumption of the
chlorination system is chemical, while for UV and ozonation systems, it is energy.
When choosing a water disinfection method, multiple criteria, such as targeted
microorganisms, disinfection by-products (DBPs), the need for residual disinfectant,
land use, regulations and operational conditions, play an important role. In a study by
Gelete et al. (2020), UV disinfection was compared with ozonation, chlorination,
chloramination and chlorine dioxide in terms of their operational aspects and
efficiency. The results show that UV disinfection is significantly more convenient in
terms of operational aspects and efficiency, although it is unsuitable for providing

residual disinfection.

Life cycle assessment (LCA) is a tool that can be used to understand the environmental
impacts of a product, process or service throughout its life cycle (Sabet et al. 2023).
LCA was standardized by the International Organization for Standardization (ISO) in
1997 with the first publication of 1ISO 14040. The latest update was published in 2020
with the amendment of the 2006 version (1ISO 14040:2006). Reviewing the literature
reveals that the availability of studies on the LCA of the drinking water disinfection
process is limited. The LCA of the water disinfection process was managed as a part
of the whole water treatment process, and the impacts of water disinfection were
compared with other processes at a water treatment plant as a contributor. There are
only a limited number of papers that compared UV disinfection with chemical
disinfection and only focused on the LCA of water treatment disinfection techniques.
It was observed that there were more articles on the LCA of wastewater disinfection
than the LCA of water disinfection. There were more studies on wastewater
disinfection due to the importance of the disinfection process having a key role in the
reclamation (Foglia et al. 2021) and reuse of treated wastewater (Maryam and
Biiytikgiing6r 2019). In the case of residual disinfectant requirements, UV systems
were combined with a chemical disinfectant. In a study by Jachimowski and
Nitkiewicz (2019), the authors compared gas chlorine with a combination of UV and

sodium hypochlorite. Another study on the LCA of water disinfection was made by

37



Mo et al. (2018) in order to analyze four alternative disinfection methods’
environmental impacts in order to reduce DBPs. The comparison of water disinfection
methods is sometimes combined with other research topics. Romanovski et al. (2020)
combined their LCA water disinfection study with the corrosion effect of disinfectants.
Some LCA studies on the topic of our paper use more than one scenario to make a
comparison between the disinfection methods. Busse et al. (2022) compared solar
radiation disinfection, UV LED disinfection, a low-pressure mercury UV lamp and
chlorine-based disinfection on different amounts of water disinfected with different
life spans. It can be clearly seen that LCA studies on water disinfection are studied
individually or together with aspects that will provide information to the public,

researchers and decision-makers.

Studies on the effects of residual disinfectants demonstrate that they have no
significant influence on the protection of water distribution systems when used
(Linden et al. 2019). Furthermore, they have a favorable influence on the growth of
biofilms (Fish et al. 2020). Residual disinfectants are not utilized in water treatment
and delivery systems in the Netherlands since they are thought to have more
detrimental effects than advantages for end users. They strive to prevent contamination
of the water supply system and create biologically stable water rather than utilize a
residual disinfectant (Smeets et al. 2009). Another study on the subject found that
utilizing a residual disinfectant is insufficient for protecting water supply systems
against pathogens. The study evaluated the occurrence of E. coli in water supply
systems and evaluated the situation in Germany, the Netherlands, and France
(Hambsch et al. 2007).

The purpose of this study is to examine the function of four different full-scale
(municipal-level) water disinfection technologies from an LCA standpoint. This
research distinguishes itself through its unique dataset and innovative approach,
concentrating exclusively on comprehensive water disinfection technologies. Utilizing
onsite data from a large-scale, operational water treatment facility, this study
encompasses established and emerging disinfection technologies. The findings
identify critical environmental impact factors and delineate essential components of

an effective water disinfection system, providing forward-looking insights.
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3.2. Materials and Methods

3.2.1. Goal and Scope

The goal of this study is to compare the environmental impacts of different water
disinfection methods for a municipal water treatment plant. The study compares the
environmental impacts of four different water disinfection methods, including
chlorination, ozonation, LP UV and LED UV, for the operational phase only. The
reason for carrying out this study is to compare the alternative water disinfection
methods to supply safe drinking water for public use with the lowest environmental
impact. The findings of this study will serve as a valuable resource for future
researchers, helping them fill the gap in the LCA for drinking water disinfection
technologies. The Local Water Administration (LWA) wants to reduce the usage of
gaseous chlorine and build an effective water disinfection system. The disinfection
level is determined by meeting the limits regulated by the governmental authorities,
which is in line with the EU drinking water regulations, requiring zero Escherichia coli
and intestinal enterococci (EU Directive 2020/2184).

The functional unit (FU) chosen for this research was 1 m® of disinfected water ready
to be distributed to the main water supply network of the city. The current disinfection
method, which is the baseline scenario, uses gaseous chlorine for disinfection that is
transported to the WTP in tanks. The baseline scenario was compared with closed-
vessel UV systems with LP amalgam lamps, an ozonation system and a closed-vessel
UV system with UV LED lamps. It was accepted that the water supply network was
free of contamination, and no residual disinfectant was required. The amount of
residual disinfectant used in the baseline scenario was excluded from the calculations.
Water disinfection systems were located straight after the treatment process. The
system boundary for all four water disinfection systems was limited to energy
consumption, chemicals and the transportation of equipment (except spare parts). The
structural construction and dismantling phases were not included in the system
boundary due to their low impact, which was negligible. Earlier publications on the
LCA of water treatment facilities show that the environmental impacts generated by
the construction and dismantling phases are insignificant when compared to the
operational phases (Tarnacki et al., 2012). ReCiPe (representing the institutions that
contributed: RIVM, Radbound University, CML and Pre Consultants) 2016
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methodology, an LCIA calculation methodology, was applied, which addresses 18
midpoint impact category indicators. The addressed impact categories are global
warming (GWP), stratospheric ozone depletion (ODP), ionizing radiation (IRP), ozone
formation—human health (HOFP), fine particulate matter formation (PMFP), ozone
formation—terrestrial ecosystems (EOFP), terrestrial acidification (TAP), freshwater
eutrophication (FEP), marine eutrophication (MEP), terrestrial ecotoxicity (TETP),
freshwater ecotoxicity (FETP), marine ecotoxicity (METP), human carcinogenic
toxicity (HTPc), human non-carcinogenic toxicity (HTPnc), land use (LOP), mineral
resource scarcity (SOP), fossil resource scarcity (FFP) and water consumption (WCP).
Foreground data were gathered from the WTP operators and the literature, while for
the background, the Ecoinvent database was used. Figure 3.1 shows the system
boundary of this LCA study.

WTP Disinfection Process

| Operation of water disinfection equipment [

Chlorination

| Disinfected
water

- Raw il EXIIIIIIT) Trea{ed’ ‘

water —====) water ‘ ‘

Waste I Water W
WTP GHG . Supply
Flocculation | UV LED Other System

Clarification
Filtration !

Ozonation

UV LP ‘

System
Boundary

Figure 3.1 : The system boundary of four disinfection methods.

3.2.2. LCI

The second step of an LCA study is the Life Cycle Inventory (LCI), which is critical
for the subsequent impact calculations. This phase includes key parts, such as data
collection, calculation of the collected data and data validation. The water treatment
plant used for this LCA analysis provides drinking water for a population of 607,502
and uses a lake as a water source. The treatment method comprises treatment tanks

that utilize conventional water treatment processes (physical treatment, chemical
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treatment and disinfection). The WTP has a current capacity of 9072 m3h, with a
maximum capacity of 12,960 m3/h. Figure 3.2 illustrates the location of the Water
Treatment Plant (WTP) in Turkey, situated at the coordinates 40°44'50.55"” N and
30°21'51.78" E. The water network is monitored for DBP forms while being
disinfected with gaseous chlorine. Despite the fact that the treated water is disinfected
and extra disinfectants are used for residual disinfection, the LWA indicates that there
are disease causes related to waterborne pathogens, particularly during the summer

season.

Figure 3.2 : Location of the Water Treatment Plant where LCI data are

collected.

The operational data for the WTP’s disinfection process were sourced from the LWA
and served as a guideline for designing the other three disinfection systems. The
operational on-site data for the baseline scenario were provided by the LWA for the
year 2021. This includes the amount of chemicals used, their origin of production
(needed to calculate the environmental impacts due to transportation of the material),
and electricity consumption. Three companies provided data for the other water
disinfection alternatives. The WTP’s treated water characteristics and disinfection
objectives were shared with manufacturers. Based on the information provided,

manufacturers developed disinfection methods. The manufacturers’ data regarding the
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operation of their water disinfection system were utilized to analyze the environmental
impacts of the WTP disinfection process. The Ecoinvent database provides the
material used for producing ozone and gaseous chlorine, but the material used for both
UV systems is not provided except for the lamps. The materials used for UV systems
were added manually to the software using the data from the report published by the

United States Environmental Protection Agency (Cashman et al. 2014).

The process of chlorine disinfection consists of three primary stages: the generation of
chlorine gas, its transportation and dosing. Among the various disinfection methods
assessed, the baseline scenario displays the lowest energy consumption. Both UV
disinfection systems are based on UVC production from a light source. Light sources
are installed in steel closed vessel systems. In this paper, two light sources, low-
pressure high-output UV lamps and LED UV lamps, were used. The energy to produce
UVC is provided by electricity and chemicals such as oxalic acid, and isopropyl acetate
is used to clean the closed vessel UV systems, which is part of the operational element
along with electricity. The energy demand of the UV LP system is lower than the ozone
system, while the UV LED system has a higher energy demand. The equipment used
in the ozone process is more complex compared to other disinfection methods. The
ozone disinfection system contains an ozone generator, cooling unit, air preparation
unit and ozone destruction unit, which are energy-intensive. The energy consumption
of the compared water disinfection systems per 1 m? of treated water is as follows: in
the baseline scenario: 0.000314 kWh; UV LP: 0.007 kWh; UV LED: 0.054 kWh; and
Ozone: 0.03744 kWh.

3.2.3. LCIA

Data from the LCI were used to calculate the environmental impacts of the disinfection
methods for the chosen impact categories. The data were broken down to the FU at the
LCI phase and loaded into the environmental impact assessment software for the
impact calculations. SimaPro 9.4 was chosen as the software for modeling, which
accommodates different environmental impact assessment methods. For this LCA
study, ReCiPe 2016, developed by the Dutch National Institute for Public Health and
the Environment, Radboud University, University of Leiden Department of Industrial

Ecology and Pre-Consultants (Huijbregts et al. 2017), was chosen as the impact

42



assessment method, which consists of 18 midpoint impact categories, together with 3

endpoint categories. In this paper, only midpoint impact categories are covered. Table

3.1 shows the ReCiPe midpoint impact categories and units.

Table 3.1 : ReCiPe midpoint impact categories and units.

Impact Categor Impact Categor Impact Categor
? o Unit/Midpoint p : yUnit/Midpoint p o Unit/Midpoint
Indicator Indicator Indicator
) Human
_ Terrestrial _ )
Global warming kg CO2 eq S kg SO: eq carcinogenic kg 1.4-DCB
acidification o
toxicity
. Human non-
Stratospheric Freshwater _ )
) kg CFC-11eq y kg P eq carcinogenic kg 1.4-DCB
ozone depletion eutrophication o
toxicity
o o Marine
lonizing radiation kBqg Co-60 eq 4 kg N eq Land use m?a crop eq
eutrophication
Ozone formation, Terrestrial Mineral
kg NOx eq o kg 1.4-DCB kg Cu eq
Human health ecotoxicity resources
Fine  particulate Freshwater Fossil resource _
kg PM25eq o kg 1.4-DCB _ kg oil eq
matter formation ecotoxicity scarcity
Ozone formation, _
) Marine Water
Terrestrial kg NOy eq o kg 1.4-DCB _ m?3
ecotoxicity consumption
ecosystems
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3.2.4. Interpretation

The findings of the LCIA phase are examined in this final step of an LCA study. In
general, the LCI and LCIA steps serve as information for the examined system,
whereas the goal and scope, along with the interpretation phase, comprise the body
(1SO 14044). The last step of this study covers recommendations based on the
outcomes of the LCI/LCIA phases, limitations and conclusions. This paper covers the

interpretation part of the LCA in the conclusion part of the paper.

3.3. Results

The highest contributor to the baseline scenario is energy consumption except for
terrestrial ecotoxicity, mineral resource scarcity and water consumption. The
production of gaseous chlorine had the highest contribution in these categories. The
impacts gained from the transportation of gaseous chlorine were less than 2% in all
impact categories, except terrestrial ecotoxicity at 4.65%, which can be considered
negligible. When the production of gaseous chlorine was examined for the impact
categories terrestrial ecotoxicity, mineral resource scarcity and water consumption, the
mining operations for the material, production stage of the mined materials, chlorine
alkali processes, treatment of waste caused by the production, decarbonized water
production and processes for electricity production were observed. Figure 3.3 shows
the impact distribution of energy consumption, chlorine production and transportation
on the 18 midpoint impact categories for the baseline scenario and the percentage of
each input on the total impact.
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Figure 3.3 : Distribution of inputs for chlorination water disinfection system.
(GWP: Global warming potential; ODP: Stratospheric ozone depletion; IRP:
lonizing radiation; HOFP: Ozone formation, Human health; PMFP: Fine
particulate matter formation; EOFP: Ozone formation, Terrestrial ecosystems;
TAP: Terrestrial acidification; FEP: Freshwater eutrophication; MEP: Marine
eutrophication; TETP: Terrestrial ecotoxicity; FETP: Freshwater ecotoxicity;
METP: Marine ecotoxicity; HTPc: Human carcinogenic toxicity; HTPnc: Human
non-carcinogenic toxicity; LOP: Land use; SOP: Mineral resource scarcity; FFP:
Fossil resource scarcity; WCP: Water consumption).

An ozone generator was used on-site to generate ozone for ozone disinfection. The
energy consumption for the ozone disinfection system includes the energy used to
generate ozone and the energy consumption of the air compressor system. Ozone
production has the greatest influence across all impact categories. The major input that
was responsible for the ozone generation process was electricity usage. Except for
terrestrial ecotoxicity, freshwater ecotoxicity, marine ecotoxicity and mineral resource
scarcity, electricity was responsible for more than 94% of impacts on ozone
production. This result makes sense due to the fact that ozone production is an energy-

intensive process. The air needed for the operation of the ozone disinfection system is
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supplied by compressors, which are also energy-driven. The air production stage had
the second highest impact on all impact categories. Transportation of the ozone
equipment had a very small impact in all categories, which was negligible compared
to ozone and air production. Figure 3.4 shows the environmental impact contribution
of the inputs for water disinfection with an ozone system on the 18 midpoint impact

categories and the percentage of each input on the total impact.

100
9
9
8
8
7
7
65

L Q& & K’ L C R R K
o°®o“§‘o‘</\‘>‘< QQ&Q'\\QQ\Q O L & ¢

Contribution of Inputs %
o (] o (6]

]

o

(:>

W Ozone Production M Ozone Air B Ozone Transport

Figure 3.4 : Distribution of inputs for ozone water disinfection system. (GWP:
Global warming potential; ODP: Stratospheric ozone depletion; IRP: lonizing
radiation; HOFP: Ozone formation, Human health; PMFP: Fine particulate matter
formation; EOFP: Ozone formation, Terrestrial ecosystems; TAP: Terrestrial
acidification; FEP: Freshwater eutrophication; MEP: Marine eutrophication;
TETP: Terrestrial ecotoxicity; FETP: Freshwater ecotoxicity; METP: Marine
ecotoxicity; HTPc: Human carcinogenic toxicity; HTPnc: Human non-
carcinogenic toxicity; LOP: Land use; SOP: Mineral resource scarcity; FFP:

Fossil resource scarcity; WCP: Water consumption).
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The UV LP disinfection system employs vertically placed LP amalgam lamps in a
closed vessel disinfection chamber. The use of energy for the operation of the UV LP
system had the greatest impact across all 18 impact categories. The chemical (oxalic
acid) used for cleaning the UV vessel had the second highest impact in all impact
categories after energy. The highest contribution from the chemical cleaning agent is
to stratospheric ozone depletion, ozone formation—terrestrial ecosystems and terrestrial
acidification, with 12.87%, 7.55%, 7.51% and 3.09%, respectively. Environmental
impacts caused by the transportation of the equipment were less than 1% in all impact
categories. The environmental impacts due to UV LP disinfection and their distribution

are depicted in Figure 3.5, with the percentage of each input on the total impact.
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Figure 3.5 : Distribution of inputs for UV LP water disinfection system. (GWP:
Global warming potential; ODP: Stratospheric ozone depletion; IRP: lonizing
radiation; HOFP: Ozone formation, Human health; PMFP: Fine particulate matter
formation; EOFP: Ozone formation, Terrestrial ecosystems; TAP: Terrestrial
acidification; FEP: Freshwater eutrophication; MEP: Marine eutrophication;

TETP: Terrestrial ecotoxicity; FETP: Freshwater ecotoxicity; METP: Marine
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ecotoxicity; HTPc: Human carcinogenic toxicity; HTPnc: Human non-
carcinogenic toxicity; LOP: Land use; SOP: Mineral resource scarcity; FFP:
Fossil resource scarcity; WCP: Water consumption).

The UV LED system uses a closed vessel system similar to the UV LP system, but the
UV LEDs mounted on the surface of the closed vessel disinfection chamber are used
in the second UV disinfection system. As the UV disinfection process is reliant on the
conversion of electric energy to UV light, electricity consumption is the most
important aspect of the process. The LCA results of the UV LED system reveal that
energy usage had the greatest influence on all impact categories. Transportation and
cleaning chemical agents were together responsible for less than 1% of total impacts
in all impact categories. Figure 3.6 shows the impact of inputs to disinfect one m? of
treated drinking water using UV LED systems, with the percentage of each input on
the total impact. In the ionizing radiation impact category, disinfection with gaseous

chlorine had major impacts together with the ozone and UV LED systems.
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Figure 3.6 : Distribution of inputs for UV LED water disinfection system. (GWP:
Global warming potential; ODP: Stratospheric ozone depletion; IRP: lonizing
radiation; HOFP: Ozone formation, Human health; PMFP: Fine particulate matter

formation; EOFP: Ozone formation, Terrestrial ecosystems; TAP: Terrestrial
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acidification; FEP: Freshwater eutrophication; MEP: Marine eutrophication;
TETP: Terrestrial ecotoxicity; FETP: Freshwater ecotoxicity; METP: Marine
ecotoxicity; HTPc: Human carcinogenic toxicity; HTPnc: Human non-
carcinogenic toxicity; LOP: Land use; SOP: Mineral resource scarcity; FFP:

Fossil resource scarcity; WCP: Water consumption).

The calculated indicator results (characterization) provide numerical values for each
impact category for the compared disinfection methods. LED UV disinfection had the
highest overall impact in all categories when the four water disinfection technologies
were evaluated. Due to their high energy consumption, the UV LED water disinfection
system and ozone water disinfection system were responsible for the most
environmental impacts in the impact categories generating the largest environmental
footprints. The UV LP system was the most environmentally friendly disinfection
technology, even though the energy demand was 22 times more than gaseous chlorine,
with the least effect in all categories, followed by gaseous chlorine. The combined
impact of chlorine production and its associated energy consumption contributed to
this result. A study by Busse et. al. (2022), where four disinfection methods were
evaluated from an LCA perspective for a water system with a max flow rate of 1
md/day, had similar results as the findings of our paper, showing that most impacts
were caused by the UV LED disinfection system due to the higher energy consumption
of other disinfection methods. One crucial point of the study was that the applied UV
dosage was not the same in the UV systems, which does not provide a healthy
comparison between the UV systems. In the study, chlorination was more
environmentally friendly than the UV LP systems, which is not in line with this paper’s
finding. Jachimowski and Nitkiewicz (2019) compared gaseous chlorine to a medium-
pressure UV system with sodium hypochlorite, a residual disinfectant, for water
disinfection at a municipal level. The results show that gaseous chlorination caused
less environmental impact than the UV system, which is not in line with the result of
this paper. The reason for the different results is due to the UV lamp type—medium-
pressure lamps are less efficient compared to low-pressure high-output lamps—and
additional chemical residual disinfectant usage after the UV disinfection process. The
findings of this paper are consistent with other earlier LCA studies in terms of the
effect of factors, which were limited in scope and focused on the impact of electrical

energy and chemicals.
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The articles that focus on the LCA of water disinfection technologies were very limited
and applied to small-scale water treatment systems. In a study by Jones et al. (2018),
the authors compared UV disinfection with chlorine disinfection. The distinctive part
of this study is that it compares different scenarios based on the materials used for
chlorination systems, such as tanks, baffles and pipes, with different UV dosages. In
all scenarios, chlorination impacts on the environment were lower than UV systems.
The outcome of this study shows that the major contributor to UV disinfection systems
is caused by energy consumption, which is in agreement with our paper. The energy
demand is based on the UV dosage applied to the water. A higher UV dosage requires
more energy, which results in more environmental impacts. One critical element for
UV disinfection systems is the manufacturers’ technology, causing different energy
consumption. In UV LP systems, for example, the UVC output of each UV lamp varies
according to the manufacturer, resulting in more or less equipment and energy, which
has a direct influence on the LCA results. Another important result found in this study
shows the lamp production of UV light-emitting diodes. Compared to low-pressure
lamps, the production of LED lamps causes many more environmental impacts. The
production of UV LED lamps has an environmental impact that was 13-t0-2860 times
higher than the production of UV LP lamps across all impact categories on a functional
unit basis. One of the difficulties faced in our LCA study was the lack of UV LED
studies in the literature that could be used to analyze the environmental impacts of UV
LED systems. Figure 3.7 shows a comparison of four disinfection methods on 18

midpoint impact categories with their impact values.
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Figure 3.7 : Comparison of the four disinfection methods on midpoint impact
categories. (GWP: Global warming potential; ODP: Stratospheric o0zone
depletion; IRP: lonizing radiation; HOFP: Ozone formation, Human health;

PMFP: Fine particulate matter formation; EOFP: Ozone formation, Terrestrial
ecosystems; TAP: Terrestrial acidification; FEP: Freshwater eutrophication;
MEP: Marine eutrophication; TETP: Terrestrial ecotoxicity; FETP: Freshwater
ecotoxicity; METP: Marine ecotoxicity; HTPc: Human carcinogenic toxicity;

HTPnc: Human non-carcinogenic toxicity; LOP: Land use; SOP: Mineral

resource scarcity; FFP: Fossil resource scarcity; WCP: Water consumption).

The Ecoinvent database uses electricity mixes from different countries to obtain a
median of electricity for the production of material and equipment for global value.

The electricity used for operating the disinfection systems was chosen as the global

medium voltage to obtain a global outlook. When the used electricity mix was changed

to local conditions, the impact scores changed for the disinfection methods for all
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impact categories, together with a slight change in the gradation of the compared
systems. The UV LED system was still the highest contributor in all impact categories
except terrestrial ecotoxicity and mineral resource scarcity, whereas the ozone system
had the highest impact and the UV LP system had the lowest impact in all categories.
Another observation was that in all categories, improvements and deteriorations were
seen for the disinfection methods. Table 3.2 presents the percentage of changes, both
negative and positive, in the impact categories when utilizing international electricity
mix data compared to local electricity mix data. The “+” symbol indicates an increase,
and the “-”” symbol indicates a decrease in the impact categories. These changes occur
due to the methods used for electricity production and the electricity mix. The results
gained by the change in the electricity mix show that the source of electricity is a
critical issue in assessing the environmental impacts. The ANOVA test was conducted
using the Minitab application to assess the statistical significance between the
electricity mixes. Furthermore, SimaPro software was utilized to systematically adjust
and model various electricity mix scenarios. When our study is compared with the
current studies, it poses advantages due to its original data, which were gathered by
the multiple site visits and archive searches of the LWA for verification. Another
advantage is that the four main drinking water disinfection systems used widely around
the world are compared in order to provide information for professionals in the field
and at universities. When the literature is searched, it is seen that some studies are
made comparing water disinfection systems at a lab-scale level or based on end users.
This study focuses on large-scale water disinfection technologies that are operational.
The main disadvantage faced in comparing these water disinfection systems is

generating data that are now available from manufacturers.

Table 3.2 : Percentage change in the results due to electricity mix used.

Chlorine Ozone UVLED UVLP
Impact Category
Disinfection Disinfection Disinfection Disinfection
Global warming +8.24 +11.42 +11.51 +11.39
Stratospheric ozone depletion +19.82 +45.88 +46.36 +38.03
lonizing radiation +333.54 +1579.96 +1699.56  +1652.80
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Table 3.2 (continued) : Percentage change in the results due to electricity mix used.

Ozone formation, Human health +3.97 +5.54 +5.61 +5.13
Fine particulate matter formation —61.46 —68.18 —68.50 —68.09
Ozone formation, Terrestrial .05 4565 457 4524
ecosystems

Terrestrial acidification —12.83 —16.62 —16.98 —16.50
Freshwater eutrophication —39.29 —45.99 —46.56 —46.27
Marine eutrophication -31.12 —39.93 —40.15 —40.10
Terrestrial ecotoxicity +12.93 +20.84 +41.25 +32.00
Freshwater ecotoxicity —19.38 —24.36 —29.60 —27.45
Marine ecotoxicity —19.67 —24.78 —29.87 —27.72
Human carcinogenic toxicity —19.93 —23.66 —27.56 —25.68
Human non-carcinogenic toxicity —22.21 —28.04 —30.62 —29.47
Land use +61.88 +118.55 +130.01 +12,614
Mineral resource scarcity +16.38 +24.83 +56.37 +31.12
Fossil resource scarcity +8.22 +11.35 +11.42 +11.30
Water consumption +3.07 +6.74 +6.94 +6.87

At the municipal level, new and developing water disinfection technologies are being
researched and implemented. Electrochemical disinfection (ED) is one of these
technologies. Filho et al. (2021) conducted research that compared ED to chlorine and
exhibited the results. It has been suggested that the electricity consumption of ED is
substantially higher than that of chlorination, which would result in larger
environmental impacts owing to energy consumption. Unlike Filho et al. (2021),

Chaplin (2019) suggested that electrochemical technology might consume less energy
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than other approaches if utilized to treat numerous pollutants rather than simply
pathogens. Advanced Oxidation Processes (AOPS), such as photocatalysis (Zhang et
al. 2019), catalytic ozonation (Wang and Chen 2020), and sonolysis (Fetyan and Attia
2020), are also being investigated. Improvements in ozone disinfection are being
researched in lab-scale experiments, which focus on increasing efficiency and
decreasing energy use. According to Seridou and Kalogerakis (2021), using micro and
nano ozone bubbles instead of macro bubbles in the typical ozone disinfection
procedure can boost disinfection efficiency while using less energy. UV LEDs and
xenon excimer lamps are being explored more and more in the context of UV
disinfection (IWA 2022). Naunovic et al. (2008) investigated excimer lights and
developed a lab-scale model to assess disinfection efficiency. The results were better
than expected; however, the authors urged that further research should be conducted
on this issue. Another significant characteristic of UV disinfection is that it may be
utilized as a light source for photocatalysis water disinfection, which is an AOP (You
et al. 2019). The effectiveness and functioning mechanism of developing water
disinfection systems are being explored, but their environmental impacts are not being
considered due to a lack of real-world applications. New methods of drinking water
disinfection combine the elimination of several contaminants from water, resulting in
an upgrade and modification in the traditional treatment procedure. It is safe to say that
the environmental implications of the disinfection process can be reduced if treatment

systems become more effective with new technology.

3.4. Conclusions

Since their first use at the beginning of the 20th century, UV disinfection systems have
significantly evolved, combining various types of UV lamps for diverse applications.
As these systems depend on electricity, it is crucial to focus on enhancing their energy
efficiency and operational performance. Using materials with lower light absorption
values than the current standards, such as stainless steel, high-density polyethylene
and polypropylene, can increase the efficiency of UV LP systems, leading to reduced
energy consumption. These improvements could expand the global use of UV LP

water disinfection systems, which are known for their safety and reliability.

Currently, UV LED lamps have a higher environmental impact and energy

consumption compared to UV LP systems for equivalent disinfection levels. The

54



future of UV LED systems depends on advancements in lamp technology and greener
production processes to make them viable for water disinfection. This research
demonstrates that UV LP systems present the lowest environmental impacts among
water disinfection methods. Although chlorination remains the most common method
worldwide, transitioning to UV LP systems can reduce the environmental footprints
of water treatment plants. Reducing energy consumption is critical; if achieved, ozone

and UV LED systems could become more favorable.

With the advancement of water disinfection technologies and increasing support for
renewable energy, it is crucial to continuously update the LCA of water disinfection
technologies. The findings from this LCA study, along with others, emphasize the
significance of energy as the primary contributor to environmental impacts. By
adopting more energy-efficient products, it is possible to shift the factors contributing
to environmental repercussions. The growing environmental awareness and
establishment of regulatory frameworks, such as the EU Drinking Water Directive and
the US Safe Drinking Water Act, necessitate periodic enhancements in water safety
protocols. These updates require the re-evaluation of pollutant removal methods and
the exploration of innovative treatment technologies. In this context, LCA serves as an
essential tool for comprehensively assessing the environmental impacts of processes
or technologies in water disinfection, thereby addressing public concerns about their

potential ecological consequences.

Future studies on the LCA of municipal water disinfection should be evaluated,
together with the environmental impacts associated with both the production and
operation of equipment. Currently, obtaining detailed data on the materials used in the
manufacture of disinfection equipment, such as stainless steel, amalgam components,
electronic parts, wires, diodes, plastics and other materials, is challenging due to its
limited availability. To bridge this gap, manufacturers should be encouraged to share
comprehensive material data or conduct LCA studies to provide critical data for
researchers. Such transparency will enhance the accuracy of environmental impact
assessments and support the development of more sustainable water disinfection

technologies.

To align the future of water disinfection more closely with sustainability goals, it is
crucial to focus on improving energy efficiency, promoting transparency in production

data and leveraging advancements in technology. Ongoing research and collaboration
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between industry and academia are critical to drive these advancements and ensure

that water disinfection technologies evolve in an environmentally responsible manner.
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4. LIFE CYCLE ASSESSMENT OF PACKAGE AND ULTRAFILTRATION
DRINKING WATER TREATMENT SYSTEMS AT MUNICIPAL LEVEL

4.1. Introduction

Water has always been an important part of all the life due to its capability of being a
solvent for many molecules and used by cells to transport the substances they need
(Sargen and Utter, 2019), which is also essential part of human life. The historical
findings shows that the earliest settlements were developed to locations that had access
to fresh water (Muorinen et al., 2007). Yet this day, more than 50% of the world
population live closer to surface freshwater bodies, less than 3 km (Kummu, M. et al.,
2011). It could be said that access to fresh water shaped how and where human beings
live in the past but it is till continue to do so.

The water treatment process started with filtration of water and continued to develop
by adding additional processes such as coagulation, flocculation, clarification and
disinfection (Symons, 2006). Regulations for delivering clean water to the general
population emerged at the same time as the treatment and knowledge of water. In 1974,
the USA approved the Safe Drinking Water Act, which established national limitations
and is still being updated today (CDC, 2019). Currently, the US EPA has set limits for
more than 90 pollutants for the treatment of drinking water (CDC, 2022). Similar to
the USA, EU also has been developing regulations for the drinking water. First
directive for drinking water, covering the member states of the EU, was published in
1980 with the latest directive that was published on 23.12.2020 and came into force
on 12.01.2021 (EU Directive, 2020). When this regulations and directives are
reviewed, the common ground that they share is being updated with time parallel to
understanding of new contaminations and health issues due to water consumption.
Even though regulations on safe water had been around for a long time, it was not until
2010 that the access to safe water is a basic human right, which has to be provided by
the states (UN, 2011).
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Conventional water treatment process consists of following steps such as i)
Coagulation ii) Flocculation iii) Sedimentation iv) Filtration v) Disinfection (Y. Wang
et al., 2021). Various methodologies for water treatment have become viable,
contingent upon the characteristics and origin of the water. A variety of options are
available to choose a water treatment system such as conventional water treatment
systems, PWTSs’ with various processes, and membrane process water treatment
systems. The decision to select a treatment system is based on a number of variables,
including the water source quality (pollutants in the water), the location of the WTP,
water demand, the effectiveness of the targeted treatment, contaminants, capital costs,
operations and maintenance expenses, and environmental effects (Torpie et al., 2020).
PWTSs’ are complete drinking water treatment Systems which consist of water
treatment process that take place within the premanufactured tanks. These systems
have some advantages over conventional WTPs such as requiring less area and
construction, having the flexibility to increase plant capacity without major
construction work and low operation and maintenance costs (Baddoo and Biddle,
2000). Membrane filtration employs several types of membrane processes such as
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis
(RO) (Pendergast and Hoek, 2011). UF water treatment systems may have
microfiltration followed by UF membranes to produce drinking water (Préz¢lus et al.,
2021). Membranes can be used in variety of applications depending on their functions
for capturing, separation and catalyzation (Drioli and Giorno, 2010).

Life Cycle Assessmentis a technique for assessing the environmental effect of a
product or process (Ellis et al., 2023). It was standardized by the International
Organization for Standardization (1SO), 1SO 14040, in 1997 and has been modified
several times, the most recent being in 2006, with a revision made in 2020. This
standard outlines the general guidelines and structure for how to carry out an LCA
study (ISO 14040) An LCA study has 4 stages i) Goal and Scope definition ii) Life
Cycle Inventory Analysis iii) Life Cycle Impact Assessment iv) Interpretation
(Corominas et al.,, 2020). There are different inputs and stages to evaluate the
environmental impacts caused by WTPs. WTP LCA studies can include stages of
construction, operation and dismantling of the plant. Each stage has its own inputs to

calculate the environmental impacts (Zijp and H. van der Laan, 2015). LCA is also

58



used for the comparison of different systems for a product or service (Stavropoulos et
al., 2016).

Studies on LCA of water treatment began in the late 1990s, with the study of Sombeke
et. al. (1997), being one of the earliest, in which conventional water treatment process
was compared with nano filtration water treatment process. The goal of the study was
to examine possible water treatment scenarios for their environmental impacts. Zine
et al. (2013) carried out an LCA study for a conventional water treatment process that
only focused on the Global Warming Potential (GWP). The study showed that the
main contributors to emissions were the chemicals used in the processes and the
electricity consumption. Studies by Friedrich (2002) and Saad et al. (2019) also stated
that the major contributors are chemicals and electricity. Various studies (Goga et al.
2019, Tarnacki et al 2012, Raluy et al 2005) on the LCA of desalination using
membranes indicates that the electricity consumption and chemical usage during the
treatment are the main contributors on environmental impacts. The outcome of each
study shows that energy and chemicals used for water treatment are the main points
that needs to be focused and improved. Despite nearly three decades of research on
LCA of water treatment, there are fewer studies compared to LCA of wastewater
treatment and methodologies.

In this thesis two water treatment systems for a municipality were investigated. The
existing system, combined PWTS with chemical disinfection, is compared with an
alternative water treatment system, ultrafiltration water treatment system with
chemical disinfection, in the means of operation and the production of main equipment
(water treatment tanks, UF membrane and its supporting structure) from LCA
perspective, following ISO 14040 guidelines. An impact assessment modeling
software was used to calculate environmental impacts caused by the production and

operation of the two water treatment systems.

4.2. Materials and Method

4.2.1. Goal and Scope

The goal of this study is to compare the environmental impacts of two municipal
drinking water treatment systems (WTS). The first WTS is the existing Water

Treatment Plant (WTP), located in Turkey, and operated by local water administration
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(LWA). The maximum flow rates the of the WTP is 12.960 m3/hour and the treatment
is carried out by a package (modular) water treatment process that employs 36 modular
water treatment tanks including physical and chemical processes. Water treatment
begins with raw water entering the treatment tank from the bottom with an upflow,
then passing through the clarifier section of the treatment tank for flocculation and
clarifying. The tank’s clarifier contains buoyant material clarification process. After
clarification, water enters the filtration part of the treatment tank through the weir. The
composition of the filtration media is made with anthracite, silica sand and garnet.
After the filtration the treated water is disinfectant with gaseous chlorine and sent to
the main storage tanks before distributed to the city. The limit for disinfection is having
free chlorine between 0.2 mg/L and 0.5 mg/L before discharged to the supply line.
Each tank features two backwash systems for clarifying and filtration, which are
activated automatically when there is a head loss. The effluent from the backwash
cycles is discharged into sewers and eventually ends up at the city's primary
wastewater treatment facility. The alternative water treatment system is a virtually
designed ultrafiltration plant (UFWTS). The raw water enters the system through
cartridge filters, 300 um pore size, before the UF membranes to hold the large particles
and increase the lifespan of UF membranes. After raw water is filtered with cartridge
filter, low dosages of coagulant are dosed to make colloidal particle’s stick together
and form larger sizes and then the water is processed with UF membranes. The
UFWTS is comprised of 10 membrane trains each having 216 UF modules. The system
is equipped with chemical backwash system for membrane cleaning and the effluent
form backwash is store in a neutralization tank and discharged into sewage system.
Table 1 provides details of the designed UF system that was used to compare with the
existing PWTS.

Table 4.1 : Design data of the UF water treatment system.

Net
o o Backwash
Gross flux filtration  Recovery Filtration Backwash .
Uux
(L/m2.hr) flux (%) time (min)  time (sec)
(L/m?.sa)
(L/m?.hr)
66 60 95.4 45 45 120
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Table 4.1 (continued) : Design data of the UF water treatment system.

System Configuration

Number of
Total Number
Number ~ membranes Membrane Membrane
Membrane  of total _ _
of trains  on each type material
Area (m?) modules _
train
151,200 2,160 10 216 Ultrafiltration PVDF
Operational Configuration
Average Chemical
Average
) Average  Average  backwash backwash
Design feed wastewater
inlet flow permeate  wastewater  wastewater
flow (m®hr) flow rate
(m3/hr) (m3/hr) flow rate flow rate
(m3/hr)
(m%/hr) (m3/hr)
9,976 9,514 9,073 302.4 138.6 441

The functional unit of the study is 1m?treated and disinfected drinking water ready to
be used by the public. The system boundary is the operational stage of both water
treatment systems including chemicals and energy needed for the water treatment
process together with the production of modular tanks concrete foundations for water
treatment tanks, support structure for UF modules and UF membranes. The raw water
intake structure, building construction, production of auxiliary treatment equipment
(dosage pumps, compressors etc.), dismantling, generated wastewater from filter
cleanings, waste and distribution to the water supply network are not included. ReCiPe
midpoint impact assessment methodology is chosen to calculate the environmental
impacts of both water treatment systems. Water treatment systems are assumed to have
30 years end of life (EoL). Thus, materials used for production of treatment tanks and
UF membranes are calculated to meet the FU and additional material (with stainless
steel frames) are taken in to account. UF filters are changed 4 times over the EoL
period and additional 1% of filter material will be added each year to the modular
water treatment tanks. Both water treatment systems are premanufactured and
assembled at the water treatment plant. The equipment is installed on the site without
major construction work which gives major advantage to both systems over traditional
water treatment plants. Figure 4.1 shows the system boundary of the LCA study.
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Figure 4.1 : System boundary of the compared water treatment methods.

4.2.2. LCI

The data collection of this LCA study is consisted of; operational data from LWA for
the year 2021 for WTP, literature search and Ecoinvent database. In addition,
unavailable data from mentioned sources was acquired from manufacturers. The data
collected for operation includes total amount of treated water, electricity consumption,
chemical consumptions, decrease in filter media, backwash cycles and transfer of
chemicals. The data received was not suitable to imply to the impact assessment
modelling program so site visits were carried out to break down the data to meet the
FU. Collected data was grouped in 4 categories which are i) material needed for
construction of the equipment ii) energy needed for operation iii) chemicals used in
operation iv) materials needed for the operation. Materials needed for the construction
includes components which are used to build package water treatment tanks and UF
membranes. The items that are grouped for operational stage are divided into the
chemicals, energy and the materials needed such as filter material or UF membranes.
In case of PWTS materials needed for the operation consisted of filter material whereas
for the UFWTS it is replacement of new membranes. The facility operated with an
average flow rate of 9073 m3/hour for the year 2021. The UFWTS was designed with

the outlet water flow rate of 9073 m*/hour using same raw water parameters and treated
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water to be comply with the drinking water regulations. Energy needed to produce the
materials for production is included in the calculations though the data in the impact

calculation modelling software and it will not be separately surveyed.

Table 4.2 : The water quality parameters on the scope of this thesis.

Parameter Unit Raw Treated Legal Requirements
Water Water
Aluminum ng/L 11-40 8-15 <200
Turbidity NTU 09-12 <1 Acceptable to consumers

and no abnormal change

Odor, Taste Acceptable to consumers

and no abnormal change

Iron ug/L 25-55 13- 24 <200
Conductivity uS/cm 280-300 <300 < 2500
Manganese ng/L 35-58 <3 <50
pH - 7.59 75-8 6.5-9.5
Total Coliform CFU/100mL 5.78 0 0
Bacteria

As it can be seen from table 4.2 the raw water quality is below the required limits. In
spring and fall the turbidity increases due to rain and runoff water. The studied water
treatment plant used to improve the water parameters and provide the esthetical quality
also it ensures the quality of water and a precaution step for unexpected
contaminations. As it can be seen from the table 4.2 the raw water quality is very good
based on the legal requirements. The main reason for treatment is due to the esthetics

of water and for microbiological paramaters.

4.2.3. LCIA

Different methodologies for environmental impact calculations are available. Some of
them such as Traci (USA) and LIME (Japan) are regional while ReCiPe and IMPACT
World+ are global methodologies (SimaPro, 2022) which covers multiple impact

categories. LCIA methodologies can be also distinguished based on their midpoint or
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endpoint impact category approach (Finnveden and Potting, 2014). Also, there are
other impact assessment methodologies which covers only one category such as

carbon footprint or water footprint (Ecoinvent, 2021).

ReCiPe environmental impact assessment methodology uses 18 midpoint impact
categories and 3 endpoint area of protection to address the impacts to the environment
with three 3 different perspectives; individualist, hierarchist and egalitarian. In this
study, Recipe assessment methodology with hierarchist perspective will be used to
address the environmental impacts caused by the water treatment scenarios on
midpoint impact categories. Recipe midpoint impact categories includes global
warming, stratospheric ozone depletion, ionizing radiation, ozone formation - human
health, fine particulate matter formation, ozone formation - terrestrial ecosystems,
terrestrial acidification, freshwater eutrophication, marine eutrophication, terrestrial
ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, human carcinogenic toxicity,
human non-carcinogenic toxicity, land use, mineral resource scarcity, fossil resource
scarcity and water consumption. The data that are collected in LCI step is transferred
to a modelling software to calculate the environmental impacts for the impact
categories. SimaPro 9.4.0.1 classroom edition software is used to calculate the impacts
on this paper’s study. The modelling software provides different databases such as
Agri-footprint economic, Ecoinvent, EU and DK input output, Industry data 2.0 and
the U.S. Life Cycle Inventory Database with three calculation assessment methods,
Impact World +, LC — Impact and ReCiPe 2016 (SimaPro, 2022).

4.2.4. Interpretation

Interpretation is the final step of an LCA study (ISO 14040). It includes the comment
of the outcomes of LCI and LCIA phases in line with goal and scope of the study
(EPLCA, 2021). The objective of this life cycle assessment (LCA) study is to compare
the environmental impacts of two different municipal-scale water treatment systems.
The final step of this study will provide recommendations based on the findings of the
life cycle inventory (LCI) and life cycle impact assessment (LCIA) phases, as well as
to discuss the limitations of the study and draw conclusions. The interpretation of the

LCA results will be presented in the conclusion section of this paper.
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4.3. Results and Discussions

4.3.1. Environmental performance of Package and UF Water Treatment

Systems

When the PWTS was analyzed, it was observed that the chemicals used for operating
the package water treatment plant such as anionic polyelectrolyte, gaseous chlorine
and polyaluminium chloride have the highest contribution in all impact categories
except IR where the electricity used for the operation of the plant has the most impacts.
Gaseous chlorine together with polyaluminium chloride is responsible for more than
80% of the impacts caused by chemicals used in the PWTS and the rest of the impacts
are caused by the usage of polyacrylamide (PAM). In categories GWP, ODP, HOFP,
PMFP, EOFP, TAP, FEP, MEP, HTPnc, LOP, FFP and WCP, electricity was the
second major contributor after chemicals; whereas, TETP, FETP, METP, HTPc and
SOP materials used for constructing the equipment had most environmental impacts
after energy consumption. Contribution of the operational materials had impact less
than 0.0001% percent in all impact categories which are negligible. In a conventional
water treatment plant, the major energy consumption is from pumps which are used to
transmit the raw water to the treatment plant, treated water to the supply lines and
storage tanks around city. The energy consumption of water treatment processes is
very low when it is compared with pumps. Bukhary et al. (2019) stated that the energy
consumption of water treatment processes is only 2%; whereas, energy consumption
of pumping is 98% in a conventional water treatment plant. In the studied PWTS with
conventional process, the overall energy consumption of water treatment process is
around 8% of total energy consumption of the whole water supply system is taken into
account. Filter backwashing equipment uses the highest energy in the PWTS followed
by poly preparation units and chlorine dosage units.

Materials used for constructing treatment tanks, including filtration media, have
contributed between 3.88% and 35.13% in midpoint categories. The material, that had
the most impacts in all categories, were ST37 steel used for the production of the tanks.
Other materials such as glass fiber reinforced plastic (GFRP), ribbed iron, concrete
and stainless steel (SS) were the other major contributors for construction material.

Figure 4.2 shows the inputs and their overall impacts based on the FU.
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Figure 4.2 : Impacts of the package water treatment plant for midpoint impact
categories. (GWP: Global warming potential; ODP: Stratospheric ozone depletion;
IRP: lonizing radiation; HOFP: Ozone formation, Human health; PMFP: Fine
particulate matter formation; EOFP: Ozone formation, Terrestrial ecosystems; TAP:
Terrestrial  acidification; FEP: Freshwater eutrophication; MEP: Marine
eutrophication; TETP: Terrestrial ecotoxicity; FETP: Freshwater ecotoxicity; METP:
Marine ecotoxicity; HTPc: Human carcinogenic toxicity; HTPnc: Human non-
carcinogenic toxicity; LOP: Land use; SOP: Mineral resource scarcity; FFP: Fossil

resource scarcity; WCP: Water consumption).

Compared to water treatment plants with conventional process, water treatment plants
with membrane processes consumes more energy (Grzegorzek et al., 2023). When the
designed UFWTS was analyzed, electricity used for the treatment of water was the
main contributor in all impact categories except SOP where chemicals used for the
operation of the UFWTS was the main contributor. Materials used for operating the
UFWTS had less than 2% effect in all categories except TETP and SOP which had
overall impact 4 % and 12.5%, respectively. Materials considered as the part of the
operation are polyvinylidenefluoride (PVDF), polyvinyl chloride (PVC) and
polyurethane (PU) , which are used to produce UF modules, had less than 1% overall
impact in all categories, only in SOP the impact was 3.19%. Prézélus et al. (2021)
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carried out an LCA study for water treatment with UF and analyzed each process
within the ultrafiltration. The results indicated that the chemicals used in the processes
are the main contributors after energy consumption. The results were vice versa with
the findings of this paper. The main reason for this result is due to the electricity
consumption per m® that is used for UF systems which was higher in this paper. Within
the chemicals used for operation, polyaluminium chloride was responsible for the
greatest impacts followed by sodium hydroxide, gaseous chlorine and hydrochloric
acid. The materials used to build UF membranes are responsible for the major impacts
derived from constructing materials. PVDF, PVC and PU were the top 3 contributors
for constructing material. Figure 4.3 presents the environmental impacts associated
with the production of 1 cubic meter of water using the UF water treatment technique.
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Figure 4.3 : Impacts of the UF water treatment plant for midpoint impact categories.
(GWP: Global warming potential; ODP: Stratospheric ozone depletion; IRP: lonizing
radiation; HOFP: Ozone formation, Human health; PMFP: Fine particulate matter
formation; EOFP: Ozone formation, Terrestrial ecosystems; TAP: Terrestrial
acidification; FEP: Freshwater eutrophication;, MEP: Marine eutrophication; TETP:
Terrestrial ecotoxicity; FETP: Freshwater ecotoxicity; METP: Marine ecotoxicity;
HTPc: Human carcinogenic toxicity; HTPnc: Human non-carcinogenic toxicity; LOP:
Land use; SOP: Mineral resource scarcity; FFP: Fossil resource scarcity; WCP: Water

consumption).
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The production and operation of each water treatment system is consisted of different
components. When both water treatment systems were compared using ReCiPe
midpoint methodology it was observed that UFWTS system was responsible higher
environmental impacts over PWTS. The main reason for this is due to electricity and
amount of chemicals used in operation and production. In all 4 categories that the
comparison is divided to, construction material, energy needed for operating the water
treatment plant, chemicals needed for the water treatment processes and materials
needed for the operating the plant, UFWTS had much more impact than PWTS in most
of the impact categories. Materials that are required to construct and operate the UF
membranes was much higher than the production and operation of package water
treatment tanks. Energy consumption and the chemicals used for treatment process
was again much higher than that in UFTWS. Since the materials needed for the
operation of UFWTS consisted of UF membranes, due to the amount and producing
new membranes, it is much higher compared to PWTS. Figure 4.4 presents a
comparison of the PWTS and UFWTS across 18 midpoint impact categories, revealing
significant differences in the environmental performances of two water treatment

systems.
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Figure 4.4 : Comparison of the analyzed water treatment methods. (GWP: Global
warming potential; ODP: Stratospheric ozone depletion; IRP: lonizing radiation;
HOFP: Ozone formation, Human health; PMFP: Fine particulate matter formation;
EOFP: Ozone formation, Terrestrial ecosystems; TAP: Terrestrial acidification; FEP:
Freshwater eutrophication; MEP: Marine eutrophication; TETP: Terrestrial
ecotoxicity; FETP: Freshwater ecotoxicity; METP: Marine ecotoxicity; HTPc: Human
carcinogenic toxicity; HTPnc: Human non-carcinogenic toxicity; LOP: Land use;
SOP: Mineral resource scarcity; FFP: Fossil resource scarcity; WCP: Water

consumption).

According to findings of this study, natural resources and the methods used to turn
these natural resources into a product are substantial contributors to the impact
categories. Production phase of a product starts from the extraction of natural resources
and all its disposal. The activities that are related to the production of the equipment
used in PWTS and UFWTS consisted of activities such as mining operations, energy
production (electricity/heat) needed for processing, transportation of raw
material/finished product and waste/wastewater treatment.
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Table 4.3 : Overview of the impact categories including the sources, results and

interconnections between categories.

Impact

category

Source

Results

Other impact categories affected by
this impact category

Global warming

Combustion of fossil
fuels, deforestation,
industrial processes,

chemical manufacturing

Release of greenhouse
gases (CO:, CHa, N20)

Fossil resource scarcity and fine

particulate matter formation

Stratospheric

ozone depletion

Chlorofluorocarbons,
carbon tetrachloride,

nitrous oxide

Release of ozone-
depleting substances

(cfcs, halons)

Human carcinogenic toxicity and

human non-carcinogenic toxicity

lonizing Nuclear energy usage or  Release of particlesand Human carcinogenic toxicity and
radiation other sources that emit electromagnetic waves  human non-carcinogenic toxicity
ionizing radiation during
electricity generation
Ozone Vehicle emissions, Release of NOX and Global warming and fine particulate
formation, industrial emissions, VOCS matter formation

Human health

solvent use, power plants

Fine particulate

Combustion sources,

Release of pm10 and

Human health and ozone formation-

matter industrial processes, pm2.5 human health
formation construction activities
Ozone Vehicle emissions, Release of NOX and Global warming and fine particulate
formation, VOCS matter formation
Terrestrial industrial emissions,
ecosystems

y urban sprawl
Terrestrial Fossil fuel combustion, Release of acidifying Eutrophication and terrestrial
acidification industrial processes, substances like SO, ecotoxicity

vehicle emissions NOy, NHs

Freshwater Sewage discharge Nutrient runoffs and Water consumption, terrestrial and

eutrophication

industrial effluents

emissions affecting

water bodies

freshwater ecotoxicity
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Table 4.3 (continued): Overview of the impact categories including the sources, results and

interconnections between categories.

Marine

eutrophication

River discharge,

wastewater discharge

Nutrient runoffs and
emissions affecting

marine water bodies

Marine ecotoxicity and water

consumption

Terrestrial Industrial emissions, Hazardous waste Human toxicity and land use
ecotoxicity waste disposal, mining emissions

activities, accidental

spills
Freshwater Industrial effluents, Chemical runoff and Human toxicity and marine
ecotoxicity mining discharges, emissions ecotoxicity

sewage disposal
Marine Industrial discharges, Chemical runoff and Freshwater ecotoxicity and human
ecotoxicity shipping activities, emissions toxicity

offshore drilling, runoff,

waste disposal
Human Industrial emissions, Emissions and lonizing radiation and fine particulate

carcinogenic

occupational exposure,

hazardous materials

matter formation

toxicity air pollution used in the process of
energy production
Human non- Air pollution, water Presence of non- Freshwater ecotoxicity and ozone

carcinogenic

contamination,

carcinogenic toxic

formation-human health

toxicity occupational exposure substances

Land use Urban development, Natural land Mineral resource scarcity and
mining, deforestation, transformation, terrestrial ecotoxicity
infrastructure biodiversity loss
development

Mineral Mining activities, The depletion of Human toxicity and land use

resource industrial demand, mineral resources and

scarcity wasteful practices, its impact on

technological
advancements

availability for future

use.
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Table 4.3 (continued): Overview of the impact categories including the sources, results and

interconnections between categories.

Fossil resource  High fossil fuel The depletion of fossil ~ Global warming and fine particulate
scarcity consumption during fuels and its impact on ~ matter formation

energy production and availability for future

chemical production. use.

energy consumption,
transportation, industrial

processes
Water Industrial processes, The use of water Eutrophication and human toxicity
consumption energy production resources and its

impact on availability

for future use.

Relatively high environmental impacts from chemicals used in the water treatment are
mainly caused by the phases in production process. Main activities for production,
which are also major contributors, coal mining operations, heat generation with coal,
electricity consumption, smelting operations, wastes from mining operations (landfill),
chlor-alkali electrolysis, impact from other chemicals used in the production, gas/oil
production and transportation activities. Some post activities such as wastewater
treatment from production of ss, st37, PVDF and pig iron casting, use of tap water for
concrete production and rehabilitation of mining sites added to impact calculations
with a negative value in the modelling software resulting in a decrease in the calculated
impact category.Table 4.3 shows the sources of each impact category which are
surveyed in this thesis. sources and results are based on the production and operation
of PWTS and UFWTS. The last column of the table shows the impact categories that
are related and effecting each other.

Major activities that are responsible for the impacts of electricity production is caused
by mining activities of coal, extraction of natural gas/oil, electricity production from
coal/gas/hydro/ wastes and transportation. The research papers that were investigated
during the preparation of this paper indicates that using green energy will reduce the
impacts caused by the energy consumption and cause less contribution for
environmental impacts. On the other hand, the study by Sonter et al. (2020) states that
mining operations to gathered the resources needed to produce renewable energy
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equipment will put a pressure on biodiversity which will cause increase in of

environmental impacts due to mining operations.

4.4. Conclusions

The findings of this study indicate the critical roles of materials, energy and chemicals
in the water treatment process. The PWTS relies heavily on components from the steel
industry, which demands substantial energy, primarily derived from coal. This reliance
contributes significantly to environmental impacts from mining to usage in steel
production. Substituting coal with alternative energy sources can markedly reduce

these environmental impacts.

In the operational phase of water treatment systems, chemicals and electricity are
predominant factors affecting the environment. The production of these chemicals
involves extensive energy consumption from mining, transportation, water production,
waste and related processes, driven by both fossil fuels and renewable sources.
Variations in electricity production methods across different countries further
influence environmental impacts, with differing electricity mixes leading to variations

in these effects.

The LCA of the two water treatment systems reveals that the environmental burdens
associated with the PWTS are lower compared to the UFWTS. The fabrication of the
PWTS's components, particularly the treatment tanks, benefits from the use of
recyclable materials, which reduce the overall environmental footprint at the end of
their life cycle. In contrast, UF membranes used in UFWTS are not recyclable and are

disposed of by burial in landfills, which contributes to more environmental impacts.

Additionally, the study highlights that the energy intensity of the water treatment
processes plays a crucial role in determining their sustainability. The PWTS's lower
energy demand during operation, coupled with its reliance on materials that can be
more easily recycled, positions it as a more environmentally favorable option.
Conversely, the UFWTS's higher energy requirements and the disposal needs of its

membranes increase its environmental impacts.

It is also evident from the LCA that improvements in energy efficiency and the

adoption of renewable energy sources could further reduce the environmental impacts
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of both water treatment plants. However, the integration of renewable energy must be
carefully managed to avoid shifting environmental burdens. For instance, the
production and disposal of renewable energy technologies themselves must be

considered to ensure a net positive environmental impact.

The study suggests that future research should focus on advancing water treatment
technologies to enhance their environmental performance. This includes developing
more efficient equipment, exploring innovative disinfection methods, and optimizing
treatment processes to minimize energy consumption and chemical use. Additionally,
a comprehensive approach to resource management, including the use of life cycle

thinking, is essential to achieve sustainable water treatment solutions.

In conclusion, the PWTS emerges as a more sustainable option compared to the
UFWTS in terms of manufacturing, operation, and energy consumption. The
recyclability of materials used in the PWTS and its lower operational energy demand
contribute to its reduced environmental impacts. Given the considerations outlined in
this study, the PWTS is recommended as a more sustainable choice for municipalities

seeking to implement environmentally responsible water treatment solutions.
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5. CONCLUSIONS AND FUTURE PERSPECTIVE

The landscape of life cycle assessment (LCA) in the field of drinking water treatment
and disinfection is continually changing, offering a promising opportunity for
enhancing sustainability within this essential sector. The systematic examination of
numerous LCA studies underscores the significant environmental impacts associated
with water treatment, particularly during the operational phase. Addressing these
impacts necessitates a multifaceted approach that includes adopting renewable energy

sources, enhancing technological capabilities, and utilizing eco-friendly materials.

Future LCA studies must prioritize the integration of renewable energy into water
treatment systems. This shift will not only reduce the carbon footprint but also enhance
the overall sustainability of the processes involved. Advancements in UV and ozone
disinfection technologies, despite their current higher energy demands compared to
traditional chlorination, indicate a potential for reduced environmental impacts
through continuous technological innovations. These innovations should be rigorously
evaluated through updated LCA studies to provide a comprehensive understanding of

their environmental benefits and drawbacks.

The use of materials such as stainless steel and high-density polyethylene has already
demonstrated significant improvements in system efficiency and energy consumption.
Future research should explore the potential of these and other advanced materials in

further reducing the environmental footprint of water treatment systems.

A critical aspect of future LCA studies is the need for detailed data on the production
and operation of disinfection equipment. Manufacturers must be encouraged to share
comprehensive material data or conduct their own LCA studies to facilitate a thorough
assessment of environmental impacts. Transparency in data and collaboration between
industry and academia are vital for advancing sustainable practices in water treatment

and disinfection.
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Regulatory frameworks mandating periodic updates to water safety protocols will
continue to play a pivotal role in driving these advancements. These frameworks
should emphasize the importance of LCA in environmental impact assessments,
ensuring that technological progress is aligned with sustainability goals. Future LCA
studies must include comprehensive data on equipment production, operation, and

maintenance, focusing on enhancing energy efficiency and reducing chemical usage.

The transition towards greener technologies, such as UV LP systems and Package
Water Treatment Systems (PWTS), offers a viable path to sustainable water treatment.
PWTS, with its use of recyclable materials and lower operational energy demand,
presents a lower environmental impact compared to Ultrafiltration Water Treatment
Systems (UFWTYS). The challenges associated with UFWTS, including the disposal of
UF membranes and higher energy requirements, highlight the need for continued

research and optimization of water treatment technologies.

In conclusion, achieving sustainability in water treatment and disinfection requires a
concerted effort to enhance energy efficiency, embrace renewable energy sources, and
utilize eco-friendly materials. Continuous collaboration between industry and
academia, supported by regulatory backing and innovative research, is essential for
driving advancements in this vital sector. Through these efforts, the water treatment
industry can move towards more sustainable practices, ensuring the provision of safe

and environmentally responsible water treatment solutions.
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