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PREFACE 
 
Since my childhood, I have had a keen interest to contribute to the development of water and 
wastewater treatment technologies. It may be because I was born in a small village and I experienced 
the importance of clean water in the life of rural people and the happiness and satisfaction it can bring 
in their life. During my under graduation, I was interested in the experimental work related to water and 
wastewater analysis but in my master studies at KTH, I was motivated towards applications of 
environmental tools in the water and wastewater sector. In June 2020, I started this thesis as a 
challenge to apply the life cycle assessment (LCA) tool in the drinking water sector in order to evaluate 
its usefulness as a drinking water sustainability assessment tool at the strategic level. I hope this thesis 
will offer some useful insights on how the LCA tool can be utilized in the short and long term 
optimization of drinking water treatment plants. 
 
The study is carried out in collaboration with Norrvatten in Stockholm, Sweden under the supervision of 
Daniel Hellström (Head of Quality and Development, Norrvatten). This thesis is my own work unless 
otherwise indicated in the text. However, it is important to mention that in the beginning there were 
two students working on this project (me and one more student, Siddharth Selvarajan from KTH). The 
scoping of the project was done together along with the initial meetings with Norrvatten, but later I 
decided, together with my supervisors, that I would write a separate report. I am thankful to Siddharth 
Selvarajan for the time we worked together and all the discussions.   
 
Moreover, this study is performed using simapro classroom version that can only be used for research 
and education purposes. So any commercial misuse of the study is not allowed unless permitted. 
Furthermore, the review of the study by the examiner is not equivalent to a formal third party LCA 
review as given in ISO standards. 
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ABSTRACT 
 
Climate change is a global challenge that requires proactive action from municipalities, companies, and 
other organizations to prioritize sustainability in their daily operations. In the past few decades, life cycle 
assessment (LCA) approach has been successfully applied for environmental assessments in the drinking 
water sector. In this study, this approach has been used to present a comparative evaluation of the 
potential environmental impacts associated with nine different process alternatives for future drinking 
water production at Norrvatten. This study is a pioneering one that explores the potential of LCA as a 
decision support tool to prioritize and optimize environmental impacts during the operational phase in 
Swedish drinking water production.  
 
The nine alternatives are designed for the year 2050 to meet the average daily demand of 208 MLD for 
the 14 municipalities in the northern Stockholm region that Norrvatten supplies with drinking water. 
Out of the nine alternatives, the alternative based on direct filtration of raw water on nanofiltration 
membranes came out as the most environmentally friendly solution due to the use of renewable 
electricity from hydro and wind power. The results indicate that the potential environmental impacts 
are dominated by the use of chemicals in all alternatives, which in turn depends on the energy sources 
used for chemical production that are mostly dominated by fossil-based non-renewable sources. The 
impacts due to transportation and energy consumption are relatively less in Swedish drinking water 
production. Moreover, filtration through granulated activated carbon (GAC) is the most environmentally 
damaging treatment step, but regeneration of saturated GAC induces positive impacts in all alternatives. 
Among environmental impact categories, categories related to fine particulate matter formation; global 
warming, human carcinogenic toxicity, and human non-carcinogenic toxicity are the most significant in 
all alternatives. 
 
Several of the treatment technologies included in the nine alternatives, such as Nanofiltration, have only 
been tested on a pilot scale and have not been used for drinking water production at Norrvatten. So this 
study should be followed up and supplemented with better representative inventory data relevant to 
the Swedish context in order to contribute more effectively in making the future Swedish drinking water 
production more sustainable and environmentally friendly. Also, this study is based on the most recently 
available data that may not be valid in 2050 and the latest trends to substitute non-renewable energy 
sources with renewable sources may reduce the impacts due to chemical production and transportation 
in the future. Moreover, this LCA study does not include any aspects of water quality and treatment 
costs. Hence, while comparing different alternatives, the quality of the treated water and its production 
cost must also be taken into account. 
 
Keywords: Life cycle assessment (LCA), Drinking water treatment, Environmental impacts, Sustainability, 
Global warming, Nanofiltration, Conventional water treatment, Ultrafiltration, Expansion alternatives, 
Water Quality, Water treatment plant, Environmental optimization, Drinking water quality 
 
 

 
 
 
 
 
 
 



VII 
 

Sammanfattning 
 

Klimatförändringar är en global utmaning som kräver proaktivt agerande från kommuner, företag och 
andra organisationer för att prioritera hållbarhet i sin dagliga verksamhet. Under de senaste 
decennierna har livscykelanalys (LCA) använts  för miljöbedömningar inom VA-sektorn. I denna studie 
har detta tillvägagångssätt använts för att presentera en jämförande utvärdering av den potentiella 
miljöpåverkan som är förknippad med den framtida dricksvattenproduktionen vid Norrvatten. Med hjälp 
av LCA så jämförs nio olika processalternativ för den framtida produktionen och kan på så sätt bidra till 
att prioritera och optimera processval utifrån miljösynpunkt.  
 
De nio alternativen är utformade för år 2050 för att tillgodose den genomsnittliga dagliga efterfrågan på 
208 MLD för de 14 kommuner i norra Stockholmsregionen som Norrvatten försörjer med dricksvatten.  
Av nio alternativ kom alternativet baserat på direkt filtrering av råvatten på nanofiltreringsmembran 
som den mest miljövänliga lösningen på grund av användningen av förnybar el från vatten- och 
vindkraft. Resultaten indikerar att de potentiella miljöeffekterna domineras av användning av kemikalier  
i samtliga alternativ, vilket i i sin tur beror på de energikällor som används för kemikalieproduktion 
domineras av fossilbaserade energibärare. Effekterna på grund av transport och energiförbrukning är 
relativt låg  i svensk dricksvattenproduktion. Filtrering genom granulerat aktivt kol (GAC) det mest 
miljöbelastande behandlingssteget, men regenerering av mättad GAC ger positiva effekter i alla 
alternativ. Bland kategorier för miljöpåverkan  så är kategorier relaterade till bildning av fina partiklar; 
global uppvärmning, mänsklig cancerframkallande toxicitet och mänsklig icke-cancerogen toxicitet  de 
viktigaste i alla alternativ. 
 
Flera av de behandlingstekniker som ingår i de nio alternativen, såsom Nanofiltration, har enbarts 
testats i pilotskala och inte använts för dricksvattenproduktion vid Norrvatten. Så denna studie bör följas 
upp och kompletteras med data som är relevanta för förhållanden vid Vättern  Denna studie baseras 
också på  tillgängliga data som kanske inte är giltiga 2050 och de senaste trenderna för att ersätta icke 
förnybara energikällor med förnybara källor som kan minska effekterna på grund av kemisk produktion 
och transport i framtiden. Dessutom innehåller denna LCA-studie inga aspekter av vattenkvalitet och 
behandlingskostnader.. Vid jämförelse av olika alternativ måste även kvaliteten på det behandlade 
vattnet och dess produktionskostnad beaktas. 
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1. Introduction 
This section will provide a brief overview of the study. It is divided into introduction to discuss the study 
background in brief (A complete description of the study background is given in Appendix 1), Research 
objectives (define the ultimate goals of the study) and Norrvatten future water treatment plant (WTP) 
alternatives to introduce different future WTP alternatives proposed by Norrvatten for the year 2050 (A 
complete description about Norrvatten future WTP alternatives is given in Appendix 2). “Note: An LCA 
study can only provide the potential environmental impacts of the system under consideration not the 
actual impacts so the word environmental impacts in this study generally mean potential environmental 
impacts.  Moreover, in this study, the terms energy generally refer to electrical energy” 

1.1 Introduction 
Availability of freshwater at all times is essential for human survivalhood as a result initial human 
civilizations came into existence near rivers such as Indus Valley Civilization, Ancient Egyptian civilization 
near river Nile, Mesopotamian civilization along the Tigris and Euphrates rivers, and Chinese civilization 
along the Yellow River. In the ancient times, freshwater was drawn directly from rivers, lakes, ponds, 
groundwater wells or other raw water sources but in recent history, to improve both public health and 
availability of drinking water, centralized water treatment units came into existence. In the last few 
decades, due to continuous increase in population, urbanization and rapid economic growth, water 
consumption has increased exponentially, leading towards scaling up of these units. Initially, raw water 
treatment in these units is dominated by chemical and land use based technologies but in the last few 
decades energy intensive operations became an essential part and parcel of these units especially 
pumping and membrane based filtration. This transition towards energy intensive technologies is mainly 
due to increase in knowledge about additional water quality parameters including disinfection by-
products  along with availability of reliable sources of electricity(Hall and Dietrich, 2000). 
 
Earlier in the past, environmental impacts of raw water extraction, treatment and distribution of treated 
water were relatively small but in past few decades due to increasing urbanization (increase in number 
of connected people), climate change (raw water quality deterioration) and raw water sources 
overexploitation, the total use of chemicals along with electricity in drinking water production and 
distribution has increased significantly. This is transforming the water treatment plants (WTPs) from 
simple small scale to complex large scale water production units. As a result, the role of drinking water 
production is becoming more and more prominent in the society along with their environmental 
impacts, turning them as potential environmental hotspots that need to be analyzed and optimized 
from a life cycle perspective to minimize their potential environmental impacts. So, to make the drinking 
water industry more sustainable and environmentally friendly, applications of life cycle assessment 
(LCA) methodology in water sector has started since the late 1990s with early focus on drinking water 
production (DWP) but since 2005, publications on drinking water distribution(DWD) are also 
increasing(Loubet et al., 2014). Geographical distribution of these studies are mainly located in Europe 
but some research papers are also published in North America, Australia, South Africa, China and 
Southeast Asia(Loubet et al., 2014). However, in Sweden applications of LCA in the drinking water sector 
is very limited, as a result very limited research publications and reliable reports, relevant to Swedish 
context are available as discussed in section 2.2.2. 
 
Surface water resources are abundant in Sweden due to its geographical location as a result Swedish 
drinking water supply is highly dominated by surface water. Around 75% of Swedish national drinking 
water demand is fulfilled either by its surface water treatment plants (50%) or by artificial groundwater 
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plants (25%) (Lidén and Persson, 2016). Among Swedish drinking water suppliers, Norrvatten is one of 
the largest supplying drinking water mainly in northern Greater Stockholm. It is a municipal association 
that produces and distributes high-quality drinking water to its member municipalities. The association 
was formed by three municipalities in 1926 and in 1929, the association’s waterworks (Görvälnverket, 
3.56 MLD)came into existence (Norrvatten, n.d.). Since then, the association grew continuously and in 
2020, it is an association of 14 member municipalities, supplying on an average 140 MLD drinking water 
to approximately 700,000 consumers per day through its 200 MLD (Maximum capacity) WTP, making it 
as the Sweden's fourth largest drinking water producer(Norrvatten, n.d.). 
 
The current waterworks at Norrvatten in 2020 has a maximum design capacity of 200 MLD. With some 
modification in the existing Plant, the maximum design capacity can be increased to 220 MLD by 2021 
that will be sufficient till the year 2030(Heldt, 2019). But by large, the existing plant has almost reached 
its threshold both in terms of capacity and purification efficiency.   
 
The existing waterworks at Norrvatten is not compatible with the Norrvatten estimated quality 
requirements of 2050. According to the regional development plan for the Stockholm Region (RUFS) 
2050, the population in the member municipalities will increase in future. As per Norrvatten's forecast 
model based on RUFS 2050 validated by independent population forecasting by member municipalities, 
the number of connected people is expected to increase from 600,000 people in 2016 to somewhere 
around 900,000 people in 2050(Heldt, 2019; Stockholms Läns Landsting, 2017). As a result, Norrvatten 
has to increase its maximum design capacity from 200 MLD in 2019 to around 280 MLD in 2050 and 
corresponding average production capacity from 140 MLD to 208 MLD in 2050(Heldt, 2019). 
 
In regard to estimated treated water quality requirements for 2050, the possibilities of strengthening 
the purification in the existing process with at least three microbiological barriers (to protect consumers 
against pathogenic microorganisms), at least one chemical barrier (to protect consumers from chemical 
health disruptive substances) along with enhancing the removal of natural organic matter (NOM) early in 
the purification process is limited. Moreover, the current treatment processes at Norrvatten are not 
adaptable to handle large deterioration in microbiological/or chemical raw water quality in connection 
with the risk associated with the climate change(Heldt, 2019). Therefore the existing purification 
processes either need to be supplemented by other additional barriers effects or alternatively replaced 
by advanced treatment steps with higher barrier effect against futuristic microbiological, chemical and 
NOM contaminations.  
 
So, to fulfill the Norrvatten’s 2050 requirements for capacity and outgoing drinking water quality, the 
available options are either constructing a completely new waterworks with subsequent 
decommissioning of the existing waterworks or upgrading the existing water works with additional 
capacity and better/additional purification steps. Thus, Norrvatten has started investigating the possible 
future scenarios in order to indentify the most sustainable solution to satisfy the future consumer’s 
requirements until 2050. In this regard, nine different future WTP process alternatives ranging from the 
completely new plants to the expansion of the existing plant have been developed by Norrvatten as 
given in Table 1. Moreover, a complete description about these alternatives is given in Appendix 2.  
 
According to the Norrvatten future sustainability scope, all the future process alternatives that fulfill the 
mandatory requirements related to quantity and quality should be environmentally assessed based on a 
life cycle perspective. These alternatives need to be compatible with Norrvatten vision of “always 
supplying healthy drinking water with environment and social benefits in focus” and must lead to a 
relatively more sustainable production of drinking water that would be economical, environmental 
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friendly, socially acceptable and practically applicable. This study is a part Norrvatten environmental 
initiative to evaluate the potential environmental impacts of Norrvatten’s future drinking water 
treatment alternatives for 2050 using LCA methodology. Moreover, in this study, a comparative LCA is 
performed on the given nine alternatives to compare their potential environmental impact during the 
operational phase in 2050. 

1.2 Research objectives 
The main purpose of the study is to act as a decision support tool to Norrvatten. In this study the 
potential environmental impacts from each future WTP process alternative during operational phase in 
2050 is reported to help the concerned authorities in making informed decisions while selecting their 
future WTP process alternative based on a life cycle perspective.  
 
This LCA study is performed as per ISO 14040 LCA framework methodology using simapro software to 
achieve the research objective as given below:  

1. Which WTP alternative has relatively least potential environmental impacts during operational 
phase in 2050 based on a lifecycle perspective? 

2. What are the potential environmental hotspots in future WTP alternatives (chemical 
consumption, transportation, energy consumption within WTP and miscellaneous processes)? 

3. Which treatment steps have significant environmental impact contribution in future WTP 
alternatives? 

4. Which environmental impacts from future WTP alternatives are the most significant? 
5. How significant are the variations in environmental impacts by changing the uncertain 

parameters (Change in electricity mix, Use of PAC as a permanent chemical barrier, Design life of 
GAC filters, Use of regenerated GAC and source of electricity in chemical production)? 

1.3 Norrvatten future drinking water treatment alternatives 
Norrvatten future drinking water treatment alternatives that are considered in this study can be broadly 
categorized into two set of alternatives. In the first set of alternatives (A1, A8 and A9), the existing plant 
will be decommissioned and a new WTP will be constructed at a new location with improved capacity 
and better treatment facilities. In the second set of alternatives (A2, A3, A4, A5, A6 and A7), the existing 
plant will be upgraded with higher capacity and improved treatment facilities as shown in Table 1. 
Moreover, in the second set of alternatives existing infrastructure will be retained as much as possible 
depending on its compatibility with the future treatment scheme.  
 
In principle, all the future WTP alternatives have only one objective of supplying sufficient quantity of 
water of satisfactory quality at reasonable cost to all the connected consumers continuously at all times 
without interruption throughout their design life. So, to fulfill this objective until the year 2050, nine 
different future WTP alternatives proposed by Norrvatten are given in Table 1. Moreover, all the 
chemical based alternatives from A2-A8 are further divided into two separate categories based on 
whether they use aluminium sulphate (ALG) or iron chloride (FeCl3) as a precipitating chemical. Thus 
there is one category of aluminium (ALG) based alternatives from A2-A8 and another category of iron 
(FeCl3) based alternatives from A2-A8 in the given alternatives from A2-A8. A complete description of all 
alternatives along with their flow charts is given in Appendix 2. As per Norrvatten, the selection of the 
most appropriate alternative will be based on a multicriteria basis in which special emphasis and 
consideration will be given on their potential environmental impacts that are evaluated in this study. 
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Table 1: Summary of Norrvatten future WTP alternatives for 2050 

Construction: Orange Fields –Treatment step in the new plant, Gray Fields – Treatment step in the existing plant, Yellow Fields –Provision provided for future installations 
Barrier effect:     NOM reduction,    Microbiological barrier,    Chemical barrier,    Odor & taste reduction,     Corrosion protection and     Biofilm inhibition 

Treatment 

alternatives 
(2050) 

 

Sustainable 

Capacity 
(MLD) 

Redundant 

capacity 
(MLD) 

Screening Emergency 

chemical 
barrier 

NOM removal / (Microbiological 

Barrier) 

Precipitated 

Particle 
removal 

Microbial 

Barrier/ 
(NOM 

removal) 

Odor & taste reduction / 

Chemical barrier/ 
(Microbiological Barrier ) 

Microbial 

Barrier 

Post Treatment: 

Corrosion protection and 
Biofilm inhibition 

Existing Plant 

(2020) 

160 40 Micro sieve  Conventional precipitation (Al) + 

sedimentation/flotation 

Rapid sand 

filter (RSF) 

  BAC  UV 1) pH adjustment 

2) Monochloramine 

Barrier effect 160 40             

Alternative 1     

(A1) 

280 35 Micro sieve PAC Suspended ion exchange (SIX) dF/UF (Al) O3 BAK  UV 1) pH adjustment 

2) Alkalinity adjustment 

3) Monochloramine 

Barrier effect 280 35                

Alternative 2 

(A2) 

120 30 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF  

 

(O3) GAK UV UF 1) pH adjustment 

2) Monochloramine 160 40 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF  GAC UV 

Barrier effect 280 70                

Alternative 3 

(A3) 

120 30 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF  (O3) GAK UF UV 1) pH adjustment 

2) Monochloramine 160 40 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF  GAC 

Barrier effect 280 70                

Alternative 4 

(A4) 

120 30 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF UF O3 BAK  UV 1) pH adjustment 

2) Monochloramine 160 40 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF 

Barrier effect 280 70                

Alternative 5 

(A5) 

120 30 Micro sieve PAC Precipitation (Al/Fe) + sedimentation UF O3 BAK  UV 1) pH adjustment 

2) Monochloramine 160 40 Micro sieve PAC Precipitation (Al/Fe) + sedimentation 

Barrier effect 280 70               

Alternative 6 

(A6) 

120 30 Micro sieve PAC Precipitation (Al/Fe) + sedimentation UF (O3) GAK  UV 1) pH adjustment 

2) Monochloramine 

160 40 Micro sieve PAC Precipitation (Al/Fe) + sedimentation MGF (Replacing RSF with 

UF in the existing plant) 

 GAC  UV 1) pH adjustment 

2) Monochloramine 

Barrier effect 280 70               

Alternative 7 

(A7) 

120 30 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF UF (50%) O3 BAK  UV 1) pH adjustment 

2) Monochloramine 160 40 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF NF (50%) 

Barrier effect 280 70                  

Alternative 8 

(A8) 

280 35 Micro sieve PAC dF/UF (Al/Fe) 
 

 O3 BAK  UV 1) pH adjustment 

2) Monochloramine 

Barrier effect 280 35                

Alternative 9 

(A9) 

280 35 Micro sieve PAC NF  O3 BAK  UV 1) pH adjustment 

2) Monochloramine 

Barrier effect 280 35                 

(RSF = Rapid sand Filter, BAK = Granular Activated carbon filter provided after ozonation, GAK = Granular Activated carbon filter without  ozonation,  dF/UF = direct precipitation on Ultra filter membranes, GAC = Granular Activated 
carbon filter with no possibility of future ozonation, BAC = Granular Activated carbon filter functioning as a bio-filter, MGF= Membrane Gravity Filter, NF= Nanofiltration, UF = Ultrafiltration, UV = Ultraviolet disinfection, O3= Ozonation, 
(O3) = Provision provided for installation of future ozonation if needed, PAC = Powder activated carbon, NOM = Natural organic matter, Precipitation (Al) = Precipitation with Aluminium based chemical coagulants such as aluminium 
sulphate,  Precipitation (Fe) = Precipitation with Iron based chemical coagulants such as iron chloride)
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2. Literature review 
This section will provide a brief overview of the LCA Methodology and its applications in drinking water 
sector. The applications of LCA methodology in Swedish drinking water sector is very limited so most of 
the literature review has a global/European perspective that may not be that much relevant in regard to 
Swedish context. Moreover, Swedish drinking water sector has distinct characteristics, as it is highly 
dominated by renewable electricity mix, dependent on chemical import from other countries and 
manages a highly efficient distribution network with lower water losses. However, a complete literature 
review is given in Appendix 3. 

2.1 Drinking Water industry Impacts on the Environment  
In summary, one can conclude that, earlier in the past, environmental impacts of water extraction, 
treatment and distribution are relatively small inspite of the fact that the conventional water production 
processes use a lot of chemicals and energy. It is mainly because very few people were connected with 
the WTPs in the beginning with lower per capita water demand and the quality of raw water sources 
were good along with that distribution took place within the proximity of WTPs that significantly 
reduces the chemical and energy consumption. But in the past few decades due to urbanization, the 
number of people connected with WTPs has increased significantly leading to the spread of water 
distribution network to unfavorable topographical locations. Moreover, due to climate change and raw 
water sources overexploitation, both the raw water quality and quantity has deteriorated significantly, 
leading towards continuous increased in the use of chemicals and energy in drinking water production 
and distribution processes.  
 
This transforms the WTPs from simple small scale to complex large scale water production units. As a 
result, the role of drinking water production has become more and more prominent in the society along 
with their environmental impacts, turning them as potential environmental hotspots that need to be 
analyzed and optimized proactively from all available tools to minimize their potential environmental 
impacts. Moreover, in the recent times, commercialization of drinking water industry has increased 
significantly by the introduction of bottled water that was initially limited to water scare areas but 
nowadays available everywhere. This increasing trend of use of bottled water leads to severe 
environmental impacts due to its packaging, transportation and disposal. As per a Swedish study, 
bottled water production and delivery emits at least 300 times more impacts than tap water for the 
same quantity(“Kranvatten vs flaskvatten,” n.d.). So, if the current trend continues then this alternative 
method of delivering drinking water may lead to severe environmental impacts in future. 

2.2 The Environmental Life Cycle Assessment as a Holistic Sustainability Tool 
In the context of globalization and global knowledge transfer, human capacity has increased significantly 
to create more complex systems to fulfill both human needs and greed, making the life cycle of a 
product, service or process more diverse, both technically and geographically. This give rise to a need for 
a sustainability tool that can capture the complex environmental impacts from a life cycle perspective 
starting with raw material extraction, processing, manufacturing, assembly, distribution, use, recycling 
and final disposal (Curran, 2015). A possible solution came in the form of Life Cycle Assessment (LCA) 
method that has developed a lot since its first conceptual emergence in 1970s and still developing 
considering its vast potential usability in different fields. It is a self improving method, which improves in 
terms of data reliability and robustness as the usage increases. A general LCA conceptual framework is 
given in Figure 1. The main strengths of the LCA tool may be defined as its ability to presents an accurate 
picture of potential environmental trade-offs, its usefulness in addressing cross-media problems and its 
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potential to help in avoiding the transfer of a problem from one medium to another or from one life 
cycle stage to another(Curran, 2015). However, the recent increase in popularity of this method is 
mainly because it has evolved as a method with a standardized procedure that is scientifically accepted 
and it results also have a relatively high universal acceptance. 
 
In general, LCA is defined as a tool in which environmental impacts associated with an industrial system 
(Product, process or service) are systematically documented and evaluated in a comprehensive way. It is 
also known as “life cycle analysis”, “life cycle approach”, “cradle to grave analysis” or “eco-balance”. 
Most precisely it is define as a holistic, cradle-to-grave environmental approach which provides a 
comprehensive view of the environmental aspects of a product or process throughout its life cycle along 
with identifying the potential transfer of environmental impacts from one media to another and/or from 
one life cycle stage to another(Curran, 2015). 
 

 
Figure 1: LCA conceptual framework 
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2.2.1 Overview of the LCA Methodology  
Initially, in the beginning of LCA method, LCA practitioners use different methodologies to conduct LCA 
studies but as the popularity of the method increases and commercial claims were made based on the 
LCA results, the need for a consistent LCA methodology became a necessity. As a result, LCA 
methodology evolved over time starting with the most popular SETAC (1990), followed by SETAC (1993) 
and ultimately (ISO 1997/2006)(Curran, 2015). Today LCA methodology given in ISO 14040 series of 
standards (that include ISO 14040(2006) and ISO 14044(2006)) is the most widely used and accepted 
methodology. ISO –standardized LCA framework is shown in Figure 2. This study also follows the ISO 
methodology so it will be described in brief in this section but a complete detailed description is given in 
Appendix 3 (section 3.3.3 in Appendix 3).  
 

 
Figure 2: ISO –standardized LCA framework, Source: Modified from  ISO 14044 (ISO, 2006) 

ISO methodological framework for life cycle assessment consists of four inter-related phases as shown in 
Figure 3. These are Goal and Scope definition, Inventory analysis, Impact assessment, and Interpretation 
phase. The inter-relation means interactive nature of LCA in which the procedure is not linear but 
iterative in which a phase/phases can be modify or revise depending upon the need in the context of 
completion of the study in an acceptable way.  
 
Goal and Scope Definition: Goal and scope definition is the starting point of conducting any ISO-
standardized LCA. It may be define as a preliminary description about the context of the study. The goal 
definition specifies  the  context of the study, intended areas of application and potential audience (ISO, 
1997). The scope definition specifies the layout of the study to achieve the stated goals by defining the 
system(s) under consideration, its functions, the functional unit, the system boundaries, Initial flow 
chart,  types of impact categories to be considered, type of normalization and weighting used(if needed), 
initial data quality requirement for foreground and background processes, allocation procedures, 
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assumptions,  limitations of the study and the type of critical review to be conducted (if needed)(Curran, 
2015; Friedrich, 2001; Hoffman et al., 1998; ISO, 1997). 
 
Inventory Analysis: Life Cycle Inventory Analysis (LCI) in general refers as compilation and quantification 
of inputs and outputs of the system under study throughout its life cycle. As per ISO 14040, this LCA 
phase involves data collection and calculation procedures to quantify relevant inputs and outputs of the 
studied system(ISO, 1997).  
 

 
Figure 3: Components of different LCA phases, Source: Modified from  ISO 14040 series (ISO, 2006) 

Impact Assessment: The Life Cycle Impact Assessment (LCIA) phase is aimed at evaluating the 
magnitude and significance of potential environmental impacts of the system throughout its life cycle, 
using the results of the life cycle inventory analysis(ISO, 1997). This phase in general  transforms the LCI 
data into relevant impact category indicators(Curran, 2015). As per ISO 14042 (2000), there are both 
mandatory and optional elements associated with this phase as shown in Figure 3. The mandatory 
elements include: Impact category definition; classification and characterisation. Optional elements are 
normalisation, grouping, weighting  and data quality analysis(Friedrich, 2001; Hoffman et al., 1998; ISO, 
1997). 
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Interpretation: In Interpretation phase, the results obtained from previous phases such as LCI and LCIA 
are interpreted to achieve the stated goals of the study, and if needed may be reviewed or revised as a 
part of iterative process. The finalized revised results are then summarized to make conclusions and 
recommendations for the intended audience. As per ISO 14044 (2006), three principal elements of the 
interpretation phase include: identification of the significant issues based on the results of the LCI and 
LCIA phases of LCA; evaluation of the results and finally drawing conclusions, limitations, and 
recommendations(ISO, 2006).  

2.2.2 Applications of LCA in Drinking Water Sector 
General LCA applications have started since 1960s but its applications in water sector have started only 
since the late 1990s with early focus on drinking water production (DWP) but since 2005, publications 
on drinking water distribution(DWD) are also increasing(Loubet et al., 2014). Geographical distribution 
of these studies are mainly located in Europe but some are also published in North America, Australia, 
South Africa, China and Southeast Asia(Loubet et al., 2014). In general application of LCA in drinking 
water sector is not a well researched area of study but still there is some quality literature available as 
given in Table 2 (Global perspective) and Table 3 (Swedish perspective). In recent times, efforts have 
been made by many drinking water producers, distributors, technology suppliers along with some public 
and private funded water research organizations, to conduct LCA studies on drinking water technologies 
due to increasing impact of this industry on the environment as discussed in section 2.1. 
 
 
Table 2: Summary of different LCA studies conducted in drinking water sector (excluding Swedish LCA studies) 

Author Country Purpose of the study Raw water 
source 

FU Phases included Results/Conclusions 

(Sombekke 
et al., 1997) 

Netherlands Compare conventional and 
membrane based 
groundwater treatment 
schemes 

Groundwater 
 

1 m3 of 
drinking water 
produced 
 

Operational Nanofiltration has more 
environmental impact, 
mainly because of energy 
use and water losses  

(Friedrich, 
2001) 

South Africa Compare conventional and 
membrane based treatment 
schemes 

Surface 
water 

1 kl of treated 
water 

Construction, 
operational and 
decommissioning 

Electricity use during 
operational phase is 
dominant in both cases 

(Tarantini 
and Ferri, 
2001) 

Bologna city, 
Italy 

Analyse the environmental 
impact of “existing water 
treatment scenario”  

Both 
groundwater 
and river 
water 

180 liters (daily 
per capita 
water demand) 

Operational Major contributors are 
electricity consumption 
followed by chemicals 
production  

(Mohapatra 
et al., 2002)  

Netherlands Compare existing 
conventional WTP and 
future RO based treatment 
schemes 

River 1 m3 of 
drinking water 
produced 
 

Operational RO based treatment 
schemes have  more 
impacts due to the use of  
conventional energy 

(Racovicean
u et al., 
2007) 

Toronto,  
Canada 

Quantify the total energy 
use and GHGs emissions, for 
a conventional WTS 

Lake Annual 
production of 
drinking water 

Use phase WTP operational burdens 
accounted for 94% of 
total energy use and 90% 
of GHGs emissions 

(Barrios et 
al., 2008) 

Amsterdam, 
Netherlands 

Environmental and financial 
impact of the existing water 
treatment system 

Canal water 1 m3 of 
drinking water 
produced 

Operational 
 

Coagulation, softening 
and biological activated 
carbon filtration (BACF) 
are major contributor as 
distribution is not 
included 

(Vince et al., 
2008) 

France Developing environmental 
performance indicators 

Surface 
water 

1 m3 of potable 
water 
satisfying 
European 

Constructional 
phase using 
bibliographic 
data and 

Energy consumption and 
coagulant production 
contribute more to 
impacts 
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Directive 
 

operational 
phase 

(Friedrich et 
al., 2010) 

South Africa 
 

Developing environmental 
indicators of WTP impacts 

Surface 
water 
 

1 kl of water 
treated 
 

Construction,  
operational and 
demolition 

Electricity index can be 
used  as a measure of 
environmental 
performance of WTP if 
distribution pumping is  
included  

(Bonton et 
al., 2012) 

Canada Compare two water 
treatment plants: one 
enhanced conventional 
plant and one nanofiltration 
plant 
 

Lake 1 m3 of NF 
grade drinking 
water 
produced 

Construction, 
operational and 
decommissioning 

The impact of CONV-GAC 
is significantly greater 
than NF as renewable 
energy is used 

(Friedrich et 
al., 2012) 

South Africa Compare the environmental 
consequences for the 
provision of normal, virgin 
potable water vs. recycled 
water 

Surface 
water 
 

1 kl of treated 
water 

Construction, 
operational and 
decommissioning 
 

Highest impacts are by 
distribution network for 
potable water due to high 
energy use and  water 
losses 

(Qi and 
Chang, 
2012) 

Florida, USA. Comparative evaluation of 
20 expansion alternatives 
for drinking water 
infrastructure system by 
multiattribute decision-
making (MADM) process. 
 

Both ground 
and surface 
water 

1 m3 of 
drinking water 

Construction and 
operational  

This study demonstrates 
an integrated carbon 
footprint and cost analysis 
process to rank the 
alternatives 

(Venkatesh 
and 
Brattebø, 
2012) 

Norway Life cycle environmental 
impacts of 4 WTPs  

Lake 1 m3 of water-
treated 

Operational Chemicals consumption 
impacts are more than 
energy consumption due 
to renewable energy 

(Mery et al., 
2013) 

Paris, France Effectiveness of (PM-LCA) 
tool to integrate designing 
and LCA of water treatment 
technologies 

River 1 m3 of 
drinking water 
treated at 
plant 

Use phase An overall good 
agreement between 
simulations and real data 
was obtained, justifying 
the relevance of the 
developed tool 

(Mohamed-
Zine et al., 
2013) 

Algeria Environmental evaluation of 
potable water production  

Dam’s  
reservoir 

1 liter of 
potable water 
 

Operational  Highest environmental 
burdens are coagulant 
preparation  as 
distribution is not 
included 

(Klaversma 
et al., 2013) 

Netherlands Compare chemicals used in 
water treatment  

Surface 
water 
 

Annual water 
production 

Construction and  
operational 

CO2 has lower impact 
than HCl acid 

(Klaversma 
et al., 2013) 

Netherlands Compare materials used in 
distribution pipes 

Surface 
water 

1 m pipe  Construction, 
operational and 
demolition 

PE had the lowest impact, 
followed by ductile iron 
and then PVC 

(Mery et al., 
2014) 

Paris, France Demonstrate the use of a 
fully integrated Process 
Modeling and Life Cycle 
Assessment (PM-LCA) tool 

River 
 

1 m3 of water 
treated 

Operational Can simulate trade-off 
between technical, 
environmental and 
economic performances 

(Manda et 
al., 2014) 

Norway Compare removal of  
micropollutants from 
surface water  using 
membrane systems, and 
with granulated activated 
carbon  
 

Surface 
water 
 

1 m3 of 
drinking water 
with minimized 
content of 
micropollutant
s 
 

Entire Life cycle Membrane with covalent 
binding  have much lower 
environmental impacts 
than activated carbon 
made from coal, as 
renewable energy is used 
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(Barjoveanu 
et al., 2014), 

Romania Developing a support tool 
for water resources 
management and its 
environmental evaluation 

Both 
groundwater 
and river 
water 

1 m3 of tap 
water 
produced 

Operational The highest impacts are 
generated by the water 
distribution system due to 
41 % water losses even 
with gravity flow 

(Uche et al., 
2015) 

Spain LCA on water supply 
alternatives in water 
stressed region 

Surface 
water, sea 
water and  
ground 
water 
 

1 m3 of water 
at the user's 
door 

Construction and 
operational 

Ranking of alternatives 
are seawater desalination, 
distant surface water, 
ground water and local 
surface water 

(Garfí et al., 
2016) 

Barcelona, 
Spain 

Compare five different 
water supply scenarios 
related with tap water and 
bottled water  

Surface 
water 
 

1 m3 drinking 
water 

Operational  Tap water consumption is 
the most favorable 
alternative 

(Jones et al., 
2018) 

United 
States 

Identify environmental 
trade-offs between chlorine 
and ultraviolet disinfection 

National 
average 
surface 
water 

1 m3 of 
drinking water 
to U.S. 
standards 
 

Entire life cycle  Replacing chlorine with 
UV was preferred only in a 
limited number of cases 

(Saad et al., 
2019), 

Turkey Evaluation of the 
environmental performance 
of a large conventional 
water treatment plant 

Lake 
 

1 m3 water 
ready to be 
distributed to 
the city 
 

Operational Impacts are dominated by 
electricity consumption 
with pumping as major 
contributor 

(Lin and 
Kang, 2019) 

Taiwan Identifying carbon emission 
hot spots for conventional 
WTPs 

River 1 m3 of water 
sold 
 

Operational Carbon footprint of WTP 
is 0.39 kg CO2e/m3 with 
95% by pumping from the 
intake and distribution 
stages 

 
To summarize the literature review, it can be concluded that there are many studies available having 
research objectives similar to the current study such as to identify the environmental impacts of water 
treatment plants (WTPs)(Barrios et al., 2008; Lin and Kang, 2019; Mohamed-Zine et al., 2013; Saad et al., 
2019; Tarantini and Ferri, 2001; Venkatesh and Brattebø, 2012; Wallèn, 1999), to compare a 
conventional WTP with membrane based WTP(Bonton et al., 2012; Garfí et al., 2016; Mohapatra et al., 
2002; Sombekke et al., 1997), to quantify energy use and GHGs emissions, for a conventional 
WTS(Racoviceanu et al., 2007), to compare future expansion alternatives for drinking water 
infrastructure system(Qi and Chang, 2012), and many more. However, the results and the conclusions of 
these studies are difficult to compare with the current study as there are differences related to raw 
water source, raw water quality, treatment technologies selected (Advanced vs Conventional or 
Chemical intensive vs Energy intensive), water losses and the type of energy and chemicals used, along 
with source of energy and chemical production processes including transportation, losses and efficiency.  
 
The major differences between the previously conducted LCA studies and the current one is the source 
of electricity which is renewable in the current study but most of the previous studies were conducted in 
countries that are dependent of non-renewable fossil based energy sources as a result they concluded 
energy consumption as the major contributor in WTP environmental impacts (Barrios et al., 2008; 
Friedrich et al., 2012, 2010; Igos et al., 2013; Klaversma et al., 2013; Lin and Kang, 2019; Mery et al., 
2014, 2013; Mohapatra et al., 2002; Racoviceanu et al., 2007; Saad et al., 2019; Tarantini and Ferri, 
2001; Vince et al., 2008; Wallèn, 1999) which is not true in the Swedish context as given in Table 3. The 
previously conducted LCAs in Sweden concluded that the overall impacts due to energy consumption 
and transportation are relatively insignificant in comparison to chemical consumption due to Swedish 
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electricity mix that is dominated by hydro and nuclear power. Moreover, in Sweden the raw water 
sources are of better quality and distribution networks are more efficient as a result chemical 
consumption is relatively less which may lead to different results in comparison to previously conducted 
LCA studies. Furthermore, there are very few LCA studies conducted in Sweden as given in Table 3, with 
scope limited to global warming potential. So the current study may give useful insights in regard to LCA 
applications in Swedish drinking water sector and provide a better background for future studies.  
 
Table 3: Summary of different LCA studies conducted in Swedish drinking water sector 

Author Country Purpose of the study Raw water 
source 

FU Phases included Results 

(Wallèn, 
1999) 

Göteborgs 
va-verk , 
Gothenburg, 
Sweden 

Analyse the environmental 
impact  of conventional WTP 

Göta River 1 m3 of 
drinking water 
produced 
 

Operational  Chemicals consumption 
impacts especially the 
production of burnt lime 
and aluminum sulphate 
are more than energy 
consumption due to 
Swedish electricity mix 

(Angervall et 
al., 2004)  

Stockholm 
Vatten AB, 
Stockholm, 
Sweden 

Compare drinking water 
alternatives in Stockholm - 
tap water vs bottled water 

Lake 
Mälaren 

1 liter of water 
for consumers 

Uncertain, as 
data is taken 
from  other 
related studies 

Stockholm's tap water has 
significantly lower 
environmental impact 
than bottled water in all 
categories 

(Ekvall, 
2005) 

Stockholm 
Vatten AB, 
Stockholm, 
Sweden 

Compare tap water 
disinfectant- chlorine gas, 
sodium hypochlorite and UV 
light+monochloramine 
 

Lake 
Mälaren 

1 m3 of 
drinking water 
produced 
 

Entire life cycle Chlorine gas disinfection 
gives the least 
environmental impact in 
all categories 
 

(Sophie, 
2015) 

Norrvatten, 
Stockholm, 
Sweden 

Calculate carbon footprint of 
drinking water production 
and distribution 

Lake 
Mälaren 

1 m3 of 
drinking water 
produced 
 

Operational Norrvatten's emissions 
are 43.63 g CO2

 e / m3 

produced water, with 
aluminum sulphate and 
quenched lime account to 
about 65% of the total 
carbon footprint 

(Bergström, 
2020) 

Norrvatten, 
Stockholm, 
Sweden 

Compare two future 
drinking water treatment 
alternatives 

Lake 
Mälaren 

1 m3 of 
drinking water 
produced 
 

Operational Major contributor is 
chemical use followed by 
transportation. Impacts 
due to energy 
consumption is very less 
as renewable energy is 
used  

(Karlsson, 
2020) 
 

Norrvatten, 
Stockholm, 
Sweden 

Compare two water 
treatment alternatives-
Nanofiltration Vs 
conventional WTP  

Lake 
Mälaren 

1 m3 of 
drinking water 
produced 
 

Operational With NF, carbon footprint 
get reduced by 57% (from 
54 to 23 g CO2e/m3) but 
energy consumption 
increased by 130% (from 
0.42 to 0.96 kWh/m3) 
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3. Study Methodology 
This study is conducted as a part of Norrvatten future sustainability scope that stated that all the future 
process alternatives that satisfy the mandatory requirements related to quantity and quality should be 
environmentally assessed.  A brief description about the water quality aspects related to future process 
alternatives is given in the Appendix 6 but the main focus of the study is to provide an assessment of 
potential environmental impacts of the future process alternatives through a life cycle perspective. 

Today LCA methodology given in ISO 14040 series of standards (that include ISO 14040(2006) and ISO 
14044(2006)) is the most widely used and accepted methodology to conduct an acceptable and reliable 
LCA study. This study also follows the same framework as given in ISO methodology with some slight 
variations that will be discussed later on in the report in section 6. This framework includes four inter-
related phases: Goal and Scope definition, Inventory analysis, Impact assessment, and Interpretation. 

3.1 Goal definition 
Goal and scope definition is the starting point of conducting any ISO-standardized LCA study. It may be 
define as a preliminary description about the context and layout of the study. The goal definition 
specifies  the  context of the study by defining the purpose of conducting the study and rationale behind 
it, intended areas of application of the results and potential audience, to whom the results of the study 
are intended to be communicated(ISO, 1997). 

3.1.1 Purpose of the study 
The current waterworks at Norrvatten in 2020 is unable to satisfy the future water quantity and quality 
requirements as per Norrvatten future predictions for 2050. So Norrvatten has developed nine future 
WTP process alternatives (see Table 1) that need to be analysed from an environmental perspective.  
 
The rationale behind conducting this study is based on the fact that due to increasing urbanization, 
population (increase in number of connected people) and climate change (risk associated with raw water 
quality deterioration) the use of chemicals along with energy in drinking water production and 
distribution is continuously increasing. This is transforming the existing WTP from a simple small scale to 
a complex large scale water production unit. As a result, the role of drinking water production has 
become more and more prominent in the Swedish society along with its environmental impacts, turning 
it into a potential environmental hotspot that need to be analyzed and optimized from a life cycle 
perspective to minimize its potential environmental impacts. The research objectives associated with 
this study are given in detail in section 1.2. 

3.1.2 Intended applications and potential audience of the study 
The direct application of the study is to provide Norrvatten the potential environmental impacts of their 
future WTP process alternatives for the year 2050 during operational phase. It is expected that the 
results of the study may be considered in their internal decision making process while selecting their 
future WTP process alternative based on a life cycle perspective. Moreover, the results are also intended 
to be applied in reducing Norrvatten’s future environmental impacts by identifying the potential areas 
of improvements. In future, the study may also be useful to develop Norrvatten’s environmental 
footprint model to evaluate their real time environmental impacts. 
 
In a narrow perceptive, the direct beneficiary of the study is Norrvatten since they requested the study 
and govern the research questions as per their organizational needs. Along with that, Norrvatten’s 
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member municipalities may also be interested to know the environmental impacts of their future water 
production units as the awareness and consensus among the Swedish people is relatively high to reduce 
their environmental impacts. On a broad perspective, as this is not a commercial study but a voluntary 
contribution of the author to conduct an LCA based research on waterworks (objective and unbiased 
assessment of the waterworks) with Norrvatten alternatives as a case study, so the results may also be 
useful to stakeholders working in the field of sustainability of Swedish drinking water sector especially 
including the water producers and researchers working in the field of environmental assessment of 
existing and future water treatment processes.  These stakeholders may include the Swedish Agency for 
Marine and Water Management (SwAM), Svenskt Vatten (The Swedish Water and Wastewater 
Association), Stockholm International Water Institute (SIWI), and many more. 

3.1.3 Type of LCA study 
It is nearly impossible to answer all the research questions adequately by focusing only on a particular 
type of LCA, so this study consists of a combination of both stand-alone and comparative attributional 
LCA as given in Table 4 to access and compare the total potential environmental impacts that the 
proposed alternatives may cause in 2050 during their operational phase. An attributional LCA is defined 
by its aim to describe the environmentally relevant physical flows to and from a life cycle and its 
subsystems(Ekvall et al., 2016; Finnveden, 2008). It is a system modeling approach in which inputs and 
outputs are attributed to the functional unit of a product system by linking and/or partitioning the unit 
processes of the system according to a normative rule(Ekvall et al., 2016; Sonnemann and Vigon, 2011). 
However, the consequential LCA may also be relevant to perform for some alternatives that involve 
advanced and new treatment technologies such as Suspended ion exchange (SIX) process, direct 
precipitation on ultrafiltration membranes (dF/UF) and direct filtration of surface water on Nanofilters. 
These alternatives have the potential to significantly change the current tradeoff between energy and 
chemical use in drinking water production which may result in consequences (change in environmental 
burdens) that need to be considered while evaluating their impacts. For example, nanofiltration has a 
potential to improve the quality of water significantly relative to conventional WTP along with reducing 
the chemical use but may significantly increase the energy use. As the Swedish electricity mix is more 
renewable so this transition may reduce the overall environmental impacts of WTP, which may motivate 
other water producers to adopt NF based treatment technologies to improve their water quality along 
with reducing their environmental impacts. This may result in higher energy demand which may change 
the environmental burden of the energy sector. So the impacts due to increased energy demand need 
to be considered while evaluating the impacts of NF. However, this study only focuses on attributional 
part of LCA due to resource constraints but it is highly recommended to conduct a consequential LCA in 
future to understand the consequences of selecting an advanced water treatment process. 
 
Table 4: Methodology adopted to answer different research questions 

S.No. Research Question Methodology adopted 

1 Which WTP alternative has relatively least potential environmental impacts? Comparative attributional LCA  

2 What are the potential environmental hotspots in future WTP alternatives?  Stand-alone attributional LCA  

3 Which treatment steps have significant environmental impact contribution? Stand-alone attributional LCA  

4 Which environmental impacts from future WTP alternatives are the most significant?  Stand-alone attributional LCA  

5 How significant are the variations in environmental impacts by changing the 
uncertain parameters? 

Comparative attributional LCA 
on different Sensitivity scenarios 

3.2 Scope definition 
The scope definition specifies the layout of the study to achieve the stated goals (research questions) as 
defined in the goal definition. In general, the scope definition controls all aspects of an LCA study so it is 
clearly defined in this section in order to conduct the study in a transparent manner.     
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3.2.1 Description of the studied system 
The scope of this study is limited to nine future WTP alternatives formulated by Norrvatten with the 
function to treat the raw water extracted from Lake Mälaren up to the drinking water standard 
satisfying the Norrvatten predicted future quality and quantity requirements of 2050. A detailed 
description of the treatment scheme of different alternatives is given in Appendix 2. The studied system 
comprises of raw water extraction, raw water treatment and pumping of treated water from storage 
reservoir to main distribution pipeline network along with sludge treatment. The drinking water 
distribution network and its subsequent processes along with other processes that are essential for the 
proper functioning of the WTP (employees travel, heating and energy requirements at the workplace, 
offices solid waste generation, etc.) but not directly related to raw water treatment within WTP are out 
of the scope of the study. Moreover, the operational phase is considered more specifically in this study 
based on the literature review as given in Appendix 3, which concluded that the construction and 
demolition phases of WTP have relatively insignificant environmental impacts in comparison to the 
operational phase.  

3.2.2 Functional unit 
The function of the studied system is to treat the raw water extracted from Lake Mälaren up to the 
drinking water standard satisfying the Norrvatten predicted future quality and quantity requirements of 
2050. As a result the functional unit (FU) adopted in this study is the production of 1 m3 of drinking 
water from raw water extracted from Lake Mälaren that will be pumped into the main distribution 
pipeline network from the WTP storage reservoir. This also correspond to the most commonly used FU 
(production of 1 m3 of drinking water) in drinking water sector as per literature review given in section 
2.2.2. However, this functional unit doesn’t include any quality aspect of the produced drinking water 
which is the major limitation as different alternatives may produce different quality of drinking water. 
Hence while comparing the potential environmental impacts of different future WTP alternatives, the 
quality of the treated water and its cost of production as given in Appendix 6 need to be considered 
simultaneously to understand the tradeoff such that the misunderstanding and potential abuse of the 
LCA results can be avoided. 

3.2.3 Simplified flow chart 
The detailed flow charts of all the alternatives have been given in Appendix 2. However, as all the 
alternatives have almost similar inputs and outputs (some exceptions exist) with differences only in the 
quantity used in different alternative, so a general simplified flow chart is given in Figure 4. 

3.2.4 System boundaries 
In general, the system boundaries specify the life cycle stages to be included, inflows and outflows to be 
considered, classification of the significant and insignificant processes (Cut-off criteria), specification of 
the geographical and temporal scope of the input-output flows of the studied system, and many more. 
The system boundaries associated with this study are given in the subsequent sections. 

3.2.4.1 Life cycle stages 
The studied system doesnot consider all the life cycle stages that the raw water extracted from a water 
body (Lake Mälaren) may undergo before reaching back to a water body. The entire cradle-to-grave life 
cycle stages may include raw water extraction, raw water treatment, pumping to main distribution 
pipeline network, flow through drinking water distribution network,  drinking water use by the 
consumers (wastewater generation), wastewater collection, wastewater treatment and treated 
wastewater discharge to a water body.  The scope of this study is limited to raw water extraction, raw 
water treatment and pumping of the treated water to main distribution pipeline network, so only these 
stages have been considered in this study.  
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Figure 4: Simplified flow chart showing the foreground and background processes along with input-output flows  

3.2.4.2 Significant and insignificant processes  
The classification of the processes into significant and insignificant processes in this study is mainly 
based on the literature review as given in Appendix 3 and in some ambiguous cases it is based on 
screening through a preliminary LCA modelling using surrogate data. This study mainly focuses on the 
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processes during operational phase which are considered to be the most significant. These processes 
include chemical and energy consumption, transportation requirements and sludge treatment. The WTP 
construction and demolition phases including machinery and equipments are considered to be less 
significant based on the literature review as given in Appendix 3, mainly due to their long design life. As 
a result, collection of site specific data is limited to chemical and electricity consumption, waste 
generation along with transportation distances but data related to WTP construction and demolition 
phases along with other insignificant processes are obtained from European databases. However, in 
absence of European databases, other global and country specific databases have also been used.  

3.2.4.3 Geographical boundaries 
The studied system (drinking water production) will be located in Järfälla municipality, Stockholm, 
Sweden.  In an ideal case, the geographical data requirements must be appropriate to provide a dataset 
that will adequately represent the studied system. Considering the limitations of the study, efforts have 
been made to obtain the data as much representative as much possible with limited resources. So, 
electricity data has been obtained from Swedish market and chemical production, transportation and 
sludge disposal data from European markets (due to lack of site specific chemical databases available of 
their respective production locations). Moreover, WTP construction and demolition phases have also 
been modeled using European databases obtained from the Ecoinvent 3 databases(Wernet et al., 2016). 
 
In regard to emissions and their subsequent environmental impacts, it is very difficult to estimate their 
geographical scope.  Firstly because all inputs are not produced within Sweden so emissions are 
distributed all over the world especially within the Europe. Secondly, different emissions have different 
areal scope of influence, some emissions remain limited to their area of release but other emissions may 
have a broader area of influence and may also contribute at a global level such as GHGs. So the possible 
geographical scope of the released emissions may be based on whether the emissions from drinking 
water production are released within the geographical boundaries of Sweden or outside the Sweden.    

3.2.4.4 Temporal boundaries 
This study is conducted for the production of drinking water in 2050 which means the impacts are 
predicted due to the operation of the waterworks in 2050 to produce 1 m3 of drinking water. It is 
difficult to set any temporal data quality requirements as even the most recently available data in the 
databases may not be valid in 2050 and there is high degree of uncertainty on the reliability of the 
available databases and material calculations. Also, due to lack of resources, this study is limited to the 
datasets available in the existing databases and material calculations that are performed on the 
predicted trends based on historical data. Although, there is an uncertainty of the applicability of data in 
2050 but the recent trends in chemical, energy and transportation sectors suggested that it will not lead 
to increase in impacts due to continuous improvements in these sectors to reduce their impacts. 
However, the climate change may impose a high degree of uncertainty on the material calculations if 
the raw water quality deteriorated more than the predicted range. 
 
Long terms emissions (emissions that occur over more than 100 years)(Frischknecht et al., 2007) have 
been included in this study mainly because of the possibility of treated sludge disposal into landfill 
(chemical leaching)(Finnveden and Nielsen, 1999) and the use of nuclear electricity in the production of 
chemicals (chemical production in Europe) along with mining operations related with chemical 
production processes(Bakas et al., 2015). One important methodological choice related with time-frame 
of impacts in any LCA study is about the selection of cultural perspective. In this study, Hierarchist (H) 
perspective has been considered during LCIA phase (see section 5) of the study to avoid severe 
underestimation/ overestimation of the impacts. It is the most commonly used balanced approach 
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based on scientific consensus in regards to time-frame of impacts  and frequently used in previously 
conducted similar LCA studies in water sector(Igos et al., 2013; Manda et al., 2014; Uche et al., 2015). 
Moreover, in this study there is no valid reasoning available to prioritize any weighting factors 
(Individualist (I), Egalitarian (E) Hierarchism (H)), so weighting factors based on averages (Hierarchism 
(H)) are relatively most suitable to use. 

3.2.5 Allocation procedures 
In this study, the Ecoinvent 3: allocation, cut-off by classification(Wernet et al., 2016) has been selected 
as it is compatible with the LCA modelling and widely used in the water sector to obtain data related to 
background processes(Barjoveanu et al., 2014; Bonton et al., 2012; Garfí et al., 2016; Jones et al., 2018; 
Klaversma et al., 2013; Manda et al., 2014; Mery et al., 2013; Venkatesh and Brattebø, 2012; Vince et al., 
2008). This database follows cut-off approach to deal with the allocation problems related with open 
loop recycling in which the impacts due to primary production of a product is always allocated to the 
primary user of the product and during its secondary use either through recycling or reuse, it arrives 
burden-free (contains no environmental impacts from previous life cycles phases except the impacts 
associated with recycling process) to its users (Wernet et al., 2016). 
 
The allocation problem also arises within the studied system and resolved using system expansion 
through avoided burden approach. It is associated with the regeneration of the saturated GAC. The 
regenerated GAC is considered as a useful product and in avoided burden approach it is assumed that it 
will be used as an alternative to new GAC in the market(Chae et al., 2013). It should also be noted that 
the sludge generated during drinking water production has no output value (low organic matter content 
limit sludge use in agriculture sector or as energy source) and considered as a waste (Hidalgo et al., 
2017). However, in some cases it can be used as a construction material or landfill cover but only as part 
of a disposal mechanism not as a preferred raw material. So, sludge is not considered as a useful output 
in this study. 

3.2.6 Scope of emissions 
The scope of emissions released by Norrvatten either directly or indirectly can be broadly divided into 3 
categories. Firstly, direct emissions due to the WTP operations at Norrvatten. In this it is assumed that 
all the inputs that arrived at Norrvatten are burden free. The operations accountable to this category of 
emissions include chemical dosing processes, sludge treatment, GAC regeneration, filter sand disposal, 
spent resin incineration and other WTP operations. Second category includes semi-direct emissions due 
to supply of inputs from their production locations to Norrvatten.  The operations accountable to this 
category of emissions include transportation of inputs especially chemical transportation and electricity 
transmissions. Third category includes indirect emission from upstream and downstream operations. 
The upstream operations include production of inputs such as chemical and electricity production. The 
downstream operations include emissions due to the use of drinking water with main focus on 
emissions due to waste water generation and treatment. The scope of this study includes all emissions 
except the emissions due to downstream operations as shown in Figure 5. 

3.2.7 LCA software 
The two leading software that are used for LCA studies in drinking water sector worldwide are SimaPro 
(Barjoveanu et al., 2014; Bonton et al., 2012; Garfí et al., 2016; Klaversma et al., 2013; Manda et al., 
2014; Mohamed-Zine et al., 2013; Uche et al., 2015; Venkatesh and Brattebø, 2012) and GaBi (Friedrich, 
2001; Friedrich et al., 2012; Qi and Chang, 2012; Saad et al., 2019; Vince et al., 2008). Both the softwares 
are commercial and expensive, so selection is also influenced by economic constraints. As there is no 
prior recommendation on which software is better, so SimaPro 9.0(“SimaPro,” n.d.) has been used as it 
supports many different impact assessment methods and give access to databases that are highly 
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compatible in achieving the goals of the study. Along with that it is also available within the resource 
limits of the study. SimaPro is an LCA software developed and distributed by PRé Consultants and used 
worldwide after its initial release in 1990(Herrmann and Moltesen, 2015). 
 

 
Figure 5: Scope of emissions  

3.2.8 Scope of Impact Assessment Analysis 
3.2.8.1 Impact assessment method 
There are a number of different impact assessment methods available in SimaPro(“SimaPro,” n.d.). In 
this study, ReCiPe2016 is selected since the results can be calculated both at midpoint (H) and endpoint 
(H) levels and it is also one of the most commonly used method in drinking water sector(Igos et al., 
2013; Klaversma et al., 2013; Manda et al., 2014; Mery et al., 2014). Midpoint results (highly reliable but 
difficult to understand) are important to enhance the research value of the study but endpoints results 
(relatively uncertain but easy to understand) are helpful in better communication of the results with the 
audience (mainly comprises of drinking water producers and consumers). Moreover, in this study, one 
more impact assessment method called Cumulative Energy Demand (LHV) V1.00 has also been used. It is 
mainly used to estimate the total renewable and non-renewable energy use in the drinking water 
production. A more detailed description about these methods is given in Section 5. 

3.2.8.2 Normalisation, Weighting and Single score 
Normalisation and weighting are optional elements as per ISO 14040 series as these are highly 
subjective and may lead to misuse/misinterpretation of the LCA results. Moreover, weighting is not 
allowed as per ISO 14044 in comparative assertions intended to be disclosed to the public.  However, 
despite all risks,  normalization, weighting and single scores are becoming a common LCA practice and 
usually required by decision makers to simplify the  communication with stakeholders for practical 
applications(Kalbar et al., 2017). There are also  many studies conducted previously  in drinking water 
sector using normalisation and weighting(Barjoveanu et al., 2014; Barrios et al., 2008; Igos et al., 2013; 
Klaversma et al., 2013; Manda et al., 2014; Mery et al., 2013; Mohapatra et al., 2002; Uche et al., 2015; 
Venkatesh and Brattebø, 2012) along with single scores(Loubet et al., 2014; Sombekke et al., 1997). 
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distributed in different parts of the world and using either global or European based normalization 
factors may not lead to any useful interpretation relevant to the goal and scope of the study. However, 
weighting has been included at end-point level to provide a better understanding of the results to the 
associated stakeholders(Loubet et al., 2014; Sombekke et al., 1997).  

3.2.9 Data and data quality requirements 
3.2.9.1Data and data quality requirements for foreground processes 
The data related to chemical and electricity consumption, transportation distances and sludge 
generation are calculated as yearly average data for the year 2050 as per Norrvatten future calculation 
model. The calculations are mainly based on site-specific data of the existing waterworks operations, 
pilot scale studies conducted on future water treatment technologies and best available knowledge 
about the predicted future circumstances. To ensure the representativeness of the data, it is validated 
from the reports submitted to Norrvatten by consultants regarding their future WTP operations 
(Ramböll, 2020, 2019a, 2019b), data related to other similar waterworks in Sweden and literature 
review conducted on other water treatment plants (see Appendix 3).  

3.2.9.2 Data and data quality requirements for background processes 
Ecoinvent 3 databases(Wernet et al., 2016) have been used to obtain average data related to 
background processes. In previously conducted LCA studies in drinking water sector, databases like 
Ecoinvent 2.0 and 2.2 have been used to collect data related to background processes (Barjoveanu et al., 
2014; Bonton et al., 2012; Garfí et al., 2016; Jones et al., 2018; Klaversma et al., 2013; Manda et al., 
2014; Mery et al., 2013; Venkatesh and Brattebø, 2012; Vince et al., 2008). Due to lack of country 
specific databases related to chemical production, European average data has been used in most cases 
to avoid misinterpretation of the results by mixing different databases. In cases where European 
databases are not available, other representative databases have been used. Therefore, data related to 
chemical production is obtained from European (RER) databases, electricity production from Swedish 
(SE) databases, transportation from European (RER) databases, WTP construction and demolition from 
{Europe without Switzerland} databases, sludge disposal from Switzerland (CH) databases and 
Ultraviolet lamps along with UF and NF modules production from global (GLO) databases. This may 
results in under or overestimation of the LCA results due to non-representativeness of the data but may 
provides a relatively better and balanced approach to compare different alternatives. 

3.2.10 Critical review considerations 
As per ISO 14044 (2006), critical review (can be internal or external review depending on the context of 
the study) is needed if the study is supposed to be used as a comparative assertion intended to be 
disclosed to the public. However, this study is mainly for research and education purposes and not 
intended to be used for any commercial and marketing purposes, so critical review is not required. 
Moreover, the results are obtained from Simapro classroom version(“SimaPro,” n.d.), which can only be 
used for educational purposes. However, the study will be reviewed by an examiner but this does not 
correspond to a formal third party LCA review according to ISO standards because the review is mainly 
to validate the study procedure rather the study results.  

3.2.11 Assumptions and limitations 
3.2.11.1 Assumptions 
Assumptions related to specific datasets such as transportation, chemical production, electricity 
consumption, sludge treatment and other related datasets are given in the inventory section in much 
more detail. In general, in chemical calculations it is assumed that the average concentration of 
parameters in raw water (measured between 2013 –2017) will be valid in 2050 and the drinking water 
quality requirements will almost remain the same as predicted by Norrvatten in 2020. In regard to 
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transportation, it is assumed that only road transportation (heavy and light trucks) will be used in 2050 
and the transportation distances will be same as calculated from the Google maps. In regard to sludge 
disposal, it is assumed that treated sludge will be used in construction industry as a raw material in the 
production of bricks. In regard to electricity consumption, it is assumed that in future (2050); the 
proportion of green (85% Hydro and 15% wind based electricity) and wind based electricity will be 2:1. 
The design life of the WTP infrastructure is assumed to be 60 years as given in the databases with the 
assumption that the machinery is also included in it. The saturated GAC is assumed to be regenerated 
after its design life of 3 years and sold in the market rather reuse within the WTP.  
 
The backwash water (UF, NF, RSF, carbon filters and micro-screen), concentrate flow (NF) and clear 
water (lamella thickener) that will be discharged directly to Lake Mälaren in 2050 is assumed to be 
sufficiently diluted such that it will not lead to any harmful impact on Lake Mälaren. Moreover, it has 
also been assumed that Lake Mälaren will not have any water scarcity related problem in 2050. 

3.2.11.2 Limitations 
Within the scope of the study, the major limitation of the study is the validity of the data in 2050. In 
regard to transportation the major limitation is that both the distances and mode of transportation in 
2050 are unknown. In regard to chemical production, the information regarding both their supplier and 
production locations along with production processes is uncertain, so European average data has been 
used. In regard to chemical calculations, the risk of deterioration in raw water quality has not been 
considered and average concentration of parameters calculated in raw water between 2013 –2017 has 
been used. In regard to sludge disposal, there is no predicted future sludge disposal mechanism 
available so difficult to estimate sludge handling in 2050. Moreover design life of GAC filters is also 
uncertain in case if they will be used as a part of chemical barrier in future. Also, the data related to 
infrastructure is obtained from European databases so may not be a suitable representative of the 
Swedish conditions. 
 
So, in general, the major limitation of the study is its temporal validity in 2050 due to future uncertainty 
in raw water quality, drinking water quality requirements along with chemical supplier and chemical 
production processes.  Geographical validity is also a limitation as European average data has been used 
in many background processes instead of the actual regional data. 
 

In regard to methodology, major limitations identified are: Lack of flexibility and adaptiveness  in LCIA 
methodologies to include local environmental priorities with local characterization factors and local 
impact categories(Barjoveanu et al., 2014; Friedrich et al., 2012, 2010), lack of geographically and 
temporally sensitive data/models leading to information gaps(Racoviceanu et al., 2007), lack of 
geographically and temporally relevant and reliable Swedish databases for background processes and 
lack of local relevance of many impact categories based on what is included in them(Friedrich et al., 
2012). 
 
In regard to consideration of different  processes in LCA, major limitations identified are: exclusion of 
the effect of liquid discharges after sludge treatment to Lake Mälaren, the local effects due to discharge 
of membrane concentrate flow and backwash water(Mohapatra et al., 2002; Sombekke et al., 1997), 
exclusion of disinfection by-products (DBPs) impacts(Jones et al., 2018), inconsideration of chemical 
content in sludge as emissions of metals from chemicals (e.g., aluminum) in water and soil may not be 
negligible(Igos et al., 2013; Loubet et al., 2014), exclusion of the emissions during chemical dosing at 
WTP and environmental effects from the portion of the chemicals that leaves with the treated water (in 
comparison with the production and transportation of the chemicals, these can be considered to be 
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negligible)(Venkatesh and Brattebø, 2012) and exclusion of positive impacts on consumer by improving 
the treated water quality that may not come under system boundaries(Mohapatra et al., 2002). 
 
In regard to LCA data, major limitations identified are:  lack of reliability of average and/or typical data 
(collected from site or estimated from literature or from modelling studies performed prior to the LCA 
study) used in LCA inventories in regard to WTP that is characterized by highly variable design and 
operational parameters(Mery et al., 2013; Mohamed-Zine et al., 2013), exclusion of maintenance and 
repair activities due to the lack of data(Racoviceanu et al., 2007), uncertainties associated with data 
accuracy, its representativeness and reliability of assumptions(Qi and Chang, 2012), use of average data 
collected over shorter span in future alternatives(Uche et al., 2015), exclusion of many minor inputs 
based on mass based cut-off criteria(Friedrich et al., 2012; Tarantini and Ferri, 2001) and consistency 
issues due to the use of combination of data collected from various sources.  

3.2.12 Sensitivity analysis 
Sensitivity analysis is the heart beat of an LCA study if used effectively. It is a process to determine the 
degree of variations in the environmental impacts by changing one or several input variables. The input 
variables can be varied either to understand the sensitivity of the results in respect to the respective 
variable/method or to determine the possible range of the results based on the possible range of input 
variables in order to explore the uncertainty in the results based on the uncertainty in the input 
variables.  Hence, the sensitivity analysis helps to determine the robustness of the study. 
 
There are 5 different sensitivity scenarios that are considered in this study based on their possibility in 
the near future. First sensitivity scenario is based on the proportion of green (85% hydro and 15% wind 
based electricity) and wind based electricity in total Norrvatten’s electricity consumption in 2050. 
Presently in 2020, the proportion of green and wind based electricity is approximately 67% and 33% 
respectively but based on the future trends and predictions in Swedish electricity market 
(Energimyndigheten, 2019), it can possibly be 50% and 50%, or can even reach to 40% and 60% 
respectively in future. In this study, 50% and 50% scenario is considered. 
 
Second sensitivity scenario is based on the use of powder activated carbon in the WTP. Today it is only 
recommended to use in case of emergency/acute pollution but in future it may be used as a part of 
permanent chemical barrier. It mainly depends on the chemical water quality of Lake Mälaren in 2050 
along with the National food agency recommendations regarding the permanent chemical barrier in the 
WTP. So, in the worst case scenario Norrvatten may implement a chemical barrier consists of GAK/BAK 
filters along with PAC dosing with maximum dose of 30mg/l. Although, there is a huge uncertainty 
regarding the frequency of PAC dosing but as a worst case scenario, it is assumed that a maximum dose 
of 30 mg/l is required throughout the year in 2050 to ensure sufficient protection against both currently 
known and future unknown health disruptive chemical contaminants. 
 
Third sensitivity scenario is based on the design life of GAK/BAK filters. Presently in 2020, it is consider 
as 3 years but as per Norrvatten’s pilot study results (the results are preliminary as the study is not 
concluded yet) it may reduce to 1 year if the chemical barrier consists of GAK/BAK filters. As it is highly 
probable that in 2050 Norrvatten will use GAK/BAK filters as a part of chemical barrier, so design life of 
GAK/BAK filters in this scenario is assumed to be 1 year in 2050. However, the design life of GAC filters is 
highly uncertain as it depends on several parameters such as depth of filters, operational conditions, 
pre-treatment steps, raw-water quality, drinking water quality requirements, NOM concentration and its 
composition, etc. Norrvatten is conducting several pilot studies on GAC filters to explore the different 
future possibilities such that better and reliable data will be available in future but so far the collected 
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data is not sufficient either to conclude or predict anything about the design life of GAC filters in 2050. 
So the design life of GAC considered in this study and in this sensitivity scenario is merely an assumption 
based on the past experiences of the experts working in the field of Swedish drinking water in the 
Stockholm region. 
 
Fourth sensitivity scenario is based on the disposal of Granular activated carbon (GAC).  Presently in 
2020, it is consider that Norrvatten will use new GAC in the WTP and after it designs life, the saturated 
GAC will be transported to a regeneration plant and later on, the concerned authority will sell it in the 
market. In this way, Norrvatten has adopted an environmental friendly mechanism to re-circulate the 
saturated GAC in the market after regeneration. Hence, avoiding disposal of saturated GAC through 
incineration and later on landfill, that may be relatively more polluting. In order to enhance its 
commitment towards reducing environmental impacts, there is a possibility that in future Norrvatten 
will use regenerated GAC rather buying new GAC.  It may appear as a relatively environmentally friendly 
solution but there is tradeoff between environmental impacts and treatment efficiency. It is due to the 
fact that generally, regenerated GAC is less efficient than the new GAC but in future a lot depends on 
technological advancements in the regeneration process and related GAC source raw material. So, in 
this sensitivity scenario it is assumed that Norrvatten will rely on regenerated GAC in 2050 to fulfill its 
commitment towards circular use of resources within the drinking water industry. 
 
Fifth sensitivity scenario is based on the source of electricity use in the chemical production. As the 
databases available in the SimaPro don't have country specific chemical production method so European 
(RER) databases have been used. To compensate the differences in impacts due to spatial variations, the 
electricity mix in the databases is replaced with the specific chemical production location electricity mix. 
This may not guarantee a realistic evaluation of impacts but it will at least make the impacts relatively 
more realistic to some extent.  
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4. Life Cycle Inventory Analysis (LCI) 
Life Cycle Inventory Analysis (LCI) in general refers as compilation and quantification of inputs and 
outputs of the system under study throughout its life cycle. As per ISO 14040, this LCA phase involves 
data collection and calculation procedures to quantify relevant inputs and outputs of the studied 
system(ISO, 1997). It started with a detailed process flowchart including all unit processes that are 
defined within the scope of the study and then description of each unit process, followed by 
quantification of all inputs and outputs data for each of the process included in the system. In this 
section, the inventory data used in this study is given in brief but a complete life cycle inventory data 
along with all the calculations and data collection procedures is given in Appendix 4. 

4.1 Scope of the inventory data 
The scope of this study is limited to the processes associated with raw water extraction, raw water 
treatment and pumping of treated water to main distribution pipeline network along with sludge 
treatment, so only these stages have been considered while collecting the inventory data.  The 
inventory data collection methods used in this study consists of a combination of strategies including 
collection  of site-specific data related to existing processes, data calculation for future processes, data 
estimation and even data prediction along with the selection of best available representative datasets 
from the available databases in SimaPro 9.0 (in cases other representative data sources are not 
available) in order to calculate and analyze the potential environmental impacts of Norrvatten future 
WTP alternatives in 2050 over an operational period of 1 year. The quantitative representativeness and 
completeness of the data collected for foreground processes is relatively more than the background 
processes but geographical and temporal representativeness of all the processes is relatively less due to 
lack of availability of regional databases. 
 
The data related to foreground processes such as the quantity of chemicals and electricity used, 
transportation distances covered and sludge generated is calculated as yearly average data for the year 
2050 as per Norrvatten future calculation models. The calculations are mainly based on site-specific data 
of the existing waterworks operations, pilot scale studies conducted on future water treatment 
technologies and best available knowledge about the predicted future circumstances. To ensure the 
representativeness of the data, it is validated from the reports submitted to Norrvatten by consultants 
regarding future WTP operations(Ramböll, 2020, 2019a, 2019b); data related to other similar 
waterworks in Sweden and literature review conducted on other WTPs(see Appendix 3).  
 
Ecoinvent 3 databases(Wernet et al., 2016) have been used to obtain average data related to 
background processes. Due to lack of country specific databases related to chemical production, 
European average data has been used in most cases to avoid misinterpretation of the results by mixing 
different databases. Cases in which European databases are not available, other representative 
databases have been used. Therefore, data related to chemical production is mostly obtained from 
European (RER) databases, electricity production from Swedish (SE) databases, transportation from 
European (RER) databases, WTP construction and demolition from {Europe without Switzerland} 
databases, sludge disposal from Switzerland (CH) databases and Ultraviolet lamps along with UF and NF 
modules production from global (GLO) databases. This may results in under or overestimation of the 
results due to non-representativeness of the data but it provides a relatively better and balanced 
approach to compare different alternatives. 
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4.2 Detailed flow charts 
The detailed flow charts of all the future WTP alternatives proposed by Norrvatten for 2050 along with 
the existing waterworks treatment scheme are given in Appendix 2. In the flow charts all the processes 
from raw water extraction until treated water pumping to the main distribution network have been 
shown along with their material and energy, inputs and outputs. 

4.3 Classification of inventory data 
The inventory data related to WTP is very extensive so it is difficult to describe each process in detail in a 
way that the entire data is easy to understand to the audience. Based on the literature review as given 
in Appendix 3 along with the goal and scope of the study, the inventory data is classified into four 
categories. First category includes data related to chemical consumption, second category includes data 
related to chemical and sludge transportation, third category includes data related to electrical energy 
consumption within the WTP and fourth category includes all remaining processes identified as 
miscellaneous processes ranging from treated sludge disposal, WTP construction and demolition, 
Ultraviolet lamps along with UF/NF modules production and disposal, saturated GAC regeneration, 
saturated filter sand disposal, spent anion exchange resin incineration, backwash water discharge to 
Lake Mälaren, and other relatively less significant processes. 

4.3.1 Chemical consumption 
Chemical consumption is the most important aspect of WTP daily operations.  The impacts of chemical 
consumption depends on several interdependent factors (such as types of chemicals used, 
transportation distances, production location, production processes, sludge generating potential, etc) 
that are distributed spatially in a complex networks that overlaps within the local, national and 
international boundaries, making it highly complex, and variable, so difficult to estimate the actual 
impacts. In this study potential impacts are estimated based on various simplifications and assumptions 
as given in Appendix 4 (section 4.3.1, Appendix 4). However, only those simplifications and assumptions 
are adopted in this study that can easily be justified based on the best available knowledge and 
experience of the experts in the water sector to avoid the risk of unreliable results.  
 
The inventory data calculations related to chemical consumptions are based on site-specific data of the 
existing waterworks operations, pilot scale studies conducted on future water treatment technologies 
and best available knowledge and data about the predicted future circumstances, along with the general 
considerations relevant to Swedish and European market. The calculated inventory data related to 
chemical consumption is given in Figure 6. To ensure the representativeness of the data, it is validated 
from the reports submitted to Norrvatten by different consultants regarding their future WTP 
operations(Ramböll, 2020, 2019a, 2019b), data related to other similar waterworks in Sweden and 
literature review conducted on other water treatment plants (see Appendix 3). The information 
regarding the potential distributors of each chemical is given by Norrvatten and later on confirmed by 
contacting the respective distributors. The information of the chemical production locations and 
production processes are directly obtained from the distributors in most of the cases.  One of the major 
limitations of the study is lack of country specific data in databases, as a result, most of the times 
European databases have been used. An attempt has been made to reduce the spatially uncertainty in 
the impacts to some extent by replacing the European electricity mix to the appropriate chemical 
production location electricity mix in the sensitivity analysis (Sensitivity Scenario 5). This may result in a 
significant change where there a huge difference between the sources of electricity between European 
average and actual chemical production locations. 
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Figure 6 : Yearly chemical consumption (100% pure product) at average flow (208 MLD) in 2050    

4.3.2 Transportation  
Transportation is one of the most important but highly uncertain aspects of WTP operations. Usually, 
this aspect is very broad, complex, and variable, due to different types of transportation needs from 
commercial transportation to personal/business travel of the employees. The scope of this study only 
includes chemical and sludge transportation that are relevant to the operational phase of the WTP. The 
calculated inventory data related to transportation is given in Figure 7.  
 
The inventory data calculations related to transportation are based on best available knowledge and 
data, along with the general considerations relevant to Swedish and European transportation market. In 
Sweden, a maximum load of 42 tons/commercial vehicle is generally available, hence adopted for dry 
products transportation and 36 tons/commercial vehicle for liquid products transportation(Ramböll, 
2019a). Bulk transports are assumed to take place by heavy truck (L) with trailers of capacity 42 
tons/truck and light transports are assumed to take place by light truck (S) having a total capacity below 
3.5 tons/truck.   
 
To simplify the calculations, transportation of chemicals has been assumed to occur with full vehicle 
capacity and the numbers of transports have been estimated with respect to consumption and storage 
capacity of WTP. It is also assumed that the transportation will occur from the chemical/sludge 
production location to end use location only through road transport; transport routes for each chemical 
have been developed with the help of Google Maps based on shortest possible distances independent 
of any commercial traffic based limitations in such routes and all transport routes have been calculated 
in round trips. These assumptions are not consistent with the actual practical scenarios but considered 
in this study to reduce the data collection requirements related to transportation and justified by the 
fact that the transportation related impacts are relatively insignificant in comparison to chemical and 
electricity use within the WTP(Barjoveanu et al., 2014; Garfí et al., 2016; Klaversma et al., 2013; 
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Mohamed-Zine et al., 2013; Racoviceanu et al., 2007; Saad et al., 2019; Tarantini and Ferri, 2001).  So, it 
will not make any noticeable difference in the overall impacts of WTP.  
 
In practical scenarios, the transportation link between the production and end use location is complex 
and consists of combination of different modes of transportation ranging from roadways, railways, 
airways, waterways and even pipeline networks. It is also because distributors usually don't produce all 
the chemicals themselves in their manufacturing plant, but in turn also purchases chemicals from other 
distributors that make the transportation network relatively more complex. So, the actual 
transportation distances may be reasonably longer and the means of transportation other than trucks 
may be used in future. Furthermore, the assumption of shortest possible routes may not be valid and 
can vary depending on the traffic situation and vehicle permits, which, however, is not included in the 
assumed routes.  Also, it is reasonable to say that transport probably takes place with co-delivery and 
assumption regarding round trips may overestimate the transportation distances.  
 
To calculate the transportation distances, the information regarding the potential distributors of each 
chemical is given by Norrvatten and later on confirmed by contacting the respective distributors. The 
information of the chemical production locations and transportation routes are directly obtained from 
the distributors in most cases. Transport of sludge is assumed to be carried by heavy truck with trailers 
to Ragn-Sells. Ragn-Sells have three sludge disposal sites which are located in Brista, Högbytorp and 
Stora Uringe. According to Ragn-Sells, most of the sludge is transported to Högbytorp(Bergström, 2020).  
So, it is assumed that the sludge will be transported to Högbytorp in future, and the transport distance 
from the Görvälnverket and Högbytorp is used in the inventory calculations in this study (see section 
4.3.2, Appendix 4). 
 

 

Figure 7: Summary of yearly transportation at average flow (208 MLD) in 2050 
 
* tkm (tonne-kilometer), is a freight transport measurement unit which represents transport of one tone of goods over a 
distance of one kilometer 
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4.3.3 Energy consumption 
As per the IEA (International energy agency) Statistics of 2014, the average electricity consumption (kWh 
per capita per year) in European Union is about 6,022 and in Sweden it is about 13,480. It means in 
2014, Sweden is the third most per capita electricity consuming country in the European Union  after 
Finland (15,250) and Luxembourg (13,915)(“Electric power consumption (kWh per capita) - European 
Union | Data,” n.d.). The trend remains the same even today, but in absolute terms Swedish 
consumption has decreased slightly. However, due to its small population of about 10,352,390 in 2020 
(Statistics Sweden) , that is about 0.133% of total world’s population and its non-fossil based electricity 
production have supported and helped Sweden to become one of the countries having higher electricity 
consumption but still maintains lower contribution in global warming.  
 
Swedish energy policies are based on EU energy policies. As per EU Energy goal, energy consumption 
should be reduced by 32.5% until 2030 through increasing energy efficiency. Similar goal also exists in 
Swedish energy goals, where it is about 50% compared to 2005 level. Along with that, by 2040, 100 % 
electricity production in Sweden will also be through renewable sources but there is a uncertainty 
regarding the mechanism to phase out nuclear energy use in Sweden (Energimyndigheten, 2020).    
 
Swedish WTPs may have a significant role to play in achieving Swedish energy goals. From the start, 
Norrvatten, one of the biggest drinking water suppliers in Sweden, has focused a lot on its electricity 
consumption.  It has adopted a multidimensional approach to optimize its impacts from electricity use. 
First dimension is related to electricity consumption where Norrvatten is continuously reducing its 
electricity consumption by continuously enhancing its energy efficiency in drinking water production and 
distribution phase.  It is also making efforts to  limit its total electricity use, less than 0.4 kWh/m3 in near 
future that was around 0.433 kWh/m3 in 2018(Norrvatten, 2018a). Second dimension is related to 
electricity production; where Norrvatten is buying only renewable electricity mix called green electricity,  
that mainly consists of hydro electricity with small portion of wind and negligible portion of solar based 
electricity(Sophie, 2015).  Along with that, it is also increasing the portion of wind based electricity 
(came directly from Norrvatten’s own wind turbines) in its total electricity consumption and making 
efforts so that at least 30% of its electricity consumption will come from this source (Norrvatten, 2017a, 
2018a). Electricity consumed at the Görvälnverket today consists of about 70% purchased green 
electricity and about 30% electricity generated  in its own wind turbines in Ockelbo(Norrvatten, 2017b, 
2018b, 2019a). 
 
In regard to Norrvatten’s electricity consumption, one of the most variable factors in future will be the 
proportion of wind based electricity in its total electricity consumption.  Presently it is around 30% but in 
future it may increase as Norrvatten capacity will increase in future that will lead to increase in 
electricity demand but as the production of hydro electricity will not increase in future in Sweden, so the 
only option left is to increase the portion of wind based electricity or may be solar if feasible.  Hence, a 
sensitivity analysis of different combination of hydro and wind based electricity will be helpful in 
determining the most sustainable electricity mix in future.  
 
Energy consumption considered in this section is limited to the scope of the study as defined in the goal 
and scope definition (raw water extraction, raw water treatment and pumping to main distribution 
pipeline network along with sludge treatment). Other energy requirements outside the scope of the 
study are not considered such as heating requirements in the offices located in the WTP, general 
electricity consumption within the WTP and maintenance related electricity requirements along with 
other emergency energy consumption. The yearly electricity consumption in different future WTP 

https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC?end=2014&locations=EU-FI&most_recent_value_desc=true&start=1960&view=chart
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC?end=2014&locations=EU-LU&most_recent_value_desc=true&start=1960&view=chart
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC
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alternatives is given in Figure 8 and electricity consumption per cubic meter of treated water (1 m3) is 
given in Figure 9. The future proportion of green and wind based electricity is assumed to be 2:1. 
 

 

Figure 8: Summary of yearly electricity consumption at average flow (208 MLD) in 2050 

 

 

Figure 9: Summary of electricity consumption per cubic meter of treated water (1 m3) in 2050 
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4.3.4 Miscellaneous processes 
This category includes all the remaining processes, identified under miscellaneous processes ranging 
from treated sludge disposal, WTP construction and demolition, Ultraviolet lamps along with UF and NF 
modules production and disposal, saturated GAC regeneration, saturated filter sand disposal, spent 
anion exchange resin incineration, backwash water discharge to Lake Mälaren, and other relatively less 
significant processes. In this section, the data is given in brief but a complete inventory data related with 
miscellaneous processes along with all the calculations and data collection procedure is given in 
Appendix 4 (section 4.3.4, Appendix 4) . Moreover, these processes are considered to be relatively less 
significant based on the literature review as given in Appendix 3, as a result site-specific detailed data is 
not collected but estimations based on literature review together with available datasets of similar 
processes in the Ecoinvent 3 are used to calculate their impacts. It is also due to resource limitation of 
the study. 

4.3.4.1 Water losses 
In general, water loss is considered as the quantity of water that is taken from raw water sources but 
not able to reach the consumers as treated drinking water. Water losses are considered as the most 
undesirable aspect of drinking water management system because it leads to wastage of resources that 
can easily be avoided. Moreover, water losses can potentially be minimized to a negligible level through 
proper planning and systematic decision making such as selecting water saving treatment technologies 
and proper management of leakages in drinking water distribution network. The calculations and 
estimations of the water losses in this study as given in Figure 10 are based on the previous reports 
submitted by different consultants to Norrvatten(Ramböll, 2020, 2019a, 2019b).  
 

 

Figure 10: Distribution of raw water intake at average flow (208 MLD) in 2050  

4.3.4.2 Sludge generation 
The wastewater that cannot be directly released to Lake Mälaren due to impurities is considered as 
sludge (in practical sense) that needs to be treated before discharging to Lake Mälaren. Thus, the sludge 
includes backwash water from raid sand filters (RSF) and backwash water from UF (in cases where UF 
replaces rapid sand filters) along with settled precipitated flocks from lamella separators (chemical 
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precipitation).  At Norrvatten, the treated dewatered sludge is transported out of the WTP and used 
either as a filler material/or construction material/or landfill cover after air drying(Ramböll, 2019a; 
Sophie, 2015). The calculations and estimations of the sludge quantities as given in Figure 10 are based 
on the previous reports submitted by different consultants to Norrvatten about their future water 
treatment plant operations(Ramböll, 2020, 2019a, 2019b).    
 
In SIX processes in A1, the treatment of the consumed regeneration solution will not take place at site 
but instead it will be discharge directly into Baltic Sea. The consumed regeneration solution would be 
transported by an approximately 16 km long sea line connecting to Bromma-saltsjön tunnel  and is 
further out to Saltsjön together with outgoing purified wastewater from Bromma wastewater treatment 
plant(Ramböll, 2019a).  

4.3.4.3 Saturated materials treatment/regeneration/disposal 
The scope of this section is limited to the materials/chemicals that are used during water treatment 
process and get saturated but neither became a part of treated water nor sludge but remains in the 
WTP, so need to be considered separately. There are number of materials/chemicals that can come 
under this category but to simplify the process only the most significant materials are considered that 
include GAC use in GAK/BAK filters, filter sand use in RSF, anion-exchange resin use in SIX processes, UV 
lamps use in UV treatment along with UF/NF membrane modules. The estimated/ calculated/ 
predicted/ assumed values of the materials/chemicals that come under this category are given in 
Appendix 4 (section 4.3.4.3, Appendix 4).  
 
Saturated GAC regeneration: In this study it is assumed that the saturated GAC will be regenerated after 
its design life of 3 years and sold in the market rather reuse in the WTP. In this way, Norrvatten has 
adopted an environmental friendly mechanism to re-circulate the saturated GAC in the market after 
regeneration rather adopting an environmentally polluting disposal process in which saturated GAC will 
be land filled after incineration. This give rise to an allocation problem (as regenerated GAC is considered 
as a useful product) which is resolved using system expansion through avoided burden approach by 
assuming that it will be used as an alternative to new GAC in the market(Chae et al., 2013). The 
regeneration location is same as the supplier of new GAC so transportation is not considered as already 
included in the round trip transportation of new GAC to Norrvatten. Moreover, GAC regeneration 
process is same as the production of new GAC. The only difference is that in production of new GAC,  
coal is required as a raw material but during regeneration, spent GAC is used as a raw material but  with 
an estimated loss of 10% during regeneration(Bayer et al., 2005). So the regenerated GAC quantity will 
be 90% of the GAC quantity calculated in chemical consumption and the regeneration process used in 
this study is taken directly from Ecoinvent 3 databases(Wernet et al., 2016) due to non availability of 
site-specific data. 
 
Saturated filter sand: The filter sand is used in RSF and assumed to be saturated after a design period of 
10 years as a worst case scenario considering the risk of existence of chemical contaminants in the raw 
water in 2050. However the actual design life is usually more than 10 years. There is no consensus 
within Norrvatten on the disposal mechanism of saturated filter sand in future due to its long design life 
and uncertainty in the type of pollutants it may contain in future. One alternative may be regeneration 
of saturated filter sand to promote circular use of resources within the WTP but it may not be 
economically feasible due to high regeneration cost as compare to the cost of new filter sand. The 
regeneration cost is also expected to increase in future so may not be a practical solution. In this study, 
it is assumed that the saturated filter sand will be transported to a sanitary landfill. 
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Spent anion exchange resin: Anion exchange resin is used in the SIX processes and a yearly replacement 
rate of 5% is assumed to compensate the reduction in efficiency due to wear and tear(Ramböll, 2019a). 
In this study, it is assumed that 5% spent anion exchange resin that will be yearly removed from the SIX 
processes will be treated in municipal incineration.  
 
UV lamps and UF/NF membrane modules: The replacement of UV lamps and UF/NF membrane units 
are considered to be less significant so in this study the data is obtained directly from Ecoinvent 3 

databases. The UV dose applied in all the alternatives is ≥ 400 J/m2 and it is assumed that a UV lamp can 
treat approximately 5700 MLD water during its design life. The membrane modules calculations are 
performed with a design life of 10 years for UF, 7 years for NF and 7 years for dF/UF(Hägg et al., 2020; 
Knops, 2020; Lidén and Persson, 2016). The dataset is directly taken from Ecoinvent 3(Wernet et al., 
2016) that represents membrane module and housing for hollow fiber membrane. 

4.3.4.4 WTP construction and demolition phase 
Based on the literature review as given in Appendix 3, it is concluded that the construction and 
demolition phases have relatively insignificant environmental impacts in comparison to the operational 
phase. So, considering the relatively low importance of these phases and high inventory data 
requirements, datasets available in Ecoinvent 3 databases(Wernet et al., 2016) have been used. There is 
no regional dataset available for Swedish WTP construction so European datasets have been used. The 
selected dataset represents the construction and demolition phases of a 30 MLD conventional WTP with 
a design life of 60 years. The dataset also include mechanical component such as pumps with a design 
life of 13 years and chemical tanks with a design life of 30 years(McGivney and Kawamura, 2008).  To 
compensate the increase in the number of treatment steps in the future WTP alternatives as compare to 
the available dataset, the dataset is multiplied with a multiplication factor ranging from 1.5-2.5, 
depending upon the additional treatment steps required. 
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5. LCIA Results 
The Life Cycle Impact Assessment (LCIA) phase is aimed at evaluating the magnitude and significance of 
potential environmental impacts of the system throughout its life cycle, using the results of the life cycle 
inventory analysis(ISO, 1997). This phase in general  transforms the LCI data into relevant impact 
category indicators(Curran, 2015). Hence, one can easily understand the potential environmental 
significance of the system that may be difficult and complex to understand from LCI analysis results.  
However, this is also the most subjective phase in terms of associated methodological choices, which on 
one hand provide a high degree of flexibility so that LCA can be use for wide range of applications but on 
the other hand create a high demand for transparency and documentation so that the results can easily 
be verified and understood. A complete life cycle impact assessment analysis is given in Appendix 5. 
 
As per ISO 14042 document (2000) there are both mandatory and optional elements associated with 
this phase. The mandatory elements include: Impact category definition (selection of environmental 
impact categories (at mid-point or end-point), category indicators and characterisation models); 
classification (sorting and assignments of inventory results to the selected impact categories) and 
characterisation (aggregation of total contribution of classified results to each selected indicator 
category). Optional elements are normalisation (calculating the magnitude of system contribution to the 
selected impact categories relative to a reference value contribution to these impact categories), 
grouping (sorting of impact categories into one or more groups), weighting (also known as valuation, is a 
process of assigning relative significance to impact categories, that is,  in this process impact categories 
results, either characterized or normalized,  are multiplied to their corresponding weighting factors, that 
are derived based on the importance of different impact categories in the context of the study) and data 
quality analysis(Friedrich, 2001; Hoffman et al., 1998; ISO, 1997). 

5.1 Scope of the impact assessment analysis 
In this study, ReCiPe2016  (an impact assessment method created by RIVM, Radboud University, 
Norwegian University of Science and Technology and PRé Consultants) is selected both at midpoint (H) 
and endpoint (H) levels with Hierarchist (H) cultural perspective as defined in the goal and scope 
definition and implemented in SimaPro 9.0 software (developed and distributed by PRé 
Consultants)(“SimaPro,” n.d.). At the midpoint and endpoint level, all the default impact categories are 
selected to cover all the potential impacts that may be caused by the future WTP alternatives in 2050 
except water consumption. Impact categories related to water consumption are not selected because 
water consumption has a regional focus on Stockholm, Sweden (consumption of treated water within 
Stockholm, Sweden) where there is relatively no water scarcity but normalization and weighting factors 
are global so may give misleading results due to water scarcity related problems at global level. The 
endpoint level consists of three damage categories as shown in Figure 11, describing three areas of 
protection which include human health, ecosystems, and resources with global normalization and 
weighting factors. Single scores are also calculated in this study by aggregating the weighted results 
obtained using global weighting factors available in ReCiPe2016(“SimaPro,” n.d.).  
 
In this study, one more impact assessment method, Cumulative Energy Demand (LHV) V1.00 (created by 
PRé Consultants) has also been used. It is mainly to estimate the proportion of renewable and non-
renewable energy consumption in total (direct and indirect) energy consumption in drinking water 
production. The electricity that will be used within the WTP is renewable energy (mainly hydro and wind 
based electricity) but the chemicals will be produced all over the word with different sources of energy. 
An estimation of the proportion of non-renewable energy use in the total energy consumption will be 
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useful to identify the areas of improvements to reduce the non-renewable energy use in the future 
drinking water production.  It is also important in the perspective of Norrvatten commitments towards 
Swedish environmental objectives that include a generational goal which focus on non-transferability of 
Swedish environmental problems to other countries(“The generational goal,” n.d.). 
 
In this study normalisation has not been used at mid-point level to avoid the potential misinterpretation 
of the results by the audience. It is mainly because emissions due to chemical production is unequally 
distributed in different parts of the world and using either global or European based normalization 
factors may not lead to any useful interpretation relevant to the goal and scope of the study. However, 
weighting has been included at end-point level to provide a better understanding of the results to the 
associated stakeholders(Loubet et al., 2014; Sombekke et al., 1997).  
 

Midpoint impact categories Mid-to end point 
conversion 

Endpoint 
indicators 

Single score 

 Individualist (I)* Hierarchist (H) Egalitarian (E)*  (I)* (H) (E)*  

S.No. Impact category Unit Unit Areas of 
protection 

Single score 
 

1a Global warming, Human health kg CO2 eq DALY  
 
 

Human Health 
(DALY) 

W
e

ig
h

ti
n

g 

 
 
 
 
 
 
 
 

Aggregated 
Single 

score (pt) 

2 Stratospheric ozone depletion kg CFC11 eq DALY 

3 Ionizing radiation kBq Co-60 eq DALY 

4 Ozone formation, Human health kg NOx eq DALY 

5 Fine particulate matter formation kg PM2.5 eq DALY 

6 Human carcinogenic toxicity kg 1,4-DCB DALY 

7 Human non-carcinogenic toxicity kg 1,4-DCB DALY 

8a Water consumption* m3 DALY 

1b Global warming, Terrestrial ecosystems kg CO2 eq species.yr  
 
 
 

Ecosystems 
(species.yr) 

1c Global warming, Freshwater ecosystems kg CO2 eq species.yr 

9 Ozone formation, Terrestrial ecosystems kg NOx eq species.yr 

10 Terrestrial acidification kg SO2 eq species.yr 

11 Freshwater eutrophication kg P eq species.yr 

12 Marine eutrophication kg N eq species.yr 

13 Terrestrial ecotoxicity kg 1,4-DCB species.yr 

14 Freshwater ecotoxicity kg 1,4-DCB species.yr 

15 Marine ecotoxicity kg 1,4-DCB species.yr 

16 Land use m2a crop eq species.yr 

8b Water consumption, Terrestrial ecosystem* m3 species.yr 

8c Water consumption, Aquatic ecosystems* m3 species.yr 

17 Mineral resource scarcity kg Cu eq USD2013 Resources 
(USD2013) 18 Fossil resource scarcity kg oil eq USD2013 

Figure 11: Overview of the midpoint and endpoint impact categories covered in ReCiPe2016 impact assessment method 
(Huijbregts et al., 2017) 
(Note: * Impact categories and cultural perspectives, not included within the scope of the study 
DALY: Disability Adjusted loss of Life Years 
species.yr: Time integrated species loss  
USD2013: Surplus cost in dollars ($) 
Pt: Points (The unit of the aggregated weighted results of all impact categories known as single score)) 

5.2 Life cycle impact assessment (LCIA) results 
There are different ways to represents the results of a LCIA analysis. In this study results are divided into 
different sections to make it easier to the audience to understand their usefulness in the perspective of 
the research objectives. In total this study has five research objectives as defined in section 1.2.  
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5.2.1 Research objective 1 results 
The research objective 1 is “Which WTP alternative has relatively least potential environmental impacts 
during operational phase in 2050 based on a lifecycle perspective?” This objective can be achieved by 
comparing all the alternatives.  In this study, the alternatives are compared on the basis of their 
characterized scores at midpoint (17 impact categories) and endpoint level (3 damage categories) along 
with their single scores calculated using global weighting factors as shown in Table 5. Moreover, 
alternatives are also compared based on their cumulative energy demand at three levels (total energy 
consumption, renewable energy consumption and non-renewable energy consumption) to make the 
comparison more comprehensive, holistic and robust in order to enhance the reliability and validity of 
the conclusions.  
 
To make the comparison easy to understand to the audience, alternative 1 is considered as a reference 
alternative and other alternatives are compared in relation to alternative 1 and results are given in % 
increase/decrease in impacts in comparison to alternative 1 as shown in Table 5. One may also use 
existing waterworks as a reference but not considered in this study as the existing waterworks is not 
comparable to the future alternatives both in terms of quality and quantity, so may lead to 
misinterpretation of the results. Moreover, in Table 5 it is allowed to compare different alternatives 
within a particular impact category but intra-comparison of different impact categories is not allowed. It 
is mainly because impact categories results are characterized results not the weighted single scores, so 
different impact categories have different units that cannot be compared with each other. A detailed 
discussion about the results is provided in section 6.2 but the most important result is that A9 is 
expected to have least potential environmental impacts during operational phase in 2050 and A7 (FeCl3) 
is expected to have the largest impacts.  
 
It should be noted that, single scores are calculated in this study using global weighting factors that are 
not representative of Swedish conditions, so results are relatively uncertain. In an ideal scenario, the 
best way to compare the alternatives is based on their single scores (using weighting) but it is a 
limitation of this study due to non-availability of reliable regionally valid weighting scores within the 
resource limits of the study.  So, single scores given in this study should not be used independently but 
always in relation with characterized results to avoid any unrealistic conclusion and misinterpretation of 
the results. 
 
Also, these LCA results can only be useful to compare different alternatives in perspective of their 
environmental impacts. In drinking water sector, future WTP alternatives are compared based on 
different aspects in which environmental impacts are considered as important but usually not 
considered as the single most important aspect. In decision making, water quality and cost, usually 
dominate over environmental impacts (Klaversma et al., 2013; Mohapatra et al., 2002; Venkatesh and 
Brattebø, 2012). So, in general the final decisions in drinking water sector depend on the weightage of 
several factors that are highly context dependent, as a result the most environmentally friendly 
solutions may not be selected if such solutions are economically and practically not feasible or may 
increase indirect impacts at the consumer level. Hence, LCA based environmental comparison of 
different alternatives is useful but not sufficient to make any decision. As a result, the conclusions of this 
study should not be used independently but always in relation with other comparative studies mainly 
economic and drinking water quality comparison of different alternatives.  
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Table 5: Summary of percentage change in potential environmental impacts in different future WTP alternatives in comparison to alternative 1  

Future WTP Alternatives Unit A1 
(reference) 

A2 A3 A4 A5 A6 A7 A8 A9 

FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG 

Impact categories (Mid-point)  Percentage (%) change (increase/decrease) in impacts in comparison to alternative 1(A1) 

1 Global warming kg CO2 eq 0 3 -19 3 -19 5 -17 1 -21 0 -22 22 -4 -8 -31 -59 

2 Stratospheric ozone depletion kg CFC11 eq 0 -27 -46 -27 -46 -24 -43 -26 -45 -29 -48 -10 -32 -28 -46 -49 

3 Ionizing radiation kBq Co-60 eq 0 -14 -19 -14 -19 -14 -18 -16 -21 -17 -22 -1 -6 -21 -28 -70 

4 Ozone formation, Human health kg NOx eq 0 18 -4 18 -4 19 -3 14 -7 13 -8 37 13 3 -21 -62 

5 Fine particulate matter formation kg PM2.5 eq 0 40 12 40 12 41 13 37 9 36 8 65 32 26 -6 -61 

6 Ozone formation, Terrestrial ecosystems kg NOx eq 0 18 -4 18 -4 19 -3 14 -7 13 -8 37 12 3 -21 -62 

7 Terrestrial acidification kg SO2 eq 0 59 23 59 23 60 24 56 20 55 19 86 44 45 4 -63 

8 Freshwater eutrophication kg P eq 0 0 -18 0 -18 2 -16 -1 -19 -3 -21 18 -3 -10 -29 -64 

9 Marine eutrophication kg N eq 0 -37 -53 -37 -53 -36 -52 -33 -50 -34 -51 -26 -44 -36 -52 -76 

10 Terrestrial ecotoxicity kg 1,4-DCB 0 10 -30 10 -30 11 -29 8 -31 7 -32 29 -18 2 -37 -71 

11 Freshwater ecotoxicity kg 1,4-DCB 0 -2 -16 -2 -16 4 -10 0 -14 -5 -19 25 9 -8 -23 -30 

12 Marine ecotoxicity kg 1,4-DCB 0 -1 -16 -1 -16 5 -11 1 -14 -4 -20 26 8 -8 -24 -35 

13 Human carcinogenic toxicity kg 1,4-DCB 0 -36 30 -36 30 -33 32 -37 27 -39 25 -22 57 -49 3 -67 

14 Human non-carcinogenic toxicity kg 1,4-DCB 0 10 -22 10 -22 12 -20 7 -24 5 -27 31 -6 -3 -34 -62 

15 Land use m2a crop eq 0 28 -17 28 -17 29 -16 23 -21 22 -22 49 -4 22 -22 -52 

16 Mineral resource scarcity kg Cu eq 0 -23 15 -23 15 -20 18 -24 13 -26 11 -7 39 -38 -10 -70 

17 Fossil resource scarcity kg oil eq 0 20 -8 20 -8 21 -8 17 -11 17 -12 40 7 9 -22 -64 

18 Water consumption m3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Damage categories (End-point)  

1 Human Health DALY 0 13 -1 13 -1 15 1 11 -3 9 -5 34 18 0 -17 -61 

2 Ecosystems species.yr 0 17 -10 17 -10 18 -9 14 -13 13 -14 37 5 6 -23 -59 

3 Resources USD2013 0 25 -9 25 -9 26 -8 23 -11 22 -12 46 6 14 -21 -67 

Single score (using global weighting)  

1 Total mPt 0 13 -1 13 -2 15 0 11 -4 9 -5 34 17 1 -17 -61 

Cumulative Energy Demand (LHV) V1.00  

1 Total MJ 0 0 -13 0 -13 7 -5 5 -7 -2 -15 32 17 -1 -14 -3 

2 Non renewable MJ 0 15 -10 15 -10 16 -9 13 -13 12 -13 34 5 4 -22 -65 

3 Renewable MJ 0 -13 -15 -13 -15 1 -2 -1 -3 -14 -16 30 27 -5 -7 47 

Important categories per functional unit  

1 Global warming g CO2 eq/m3 147 152 120 152 120 154 121 149 116 147 115 179 141 136 102 60 

2 Total energy consumption MJ/m3 4.34 4.32 3.77 4.32 3.77 4.66 4.11 4.56 4.02 4.24 3.69 5.73 5.09 4.31 3.73 4.21 

2a Non renewable MJ/m3 1.93 2.22 1.74 2.22 1.74 2.24 1.75 2.17 1.69 2.16 1.68 2.59 2.02 2.02 1.50 0.68 

2b Renewable MJ/m3 2.41 2.10 2.03 2.10 2.03 2.42 2.36 2.39 2.33 2.08 2.01 3.14 3.07 2.30 2.23 3.54 

Legend-Color code  

% change (increase/decrease) in impacts in 
comparison to alternative 1 

Color code 
     

Color code 
     

% decrease 0 to -10 -10 to -20 -20 to -30 -30 to - 40 <- 40 % increase 0 to 10 10 to 20 20 to 30 30 to 40  >  40 

(Note: Different alternatives can be compared within a particular impact category but intra-comparison of different impact categories is not allowed. It is mainly because impact categories results are 
characterized results not the weighted single scores as a result different impact categories have different units that cannot be compared with each other)
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Figure 12: Distribution of potential environmental impacts per functional unit (1 m3) in different future WTP alternatives 

In Figure 12, the potential environmental impacts per functional unit (1 m3) calculated using ReCiPe2016 
single score using endpoint (H) impact assessment method with global weighting factors are given for 
different alternatives. As shown in Figure 12, A9 is expected to have least potential environmental 
impacts during operational phase in 2050 and A7 (FeCl3) is expected to have the largest impacts. 
Moreover, the iron (FeCl3) based alternatives have relatively more overall environmental impacts in 
comparison to aluminium (ALG) based alternatives. 
 

 

Figure 13: Distribution of Cumulative Energy Demand per functional unit (1 m3) in different future WTP alternatives 
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In Figure 13, the potential Cumulative Energy Demand per functional unit (1 m3) is given for different 
alternatives. As shown in Figure 13, aluminium (ALG) based alternatives have slightly less energy 
consumption in comparison to iron (FeCl3) based alternatives. Most interestingly, in A9, the proportion 
of non-renewable energy consumption (dominated by fossil fuels) is less than 20% but in all other 
alternatives this portion is highly significant (that is in general more than 40% of the total energy use) 
due to high chemical consumption and transportation in these alternatives.  
 

 

Figure 14: Global warming Potential per functional unit (1 m3) in different future WTP alternatives 

In Figure 14, the Global warming Potential per functional unit (1 m3) calculated using ReCiPe2016 
characterized scores using midpoint (H) impact assessment method is given for different alternatives. As 
shown in Figure 14, A9 is expected to have least Global warming Potential during operational phase in 
2050 and A7 (FeCl3) is expected to have the largest Global warming Potential. Moreover, Norrvatten's 
GHGs emissions were estimated to be around 43.63 g CO2 e/m3 in 2015(Sophie, 2015) but to improve 
the quality of water up to the standards of 2050 requirements, it is expected that the Global warming 
Potential will increase in all alternatives expect in A9, in which it can be limited to 60 g CO2 eq/m3. 

5.2.2 Research objective 2 results 
The research objective 2 is “What are the potential environmental hotspots in future WTP alternatives 
(chemical consumption, transportation, energy consumption within the WTP and miscellaneous 
processes)?”  This objective is mainly to identify the potential environmental hotspots in different future 
WTP alternatives which is defined in this study as the identification of the sub-assemblies of a WTP 
alternative that will contribute the most in the total potential impacts that may be generated by a WTP 
alternative in 2050. To make the identification easy to understand to the audience, all the processes of a 
WTP within the scope of the study are divided into four sub-assemblies and thus the potential impacts 
of a WTP are broadly divided into four categories. First category includes impacts due to chemical 
consumption, second category includes impacts due to chemical and sludge transportation, third 
category includes impacts due to electrical energy consumption within the WTP and fourth category 
includes impacts due to all remaining processes that are identified as miscellaneous processes as 
defined in section 4.3.4. 
 
In this study, the most contributing sub-assemblies are identified by comparing the percentage 
contribution of different sub-assemblies in total impacts at the mid-point (17 impact categories) and 
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endpoint level (3 damage categories) on the basis of their characterized scores, along with their single 
scores calculated using global weighting factors as given in Appendix 5 (section 5.2.2, Appendix 5). 
Moreover, the most significant sub-assemblies in regard to cumulative energy consumption are also 
identified in this study at three levels (total energy consumption, renewable energy consumption and 
non-renewable energy consumption) as given in Appendix 5 (section 5.2.2, Appendix 5).  
 
A detailed discussion about the results is provided in section 6.2 but from the Figure 15 based on single 
scores it is clear that impacts due to chemical consumption is the single most dominating contributor in 
all alternatives and impacts due to transportation and electrical energy consumption within the WTP are 
relatively less significant. However, miscellaneous processes have positive impacts in all alternatives 
mainly due to regeneration of saturated GAC that is assumed to be used as an alternative to new GAC. 
Moreover, non-renewable energy use in future WTP alternatives is mainly from chemical production 
and its transportation as shown in Figure 16 while the renewable energy use is mainly concentrated to 
internal WTP operations as shown in Figure 17. 
 

 

Figure 15: Distribution of potential environmental impacts per functional unit (1 m3) in different future WTP alternatives 

In Figure 15, the contribution of different WTP sub-assemblies in total potential environmental impacts 
per functional unit (1 m3) calculated using ReCiPe2016 single score using endpoint (H) impact 
assessment method with global weighting factors are given for different alternatives. As shown in Figure 
15, chemical consumption is the potential environmental hotspots in all alternatives. However, impacts 
due to transportation and energy consumption are relatively less significant except miscellaneous 
processes that contribute positively in all alternatives mainly due to regeneration of saturated GAC that 
is assumed to be used as an alternative to new GAC. 
 
In Figure 16, the contribution of different WTP sub-assemblies in Cumulative Non-renewable Energy 
Demand per functional unit (1 m3) is given for different alternatives. As shown in Figure 16, chemical 
consumption is the potential environmental hotspot in Non-renewable energy consumption in all 
alternatives. Moreover, contribution of transportation in aluminium (ALG) based alternatives are 
relatively less in comparison to iron (FeCl3) based alternatives due to differences in total chemical use. 
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Figure 16: Distribution of Non-renewable Energy Demand per functional unit (1 m3) in different future WTP alternatives 

In Figure 17, the contribution of different WTP sub-assemblies in Cumulative Renewable Energy Demand 
per functional unit (1 m3) is given for different alternatives. As shown in Figure 17, energy consumption 
within the WTP is the potential environmental hotspot in renewable energy consumption in all 
alternatives due to consumption of only renewable electricity within the future WTP alternatives.  
 

 

Figure 17: Distribution of Renewable Energy Demand per functional unit (1 m3) in different future WTP alternatives 
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Figure 18: Distribution of Global warming Potential per functional unit (1 m3) in different future WTP alternatives 

In Figure 18, the Global warming Potential per functional unit (1 m3) calculated using ReCiPe2016 
characterized scores using midpoint (H) impact assessment method are given for different alternatives. 
As shown in Figure 18, chemical consumption is the potential Global warming hotspot in all alternatives. 
However, impacts due to transportation are also significant but relatively less. Moreover, miscellaneous 
processes contribute positively in all alternatives mainly due to regeneration of saturated GAC that is 
assumed to be used as an alternative to new GAC. 

5.2.3 Research objective 3 results 
The research objective 3 is “Which treatment steps have significant environmental impact contribution 
in future WTP alternatives?” This objective is mainly to identify the treatment steps that contribute the 
most in different WTP alternatives. To make the identification easy to understand to the audience, the 
treatments steps are identified based on their contribution in the total impacts generated by each of the 
four WTP sub-assemblies which are same as defined in the research objective 2 in section 5.2.2 
(chemical consumption, transportation, energy consumption within the WTP and miscellaneous 
processes).  
 

 In this study, the most contributing treatment steps in each WTP sub-assembly of a future WTP 
alternative are identified by comparing their percentage contribution on the basis of their single scores 
calculated using global weighting factors as shown in Figure 20 (Chemical consumption), Figure 22 
(transportation), Figure 24 (energy consumption) and Figure 26 (miscellaneous processes).  
 
A detailed discussion about the results is provided in section 6.2 but from the Figure 15, 20, 22, 24 and 
26 it is clear that filtration through GAC contribute the most in total environmental impacts in all 
alternatives. After, GAC filters; the other most contributing treatment step is chemical precipitation in 
A2-A8 and resin regeneration in A1. Moreover, the regeneration of GAC is also important as it induces 
positive impacts in all alternatives as shown in Figure 26. 
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Figure 19: Distribution of potential environmental impacts through chemical consumption per functional unit (1 m3) in 
different future WTP alternatives  

 

 

Figure 20: Percentage distribution of potential environmental impacts through chemical consumption in different future WTP 
alternatives 
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In Figure 19, the potential environmental impacts through chemical consumption per functional unit (1 
m3) calculated using ReCiPe2016 single score using endpoint (H) impact assessment method with global 
weighting factors are given for different alternatives and in Figure 20 percentage contribution of 
different chemicals in total impacts due to chemical consumption are given. As shown in Figure 20, the 
consumption of GAC is the major contributor in all alternatives. In A1, regeneration chemical (salt) and 
coagulant dosing (Polyaluminium chloride (PAX-XL 60)) are the second and third significant contributors. 
In aluminium (ALG)  based alternatives, contribution of coagulant dose (ALG) is relatively more than pH 
optimizing chemical (sulfuric acid and soda) but  in case of iron(FeCl3)  based alternatives, contribution 
of coagulant dose (FeCl3) is relatively less than pH optimizing chemicals (sulfuric  acid and soda). It is 
mainly because iron (FeCl3) based alternatives consume higher quantity of pH optimizing chemicals in 
comparison to aluminium (ALG) based alternatives as shown in Figure 6.  
 
In Figure 21, the potential environmental impacts through transportation per functional unit (1 m3) 
calculated using ReCiPe2016 single score using endpoint (H) impact assessment method with global 
weighting factors are given for different alternatives and in Figure 22 percentage contribution of 
different chemicals/materials in total impacts due to transportation are given. As shown in Figure 22, 
salt and pH optimizing chemical (Soda) are the major contributors in A1. In iron (FeCl3) based 
alternatives, the pH optimizing chemical (Soda) is the major contributor but in aluminium (ALG) based 
alternatives, the contribution of coagulant dose is also significant along with pH optimizing chemical 
(Soda). In A9, pH optimizing chemical (Soda) contribute approximately 52% in total impacts and GAC 
contribute approximately 30%. 
 
In Figure 23, the potential environmental impacts through energy consumption within the WTP per 
functional unit (1 m3) calculated using ReCiPe2016 single score using endpoint (H) impact assessment 
method with global weighting factors are given for different alternatives and in Figure 24 percentage 
contribution of different treatment steps in total impacts due to energy consumption within the WTP 
are given. As shown in Figure 24, distribution pumping is the most contributing treatment step in all 
alternatives but with the use of NF in A7 and A9, total energy consumption increases as a result both NF 
and distribution pumping became the most contributing treatment steps in A7 and A9. 
 
In Figure 25, the potential environmental impacts through miscellaneous processes per functional unit 
(1 m3) calculated using ReCiPe2016 single score using endpoint (H) impact assessment method with 
global weighting factors are given for different alternatives and in Figure 26 percentage contribution of 
different miscellaneous processes in total impacts due to miscellaneous processes are given. As shown 
in Figure 26, the use of regenerated GAC as an alternative to new GAC  contribute most of the positive 
impacts that are relatively much larger in comparison to negative impacts due to WTP construction and 
saturated GAC regeneration processes, as a result the overall impact by this sub-assembly in positive. 
 
In Figure 27, the global warming potential through chemical consumption per functional unit (1 m3) 
calculated using ReCiPe2016 characterized scores using midpoint (H) impact assessment method are 
given for different alternatives. As shown in Figure 27, the consumption of GAC is the major contributor 
in all alternatives. In A1, regeneration chemical (salt) and pH optimizing chemicals (carbon dioxide and 
soda) also contribute significantly. In aluminium (ALG)  based alternatives, contribution of coagulant 
dose (ALG) is relatively more than pH optimizing chemical (sulfuric acid and soda) but  in case of 
iron(FeCl3)  based alternatives, contribution of coagulant dose (FeCl3) is relatively less than pH optimizing 
chemicals (sulfuric  acid and soda). It is mainly because iron (FeCl3) based alternatives consume higher 
quantity of pH optimizing chemicals in comparison to aluminium (ALG) based alternatives as shown in 
Figure 6.  
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Figure 21: Distribution of potential environmental impacts through transportation per functional unit (1 m3) in different 
future WTP alternatives 

 

Figure 22: Percentage distribution of potential environmental impacts through transportation in different future WTP 
alternatives 
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Figure 23: Distribution of potential environmental impacts through energy consumption within the WTP per functional unit (1 
m3) in different future WTP alternatives 

 

Figure 24: Percentage distribution of potential environmental impacts through energy consumption within the WTP in 
different future WTP alternatives 
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Figure 25: Distribution of potential environmental impacts through miscellaneous processes per functional unit (1 m3) in 
different future WTP alternatives 

 

Figure 26: Percentage distribution of potential environmental impacts through miscellaneous in different future WTP 
alternatives 
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Figure 27: Distribution of Global warming Potential through chemical consumption per functional unit (1 m3) in different 
future WTP alternatives 

5.2.4 Research objective 4 results 
The research objective 4 is “Which environmental impacts from future WTP alternatives are the most 
significant?” This objective is mainly to identify the impact categories that are most significant to each 
alternative. This can be achieved by comparing the weighted scores of different impact categories within 
each alternative. In an ideal scenario, the best comparison is possible with weighted scores calculated 
using context specific weighting factors but it is a limitation of this study due to non-availability of 
reliable regionally valid weighting scores within the resource limits of the study. In this study, global 
weighting factors have been used, so impact categories identified in this study are uncertain and should 
not be used independently but always in relation with characterized results to avoid any unrealistic 
conclusion and misinterpretation of the results. 
 
In this study, the most significant impact categories are identified by comparing the percentage 
contribution of different impact categories in total impacts at the mid-point level (17 impact categories) 
as shown in Figure 28 and endpoint level (3 damage categories) (See section 5.2.4, Appendix 5)on the 
basis of their weighted scores calculated using global weighting factors. The most significant impact 
categories are also identified at sub-assemblies level (chemical consumption, transportation, energy 
consumption and miscellaneous processes) to make the analysis more comprehensive and reliable (See 
section 5.2.4, Appendix 5).  A detailed discussion about the results is provided in section 6.2 but from the 
Figure 28 it is clear that impact categories related to Fine particulate matter formation and Global 
warming are the most significant in all alternatives. Moreover, as shown in Figure 29, the renewable 
energy dominates in A1-A8 with a contribution of about 50%-60% in total energy consumption and in A9 
it is more than 80%. 
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Figure 28: Percentage distribution of potential environmental impact in different impact categories in different future WTP 
alternatives 

 

Figure 29: Percentage distribution of Cumulative Energy Demand in different future WTP alternatives 

5.2.5 Research objective 5 results 
The research objective 5 is “How significant are the variations in environmental impacts by changing the 
uncertain parameters (Change in electricity mix, Use of PAC as a permanent chemical barrier, Design life 
of GAC filters, Use of regenerated GAC and source of electricity in chemical production)?” This objective 
is mainly to identify the uncertainties in the prediction of environmental impacts depending upon the 
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possible future scenarios. It is a part of sensitivity analysis to determine the degree of variations in the 
potential environmental impacts by changing one or several input variables to analyse the possible 
range of the results based on the possible range of input variables. It is an attempt to explore the 
uncertainty in the results based on the uncertainty in the input variables to determine the robustness of 
the study results and environmental predictions.  
 
In this study, different sensitivity scenarios as defined in the section 3.2.12 are compared on the basis of 
their weighted scores at midpoint (17 impact categories) and endpoint level (3 damage categories) (See 
section 5.2.5, Appendix 5) along with their single scores as shown in Figure 30 to analyse the variation in 
environmental impacts. Moreover, different sensitivity scenarios are also compared based on their 
cumulative energy demand at three levels (total energy consumption, renewable energy consumption 
and non-renewable energy consumption) as shown in Figure 31 and Figure 32. To make the comparison 
easy to understand to the audience, different sensitivity scenarios are compared with the baseline 
alternatives for which sensitivity scenarios are developed.  
 
A detailed discussion about the results is provided in section 6.2 but from the Figure 30 it is clear that 
the change in proportion of green and wind based electricity will not lead to any noticeable change in 
total impacts but the continuous dosing of powder activated carbon (with a maximum dose of 30 mg/l) 
will increase the potential impacts exponentially. Moreover, the decrease in the design life of GAC will 
increase the impacts but the use of regenerated GAC within the WTP instead of new GAC will 
significantly decrease the impacts in all alternatives. The change in the chemical production electricity 
mix in the databases will not lead to any significant change in impacts. 
 

 

Figure 30: Potential environmental impacts per functional unit (1 m3) in different sensitivity scenarios  
(Note: In Sensitivity Scenario 1 the proportion of green and wind based electricity in total Norrvatten’s energy consumption 
within the WTP in 2050 is changed from 67% and 33% to 50% and 50% respectively. In Sensitivity Scenario 2 powder activated 
carbon is included in the WTP as a part of chemical barrier with a maximum dose of 30 mg/l. In Sensitivity Scenario 3 the design 
life of GAK/BAK filters is changed from 3 years to 1 year. In Sensitivity Scenario 4 the use of new GAC is changed to regenerated 
GAC. In Sensitivity Scenario 5 the electricity mix in the databases is changed from European (RER) mix to their respective 
chemical production location electricity mix) 
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Figure 31: Cumulative Non-renewable Energy Demand per functional unit (1 m3) in different sensitivity scenarios 

In Figure 31, the Cumulative Non-renewable Energy Demand per functional unit (1 m3) is given for 
different sensitivity scenarios. As shown in Figure 31, the change in proportion of green and wind based 
electricity will not lead to any noticeable change in Non-renewable Energy consumption  but the 
continuous dosing of powder activated carbon (with a maximum dose of 30 mg/l) will increase the Non-
renewable Energy consumption exponentially. Moreover, the decrease in the design life of GAC will 
increase the Non-renewable Energy consumption but the use of regenerated GAC within the WTP 
instead of new GAC will significantly decrease the Non-renewable Energy consumption in all 
alternatives. The change in the chemical production electricity mix in the databases will not lead to any 
significant change in Non-renewable Energy consumption.  
 

 

Figure 32: Cumulative Renewable Energy Demand per functional unit (1 m3) in different sensitivity scenarios 
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As shown in Figure 32, the change in Renewable Energy consumption is almost negligible in all sensitivity 
scenarios as most of the chemical production processes are dominated by non-renewable energy use 
and renewable energy is mainly consumed within the WTP that remain almost the same in all scenarios.    
  

 

Figure 33: Global warming Potential per functional unit (1 m3) in different sensitivity scenarios 

In Figure 33, the Global warming Potential per functional unit (1 m3) calculated using ReCiPe2016 
characterized scores using midpoint (H) impact assessment method are given for different sensitivity 
scenarios. As shown in Figure 33, the change in proportion of green and wind based electricity will not 
lead to any noticeable change in Global warming Potential but the continuous dosing of powder 
activated carbon (with a maximum dose of 30 mg/l) will increase the Global warming Potential 
exponentially. Moreover, the decrease in the design life of GAC will increase the Global warming 
Potential but the use of regenerated GAC within the WTP instead of new GAC will significantly decrease 
Global warming Potential in all alternatives. The change in the chemical production electricity mix in the 
databases will not lead to any significant change in Global warming Potential in all alternatives.  
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6. LCA results and discussion 
In the LCA Interpretation phase, the results obtained from previous phases such as LCI and LCIA are 
interpreted to achieve the goal and scope of the study. The finalized results are then summarized to 
make conclusions and recommendations for the intended audience. As per ISO 14044 (2006), three 
principal elements of the interpretation phase include: identification of the significant issues based on 
the results of the LCI and LCIA phases of LCA; evaluation (completeness, sensitivity and consistency 
checks) and finally conclusions, limitations, and recommendations(ISO, 2006).  

6.1 Scope of the interpretation phase 
The interpretations that are based only on results obtained from LCI and LCIA phases are usually 
incomplete and non-realistic due to limitations associated with the LCA both as a method along with the 
possible uncertainties in the procedure that is followed while conducting the study. So, in this study, 
additional informations have also been used to validate and complement the LCA results such that 
realistic and reliable interpretations can be formulated. In this study the interpretation phase has been 
divided into different sections to make it easier to the audience to understand their usefulness in the 
perspective of the research objectives.  Hence the scope of the interpretation phase in this study 
includes; discussion of the LCIA results, improvement opportunities, conclusions, recommendations, 
quality assessment (consistency check, completeness check, study uncertainties and limitations) and 
future scope of the study. 

6.2 Discussion of LCA results  
Research objective 1: The research objective 1 is to identify the future WTP alternative with least 
potential environmental impact during operational phase in 2050. In this regard, A9 (that is based on 
direct filtration of raw water on nanofiltration membranes) has least environmental impacts (nearly half 
in comparison to all other alternatives) based on single score comparison of different alternatives as 
shown in Figure 12. This result is also validated by comparing the mid-point and end-point characterized 
scores of different alternatives (see Appendix 5, Table 5.2) to overcome the uncertainty related with the 
use of global weighting factors in calculating the single scores.  
 
The alternatives from A2-A6 (that are based on conventional precipitation and sedimentation processes), 
have similar impacts depending on the type of precipitating chemical used (ALG/FeCl3). The iron(FeCl3) 
based alternatives have relatively more overall environmental impacts in comparison to aluminium(ALG)  
based alternatives mainly in categories related to Global warming, Fine particulate matter formation, 
Human non-carcinogenic toxicity with a exception in Human carcinogenic toxicity in which 
aluminium(ALG) based alternatives are more polluting.  A8 (that is based on direct precipitation on UF 
membranes) have approximately 10-15% lower environmental impacts in comparison to conventional 
precipitation based processes which is mainly due to lower coagulant dose (that is 15% lower than the 
conventional precipitation process as shown in Figure 6). A7 is the most polluting alternative due to 
partial nanofiltration that is provided after conventional precipitation process. In the nanofiltration, 25% 
concentrate flow is assumed, which means the quantity of water that will undergo conventional 
precipitation before reaching the nanofiltration process would increase, that subsequently increases the 
consumption of coagulant dose and resulted in higher impacts.  
 
In regard to total energy consumption as shown in Figure 13, although aluminium (ALG) based 
alternatives have slightly less energy consumption (approximately 10%) in comparison to A9 but this 
doesnot directly reflect their potential environmental impacts. In A9, the proportion of non-renewable 
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energy (dominated by fossil fuels) in total energy consumption is less than 20% but in all other 
alternatives this portion of non-renewable energy consumption is highly significant (that is in general 
more than 40% of the total energy use) due to high chemical consumption and transportation in these 
alternatives (see Figure 13). So, the energy consumption in A9 is relatively less polluting in comparison 
to other chemical based alternatives that indirectly consumed non-renewable energy through their 
chemical consumption and chemical related transportation.  
 
So, from the environmental perspective, A9 is most suitable alternative in comparison to other 
alternatives. However, as stated earlier, in drinking water sector future WTP alternatives are compared 
based on different aspects in which environmental impacts are considered as important but usually not 
considered as the single most important aspect. In decision making, water quality and cost, usually 
dominate over environmental impacts (Klaversma et al., 2013; Mohapatra et al., 2002; Venkatesh and 
Brattebø, 2012). So, in this study, additional discussion is also provided to avoid any misinterpretation of 
the results by the audience in any perspective. The discussion will also complement the LCA results such 
that realistic and reliable conclusions can be formulated. 
 

 

Figure 34: Microbiological barrier effect in different future WTP alternatives 

In regard to water quality (see Appendix 6), A9 is the most preferable alternative that satisfies all the 
future water quality requirements given by Norrvatten with high safety margin starting from 
microbiological barrier effect (see Figure 34), chemical barrier effect, NOM reduction (TOC < 5mg/l), 
treated water bio-stability and other general water quality requirements as given in Appendix 6. The 
safety margin in regard to NOM reduction is relatively high as shown in Figure 35 that may be sufficient 
to incorporate all the futuristic risks associated with the deterioration in raw water quality until 2050. 
Most importantly, as the process is pressure driven so both the treated water quantity and quality can 
easily be controlled to ensure high quality drinking water supply to all consumers at all times regardless 
of the raw water quality. Such control on treated water quantity and quality is not possible in other 
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alternatives at lower environmental impacts. Moreover, use of NF will also reduce the risks related with 
water quality management and may provide better certainty and stability in drinking water quality 
monitoring at all times.  
 

 

Figure 35: Total organic carbon (TOC) content in the treated water in different future WTP alternatives  

In regard to operating cost as shown in Figure 36, A9 is relatively more expensive with a 30-40% increase 
in operational cost relative to other alternatives based on a preliminary estimate given in Appendix 6. It 
should be noted that the increase in cost is entirely due to the cost of the nanofiltration (that are highly 
expensive with a design life of 7 years) that is expected to decrease in future due to both technological 
advancement and mass production of membranes. In this study, a design life of 7 years is taken for NF, 
that is minimum guaranteed design life by the suppliers but it is expected that the NF actual design life is 
usually more than 7 years. Moreover, the indirect cost reduction within the WTP also needs to be 
considered as the contribution of the operating cost (not including salaries and other expenses) is 
usually less than 40% in the total cost(Norrvatten, 2018a). Most importantly, NF based WTP operations 
are highly automated and well-monitored that can be operated with relatively lesser workforce, which 
means expansion of the WTP quantity will not lead to increase in number of  employees and may save a 
significant portion of money to compensate the cost of NF membranes. Furthermore, in A9, chemical 
use is significantly less and the electrical energy that is consumed within the WTP is produced within 
Sweden using renewable sources of energy such as hydro and wind energy. So there is less uncertainty 
in the estimation of future cost as a result reliable business model can easily be formulated. This is 
relatively difficult in other alternatives because in other alternatives chemicals are used in significant 
quantities that are mostly produced outside Sweden and their cost in future is highly unpredictable.   
 
In regard to Norrvatten Environmental policy, A9 is suitable as it decrease the Norrvatten chemical 
import (usually fossil based production and transportation) from other countries and hence support 
Swedish generational goal which focuses on non-transferability of Swedish environmental problems to 
other countries. Moreover, Norrvatten is making efforts to  limit its total electricity use, less than 0.4 
kWh/m3 in near future that was around 0.433 kWh/m3 in 2018(Norrvatten, 2018a) but A9 may increase 
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electricity consumption to 0.84 kWh/m3. In this regard A9 may look non-environmentally friendly 
because of the narrowness of the electricity consumption target set by Norrvatten that is limited to the 
electricity use within the WTP not the entire energy consumption in their drinking water production. A9 
will not lead to significant increase in energy consumption, but transfer the energy use from non-
renewable energy use in chemical production to renewable energy use in NF (see Figure 13). In this way, 
it supports the Norrvatten objective to make its drinking water production fossil-free and more 
renewable.  
 

 

Figure 36: Predicted operational cost of different future WTP alternatives in 2050 

In regard to the uncertainty in future raw water quality, along with consumer concerns over drinking 
water quality, A9 is most feasible to reduce the overall environmental impacts that may be induced by 
Swedish drinking water sector (including both direct and indirect impacts). It may be a concern that the 
use of NF in drinking water sector may lead to significant increase in electrical energy demand but in 
reality this increase will be negligible (with the assumption that all WTP in Sweden has same electricity 
demand as that of Norrvatten (0.433kWh/m3)  and  will adopt NF that will increase their electricity 
demand to 0.84 kWh/m3,  total population of Sweden is about 10,352,390 in 2020 (Statistics Sweden) 
with per capita water consumption of 140 l/day, so this change in technology will increase the electricity 
demand  that will be approximately 0.135% of the total electricity produced in Sweden in 2018 (159.5 
TWh)). So, increase in electricity demand in Sweden is not a limitation in the implementation of NF in 
drinking water sector. Moreover, most of the developed countries are increasingly electrifying their 
service sector such as transportation. So in this regard electrification of the drinking water sector to 
reduce the demand of both the chemical consumption and transportation related to Swedish drinking 
water sector may be a pathway towards a more sustainable Swedish society. 
 
The results of A9, are also similar to a previous Swedish study conducted in 2016 to analyze the 
feasibility of NF at Ringsjö water treatment plant (WTP) in southern Sweden(Lidén and Persson, 2016). 
The study concluded that the cost will increase by 30% and greenhouse gas emissions would decrease 
from 161 g CO2-eq/m3 to 83 g CO2-eq/m3 by using nanofiltration(Lidén and Persson, 2016). Similarly in 
this study, the operational cost is expected to increase by 30-40% and the global warming impacts are 
expected to reduce from 100 g CO2-eq/m3 in the existing waterworks in 2050 to 60 g CO2-eq/m3 in A9. 
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Moreover, a study conducted at Norrvatten in 2020(Karlsson, 2020) concluded that NF would result in 
carbon footprint  of about 23 g CO2-eq/m3 which is less in comparison to 60 g CO2-eq/m3  concluded in 
this study. It is mainly because this study(Karlsson, 2020) did not include chemicals such as GAC and 
monochloramine, that contribute significantly in total carbon footprint. Furthermore, most of the 
previously conducted LCA studies on NF in different parts of the world concluded that impacts are 
mainly dependent on energy sources. In countries with renewable electricity mix such as Sweden, 
Canada, Norway etc, NF is preferable alternative(Bonton et al., 2012) but in countries that are based on 
conventional fossil based electricity production, the use of NF may lead to severe environmental impacts 
that are significantly more than the conventional water treatment plant(Sombekke et al., 1997). 
 
Research objective 2: The research objective 2 is to identify the potential environmental hotspots in 
future WTP alternatives (chemical consumption, transportation, energy consumption within the WTP 
and miscellaneous processes). In all chemical based alternatives from A1-A8 as shown in Figure 15, 
impacts due to chemical consumption is the single most dominating factor in all impact categories 
except in Terrestrial ecotoxicity in which impacts due to transportation dominates(see Table 5.3 and 
Table 5.4 in Appendix 5) . In these alternatives, impacts due to energy consumption are relatively 
negligible except in impact categories related to stratospheric ozone depletion, freshwater and marine 
ecotoxicity in which some impacts exist. It is mainly due to Norrvatten electricity mix (67% green and 
33% wind based electricity) that is completely renewable and less polluting. Impacts due to 
transportation are visible in categories related to global warming, stratospheric ozone depletion, ozone 
formation-terrestrial ecosystems, land use and fossil resource scarcity but relatively less in comparison 
to chemical consumption except in terrestrial ecotoxicity (see Table 5.3 and Table 5.4 in Appendix 5). 
The impacts due to transportation are directly related to quantity of chemicals used in different 
alternatives as a results iron(FeCl3) based alternatives have relatively more impacts in comparison to 
aluminium(ALG)  based alternatives that consume approximately 35% lower chemical quantity in 
comparison to iron(FeCl3)  based alternatives as shown in Figure 6. Miscellaneous processes have 
positive impacts almost in all impacts categories with noticeable contribution in impact categories 
related to global warming, ozone formation-human health, fine particulate matter formation, ozone 
formation-terrestrial ecosystems, terrestrial acidification, freshwater eutrophication, marine 
eutrophication and fossil resource scarcity (see Table 5.3 and Table 5.4 in Appendix 5). The positive 
impacts are mainly due to regeneration of saturated GAC that is assumed to be used as an alternative to 
new GAC.  
 
In A9, chemical use is significantly less in comparison to other alternatives but still impacts due to 
chemical consumption are the most dominating impacts except in impact categories related to 
stratospheric ozone depletion, terrestrial ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, human 
carcinogenic toxicity and mineral resource scarcity in which impacts due to energy consumption 
dominates due to increase in energy consumption because of NF (see Table 5.3 and Table 5.4 in 
Appendix 5). Moreover, lower chemical consumption in A9 reduces the need for transportation; as a 
result impacts due to transportation became relatively less significant even in comparison to energy 
consumption except in impact category related to terrestrial ecotoxicity. Most interestingly, in A9, 
impacts due to chemical consumption are mostly dominated by GAC use but during regeneration of the 
saturated GAC, the positive impacts are significant and compensate most of the negative impacts 
(almost 60%) induced by chemical consumption as shown in Figure 15. 
 
In all chemical based alternatives from A1-A8, the portion of non-renewable energy use in total energy 
consumption is approximately more than 40% and in A9, it is less than 20% (see Figure 13). The 
environmental hotspot related to non-renewable energy use in future WTP alternatives are chemical 
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production processes along with transportation to some extent as shown in Figure 16. Although, 
Norrvatten is expected to use only renewable energy in their future WTP operations, that may 
constitute most of the renewable portion of the total energy use as shown in Figure 17 but still 
Norrvatten would be indirectly using non-renewable energy sources in future through its chemical 
consumption. 
 
To summarize, the potential environmental hotspots identified in future WTP alternatives based on the 
characterized results at mid-point and end-point level, and confirmed by single score is chemical 
consumption. The cumulative energy demand results also support this as the energy use in chemical 
production is mainly dominated by fossil based non-renewable energy sources that generate relatively 
higher impacts in comparison to renewable energy sources. These results are also in line with previously 
conducted LCA studies that identified chemical consumption as the most dominating contributor to total 
environmental impacts in those WTPs that are operating on renewable electricity mix (Barrios et al., 
2008; Bonton et al., 2012; Igos et al., 2013; Klaversma et al., 2013; Mery et al., 2013; Mohamed-Zine et 
al., 2013; Saad et al., 2019; Sombekke et al., 1997; Tarantini and Ferri, 2001; Venkatesh and Brattebø, 
2012; Vince et al., 2008; Wallèn, 1999). Moreover, most of the previously conducted LCA studies 
identified transportation as relatively insignificant contributor in terms of its contribution in the total 
impacts(Barjoveanu et al., 2014; Garfí et al., 2016; Klaversma et al., 2013; Mohamed-Zine et al., 2013; 
Racoviceanu et al., 2007; Saad et al., 2019; Tarantini and Ferri, 2001).  
 
Research objective 3: The research objective 3 is to identify the treatment steps that contribute the 
most in different WTP alternatives. In this study these treatments steps are identified in perspective of 
chemical consumption, transportation, energy consumption within the WTP and other miscellaneous 
processes based on single scores.  
 
In regard to impacts due to chemical consumption as shown in Figure 20, the contribution of GAC 
filtration step (included in all alternatives to reduce odor and taste) is almost more than 35% in total 
impact in all alternatives except in A9, in which it is more than 80%. In A1, regeneration chemical (salt) 
and Coagulant dosing (Polyaluminium chloride (PAX-XL 60)) is the second and third significant 
contributors with a contribution of 21% and 14% respectively. In aluminium(ALG)  based alternatives 
from A2-A8, coagulant dose (ALG) account for more than 30% contribution and pH optimizing chemical 
(sulfuric acid and soda) account for approximately less than 15%. This is opposite in case of iron(FeCl3)  
based alternatives from A2-A8, in which coagulant dose (FeCl3) account for less than 12% contribution 
and the pH optimizing chemicals (sulfuric  acid and soda) contribute more than 35% in total chemical 
impacts. It is mainly because iron (FeCl3) based alternatives consume higher quantity of pH optimizing 
chemicals in comparison to aluminium (ALG) based alternatives (see Figure 6). So in chemical 
consumption it can be concluded that after GAC filtration step, the other most contributing treatment 
step is chemical precipitation in A2-A8 and resin regeneration in A1. 
 
Previously conducted LCA studies also gave similar conclusions in regard to the most contributing 
treatment step in chemical consumption such as (Mohapatra et al., 2002)identified granular activated 
carbon process, (Mohamed-Zine et al., 2013) identified coagulant production, activated Carbon 
treatment and re-mineralization process, (Barrios et al., 2008) identified Coagulation, softening and 
biological activated carbon filtration (BACF) and (Mery et al., 2014) identified Coagulation, GAC filtration 
and  Neutralisation, as the most significant treatment steps in regard to environmental impacts and 
many more similar conclusions.  
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In regard to impacts due to transportation as shown in Figure 22, the impacts are mainly governed by 
chemical quantities (see Figure 6) and their respective transportation distances (see Figure 7). In A1, 60% 
of total chemical quantity is salt that contribute to approximately 45% of impacts and the second largest 
impact are due to pH optimizing chemical (Soda) that is approximately 37%. In iron(FeCl3)  based 
alternatives from A2-A8, the pH optimizing chemical (Soda) is approximately constitute 50% of total 
chemical quantity and contribute approximately 75% in total impacts due to higher transportation 
distances in comparison to other chemicals. In aluminium(ALG)  based alternatives from A2-A8, the 
contribution of pH optimizing chemical (Soda) is approximately 60% but the coagulant dose also 
contributes significantly, approximately 18% in total impacts due to its quantity that is approximately 
35% of total chemical quantity in these alternatives. In A9, pH optimizing chemical (Soda) contributes 
approximately 52% in total impacts and GAC contributes approximately 30%. So it can be concluded that 
the impacts due to transportation is mainly govern by the pH optimizing chemical (Soda) in all 
alternatives except in A1, where salt dominates due to its quantity. 
 
In regard to impacts due to energy consumption as shown in Figure 24, the most contributing treatment 
step is distribution pumping that account for approximately 70% of total impacts in A1-A6 and A8.  With 
the use of NF in A7 and A9, total energy consumption increases as a result both NF and distribution 
pumping became the most contributing treatment steps in A7 and A9. Previously conducted LCA studies 
also identified distribution pumping as the hotspot of impacts due to energy consumption(Lin and Kang, 
2019; Racoviceanu et al., 2007; Saad et al., 2019). 
 
In regard to impacts due to miscellaneous processes as shown in Figure 26, the use of regenerated GAC  
as an alternative to new GAC  contribute most of the positive impacts that are relatively much larger in 
comparison to negative impacts due to WTP construction and saturated GAC regeneration process, as a 
result the overall impact by this sub-assembly in positive. In alternative A9, production of NF modules 
also contribute some negative impacts due to its larger quantity (see Figure 26).      
 
Research objective 4: The research objective 4 is to identify the impact categories in each alternative 
that are most significant. On the basis of weighted scores at the mid-point level (17 impact categories) 
as shown in Figure 28, impact categories related to Fine particulate matter formation and Global 
warming are most significant in all alternatives with a combined contribution of more than 70% in total 
impacts. Impact categories related to Human carcinogenic toxicity and Human non-carcinogenic toxicity 
also contribute more than 20% in total impacts at mid-point level.  At the end-point level (3 damage 
categories), Human Health dominates with a contribution of more than 90% in all alternatives as given 
in (see Table 5.9 Appendix 5).  In terms of energy consumption as shown in Figure 29, the renewable 
energy dominates in A1-A8 with a contribution of about 50%-60% in total energy consumption and in A9 
it is more than 80% due to use of NF that transfer the non-renewable energy use in chemical production 
to renewable energy use in NF. 
 
The impact categories included in the previously conducted LCA studies varies a lot ranging from 1 i.e. 
global warming(Lin and Kang, 2019; Qi and Chang, 2012; Racoviceanu et al., 2007), 3(Igos et al., 2013), 
6(Garfí et al., 2016; Venkatesh and Brattebø, 2012),10(Jones et al., 2018), 11(Saad et al., 2019), 
13(Bonton et al., 2012) and others as per the default categories of the software used. However, almost 
all studies identified global warming as the most significant impact category regardless of the type of 
chemical and energy sources used in the WTP(Bonton et al., 2012; Mery et al., 2014; Mohamed-Zine et 
al., 2013; Venkatesh and Brattebø, 2012). 
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Research objective 5: The research objective 5 is a part of sensitivity analysis to identify the 
uncertainties in the prediction of environmental impacts depending upon the possible future scenarios. 
In this study, 5 sensitivity scenarios are developed as described in section 3.2.12. In Sensitivity Scenario 
1 the proportion of green (85% hydro and 15% wind based electricity) and wind based electricity in 
Norrvatten’s 2050 electricity mix is changed from 67% and 33% to 50% and 50% respectively. In 
Sensitivity Scenario 2 powder activated carbon is included in the WTP as a part of chemical barrier with 
a maximum dose of 30 mg/l. In Sensitivity Scenario 3 the design life of GAK/BAK filters is changed from 3 
years to 1 year. In Sensitivity Scenario 4 the use of new GAC is changed to regenerated GAC. In 
Sensitivity Scenario 5 the electricity mix in the chemical production databases is changed from RER 
(European) mix to their respective chemical production location electricity mix. 
 
The results of sensitivity scenario 1 as shown in Figure 30 lead to the conclusion that the change in 
proportion of green and wind based electricity will not lead to any noticeable change in impacts. It is 
mainly because the contribution of electricity use within the WTP in total impacts is very less (see Figure 
15).  Moreover, comparison of different sources of electricity revealed that green electricity (85 % hydro 
and 15% wind) is less polluting than wind based electricity and Swedish electricity mix (40% hydro, 40% 
nuclear, 10% wind and 10% import) is most polluting. So increase in the proportion of wind based 
electricity in total electricity consumption within the WTP will relatively increase the impacts but the 
increase will be negligible in terms of its contribution in total WTP impacts.  
 
The results of sensitivity scenario 2 as shown in Figure 30 lead to the conclusion that continuous dosing 
of powder activated carbon(with a maximum dose of 30 mg/l) as a part of permanent chemical barrier 
will increase the impacts exponentially in different alternatives in all impact categories especially in 
categories related to Global warming and Fine particulate matter formation in which the increase would 
be in a range of 130% to 250% and in  categories related to Human carcinogenic toxicity and Human 
non-carcinogenic toxicity the increase would be in the range of 45% to 100% (see Table 5.12 in Appendix 
5). In case of A9, this increase is almost more than 450% in many impact categories (see Table 5.12 in 
Appendix 5). It is mainly because chemical consumption in A9 is very less so any increase in chemical 
consumption in this alternative will results in relatively high increase in impacts in comparison to other 
alternatives. The same increase in reflected in the increase in non-renewable energy use in the chemical 
production as shown in Figure 31. So the use of powdered activated carbon in future should be limited 
to cases related to emergency/acute pollution and should not be included as a part of permanent 
chemical barrier with continuous dosing to reduce the potential increase in environmental impacts. 
 
The results of sensitivity scenario 3 as shown in Figure 30 lead to the conclusion that decrease in the 
design life of GAC from 3 years to 1 year will increase the impacts up to 30% in major impact categories 
in different alternatives except in A9, in which the increase in impacts is up to 70% in major impact 
categories (see Table 5.12 in Appendix 5).  It should be noted that even the demand of GAC is increased 
3 times still the impacts have not been increased significantly because in this study it has been assumed 
that the saturated GAC will be regenerated and use as an alternative to new GAC . Moreover, the impact 
due to regeneration is almost less than 10% in comparison to the production of new GAC (on the basis of 
single score comparison of new GAC and regenerated GAC). So, by reducing the design life, the net 
impacts are mainly due to increase in regeneration frequency and not by the increase in the production 
of new GAC.  
 
The results of sensitivity scenario 4 as shown in Figure 30 lead to the conclusion that the use of 
regenerated GAC instead of new GAC will decrease the impacts up to 40% in different alternatives 
except in A9, in which the decrease in impacts can be up to 100%. In A9, the results may look unrealistic 
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due to more than 100% decrease in impacts in some categories (see Table 5.12 in Appendix 5) but it is 
theoretically possible due to methodological choices (related with allocation procedures to deal with 
open loop recycling) selected in this study. The main reason of such results is the positive impacts induce 
by the regeneration of saturated GAC based on avoided burden approach (expected to be use as an 
alternative to new GAC) and the use of only regenerated GAC in the WTP that only account for impacts 
due to regeneration that are almost less than 10% in comparison to the production of new GAC (on the 
basis of single score comparison of new GAC and regenerated GAC) using allocation by cut-off approach.  
 
The results of sensitivity scenario 5 as shown in Figure 30 lead to the conclusion that the change in the 
chemical production electricity mix in the databases from European (RER) mix to their respective 
chemical production location electricity mix will not lead to any significant change in impacts. It is mainly 
because  different chemicals are produced in different parts of Europe in which some electricity mix are 
more renewable and some are more non-renewable so the combination of all of them compensates 
each other to a similar composition as that of the European electricity mix. However, in A9, in which 
limited chemicals are used, the change in electricity mix results in increase in impacts because the 
chemical production electricity mixes are relatively lesser renewable in comparison to European average 
electricity mix. 

6.3 Improvement opportunities in future WTP  
In this section, in order to reduce the Norrvatten future environmental impacts, some possible solutions 
that can easily be implemented either in short term or long term are presented. These solutions are 
based on literature review as given in Appendix 3 and LCA results as given in section 5 along with the 
common understanding of the drinking water sector developed through discussions with different 
expects. These improvement opportunities are further divided into different sections in this study. 
 
Detail documentation of inflows and outflows in the WTP: It is the most common and highly useful way 
to improve any system. Today, there are different digital software based tools available that can easily 
identify the improvement opportunities in any system in real time but the only requirement of such 
tools is the reliable and valid data. Lack of proper documentation of daily data is usually the major 
limitation while conducting any LCA study in drinking water sector and in this regard it may be useful if 
Norrvatten develop a proper data documentation guidelines to register all its energy, chemical, 
transportation and other related activities such that a proper and reliable database will be available to 
support future LCA studies. 
 
Improvements opportunities related to Chemical consumption: In this study, the desired TOC content 
in drinking water (<5 mg/l) is not achieved successfully either with aluminum or iron-based chemical at 
maximum TOC level as shown in Figure 35. Based on previous studies, the chemicals that may provide 
satisfactory results are PIX-322 and Ferix-3 (both ferrous sulfate)(Persson, 2003) but are not considered 
in this study as both are not approved as a drinking water chemical in Sweden. Moreover, an LCA study 
conducted in Netherlands and an LCA study of INCOPA concluded that iron sulfate has significantly 
lower impacts in comparison to iron chloride and aluminum sulphate(Barrios et al., 2008; 
“INCOPA_LCA_Executive_Summary_web.pdf,” n.d.). So, the environmental  and economic impacts of 
using iron sulphate in the WTP in future need to be analysed in detail as in future these chemicals may 
be approved to be use in drinking water treatment in Sweden(Norrvatten, 2019b; Ramböll, 2019a). In 
A1, the use of sodium carbonate as a regeneration chemical instead of salt need to be analysed in future 
studies, as this would increase alkalinity in the treated water (DOC, nitrate, sulfate, etc. are replaced by 
HCO3

- instead of Cl-) thus may lead to optimization of the downstream pH adjustment and alkalization 
processes along with reduction in chloride concentration in the treated water. 
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The other improvement opportunity is related with chemical optimization through automation of 
chemical dosing especially coagulant and soda dosing. It will be highly beneficial to Norrvatten to 
develop a dosing calculation, monitoring and implementation model such that overdosing of chemicals 
can be optimized. Moreover, most of the chemicals that are used in Norrvatten are produced outside 
Sweden with non-renewable energy sources that indirectly increase the non-renewable energy 
consumption of Norrvatten. So to reduce its indirect environmental impacts, it will be better if 
Norrvatten introduce environmental requirements in its chemical procurement and try to prioritize 
those chemicals that are produced through renewable energy sources whenever possible economically.  
 
The most important improvement opportunities are related with GAC filters. In this study, it is 
considered that the saturated GAC will be regenerated and would be use as an alternative to new GAC 
but if the saturated GAC is not regenerated than the impacts are expected to increase up to 40% but on 
the other hand if Norrvatten starts using regenerated GAC rather buying new GAC than its impacts are 
expected to decrease up to 40% (see Figure 30). Moreover, to reduce the impacts associated with GAC 
other possibilities may be either changing the source of GAC from hard coal to other environmentally 
friendly solutions such as coconut charcoal or using only renewable energy sources while regenerating 
the saturated GAC. 
 
Improvement opportunities related to energy consumption: The reduction in impacts from energy 
consumption within the WTP will not be achieved by increasing the proportion of wind based electricity 
but can be achieved by reducing the total electricity consumption within the WTP. Most of the 
electricity consumption within the WTP is associated with water pumping (see Figure 23) so it would be 
better if Norrvatten develops guidelines to monitor the pump efficiency and set a threshold pump 
efficiency level below which pumps need to be replaced. In this way electricity use will be optimized and 
uncertainty related with electrical energy consumption within the WTP may be reduced.     
 
Improvement opportunities related with transportation: One practical opportunity is to avoid using 
small vehicles during transportation that may cause 4-5 times more impacts per unit transportation in 
comparison to large vehicles (based on single score comparison of light and heavy commercial vehicles). 
So, by increasing the storage period of those chemicals that are required in lesser quantities, the supply 
through larger vehicles can be ensured and impacts due to transportation can be reduced to some 
extent. Other opportunity is to select chemical suppliers that are closely located to WTP to reduce the 
transportation distances.   
 
Improvement opportunities related with NF: In this study only single-stage NF is considered but there is 
a possibility that by using multi-stage NF along with increasing cross-flow, the permeate quality may be 
increased significantly(Keucken, 2017). This would enhance the NF capacity of NOM reduction, 
microbiological and chemical barrier effect, thus reducing the load on GAC filters. The reduction in load 
may increase the saturation time of GAC filters that may contribute significantly in the reduction of 
potential environmental impacts due to GAC regeneration(Norrvatten, 2019c). Although, this would 
increase the energy consumption along with the demand of NF modules but this tradeoff need to be 
analysed in future studies in the light of optimization of GAC filters. 

6.4 Conclusions 
The conclusions of the study should be understood in the perspective of two major limitations of the 
study that may affect the reliability and validity of the results in 2050. Firstly, this study is based on the 
most recently available data that may not be valid in 2050 and the recent trends of substituting non-
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renewable energy sources with renewable sources may reduce the impacts due to chemical production 
and transportation in the future. However, there is also a risk of deterioration of raw water quality due 
to climate change that may lead to increase in chemical and energy consumption in 2050, thus probable 
increase in impacts. Secondly, this LCA study doesn’t include any water quality and treatment cost 
aspects in its functional unit. Hence, while comparing the potential environmental impacts of different 
WTP alternatives, the quality of the treated water and its cost of production need to be considered 
simultaneously to understand the tradeoff such that the misunderstanding and potential abuse of the 
LCA results can be avoided. 
 
Research objective 1: This LCA study concluded that A9 (that is based on direct filtration of raw water on 
nanofiltration membranes) is expected to have least potential environmental impacts (nearly half in 
comparison to all other alternatives) during operational phase in 2050 and A7 (FeCl3) is expected to have 
the largest impacts. The second most preferable alternative is A8 (ALG) that is based on direct 
precipitation on UF using aluminium (ALG) based coagulant. Other important conclusion is that iron 
(FeCl3) based alternatives have relatively more overall environmental impacts in comparison to 
aluminium (ALG) based alternatives.   
 
Research objective 2: This LCA study concluded that in all alternatives impacts due to chemical 
consumption is the single most dominating factor. In chemical based alternatives from A1-A8, Impacts 
due to transportation are relatively more significant than impacts due to energy consumption. In A9, 
transportation is relatively less significant in comparison to energy consumption due to significant 
increase in energy use because of NF. Miscellaneous processes have positive impacts in all alternatives 
mainly due to regeneration of saturated GAC that is assumed to be used as an alternative to new GAC. 
Moreover, chemical production and its transportation will be the hotspots related to non-renewable 
energy use in future WTP alternatives while renewable energy use is mainly concentrated to WTP 
operations. 
 
Research objective 3: This LCA study concluded that filtration through GAC contribute the most in 
environmental impacts in all alternatives. After, GAC filters; the other most contributing treatment step 
is chemical precipitation in A2-A8 and resin regeneration in A1. The regeneration of GAC induces 
positive impacts in all alternatives but if the saturated GAC is not regenerated than the impacts are 
expected to increase significantly. However, on the other hand if Norrvatten starts using regenerated 
GAC rather buying new GAC then its impacts are expected to decrease significantly. 
 
Research objective 4: This LCA study concluded that at the mid-point level (17 impact categories), 
impact categories related to Fine particulate matter formation; Global warming, Human carcinogenic 
toxicity and Human non-carcinogenic toxicity are the most significant in all alternatives. At the end-point 
level (3 damage categories), Human Health is the most significant category. 
 
Research objective 5: This LCA study concluded that change in proportion of green and wind based 
electricity will not lead to any noticeable change in total impacts although green electricity has lesser 
impacts than wind based electricity. The continuous dosing of powder activated carbon (with a 
maximum dose of 30 mg/l) as a part of permanent chemical barrier will increase the potential impacts 
exponentially so it must be limited to cases related to emergency/acute pollution and should not be 
used as a part of permanent chemical barrier with continuous dosing to avoid the exponential increase 
in WTP environmental impacts. The decrease in the design life of GAC from 3 years to 1 year will 
increase the impacts up to 30% in different alternatives except in A9, in which the increase may be up to 
70%. The use of regenerated GAC within the WTP instead of new GAC will significantly decrease the 
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impacts in all alternatives especially in A9. The change in the electricity mix in the databases from 
European (RER) mix to their respective chemical production location electricity mix will not lead to any 
significant change in impacts because chemicals are imported from different parts of the Europe and 
their combine effect is similar to European electricity mix. 

6.5 Recommendations  
Based on the LCA study results, A9 (that is based on direct filtration of raw water on nanofiltration 
membranes) is the most environmental friendly alternative and a preliminary assessment of water 
quality of different alternatives also supports A9. In this way this alternative is highly compatible with 
Norrvatten vision of “always supplying healthy drinking water with environment and social benefits in 
focus”. However direct operating cost is expected to increase in A9 but indirect cost may decrease. So, it 
is recommended that the Norrvatten should consider this alternative as a most promising future 
alternative for 2050 and conduct a detailed professional sustainability assessment with a major focus on 
its environmental and economic impacts along with determining its expected water quality. Moreover, 
indirect impact related with water quality such as change in the use of bottled water, detergent 
consumption in washing, scaling problems in heating, etc. (van der Helm et al., 2008) should also be 
assessed to avoid any potential increase in indirect environmental impacts and costs. 
 
To increase the reliability and validity of future LCA studies, it is recommended that the Norrvatten 
should continue its pilot plant based studies related with the treatment processes that are new to 
Norrvatten such as SIX, NF, UF, dF/UF,  etc.,  so that site-specific  inventory data will be available for 
future LCA studies. 
 
In this study only single-stage NF is considered but there is a possibility that by using multi-stage NF, the 
permeate quality may increase significantly, which may reduce the saturation time of GAC 
filters(Keucken, 2017). So it is recommended that Norrvatten should conduct NF based pilot plant 
studies to explore the potential of this technology at Norrvatten in optimizing the GAC filters. Moreover, 
NF from different suppliers also needs to be tested to reduce the risk of overdependence on a particular 
supplier in future. 
 
The current study doesn’t include any quality aspect of the produced drinking water which is the major 
limitation as different alternatives may produce different quality of drinking water. Hence while 
comparing the potential environmental impacts of different future WTP alternatives, the quality of the 
treated water and its cost of production need to be considered simultaneously to understand the 
tradeoff such that the misunderstanding and potential abuse of the LCA results can be avoided. 
 
A general recommendation to reduce Norrvatten environmental impacts is to follow the environmental 
impacts reduction strategies as given: (1) Water demand management (to reduce water demand per 
capita); (2) Raw water source management (to improve the raw water quality); (3) Losses and efficiency 
management (to reduce the water losses and increase the efficiency of  various treatment processes 
through optimization, automation, continuous monitoring, and other strategies); (4) Source substitution 
(to use environmental  friendly chemicals, materials, energy sources, treatment processes,  etc.); (5) 
Continuous up-gradation (to implement environmentally friendly  advanced technologies whenever 
feasible); (6) Social perception management (to ensure trust of the consumers on drinking water quality 
to reduce indirect impacts).  
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6.6 Future scope of the study  
The scope of this LCA study is limited to raw water extraction, raw water treatment and pumping to 
main distribution pipeline network without including distribution network and other processes that are 
essential for the proper functioning of the WTP (employees travel, heating and energy requirements 
during working, offices solid waste generation, etc.) but not directly related to raw water treatment 
within WTP. So, by including distribution network and other processes a more comprehensive and 
complete potential environmental impacts of Norrvatten can be estimated in future.  
 
In future, this study may also be useful to develop Norrvatten’s environmental footprint model that can 
be used to evaluate their real time environmental impacts. Moreover, Norrvatten can also supplement 
this study with a cost and drinking water quality estimation model to develop a simplified but useful tool 
to enhance its real time monitoring of the WTP from economic, environment and quality perspective.  
 
From research perspective, the study may contribute as a starting point of profession software based 
LCA of Swedish WTPs. Although, use of LCA in Swedish society is not a new concept but still this tool has 
not been applied in drinking water sector at a professional level and limited to some master thesis to 
evaluate GWP of WTP through excel based calculations. However, this study may not qualify as a high 
quality research due to its limitations related with data validity and reliability but these limitations can 
be overcome by collecting valid and reliable data in future to ensure the internal and external validity of 
the LCA study.  
 
In this study the functional unit doesn’t include any quality aspect of the produced drinking water which 
is the major limitation as different alternatives may produce different quality of drinking water. So in 
future it would be better if the water quality aspects are also incorporated in the functional unit such as 
production of 1 m3 of drinking water from raw water satisfying the Norrvatten quality standards. In this 
way the comparison would be more logical and satisfactory. 

6.7 Quality assessment  
LCA is an environmental analysis tool from a life cycle perspective without having a rigid procedure and 
fixed methodologies to carry out the analysis. Although, this make the tool more adaptive and flexible 
but in absence of transparency the results are unreliable, controversial and may not be acceptable in a 
scientific temperament. So while using LCA in environmental analysis, it must be understood that it is 
not a perfect analysis tool and its usefulness is mainly depend on the tradeoff between what a LCA 
practitioner wants to achieve through LCA, what choices are taken while using the method and how the 
inherent limitations of the method are minimized.  In this section, the quality of the study will be 
discussed so that it will be easier to the audience to judge the reliability and validity of the study results 
and formulated conclusions. 
 
Completeness check: This check is mainly to ensure that all relevant information and data are 
completely available and if not then properly documented and justified(ISO, 2006). In this regard, the 
study is satisfactory as data related with all the significant processes within the scope of the study such 
as transportation, chemical consumption, energy consumption, and other miscellaneous processes are 
included in the inventory section. Moreover all the insignificant processes that came under the scope of 
the study but not included are properly documented and justified in the inventory section. Furthermore, 
completion in regard to inclusion of all the relevant emissions associated with processes included within 
the scope of the study is mostly depends on the Ecoinvent 3 databases (Wernet et al., 2016) as most of 
the inventory data is directly taken from the databases. However,  generally there is a better coverage 
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for energy related emissions (CO2, NOx etc) but coverage is relatively lesser for process-specific 
emissions and emissions contributing to human and ecotoxicity in the LCA databases. 
 
Consistency check: This check is mainly to determine whether the assumptions, methodological choices 
and data are consistently applied throughout the study as defined in the goal and scope definition(ISO, 
2006). In regard to comparative evaluation of different alternatives, the study is consistent as 
assumptions, methodological choices and sources of data remain the same in all alternatives without 
any deviation. However, the study is inconsistent in regard to different unit processes within an 
alternative. It is mainly because data sources are inconsistent such as in regard to transportation and 
energy consumption, the data is mainly calculated and estimated data but in regard to chemical 
consumption, the data is relatively site-specific and in regard to miscellaneous processes such as WTP 
construction, membrane production, etc, the data is collected from databases and literature review. The 
study is also inconsistent in regard to the representativeness of different processes in SimaPro as some 
processes are directly selected from Ecoinvent 3(Wernet et al., 2016) that are not representative of 
actual processes and the possibility of creating new representative dataset in SimaPro is not feasible due 
to lack of site specific data. Furthermore, the study is also inconsistent to some extent as it is expected 
to use only European databases but for some processes (Production of Polyaluminium chloride, ferric 
chloride, silica sand, polymer, UF/NF, UV lamp etc.) for which European databases are not available, 
global and regional databases have been used. From the methodological perspective there is a 
consistency issue related with allocation procedure selected to deal with open loop recycling. The inputs 
used in this study (Ecoinvent 3 databases) follows allocation, cut-off by classification but the useful co-
products produced by the system (GAC regeneration) follows avoided burden approach to promote the 
regeneration of saturated GAC in drinking water production processes.    
 
Uncertainty assessment: This study is subjected to different sources of uncertainty. First source of 
uncertainty is data inaccuracy. The inventory data is collected from different sources such as literature 
review, different databases, calculations, estimations, assumptions, existing WTP data, pilot studies 
results etc. These data may be accurate individually but when use in combination there may be 
consistency issues that may lead to data inaccuracy that is not considered in this study.  Second source 
of uncertainty is data gaps as site specific data related to many unit processes is not available. So to 
avoid data gaps, data from similar processes that are available in databases and other relevant literature 
sources have been used that give rise to third source of uncertainty related with unrepresentative data. 
It is mainly true with processes directly taken from Ecoinvent 3(Wernet et al., 2016) that are similar but 
not representative of the actual processes due to geographical, temporal and technological differences. 
Fourth source of uncertainty is related with the modelling of the WTP in which some insignificant 
processes are not included to simplify the model. Fifth source is the methodological choices related with 
selection of allocation methods, impact categories, impact evaluation methods, etc. However, this is not 
significant in this study as all the methodological choices are explained and justified in this study.  In this 
study, the most important source of uncertainty is epistemological in nature due to lack of knowledge 
about the system which limits the opportunities to identify the uncertainties and limitations of the study 
while conducting the study.    

6.8 LCA limitations and problems associated with Swedish drinking water sector   
A general discussion about limitations, challenges and problems associated with LCA based studies is 
given in Appendix 3 (section 3.5 in Appendix 3). However, in regard to Swedish drinking water sector 
context, literature availability is one of the major problems. Firstly, although LCA based research is 
common in Sweden but in drinking water field, there are very limited research publications available. So, 
limited opportunities to validate the conclusions based on previous studies. Secondly, some master and 
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bachelor level thesis are available but it is difficult to verify their scientific validity and reliability. Thirdly, 
studies conducted by private companies and research organizations are not publically available. 
 
Data availability and data quality is another major problem. Firstly, as LCA on drinking water is not a well 
research area of study, so local databases are not available. Secondly, the format in which data is 
available is not compatible with the LCA data requirements so required both time and efforts to compile 
the data into relevant formats. Thirdly, data related with drinking water is confidential so most of the 
data is not available and the data that is available is also not fully detailed. Fourthly, suppliers are 
reluctant in giving actual data in fear that the results may not come in their favor. 
 
Other limitations are related with the identification of the impact categories that are relevant to the 
Swedish context at the local level. As drinking water production has very limited direct pollutant 
emissions on site and mainly dominated by indirect emissions that are emitted off-site, during 
background life cycle steps, such as  production and transportation of chemicals, electricity generation 
and its distribution, etc (Mery et al., 2014). So it may be beneficial to future LCA practitioners to have 
some suggested guidelines regarding impact categories selection that are appropriate to Swedish 
context. 
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1.1 Norrvatten Past, Present and Future 
Norrvatten is a municipal association that produces and distributes high-quality drinking water to its 
member municipalities. The association was formed by three municipalities in 1926 and in 1929, the 
association’s waterworks (Görvälnverket) came into existence with a capacity of 3.56 MLD(Norrvatten, 
n.d.). The association was formed with the objective to decrease the overdependence of the growing 
population on the depleting groundwater resources by providing a sustainable and safe water supply 
network through developing a pipeline network from Lake Mälaren. The idea of centralization of 
drinking water production and distribution was attractive as it ensured that the consumers would get 
required quantity of high quality water at reasonable cost. Since then, the association grew continuously 
and presently in 2020, it is an association of 14 member municipalities, supplying on an average 140 
MLD drinking water to approximately 700,000 consumers per day through its 200 MLD (Maximum 
capacity) WTP, making it as the  Sweden's fourth largest drinking water producer(Norrvatten, n.d.). 
 
Since 1929, Norrvatten has been working continuously on its waterworks both in terms of quantity and 
quality improvements. The plant maximum capacity has been increased continuously from 3.56 MLD (in 
1929), to 100 MLD (in 1962), to 125 MLD (in 1965) and lastly 200 MLD (in 1971)(Norrvatten, n.d.).  The 
plant capacity mainly depends on number of consumers and their per capita demand. In the beginning, 
the capacity increases drastically due to increased in number of consumers as many municipalities 
became the part of the association. However, since 1970, the plant capacity almost remained the same 
as increase in consumers get compensated by decrease in per capita water demand that decreases from 
230 l/p/d (in 1970) to 140 l/p/d (in 2017)(Heldt, 2019). In terms of quality, Norrvatten introduced a new 
purification step in 1944, activated silica dosing started in 1952 and carbon filtration and UV disinfection 
units were installed in 2003(Norrvatten, n.d.).     
 
Presently, Norrvatten’s waterworks, Görvälnverket has a maximum design capacity of 200 MLD. With 
some modification in the existing Plant, the maximum design capacity can be increased to 220 MLD by 
2021 that will be sufficient till the year 2030(Heldt, 2019). But by large, the existing plant has almost 
reached its threshold both in terms of capacity and purification efficiency.  So, Norrvatten has started 
investigating the possible future scenarios in order to indentify the most sustainable solutions to satisfy 
the future consumer’s requirements until 2050. This study is a part of that initiative to analyse the 
Norrvatten’s future drinking water treatment alternatives for 2050 from environmental perspective.  

1.2 Norrvatten future drinking water supply system design conditions 
The conditions that a future drinking water system (WTP and distribution network) is expected to fulfill 
can be broadly divided into three categories as shown in Table 1.1 and Table 1.2. These conditions are 
specified such that the drinking water system satisfies the future consumer’s requirements until 2050. 
The basis of these conditions formulation and evaluation is based on the fulfillment of four major 
requirements. Firstly, the regulatory requirements that include legal restrictions impose by the 
governmental organizations/institutions in regard to water quality and related health risks.  Secondly, 
the mandatory requirements imposed by the organization (Norrvatten) itself to fulfill its commitments 
towards its consumers such as Norrvatten’s predicted quality and quantity requirements for 2050. 
Thirdly, the recommendations given by the organizations/institutions belonging to the drinking water 
sector. Lastly, the business requirements to make water supply system as a competitive, sustainable and 
profitable public oriented enterprise operated on the principle of public welfare.  Hence, the selection of 
the future waterworks will be based on a multi-criteria basis that are formulated on the principle of 
sustainability i.e. a waterworks that will be environmentally sound, economically feasible, culturally 
acceptable and socially applicable among all stakeholders. 
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Table 1. 1 Drinking water supply system design conditions for 2050  

S.No. Design parameters Description (Design period: until 2050) 

1. Quantity requirements  

1.1. End Consumers  Population at the end of the design period 

Average per capita water demand at the end of the design period 

1.2. Raw water source Future available capacity of the raw water sources at the end of the design 
period (Non-renewable extraction is not allowed) 

2. Quality requirements  

2.1. End Consumers  Legal and mandatory requirements at the end of the design period 

Consideration of voluntary public concern about drinking water quality  

2.2. Raw water source Raw water quality concern at the end of design period 

3. Risk/Uncertainty considerations  

3.1. End Consumers  Drinking water quantity and quality deviation at the end of the design period 

3.2. Raw water source Raw water quantity and quality deviation at the end of the design period 

 
Table 1. 2 Future WTP design specifications, calculations and justifications 

S.No. Design parameters Governing factors (Design year: until 2050) Justifications 

1. Quantity  Average water demand of 208 MLD  

1.1.1. Population in 2050 Around 900,000 people Calculated as per Norrvatten's forecast model 

1.1.2. Per capita demand Around 130 l/p/d Calculated as per Norrvatten's forecast model 

1.2. Raw water intake Available without any non-renewable 
extraction risk 

SMHI prediction models 

2. Quality Drinking water should be Healthy  

2.1.1. Mandatory drinking 
water requirements 

At least 2 Microbiological safety barrier 
At least 1 permanent chemical barrier 
High NOM reduction 

Formulated as per Norrvatten quality 
requirements in 2050 

2.1.2. Drinking water 
Recommendations 

Addressing voluntary public concern about 
quality such as DBPs, biostability etc. 

Maintaining public trust in water quality 

2.2. Lake Mälaren water 
quality 

The range up to maximum values will be 
considered while designing the treatment 
scheme  

Calculated as per Historical data (2000-2017) 
 

3. Risk/Uncertainty Within limits   

3.1.1. Drinking water 
quantity variations 

-Reserve water  through strategic 
collaboration and  ground water reserves 
-Promoting sustainable use of water  

Probable increase in water demand due to 
climate change 
 

3.1.2. Drinking water 
quality insurance 

-Ensuring biostability through residual 
disinfection and better water treatment 
- Voluntary public concern about new 
water quality parameters(Pharmaceutical 
residues, DBP, etc) 
-New drinking water guideline values 

Growing concerns about new water quality 
parameters  

3.2.1. Raw water quantity 
variations 

Within the desirable limits Predicted by SMHI 

3.2.2. Raw water quality 
variations 

Raw water quality will deteriorate in future 
due to climate change and urbanization 

Predicted by SMHI 

3.3.1. WTP capacity - Changing the definition of sustainable 
capacity that replaces maximum capacity 
-Designing the treatment schemes into 
several smaller and independent treatment 
lines to ensure redundancy with additional 
lines to reduce future uncertainty 

Unpredictability in future daily demand due 
to climate change 

3.3.2. WTP treatment 
efficiency 

Additional safety margin in requirements of 
microbiological safety barrier, Chemical 
barrier, NOM reduction and other water 
quality parameters 

Variability in raw water quality 

3.3.3. WTP operations High redundancy requirements in WTP 
operations 

Accidents or unforeseen circumstances at 
WTP 
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1.2.1 Norrvatten future water capacity requirements for 2050 
According to RUFS 2050, the population in the member municipalities will increase in future. As per 
Norrvatten's forecast model based on RUFS 2050 validated by independent population forecasting by 
member municipalities, the number of connected people is expected to increase from 600,000 people in 
2016 to somewhere around 900,000 people in 2050(Heldt, 2019; Stockholms Läns Landsting, 2017). The 
water consumption assumed in the calculations in different consumer categories by 2050 is around 130 
l/p/d in household consumption, along with annual consumption of 12 million cubic meters in industrial 
supplies, 3 million cubic meters in general consumption (Schools, child care, old age homes, etc.) and  
0.5 million cubic meters in Norrvatten own consumption(Heldt, 2019). Moreover, an additional 25% of 
household consumption is identified as Non-charged consumption. The maximum daily factor is 
considered to be 1.35, lead to a conclusion that Norrvatten waterworks has to increase its maximum 
design capacity from 200 MLD in 2019 to around 280 MLD in 2050 and corresponding average 
production capacity to 208 MLD in 2050(Heldt, 2019). However, considering the internal use of water 
within the WTP that is not supplied to consumers but lost within the WTP such as backwashing of the 
filters, chemical preparation etc, the actual raw water intake and design capacity of the different 
treatment processes within the treatment scheme need to be calculated based on internal water losses. 
 
The uncertainty associated with capacity estimation is relatively less in regard to population forecast but 
significant in respect to per capita water consumption. Since, 1970s household consumption has 
decreased considerably from 230 l/p/d to 140 l/p/d in 2017, mainly due to increased environmental 
awareness among Swedish citizens supported by increased use of water optimized flushing toilets, 
dishwashers and washing machines(Heldt, 2019). In this study, average household consumption is 
considered to be 130 l/p/d in 2050 but due to climate change, there is possibility that water 
consumption may increase in future, especially during the heat waves. In 2018, during the period 
between May-July, the average consumption was 158 MLD that was approximately 13.5 percent higher 
than the corresponding period last year, mainly due to heat waves(Norrvatten, 2018). During that time 
the extreme maximum daily demand was just over 190 MLD against the design capacity of 200 
MLD(Norrvatten, 2018). To manage this uncertainty, Norrvatten is working proactively in multiple 
directions. On one hand, it is continuously promoting sustainable use of water at consumer level to 
manage per capita water demand as much as possible but on the other hand it is also enhancing its 
reserve groundwater resources along with its strategic cooperation with other water producers to 
ensure continuous supply of water to all its connected consumers at all times without interruption.  

1.2.2 Norrvatten future water quality requirements for 2050 
Norrvatten’s quality requirements for outgoing drinking water is governed by Swedish National Food 
Agency, that puts the entire responsibility on the drinking water supplier to supply drinking water that 
should be healthy and clean, without posing any known and unknown risk to human health. In light of 
risk of raw water quality deterioration in Lake Mälaren along with new drinking water requirements 
specified in EU directive that are expected to be adopted by the National Food Agency within the next 
few years, the existing Norrvatten requirements against microbiological and chemical barrier effect 
need to be increased in order to guarantee a safe drinking water(Heldt, 2019).  
 
According to the Swedish National Food Agency's recommendations, microbiological barrier analysis 
(MBA) should be conducted to ensure sufficient protection against microbiological health hazards. 
Taking into account the risk of raw water quality deterioration of Lake Mälaren, Norrvatten has decided 
that the future treatment scheme should be able to remove an additional log from raw water over the 
recommended log reduction as per raw water classification, at the end of design period and must 
consist of at least two microbiological barriers, one separating (processes that don't allow 
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microorganisms to pass through them)  and one inactivating (processes that kill microorganisms that 
pass through them)(Heldt, 2019; Ramböll, 2019). It should be noted that the current treatment scheme 
at Norrvatten in 2019 did not satisfy the recommended log reduction as per raw water classification 
(Dahlberg, 2011; Heldt, 2019; Norrvatten, 2017a; Ramböll, 2019).  
 
According to the drinking water regulations, SLVFS 2017:2, of the Swedish National Food Agency it is the 
responsibility of the drinking water supplier to distribute healthy drinking water that should be free 
from the health disruptive substances(Ramböll, 2019). So, taking into account the emergence of health 
disruptive chemical contaminants in raw water, Norrvatten is considering that the future treatment 
scheme should contain at least one chemical barrier. This barrier can either be permanent or not, but 
the provision of installing one permanent chemical barrier in future (if needed) must be provided and 
the barrier must shows measurable effect on both currently known and future unknown health 
disruptive chemical contaminants(Heldt, 2019). It should be noted that the current treatment scheme at 
Norrvatten in 2019 has no permanent chemical barrier but equipped with the possibility of dosing of 
powdered activated carbon (PAC)during emergency situations(Heldt, 2019). 
 
Presently, the raw water in lake Mälaren contains low concentrations of most organic trace elements 
including Per- and polyfluoroalkyl substances (PFAS), pesticide and drug residues(Heldt, 2019). The 
current purification process has little or no effect on these chemical substances, therefore their levels in 
outgoing drinking water often remains the same as in the raw water. There are major knowledge gaps 
exist regarding the presence of various substances and their health effects along with their cocktail 
effects (i.e. how mixtures of different substances can interact and affect human health). However, it is 
known that certain substances, so-called hormone-disrupting chemicals, can be harmful at very low 
doses. In the existing waterworks there is the possibility of dosing powder activated carbon (PAC) at the 
point of entry but this will not act as an effective chemical barrier considering the possibility of unknown 
toxic substances that may be present in the raw water. Also, the activated carbon purification step that 
exists today only works as bio-filters where substances that cause odor and taste are removed 
(Norrvatten, 2017b). This is a consequence of the high load of humus substances and a low frequency of 
regeneration of the coal. So, there might be a need in future of having a permanent chemical barrier in 
the treatment process with a proven and measurable effect on organic trace elements.  
 
Another challenge for Norrvatten is relatively low removal rate of natural organic material (NOM) in the 
current purification process such that the level in outgoing drinking water is just marginally below the 
acceptable limits. Although natural organic matter does not in itself need to be a problem, but high 
content of NOM increases coating/fouling of GAC filters and membrane surfaces, promote bacterial 
regrowth in distribution network, increases consumption of precipitating chemicals and disinfectants, 
increase energy consumption in the case of UV disinfection, reduce water quality in terms of color, 
taste, and odor, can also contribute to increased formation of unwanted disinfection by-products,  and 
more(Heldt, 2019; Keucken, 2017). Therefore, there are both economic as well as environmental 
benefits of enhancing the removal of NOM early in the purification processes. Although, it is difficult to 
set an exact NOM guideline value for drinking water in terms of COD or TOC content because the 
negative effects of NOM are dependent on its composition and different purification processes remove 
these differently. So it may happen that the purification processes satisfy the guideline value but the 
composition that the purification processes removed may not be that harmful than the composition that 
remained in the treated water. However, the desired TOC content in drinking water should be at least 
less than 5 mg/l that is considered as a guideline value recommended by Norrvatten in regard to future 
waterworks(Heldt, 2019). 
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In addition to the specific requirements of microbiological, chemical and NOM reduction, the 
requirements in regard to other drinking water quality parameters (such as alkalinity, turbidity, 
bromate, iron, pH, calcium, magnesium, aluminium, manganese, sodium, chloride, sulphate etc.) also 
apply to Norrvatten outgoing drinking water. The guideline values are given in Norrvatten’s drinking 
water quality requirements which are primarily based on the Swedish drinking water regulations, 
National Food Agency's recommendations along with the EU directive and are relatively more 
demanding and stricter, incorporating the local conditions.  
 
The uncertainty associated with future drinking water quality estimation is relatively less in regard to 
formulated drinking water guideline values but significant in respect to forecasted raw water quality.  
It is mainly because it is difficult to forecast the future raw water quality due to climate change. 
According to Norrvatten, the variations in future may be greater than today but the minimum and 
maximum values (based on the raw water monitoring records between 2000 and 2017) covers a large 
span that is most likely to be valid until 2050(Heldt, 2019). So, the treated water quality of future 
waterworks will be estimated based on these minimum and maximum values and it need to be checked 
for validation in future.  
 
Moreover, due to climate and land use changes, it is expected that raw water quality may deteriorate in 
some water quality parameters in future with more seasonal variations than today. Higher water 
temperature and increase in nutrient discharges in future will increases the risk of algae bloom and 
microbial growth in raw water thus may increase the organic matter content. In addition, heavy rainfall 
may also increase the pollutant transport to Lake Mälaren. To manage this uncertainty, Norrvatten is 
continuously working to protect the raw water quality (ecological and chemical status) of Lake Mälaren 
from futuristic pollution sources such as land use changes, agricultural discharges, leakages from private 
sewers, boat traffic, industrial discharges, pollution from recreational activities, stormwater discharges, 
treated wastewater discharges and more, in order to keep the futuristic raw water quality variations 
within the permissible limits(Norrvatten, n.d.). It is based on precautionary principle (reduce pollution at 
source) through increasing the awareness, involving experts at early stages, enhancing cooperation 
among stakeholders(Upstream works), continuous mapping, along with adopting effective monitoring 
mechanism involving financial incentives and more(Norrvatten, 2017b). Norrvatten is also actively 
protecting its ground water reserve sources from pollution. 

1.2.3 Justification for the upgradation of the existing waterworks 
The existing waterworks is not compatible with the Norrvatten requirements of 2050. The possibilities of 
strengthening the purification in the existing process with at least three microbiological barriers to 
protect consumers against pathogenic microorganisms, at least one chemical barrier to protect 
consumers from chemical health disruptive substances along with enhancing the removal of NOM early 
in the purification process is limited. Moreover, the current treatment processes at Norrvatten are not 
adaptable to handle such large deterioration in microbiological/or chemical raw water quality in 
connection with climate change(Heldt, 2019). Along with that, the microbiological and chemical barriers 
requirements in accordance with the Swedish Food Agency's recommendations and risk models adopted 
to limit the mild health infection by the contaminated water to less than 1/10,000 people per year and 
serious health effects to less than 1/10,000,000 people per year, which is in line with the USEPA and 
other Swedish water producers is too demanding in regard to existing water treatment 
scheme(Norrvatten, 2017b). Therefore the existing purification process either needs to be 
supplemented by other additional barriers effects or alternatively replaced by other treatment steps 
with higher barrier effect against futuristic microbiological, chemical and NOM contaminations.  
 



 

6 
 

So, to fulfill the Norrvatten’s 2050 requirements for capacity and outgoing drinking water quality, the 
available options are either constructing a completely new waterworks with subsequent 
decommissioning of the existing waterworks or upgrading the existing waterworks both with additional 
capacity and better/additional purification steps.  

1.2.4 Norrvatten future water distribution network requirements for 2050 
Norrvatten water distribution network works on the principle of shared responsibilities. In order to 
ensure uninterrupted distribution of water, Norrvatten has built an effective water distribution network 
in which Norrvatten is mainly responsible to supply the drinking water from WTP to the main water 
distribution pipeline until the municipal border, so-called bulk distribution and then the municipalities 
are responsible for the local water supply network until final connection to the consumers. Today, the 
main water pipelines have an approximate length of about 340 km, consisting mainly of steel and 
concrete pipes but pipes of other materials such as GPR pipes (fiberglass reinforced polyester pipes), cast 
iron pipes and polyethylene pipes have also been used in the distribution network. The dimensions of 
these pipes are from DN 300-1200, and have an estimated service life in the range of 60-70 years 
(Sophie, 2015). Along with that, the distribution network consists of eight intermediate pumping 
stations (out of which six remains in operations and 2 are in reserve) and eight reservoirs, following a 
circular feeding  system to guarantee that the water delivery remains constant at all times(Norrvatten, 
n.d.).  
 
The distribution network also needs to be strengthened to accommodate the increased capacity of 
water in future. Large parts of the network are getting old and in need of continuous renewal along with 
enhancing the capacity and effectiveness in cleaning, operation, maintenance and monitoring of 
waterworks, reservoirs, pipelines and pumping stations. In future, there may be additional requirements 
of pipeline network, intermediate pumping stations and reservoirs to accommodate the increased 
capacity. 

1.2.4 Norrvatten future capacity and redundancy requirements in 2050 
Maximum capacity is usually defined as the maximum treated water that a WTP can supply under 
normal conditions for a shorter span of time. Usually, a plant doesn’t have sufficient redundancy to 
support maximum capacity for a longer period of time. As a result, maximum capacity cannot be 
ensured for a longer period of time. But on the other hand, sustainable capacity is usually defined as the 
quantity of treated water that a WTP can supply continuously throughout the year at all times.  
 
In general, sustainable capacity is calculated based on average daily demand at the end of design period 
and maximum capacity is calculated based on maximum daily demand but Norrvatten’s “framtida 
dricksvattenförsörjning”, defined sustainable capacity based on maximum daily demand at the end of 
design period and the requirement for redundancy applies within this definition to all preparation 
processes including distribution, machine equipments, electrical and control systems, etc(Ramböll, 
2019). The function of pumps and disinfection units are relatively more critical than others process 
units, therefore a higher redundancy are given to them reduce the risk. Also, the entire WTP will be 
divided into independent process lines so that a high degree of redundancy can be ensured in extreme 
cases. 
 
It should be noted that the additional capacity required to fulfill the redundancy requirements should 
not be confused with maximum capacity as this additional capacity is only for support purpose and 
cannot be used independently to increase the plant capacity. It may happen that additional redundant 
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process units may be in operation either in rotational basis, or the entire plant including redundant units 
work at lower capacity but the redundant units are not designed to increase the capacity of the plant. 

1.3 Lake Mälaren Past, Present and Future as a raw water source 
The water in Görvälnfjärden is about 70% from western Lake Mälaren and about 30% from northern 
Lake Mälaren. These two water bodies differ in quality, especially in terms of content of natural organic 
matter and alkalinity where these parameters are generally higher in the water from northern Lake 
Mälaren(Dahlberg, 2019). Depending upon the nature of flow and how these different water bodies’ 
layers during the year, the quality of the incoming water to the Görvälnverket varies and may lead to 
minor variations in the treated water. Moreover, Norrvatten has two intake depths to ensure better raw 
water quality intake throughout the year. During icing of the Lake Mälaren, the shallow intake depth is 
better as at shallow depths major proportion of water comes from western Lake Mälaren with better 
quality but at deeper intake depth, major portion of water comes from northern Lake Mälaren of 
relatively lesser quality(Dahlberg, 2019). After icing, the water masses get re-mixed and then only the 
deeper intakes are feasible to avoid algae and pollutants from the raw water surface. 
 
Lake Mälaren is the Sweden's third largest freshwater lake having capacity of 14 cubic kilometers with a 
surface area of 1,140 square kilometers, average depths of 13 m (maximum depth is 64 m), spanning 
from east to west direction with a catchment area of 22603 square kilometers, water retention time of 
2.8 years and discharging the water into the Baltic sea through its natural and artificial outlets(Ledesma 
et al., 2012; Wallin et al., 2000; Weyhenmeyer et al., 2004). The catchment area is dominated by forests 
and wetlands (70%), arable lands and meadows (20%) and lakes (10%) and its relatively shorter water 
residence time leads to fast responses to any change in input water quality(Ledesma et al., 2012; Wallin 
et al., 2000; Weyhenmeyer et al., 2004).Today, Lake Mälaren is a source of water for approximately two 
million people in Stockholm, Västerås, Södertälje and other smaller cities(Norrvatten, n.d.). 

1.3.1 Lake Mälaren Future water quality predictions 
In the report” Sveriges stora sjöar idag och i framtiden. Klimatets påverkan på Vänern, Vättern, Mälaren 
och Hjälmaren. Kunskapssammanställning februari 2018” SMHI presented an assessment of climate-
related problems associated with future water quality of Lake Mälaren from drinking perspective in a 

time perspective until 2100 and concluded that:“Increasing water temperature, risk of uncertain 
rainfall events, change in water levels and water flows, reduced period of ice cover and sea level rise 
may severely deteriorate raw water quality in future and lead to the need for more expensive and 
complex drinking water treatment technologies”(Eklund et al., 2018; Ramböll, 2019). 
 
According to SHMI estimations and predictions, increased water temperatures and shorter periods of ice 
will result in deeper raw water intake to fulfill the temperature requirements of raw water intake. 
Moreover, increased water temperature will result in poorer raw water quality due to higher bacterial 
and algal growth in Lake Mälaren along with increasing biological activity in distribution network(Eklund 
et al., 2018). However, this may led to an improved water quality for the Görvälnverket during spring 
and summer as the water becomes more mixed all year round(Ramböll, 2019). 
 
Rainfall is also expected to occur more frequently and may lead to more pollutants and nutrients 
discharge to Lake Mälaren but the severity is highly dependent on the intensity of surface pollutants in 
the catchment area. High water levels may increase the risk of wastewater discharges along with 
increasing the transport of unwanted substances to Lake Mälaren. In the long term, beyond the year 
2100, there may be a risk of salt water penetration, depending on the sea level rise in future(Eklund et 
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al., 2018). According to the County Administrative Board's status classification and analysis, the chemical 
status of Lake Mälaren at Görvälnverket is unsatisfactory and there is a risk that the chemical status is 
not achieved in 2021(Ramböll, 2019). The situation may become severe in future in regard to continuous 
catchment deterioration both due to point sources of pollution such as licensed environmentally 
hazardous activities and diffuse sources of pollution such as change in urban land use pattern, increase 
in agricultural and individual discharges, and other similar polluting activities. However, improvements 
at wastewater treatment plants to reduce pollutants discharges might result in better conditions in 
future. SLU is also investigating potentially hazardous chemicals in Lake Mälaren under the project 
“LakePOPs – Förbättring av metoder för att upptäcka farliga kemikalier i Mälaren”, which may provide 
more knowledge about chemical barrier requirements in future(SLU, n.d.).   
 
Chemicals that are detected in raw water include bromide, micro pollutants such as pesticides, 
phthalates, dioxins, PCBs, flame retardants and PAHs along with PFAS. Even though, the detected 
concentrations are lower than PNEC (predicted no effect concentrations), so no potential risk to human 
today but in future the concentration may increase(Heldt, 2019; Ramböll, 2019). Frequent chemical 
water quality mapping as per EU Water Directive along with regular monitoring of site specific  common 
micro-pollutants (such as acryl amide, epichlorohydrin, 1,2-dichloroethane, vinyl chloride, benzene, 
PAHs, tri- and tetrachloroethene, trihalomethane and pesticides) as per drinking water regulations, may 
help in enhancing the effectiveness  of chemical barrier application(Ramböll, 2019).   
 
In general, all water sources are vulnerable to a host of climate-relevant stressors such as droughts, 
intense storms/flooding, snowpack depletion, storm surge, sea level changes, and consequences from 
fires, landslides, and excessive heat or cold spells (Intergovernmental Panel on Climate Change 
(IPCC))(Levine et al., 2016) and it is the same in case of Lake Mälaren. So the treatment scheme of the 
future waterworks should be sufficiently adaptable, flexible and robust with adequate efficiency to deal 
with climate-related problems associated with future raw water quality of Lake Mälaren mainly related 
to high variability in raw water temperature, NOM concentration, turbidity and chemical concentrations. 
 
Norrvatten is continuously enhancing its upstream works to protect the raw water quality (ecological 
and chemical status) of Lake Mälaren. It is increasing awareness, cooperation and involvement among 
stakeholders for better identification, implementation, and monitoring of upstream works(Norrvatten, 
2017b). Moreover, a better and highly effective tool is, increasing water protection area around Lake 
Mälaren. In November 2008, the County Administrative Board of Stockholm County declared Östra 
Mälaren (near East Lake Mälaren) a water protection area, which strengthened the water area around 
Norrvatten's waterworks, Görvälnverket, and thus helped in ensuring a better drinking water quality in 
future(Norrvatten, n.d.). However, as the main part of the inflow to Lake Mälaren takes place in the 
west and north, so it is highly important that in future more efforts will be made to protect the 
remaining catchment areas as much as possible. 

1.4 Norrvatten pathways towards sustainability 
Norrvatten's vision “always supplying healthy drinking water with environment and social benefits in 
focus” clearly states its commitments and intentions to achieve sustainability not only as an organization 
but as a part of a larger Swedish vision of sustainable society. As a result, Norrvatten’s sustainability 
objectives are formulated such that Norrvatten can act as a tool in achieving sustainability on a broader 
perspective.  
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1.4.1 Norrvatten commitments towards International, National and Regional objectives 
From the global perspective, Norrvatten is committed towards United Nations Sustainable Development 
Goals (SDGs) with special focus on 6 global goals that include good Health and well-being, Clean water 
and sanitation, affordable and clean energy, Sustainable cities and communities, responsible 
consumption and production along with Fighting climate change(Norrvatten, 2017b).  
 
At National level, Swedish environmental objectives are the major guiding force. It includes generational 
goal which focus on non-transferability of Swedish environmental problems to other countries, along 
with more focused 16 environmental quality objectives and a number of milestone targets. Among 
environmental quality objectives, "Good quality groundwater" and "Living lakes and streams" are the 
most relevant in regard to improving water quality.  
 
At regional level, Environmental code is the major source of inspiration. Moreover, it imposes legal 
requirements that apply to all aspects of water services. It is through the Environmental Code 
Norrvatten gets permission to raw water extraction from Lake Mälaren along with its seven 
groundwater sources. Additionally, sustainability objectives related to EU are also considered such as EU 
Water Framework Directive regarding water quality and access to water. 
 
At business level, Norrvatten has identified three focus areas to reduce their direct environmental 
impacts, based on past experiences and scientific studies conducted in drinking water sector. It includes 
reduction in energy consumption, transportation and chemical consumption(Norrvatten, 2017b). 

1.4.2 Norrvatten Environmental Policy 
Norrvatten introduced its environmental policy in 2008, incorporating major and relevant international, 
national and regional sustainability objectives.  These are summarized in 7 commitments that includes 
raw water source protection through enhancing stakeholder collaborations, high quality water 
production and distribution with minimum environmental impacts, satisfying requirements of 
environmental legislation, selecting environmentally friendly alternatives  and using resources that 
follow nature’s cycle, setting better environmental requirements and continuously monitoring their 
success, continuously improving Norrvatten’s environmental works and minimizing the emissions 
through improving water purification process  with simultaneous reduction in energy and chemical 
consumption along with spreading awareness through better communication with 
stakeholders(“Miljöarbete,” n.d.). This environmental policy is highly proactive in nature, focusing on 
continuous search for high degree of sustainability in every possible aspect that is either directly or 
indirectly related with Norrvatten operations or area of influence.  
 
A direct implication of environmental policy is reflected in Norrvatten continuous participation in Järfälla 
municipality's Environmental Diploma since 2007(“Miljöarbete,” n.d.). It is a certification given to small 
and medium-sized companies having an environmental management system in accordance to Swedish 
Environmental Base standard that is in turn builds on ISO 14001. Norrvatten also set annual 
environmental targets for e.g., 6 environmental targets for the period 2017-2018 focused on chemical, 
energy, transport and sludge optimization with simultaneous implementation of environmentally 
friendly alternatives along with improving environmental management system and stakeholder 
communication(Norrvatten, 2018).  A visible outcome came in the form of increasing investment in wind 
power and limiting electricity purchase to green electricity (hydro and wind based electricity). Moreover, 
commitments towards energy optimization and efficiency are reflected in Norrvatten’s efforts in 
reducing its total electricity use, to less than 0.4 kWh/m3, increasing wind production to at least 30% of 
total energy consumption and making its water production continuously more and more fossil-free. 
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1.4.3 Norrvatten scope of sustainability 
Norrvatten main motivation to introduce higher and continuously improving sustainability standards is 
its operations are based on the principle of enhancing its consumer’s benefits. As a visionary and future 
oriented association, Norrvatten believes in the motto that “Today’s investments are needed to ensure 
tomorrow’s benefits” i.e. Active environmental work may initially lead to increased costs but it will 
eventually become profitable in future. Along with that Norrvatten don’t want to make any 
compromises with its consumer’s health. 
 
So, Norrvatten sustainability scope has three broad directions with a major focus on their economic 
sustainability. Firstly, related to improving raw water quality and groundwater reserves, through 
upstream works and stakeholder participation. Secondly, related to reducing its environmental impacts 
through optimization and upgradation of its energy, chemical, transportation and sludge related 
operations along with introducing environmental requirements in procurement and agreements. 
Thirdly, related to enhancing its purification process to fulfill the quantity and quality requirements. 

1.4.4 Role of sustainability in Norrvatten future water treatment alternatives 
According to the Norrvatten future sustainability scope, all the future process alternatives that fulfill the 
mandatory requirements related to quantity and quality should be environmentally assessed. These 
alternatives need to be compatible with Norrvatten vision of “always supplying healthy drinking water 
with environment and social benefits in focus”. The selected alternative must lead to a relatively more 
sustainable production of drinking water that is economical, environmental friendly, socially acceptable 
and practically applicable.  
 
Investments in water purification systems are long-term, so the alternatives will be evaluated based on 
multiple sustainability parameters with a special focus on their economical and environmental 
assessment through a life cycle perspective. Moreover, their technical and practical performance in 
terms of robustness, redundancy and flexibility to incorporate future variability in water demand and 
raw water quality will be given due importance.  Along with that designing will be done to fulfill the 
requirements of 2050, but the planning will also incorporate the scope until year 2100 according to the 
Norrvatten future quantity and quality predictions. 
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Abbreviations 
A1: Alternative 1 
A2: Alternative 2 
A3: Alternative 3 
A4: Alternative 4 
A5: Alternative 5 
A6: Alternative 6 
A7: Alternative 7 
A8: Alternative 8 
A9: Alternative 9 
Al: Aluminium sulphate 
ALG: Aluminium sulphate 
AOP: Advanced oxidation process 
BAC: Biologically active carbon 
BAK: Granular Activated carbon filter provided after ozonation 
BI: Biofilm inhibition 
CaCO3: Calcium Carbonate 
CB: Chemical barrier 
CEB: Chemical enhanced backwashing 
CIP: Chemical cleaning in place 
CP: Corrosion protection  
dF/UF: Direct precipitation on Ultrafilter membranes 
DN: Diameter nominal 
Fe: Iron chloride 
GAC: Granular Activated carbon 
GAK: Granular Activated carbon filter without ozonation 
H2O2: Hydrogen peroxide 
MB: Microbiological barrier 
MGF: Membrane Gravity Filter 
MLD: Million liters per day 
NF: Nanofiltration 
NOM: Natural organic matter 
O3: Ozonation 
OTR: Odor and taste reduction 
PAC: Powder activated carbon 
RSF: Rapid sand Filter 
SIX: Suspended ion exchange process 
TS: Total Solid content 
UF: Ultrafiltration 
UV: Ultraviolet disinfection 
WTP: Water treatment plant 
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2.1 The future drinking water treatment alternatives 
Norrvatten future drinking water treatment alternatives that are considered in this study can be broadly 
categorized into two set of alternatives. In the first set of alternatives (A1, A8 and A9), the existing plant 
will be decommissioned and a new WTP will be constructed at a new location with improved capacity 
and better treatment facilities. In the second set of alternatives (A2, A3, A4, A5, A6 and A7), the existing 
plant will be upgraded with higher capacity and improved treatment facilities as shown in Table 2.3. 
Moreover, in the second set of alternatives existing infrastructure will be retained as much as possible 
depending on its compatibility with the future treatment schemes. However the basic treatment steps 
remain the same in all alternatives as given in Table 2.1 but different alternatives use different options 
to achieve the required treatment within the given treatment steps. 
 
Table 2. 1 Basic treatment steps to produce the drinking Water (Dahlberg, 2018) 

S.No. Treatment step Description Available options 

1. Raw Water Intake Water is taken from lake Mälaren at two 
alternative intake depths 

Water Intake works 

2. Raw water Screening To filter out the large particles including fish, 
algae etc. 

Micro-sieve 

3.  Raw water pumping 
into the WTP 

To ensure that the right quantity of water enter 
in the treatment facility 

Raw water pumping station 

4. Emergency  Chemical 
Barrier (Optional) 

A treatment step that can put in operation if 
needed during emergency situation such as oil 
or/diesel spill from boat traffic/accidents in the 
raw water supply 

PAK chambers with PAC (powder 
activated carbon) dosing 

5. NOM (Natural 
Organic matter) 
separation unit 

A process to decrease the concentration of 
natural organic matter (NOM) in order to reduce 
the treatment load on subsequent treatment 
steps and to reduce the risk of bacterial growth 
on the membranes and filters along with 
reducing the risk of the formation of by-
products during disinfection. 

1) Conventional precipitation, 
sedimentation and sand filtration  
2) Suspended ion exchange (SIX

©
) 

3) Nanomembrane filtration in 
combination with ultra filtration 
4) Direct precipitation on UF 
membranes 

6. Microbiological 
barrier 

Processes to reduce the amount of pathogenic 
microorganisms. 

1) Conventional chemical precipitation, 
2) Direct precipitation on Ultrafiltration 
membranes, 
3) Nanomembrane/Ultra membrane 
filtration  
4) Ozonation (O3) 
5) UV disinfection 

7. Chemical barrier Processes to reduce the amount of harmful 
chemical substances. 
 

1) Activated carbon (GAC) + 10% new 
GAC continuously added at regular 
intervals* 
2) Ozonation followed by GAC** 
3) Advanced oxidation processes (AOP) 
such as O3 + H2O2 followed by GAC 
4) Nanomembrane filtration 

8.  Odor and taste 
separation 

Processes for reducing odor and taste disturbing 
substances. 

1) Activated carbon filters (GAC) 
2) Ozonation in combination with GAC  

9. Corrosion protection A process to adjust the corrosive properties of 
the water  before distribution*** 

1) pH adjustment process 
2) Post-alkalinization process 

10.  Biofilm Inhibition A process to reduce the risk of microbial growth 
in the distribution network 

Monochloramine addition to ensure 
residual disinfection 

(Note: *In this option there is only activated carbon (GAC) so to sustain its efficiency as a chemical barrier, the carbon must be kept active 
through continuous regeneration by adding 10% regenerated GAC at regular intervals.  
**In this alternative, the primary function of the coal is to separate the bioavailable organic material formed by oxidation in the foregoing 
processes. So it functions more like a BAC (biologically active carbon) 
***Only included in the alternatives where the previous process steps reduce the alkalinity of the water below the desired limits recommended 
in the distribution network in agreement with the Swedish water guidelines (> 60 mg/l as CaCO3)) 
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2.2 Treatment ability of different water treatment process alternatives 

Different process options and their corresponding barrier effects have been shown in Table 2.2. It is 
difficult to compare the treatment abilities of different process alternatives to achieve a particular 
barrier effect either on an absolute or a relative scale. It is mainly because there are many 
known/unknown background factors which influence both the type of barrier effect and it subsequent 
effectiveness, produced by a treatment process. However, based on the previous experiences of the 
experts in the related fields and other scientific literature, the barrier effects given in the Table 2.2 can 
easily be assumed without undergoing considerable risk and unmanageable uncertainty.    
 
Table 2. 2 Summary of the treatment ability of different water treatment process alternatives  

(      NOM: Natural organic matter separation,      MB: Microbiological barrier,     CB: Chemical barrier, 
     OTR: Odor and taste reduction,     CP: Corrosion protection and     BI: Biofilm inhibition) 

S.No. Treatment process alternatives Water quality categories (Barrier effect) Comments 

NOM  MB CB OTR CP BI 

1 PAK chambers with PAC        

2 Suspended ion exchange (SIX
©

)        

3 Conventional precipitation, sedimentation 
and rapid sand filtration 

       

4 Precipitation, sedimentation and UF 
membrane filtration  

       

5 Nanomembrane filtration in combination 
with ultra membrane filtration 

       

6 Direct precipitation on Ultrafiltration 
membranes 

       

7 Ozonation (Dose: 2-4mg/l to avoid bromate 
formation) 

       

8 Activated carbon (GAC) + 10% new GAC*        

9 Ozonation followed by GAC**        

10 Advanced oxidation processes (AOP)         

11 Nanomembrane filtration (NF)        

12 Activated carbon (GAC)        

13 Ultrafiltration (UF)        

14 UV disinfection        

15 pH adjustment process        

16 Post-alkalinization process***        

17 Monochloramine addition        
(Note:  
1. Reduction in the amount of natural organic matter (NOM) will reduce the load on subsequent preparation steps; reduce the risk of growth in 
the distribution network along with the reduction of the risk of the formation of by-products during disinfection 
2. *Activated carbon (GAC) can act as the chemical barrier if the carbon is kept active through continuous regeneration such as by adding the 
10% of regenerated GAC to the filters at regular intervals 
3. **The primary function of the coal is to separate the bioavailable organic material formed by oxidation in the preceding processes and 
functions more like a BAC (biologically active carbon) 
4. ***Post-alkalinization process is only included in the alternatives where the previous process steps such as SIX process, reduces the alkalinity 
of the water below the desired limits recommended in the distribution network in agreement with the Swedish water guidelines (> 60 mg/l as 
CaCO3)) 

2.3 Norrvatten future drinking water treatment alternatives for 2050 
In principle, all the WTPs have only one objective of supplying sufficient quantity of water of satisfactory 
quality to all the connected consumers continuously at all times without interruption throughout its 
design life. So, to fulfill this objective until the year 2050, Norrvatten has decided to investigate the 
feasibility of 9 different alternatives as shown in Table 2.3. All the alternatives need to satisfy the 
mandatory quantity and quality requirements until the year 2050 and selection will be based on a 
multicriteria basis with special emphasis and consideration on their environmental impacts. 



 

3 
 

Table 2. 3 Summary of Norrvatten future WTP alternatives for 2050 

Construction: Orange Fields –Treatment step in the new plant, Gray Fields – Treatment step in the existing Plant, Yellow Fields –Provision provided for future installation 

Barrier effect:     NOM reduction,    Microbiological barrier,    Chemical barrier,    Odor & taste reduction,     Corrosion protection and     Biofilm inhibition 
Treatment 

alternatives 

(2050) 

 

Sustainable 

Capacity 

(MLD) 

Redundant 

capacity 

(MLD) 

Screening Emergency 

chemical 

barrier 

NOM removal / (Microbiological 

Barrier) 

Precipitated 

Particle 

removal 

Microbial 

Barrier/ 

(NOM 

removal) 

Odor & taste reduction / 

Chemical barrier/ 

(Microbiological Barrier ) 

Microbial 

Barrier 

Post Treatment 

(Corrosion protection and 

Biofilm inhibition) 

Existing Plant 

(2020) 

160 40 Micro sieve  Conventional precipitation (Al) + 

sedimentation/flotation 

Rapid sand 

filter (RSF) 

  BAC  UV 1) pH adjustment 

2) Monochloramine 

Barrier effect 160 40             

Alternative 1     

(A1) 

280 35 Micro sieve PAC Suspended ion exchange (SIX) dF/UF (Al) O3 BAK  UV 1) pH adjustment 

2) Alkalinity adjustment 

3) Monochloramine 

Barrier effect 280 35                

Alternative 2 

(A2) 

120 30 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF  

 

(O3) GAK UV UF 1) pH adjustment 

2) Monochloramine 160 40 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF  GAC UV 

Barrier effect 280 70                

Alternative 3 

(A3) 

120 30 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF  (O3) GAK UF UV 1) pH adjustment 

2) Monochloramine 160 40 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF  GAC 

Barrier effect 280 70                

Alternative 4 

(A4) 

120 30 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF UF O3 BAK  UV 1) pH adjustment 

2) Monochloramine 160 40 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF 

Barrier effect 280 70                

Alternative 5 

(A5) 

120 30 Micro sieve PAC Precipitation (Al/Fe) + sedimentation UF O3 BAK  UV 1) pH adjustment 

2) Monochloramine 160 40 Micro sieve PAC Precipitation (Al/Fe) + sedimentation 

Barrier effect 280 70               

Alternative 6 

(A6) 

120 30 Micro sieve PAC Precipitation (Al/Fe) + sedimentation UF (O3) GAK  UV 1) pH adjustment 

2) Monochloramine 

160 40 Micro sieve PAC Precipitation (Al/Fe) + sedimentation MGF (Replacing RSF with 

UF in the existing plant) 

 GAC  UV 1) pH adjustment 

2) Monochloramine 

Barrier effect 280 70               

Alternative 7 

(A7) 

120 30 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF UF (50%) O3 BAK  UV 1) pH adjustment 

2) Monochloramine 160 40 Micro sieve PAC Precipitation (Al/Fe) + sedimentation + RSF NF (50%) 

Barrier effect 280 70                  

Alternative 8 

(A8) 

280 35 Micro sieve PAC dF/UF (Al/Fe) 
 

 O3 BAK  UV 1) pH adjustment 

2) Monochloramine 

Barrier effect 280 35                

Alternative 9 

(A9) 

280 35 Micro sieve PAC NF  O3 BAK  UV 1) pH adjustment 

2) Monochloramine 

Barrier effect 280 35                 

(RSF = Rapid sand Filter, BAK = Granular Activated carbon filter  provided after ozonation, GAK = Granular Activated carbon filter  without  ozonation,  dF/UF = direct precipitation on Ultrafiltration, GAC = Granular Activated carbon filter 
with no possibility of future ozonation, BAC = Granular Activated carbon filter functioning as a bio-filter,  MGF= Membrane Gravity Filter, NF= Nanofiltration, RSF = Rapid Sand Filter, UF = Ultrafiltration, UV = Ultraviolet disinfection, O3= 

Ozonation, (O3) = Provision provided for future ozonation if needed, PAC = Powder activated carbon, NOM = Natural organic matter, Precipitation (Al) = Precipitation with Aluminium based chemical coagulants such as aluminium 

sulphate,  Precipitation (Fe) = Precipitation with Iron based chemical coagulants such as iron chloride)
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2.4 Brief description of the existing WTP in 2020 
As per Norrvatten estimates in 2020, existing waterworks (Görvälnverkets) has a sustainable capacity of 
160,000 m3/d and a maximum capacity of 200,000 m3/d that can be maintained below a limited time. 

2.4.1 Raw water treatment scheme in the existing WTP 
In the existing waterworks as shown in Figure 2.13, raw water is taken from Lake Mälaren at two 
alternative intake depths: 4 or 22 meters respectively, and screened through a micro-sieve. The required 
quantity of water is then pumped through a pumping station to the WTP. Majority of the pumped water 
flows through a mixing trough with addition of precipitating chemical (ALG) and then flows through 
flocculation lines with addition of auxiliary coagulant (activated silica). The settling occurs in 
conventional sedimentation basins (note: in one sedimentation basin flotation is installed). Also, a partial 
flow of raw water is separately pumped from micro-sieve to pulsator for combined flocculation and 
sedimentation with the help of precipitating chemical (ALG). After settling, the water is passed through 
sand filters and then pumped to carbon filters, followed by UV reactors. Finally, pH is adjusted with lime 
addition and residual disinfection is ensured through monochloramine addition and then water is 
pumped from reservoir to main distribution pipeline network (Ramböll, 2019; Sophie, 2015).  
(Note: Norrvatten is only responsible for the main pipeline network i.e. supplying water to municipal 
limits, and afterwards the municipalities are responsible for their respective local water supply network) 

2.4.2 Sludge treatment scheme in the existing WTP 
The sludge treatment scheme in the existing WTP is shown in Figure 2.1. The sludge settled in the 
sedimentation basins is led to sludge tank 1. The clear water is removed once a day and fed back to the 
flocculation chamber.  From sludge tank 1, the sludge is pumped to sludge tank 2 and mixed with the 
sludge from the pulsator. From sludge tank 2, the sludge is pumped to two mixing tanks, with polymer 
addition at the inlet and then uniformly flows to lamella thickeners for thickening. The clear water from 
lamella thickeners is flow back to Lake Mälaren and the settled thickened sludge is mixed in sludge tank 
3 (Buffer tanks). After mixing, the sludge is added with polymer at the inlet of the centrifuge and then a 
uniform sludge flow passes through two separate centrifuges for dewatering. The clear water from 
centrifuges is fed back to lamella thickener and the final dewatered sludge is transported out of the WTP 
and used either as a filler material/or construction material/or landfill cover after air drying(Ramböll, 
2019; Sophie, 2015). Today, it is mainly used as a landfill cover at locations that do not demand high 
phosphorus content. It is because of the aluminium sulphate present in the treated sludge ,that binds 
the phosphorus in soil, which can have a negative impact on plant phosphorus uptake(Blomberg, 1999). 

 
Figure 2. 1 Existing plant sludge handling scheme 
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2.4.3 Drinking water distribution network 
The water distribution network works on the principle of shared responsibilities. In order to ensure 
uninterrupted distribution of water, Norrvatten has built an effective water distribution network in 

which Norrvatten is mainly responsible to supply the drinking water from WTP to the main water 
pipeline until the municipal border, so-called bulk distribution and then the municipalities are 
responsible for the local water supply network until final connection to the consumers. The main water 
pipelines have an approximate length of about 340 km, consisting mainly of steel and concrete pipes but 
pipes of other materials such as GPR pipes (fiberglass reinforced polyester pipes), cast iron pipes and 
polyethylene pipes are also used in the distribution network. The dimensions of these pipes are from DN 
300-1200, and have an estimated service life in the range of 60-70 years(Sophie, 2015). Along with that, 
the distribution network consists of eight intermediate pumping stations (out of which six remains in 
operations and 2 are in reserve) and eight reservoirs, following a circular feeding  system to guarantee 
that the water delivery remain constant at all time(Norrvatten, n.d.). The distribution network is divided 
into different pressure zones and at the boundary between high and low pressure zones, pressure rising 
stations are installed that will increase the pressure to about 1 bar, if needed (Sophie, 2015). The 
pumping in these zones is controlled by the water level in the reservoirs and highly energy intensive. It 
should be noted that the maintenance of the distribution network that includes excavation of the 
ground, use of fossil based machinery, pipe repairing materials, and soil restoration processes, etc are 
highly resource intensive operations and may result in significant impacts, but not considered in the 
analysis in this study. 

2.5 Brief description of the Alternative 1 treatment process 
As per the Norrvatten requirements of 2050, all the future WTP alternatives must have a sustainable 
capacity of 280 MLD, so that they can at least satisfy the water quantity requirements until 2050. In this 
alternative, a new WTP based on Suspended ion exchange (SIX®) process will be constructed and the 
existing plant will be decommissioned once the new waterworks become operational.  

2.5.1 Raw water treatment scheme in the Alternative 1  
In this alternative, as shown in Figure 2.3, raw water will be taken from Lake Mälaren at two alternative 
intake depths, and screened through a micro-sieve. The required quantity of water will be pumped 
through a pumping station to the WTP with PAC dosing (if needed) and then flows through a suspended 
ion exchange SIX ® contact basins provided with lamella separators. The water will then be dosed with 
precipitating chemical and pumped through ultra-filters (UF), to facilitate direct precipitation on 
Ultrafiltration membranes. After membrane filtration, the water will be passed through ozone contact 
tanks and then to carbon filters after pH adjustment, followed by UV reactors. Finally, pH along with 
alkalinity will be adjusted and residual disinfection will be ensured through monochloramine addition 
and then water will be pumped from reservoir to main distribution pipeline network(Ramböll, 2019).  
 

2.5.2a Sludge treatment scheme in the Alternative 1  
In this alternative, the sludge mainly consists of the backwash water from Ultrafiltration that will pass 
through secondary UF units and get concentrated to reduce the sludge flow by 85%. Permeate from 
secondary UF will flow back to direct precipitation units and concentrate will flow to sludge tanks for 
leveling. A uniform sludge flow from sludge tanks with polymer addition at the inlet will then be led to 
lamella separators for thickening. The clear water will be released to Lake Mälaren and the settled 
thickened sludge will be mixed in subsequent sludge tanks (Buffer tanks). After mixing, polymer will be 
added to the sludge at the inlet of the centrifuge and a uniform sludge flow will pass through centrifuges 
for dewatering. The clear water from centrifuges will be fed back to lamella thickeners and the final 
dewatered sludge will be transported out of the WTP and used either as a filler material/or construction 
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material/or landfill cover after air drying(Ramböll, 2019; Sophie, 2015). A general sludge treatment 
scheme that is almost similar in all future alternatives is shown in Figure 2.2. 

 
Figure 2. 2 A general sludge treatment scheme in Norrvatten future WTP alternatives 
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regeneration solution. The most feasible and promising  solution in nearby future is discharging of the 
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there is a lot of uncertainty both in terms of economic and environmental cost along with other legal 
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(sustainable capacity of 160 MLD) such that the expanded plant will have a combined sustainable 
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treatment facility for both new and old treatment lines with a capacity of 280 MLD. This WTP will be 
based on chemical precipitation and filtration technology to treat the raw water. Moreover, in the new 
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through flocculation lines with addition of auxiliary coagulant(activated silica). The settling of flocks will 
occurs in lamella separators and after settling, the pH adjusted water will be passed through rapid sand 
filters (RSF), followed by carbon filters after pH adjustment. The filtered water will be passed through UV 
reactors and then pumped through Ultrafiltration membranes. Finally, pH will be adjusted and residual 
disinfection will be ensured through monochloramine addition and then treated water will be pumped 
from reservoir to main distribution pipeline network.  
 

2.6.2 Sludge treatment scheme in the Alternative 2  
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a uniform sludge flow with polymer addition at the inlet will be led to lamella separators for thickening. 
The clear water will be released to Lake Mälaren and the settled thickened sludge will be mixed in 
subsequent sludge tanks. After mixing, polymer will be added to the sludge at the inlet of the centrifuge 
and a uniform sludge flow will pass through centrifuges for dewatering. The clear water from centrifuges 
will be fed back to lamella thickeners and the final dewatered sludge will be transported out of the WTP 
and used either as a filler material/or construction material/or landfill cover after air drying.  
 
At present, there is less interest in the use of aluminium sludge. Sludge from existing waterworks is used 
today for the production of agriculture land at locations that do not demand high phosphorus content 
and is relatively costly disposal process. On the contrary, iron-based sludge is considered somewhat 
more advantageous than aluminium based sludge as it can easily be treated in biogas production units 
since it counteract the formation of hydrogen sulphite in the digestion that enhance biogas production 
effectiveness. Moreover, Iron mud can also be useful in the production of bricks, although this industry 
has unfortunately declined in Sweden(Ramböll, 2019).   

2.7 Brief description of the Alternative 3 treatment process 
This alternative, as shown in Figure 2.5, is almost similar to Alternative 2, with only difference in the 
placement of UF and UV treatment units. In alternative 2, UF is placed after UV but in Alternative 3, UF 
is placed before UV. Moreover, in this alternative, the old UV unit in the existing waterworks will be 
decommissioned and a new UV unit will be constructed as a part of common treatment facility for both 
new and old treatment lines with a capacity of 280 MLD. The different placement of UF and UV units is 
considered in these alternatives to analyze the changes in the water quality in terms of biostability. 

2.8 Brief description of the Alternative 4 treatment process 
In this alternative, the existing WTP will be upgraded to fulfill the Norrvatten requirements of 2050. A 
new treatment line (sustainable capacity of 120 MLD) will be constructed near the existing waterworks 
(sustainable capacity of 160 MLD) such that the expanded plant will have a combined sustainable 
capacity of 280 MLD.  The carbon filters and UV units in the existing waterworks will be 
decommissioned. New treatment units including UF, ozonation, carbon filters, UV and post-treatment 
facilities will be constructed as a part of common treatment facility for both new and old treatment lines 
with a capacity of 280 MLD. This WTP will be based on chemical precipitation and filtration technology 
to treat the raw water.  

2.8.1 Raw water treatment scheme in the Alternative 4  
In this alternative, as shown in Figure 2.6, raw water will be taken from Lake Mälaren at two alternative 
intake depths, and screened through a micro-sieve. The required quantity of water will be pumped 
through a pumping station to the WTP.  The pumped water will be dosed with PAC (if needed), pH 
adjustment chemical along with precipitating chemical(iron chloride/ aluminium sulphate) and  flows 
through flocculation lines with addition of auxiliary coagulant(activated silica). The settling of flocks will 
occurs in lamella separators and after settling, the pH adjusted water will be passed through rapid sand 
filters, then by Ultrafiltration membranes, followed by ozone contact tanks and then to carbon filters 
after pH adjustment. The filtered water will then be passed through UV reactors. Finally, pH will be 
adjusted and residual disinfection will be ensured through monochloramine addition and then treated 
water will be pumped from reservoir to main distribution pipeline network.  
 
2.8.2 Sludge treatment scheme in the Alternative 4 
It is similar to alternative 2. 
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2.9 Brief description of the Alternative 5 treatment process 
This alternative, as shown in Figure 2.7, is similar to Alternative 4, with only difference is that the RSF 
treatment units will not be a part of the treatment scheme. As a result, this WTP will be based on 
chemical precipitation with UF to treat the raw water. Moreover, the sludge composition will change, 
but the sludge treatment scheme almost remains the same as given in alternative 2. In this alternative, 
the sludge mainly consists of the sludge settled in the lamella separators and backwash water from UF.  

2.10 Brief description of the Alternative 6 treatment process 
This alternative, as shown in Figure 2.8, is similar to Alternative 5 in the treatment scheme, with only 
difference is that the ozonation will not be part of treatment scheme. However, from the infrastructural 
perspective it is significantly different from alternative 5. In this alternative, the existing WTP treatment 
scheme will be upgraded by converting RSF to membrane gravity filters to fulfill the Norrvatten 
requirements of 2050 but except that the rest of the treatment scheme remain the same without any 
decommissioning. A new treatment line (sustainable capacity of 120 MLD) having the same treatment 
scheme  as the existing pant, will be constructed near the existing waterworks (sustainable capacity of 
160 MLD) such that the expanded plant will have a combined sustainable capacity of 280 MLD. Also, it 
should be noted that, there would be no construction of any combined common treatment units for 
both new and old treatment lines but in the new treatment line, the provision of ozonation will be 
provided so that it can easily be implemented in future, if needed.  The sludge treatment remains the 
same as given in alternative 5. 

2.11 Brief description of the Alternative 7 treatment process 
This alternative, as shown in Figure 2.9, is similar to Alternative 4, with only difference is that the UF 
units will be replaced by a combination of UF and NF, in which the treated water after the conventional 
precipitation, sedimentation and filtration will be divided equally between them in the ratio of 50/50.  

2.12 Brief description of the Alternative 8 treatment process 
In this alternative, a new WTP based on direct precipitation on ultrafiltration membranes (dF/UF) will be 
constructed and the existing plant will be decommissioned once the new waterworks become 
operational.  

2.12.1 Raw water treatment scheme in the Alternative 8 
In this alternative, as shown in Figure 2.10, raw water will be taken from Lake Mälaren at two alternative 
intake depths, and screened through a micro-sieve. The required quantity of water will be pumped 
through a pumping station to the WTP. The pumped water will be dosed with PAC (if needed), pH 
adjustment chemical along with precipitating chemical (iron chloride/ aluminium sulphate) and flows 
through flocculation lines and then pumped through ultra-filters (UF), to facilitate separation of flocks. 
After membrane filtration, the water will be passed through ozone contact tanks and then to carbon 
filters after pH adjustment, followed by UV reactors. Finally, pH will be adjusted and residual disinfection 
will be ensured through monochloramine addition and then water will be pumped from reservoir to 
main distribution pipeline network(Ramböll, 2019).  
 

2.12.2 Sludge treatment scheme in the Alternative 8  
It is almost similar to alternative 1. 
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2.13 Brief description of the Alternative 9 treatment process 
In this alternative, a new WTP based on direct filtration of raw water through NF membranes will be 
constructed and the existing plant will be decommissioned once the new waterworks become 
operational.  

2.13.1 Raw water treatment scheme in the Alternative 9 
In this alternative, as shown in Figure 2.11, raw water will be taken from Lake Mälaren at two alternative 
intake depths, and screened through a micro-sieve. The required quantity of water will be pumped 
through a pumping station to the WTP. The pumped water will be dosed with PAC (if needed) and 
directly pass through nanofilter membranes (NF), to facilitate separation of NOM. After membrane 
filtration, the water will be passed through ozone contact tanks and then to carbon filters after pH 
adjustment, followed by UV reactors. Finally, pH will be adjusted and residual disinfection will be 
ensured through monochloramine addition and then water will be pumped from reservoir to main 
distribution pipeline network.  
 

2.13.2 Sludge treatment scheme in the Alternative 9  
In this alternative, the sludge mainly consists of the backwash water from Nanofiltration that will pass 
through secondary UF units and get concentrated to reduce the sludge flow by 85%. Permeate from 
secondary UF will flow back to intake reservoir to NF and concentrate from secondary UF will flow to 
sludge tanks for leveling. A uniform sludge flow from sludge tanks with polymer addition at the inlet will 
then be led to lamella separators for thickening. The clear water will be released to Lake Mälaren and 
the settled thickened sludge will be mixed in subsequent sludge tanks. After mixing, polymer will be 
added to the sludge at the inlet of the centrifuge and a uniform sludge flow will pass through centrifuges 
for dewatering. The clear water from centrifuges will be fed back to lamella thickener and the final 
dewatered sludge will be transported out of the WTP and used either as a filler material/or construction 
material/or landfill cover after air drying.  

2.14 Brief description of the up gradation of the existing WTP in 2050 
The existing WTP (sustainable capacity of 160 MLD) as shown in Figure 2.12, will be upgraded to fulfill 
the Norrvatten quality requirements of 2050. As a result, the precipitating chemical (ALG) may be 
replaced by iron chloride, if required and the pH adjustment will be done with soda rather than lime. 
Hence, all the alternatives which are based on up gradation of existing WTP will use this treatment 
scheme in the components of the existing plant that remain as a part of the expanded plant to deliver a 
sustainable capacity of 280 MLD until 2050.   

2.15 Expansion of the existing distribution network 
The distribution network also needs to be strengthened to accommodate the increased capacity of 
treated water in future. Large parts of the network are getting old and in need of continuous renewal 
along with enhancing the capacity and effectiveness in cleaning, operation, maintenance and monitoring 
of waterworks, reservoirs, pipelines and pumping stations. Presently, Norrvatten is responsible to supply 
the drinking water to the main water pipeline to the municipal border, and then the municipalities are 
responsible for wiring to consumers. Norrvatten is continuously increasing its strategic partnerships and 
collaborations with other water producers, municipalities along with other authorities and organizations 
to enhance its robustness, adaptability and reliability in future in order to fulfill its mission to provide 
the member municipalities with a healthy drinking water.  Hence, the distribution network will be 
continuously upgraded to fulfill the Norrvatten requirement of 2050 but in this study, it is not 
considered as the study is limited to the analysis of the future WTPs alternatives. 
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Figure 2. 10 Alternative 8 

Distribution channel (ILCA) 

Flocculation chambers Sulfuric acid 

ALG/FeCl3 

Hazardous Waste 

Distribution channel for UF 

UF Pumps 

BAK Filters 

Ultrafilters (UF) 

Main distribution pipeline 
network 

Storage Reservoir 

 

Distribution Pumps 

NH2Cl Preparation 

CEB/CIP Handling 

Hypochlorite 

Ammonium Sulphate 

Intermediate reservoir 2 

CEB 

CIP 

Soda Dosing 

Air 

Soda Dosing 

UV Assembly Soda (Na2CO3) 

 

BAK backwash water 

UF backwash water 

Neutralization 

Secondary UF 

Secondary UF Pumps 

Intermediate Reservoir 3 

Sludge transportation 



 

 
 

 

Lake Mälaren 
 

Raw water Intake works 

Micro-Screen 

Intake Channel 

Raw Water Pumps 

PAK ( Slurry Preparation) 

Slurry tank for levelling 

Raw water Pump sump 

Ozone Contact Tank 

Distribution channel 

Ozone Distribution channel 

Intermediate reservoir 1 

O3 Generator Oxygen 

Buffer tank for levelling 

Centrifuge for dewatering 

Sludge disposal 
(Elimination/Recycling) 

Polymer 

Polymer 

Lamella thickener  

Micro-Sieve backwash water 

PAC 

Figure 2. 11 Alternative 9 

PAK chambers 

Hazardous Waste 

Distribution channel for NF 

NF Pumps 

BAK Filters 

Nanofilters (NF) 

Main distribution pipeline 
network 

Storage Reservoir 

 

Distribution Pumps 

NH2Cl Preparation 

CEB/CIP Handling 

Hypochlorite 

Ammonium Sulphate 

Intermediate reservoir 2 

CEB 

CIP 

Soda Dosing 

Air 

Soda Dosing 

UV Assembly Soda (Na2CO3) 

 

BAK backwash water 

NF backwash water 

Neutralization 

Secondary UF 

Secondary UF Pumps 

Intermediate Reservoir 3 

NF concentrate flow 

Sludge transportation 



 

 
 

 

PAK chambers 

Lake Mälaren 
 

Raw water Intake works 

Micro-Screen 

Intake Channel 

Raw Water Pumps 

PAK ( Slurry Preparation) 

Slurry tank for levelling 

Raw water Pump sump 

Lamella Separator/Flotation 

Distribution channel  

Rapid sand filters 

Distribution channel 

Intermediate reservoir 1 

Compressed Air 

Buffer tank for levelling 

Centrifuge for dewatering 

Sludge disposal 
(Elimination/Recycling) 

Polymer 

Polymer 

Lamella thickener  

Micro-Sieve backwash water 

PAC 

Figure 2. 12 Existing WTP in 2050 
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Figure 2. 13 Existing WTP in 2020 
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BACKGROUND TO ENVIRONMENTAL LlFE-CYCLE ASSESSMENT 

In the beginning of human civilization, the size of both human settlements and economic activities are 
small and simple, consequently the scale of environmental degradation is small within the resilience 
limits of the earth. Since last century, both population and economy has increased exponentially at the 
global level due to a combined effect of globalization, industrialization and urbanization in search of 
better quality of life founded on limitless supply of energy and material. This led to radical 
environmental degradation, resulted in unpredictable consequences in the form of climate change that 
ultimately threatens the human survival on the earth. As a result, the philosophy of sustainability has 
become a part and parcel of each and every economic activity regardless of its scale and size, in order to 
delayed overshooting of the Earth’s carrying capacity. This historical transition of sustainability from 
philosophical grounds to practical applications leads to development of many environmental protection 
and management strategies. 
 
In 1970’s, these strategies mainly focused on imposing laws and regulations to limit the release of 
pollutants in the environment, resulted in development of alternative waste handling and treatment 
approaches. In 1980’s the focus shifted from end-of-pipe treatment towards waste minimization using 
recycling and alternate reuse of the generated waste. In early 1990’s, cleaner production became the 
central concept to minimize the pollutant generating potential at the source using modification, 
substitution and optimization techniques with a narrow gate-to-gate focus(Curran, 2015). In mid 1990’s, 
life cycle thinking evolved with a holistic cradle-to-grave environmental protection approach , focusing 
on quantification of impacts generated throughout the lifecycle of a product, service or process, starting 
with raw material acquisition, manufacturing, use and ultimate disposal into the nature. Hence a 
systematic shift has taken place towards a precautionary environmental approach where early impact 
predictions and assessments have become an integral part of decision making processes.  

3.1 Drinking Water industry Impacts on the Environment  
Free flow of freshwater is essential for human survivalhood as a result initial human civilizations came 
into existence near rivers such as Indus Valley Civilization, Ancient Egyptian civilization near river Nile, 
Mesopotamian civilization along the Tigris and Euphrates rivers, and Chinese civilization along the 
Yellow River. In absence of reliable surface water sources, people usually diverted towards groundwater 
sources, as a result many wells were constructed in several areas of Greece and Rome during ancient 
times(Angelakis et al., 2016).With gradual increase in both human population and per capita water 
demand in several pockets of human settlements, the necessity for more reliable and sustainable 
freshwater sources increases. Such sources are usually not available within the proximity of human 
settlements and lead to the development of water distribution networks. The availability of pipe based 
water at residential areas increased the water consumption significantly and resulted into uncontrolled 
wastewater generation.  In absence of adequate wastewater treatment and disposal options, the 
potential risk of contamination of drinking water sources became a reality. The invention of flush toilets 
in 19th century further deteriorated the situation, resulting in many waterborne outbreaks including 
cholera outbreak in Calcutta, India (1817), outbreak of cryptosporidiosis in Milwaukee, Wisconsin, USA 
(1993), Cholera outbreak in Kirkuk, Iraq (2007) and in Zimbabwe (2008). Presently, a total of 175 
waterborne outbreaks affecting 85,995 individuals were notified to the national outbreak surveillance 
systems in Denmark, Finland and Norway from 1998 to 2012, and in Sweden from 1998 to 2011 
(Guzman-Herrador et al., 2015). This strengthen the need for a reliable and robust urban water system 
including raw water extraction, treatment, distribution, wastewater collection, treatment and final 
disposal into the environment.   
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The drinking water treatment has a specific and unique historical context of progress and developments. 
Historically, clear water without having taste, odour and color was considered as clean water. Ancient 
civilizations usually avoid the water quality related issues by shifted towards a better raw water sources 
rather treating the raw water but in unavoidable circumstances they usually use boiling, exposing raw 
water to sunlight, filtering through sand and charcoal along with use of alum to improve water 
quality(Hall and Dietrich, 2000).  In early 19th century, filtration of raw water to remove suspended 
particles started in many European countries such as filters designed by John Gibb in Scotland, Chelsea 
slow sand filters used in London and many more. With increase in both population and waste generating 
potential of cities, drinking water sources suffer from frequent contamination that lead to the spread of 
many waterborne diseases such as cholera, typhoid  and yellow fever in the 19th century. The growing 
understanding of the direct link between water treatment and public health enhance the development 
of both water treatment technologies and the concept of centralized water treatment systems. Initially 
chemical based coagulation, activated carbon filtration and disinfection using chlorination and ozone 
along with land based filtration become dominant. Latter on with increasing knowledge of additional 
water quality parameters including disinfection by-products  along with availability of reliable sources of 
energy lead to a transition towards energy intensive technologies including UV and membrane 
filtration(Hall and Dietrich, 2000).Presently, desalination of seawater either by distillation or reverse 
osmosis has also became dominant in water scarce areas. So, it can be concluded that to improve both 
public health and availability of drinking water, centralized water treatment units came into to existence 
and due to continuous population and economic growth water consumption increases exponentially, 
leading towards scaling up of these units. The treatment in these units is initially dominated by chemical 
and land use based technologies but latter on energy intensive operations become a dominant part of 
these units especially pumping during extraction and distribution of water. In this way the dominant 
direct impacts of this industry are associated with public health, land use, water resource depletion and 
pollution, pollution associated with sludge disposal, resource depletion and pollution associated with 
chemical and energy use along with many indirect impacts arising from these direct impacts. 
 
So to summarize one can conclude that, earlier in the past, environmental impacts of water extraction, 
treatment and distribution are relatively small in spite of the fact that the conventional water 
production process uses a lot of chemicals and energy. It is because very few people were connected 
with WTPs in the beginning with lower per capita water demand and the quality of raw water sources 
were good along with distribution took place within the proximity of WTPs that significantly reduces the 
chemical and energy consumption.  But in past few decades due to urbanization, the number of people 
connected with WTPs has increased exponentially leading to the spread of water distribution network to 
unfavorable topographical locations along with increasing per capita water demand. Moreover, due to 
climate change and raw water sources overexploitation, both the raw water quality and quantity has 
deteriorated significantly, leading towards increasing use of chemicals and energy in drinking water 
production and distribution processes. This transforms the WTPs from simple small scale to complex 
large scale water production units. As a result, the role of drinking water production has become more 
and more prominent in the society along with its environmental impacts, turning them as environmental 
hotspots that need to be analyzed and optimized from all available tools to minimize their potential 
environmental impacts. 
 
In the recent times, commercialization of drinking water industry has increased significantly by the 
introduction of bottled water that was initially limited to water scare areas but nowadays available 
everywhere. This alternative method of delivering drinking water became an attractive business model 
due to high profit margin supported by advancement in packaging technologies and ease of 

https://en.wikipedia.org/wiki/Cholera
https://en.wikipedia.org/wiki/Typhoid
https://en.wikipedia.org/wiki/Yellow_fever
https://en.wikipedia.org/wiki/Desalination
https://en.wikipedia.org/wiki/Seawater
https://en.wikipedia.org/wiki/Distillation
https://en.wikipedia.org/wiki/Reverse_osmosis
https://en.wikipedia.org/wiki/Reverse_osmosis


 

3 
 

transportation. It became quite popular among consumers also due to its widespread availability, long 
storage and portability, uniform quality; focus marketing strategies of distributors based on better 
quality with added minerals, and many more. The growing concerns about tap water quality among the 
consumers along with increase in consumer’s purchasing power also facilitated bottled water’s 
emergence as a dominant beverage. This increased trend of bottled water use lead to severe 
environmental impacts due to its packaging, transportation and disposal. As per a Swedish study, 
bottled water production and delivery emits at least 300 times more impacts than tap water for the 
same quantity(“Kranvatten vs flaskvatten,” n.d.). So, if the current trend continues this alternative 
method of delivering drinking water may lead to severe impacts in future. 

3.2 Environmental initiatives in water industry  
Considering the importance of drinking water in human development and to reduce the current 
environmental impacts associated with the industry, numerous initiatives in the form of laws and 
regulations have been implemented to make the industry more sustainable and environmental friendly.  

3.2.1 The Concept of Sustainable Development 
The conceptualization of Sustainable development has been rooted in sustainable forest management, 
developed in Europe during the 17th and 18th century(Blewitt, 2015). In the latter years, the 
movements against environmental degradation and resource depletion supported by publications like 
Rachel Carson's  “Silent Spring” in 1962,  Garrett Hardin’s  "tragedy of the commons" in 1968, (Hardin, 
1968), Club of Rome’s  “Limits to Growth” in 1972 and many more strengthen the need for sustainability 
thinking in the society. In 1970’s use of the term sustainable development started,  with first global 
reference given in the “World conservation strategy” published by International Union for the 
Conservation of Nature in 1980(Sachs, 2015). “Our Common Future” report (commonly known as 
Brundtland Report) released by the United Nations World Commission on Environment and 
Development  in 1987 defined Sustainable development as “development that meets the needs of the 
present without compromising the ability of future generations to meet their own needs”(Rees and 
Smith, 1998). Today, it is used and defined as an umbrella term representing the four pillars of 
sustainability including environment, society, culture and economy and their interrelations.  In 1992, 
the United Nations Conference on Environment and Development (UNCED), also known as the Rio 
Summit, developed Agenda21 to implement the concept of sustainable development in 
practice(Conference on Environment and Development, 1994). In Agenda21, under strengthening the 
role of business and industry, the emphasis had been given on promoting cleaner production and 
responsible entrepreneurship.  In 2000, United Nations  millennium declaration lead to the formulation 
of The Millennium Development Goals (MDGs) for the year 2015 focusing on improving the lives of the 
world's poorest people along with the environment.  The Sustainable Development Goals (SDGs) that 
succeeded the MDGs in 2016 as a part of Agenda 2030, put the idea of future sustainability in a more 
universal and multidimensional perspective with the help of 17 interconnected Goals(dpicampaigns, 
n.d.). These goals also incorporated other international agreements goals such as the Kyoto protocol 
and Paris agreement on GHGs emissions.  With these goals as starting point, several context and sector 
specific goals have been increasingly defined at local, regional, national and international levels, leading 
towards the formulation of different environmental regulations and guidelines to achieve sustainability. 
 
In the present global framework of sustainability, freshwater is an integral part and parcel of all 
sustainable development goals. Although the context of this study is limited to the freshwater use in 
domestic sector that accounts only for 10-12% of total water use as per the Food and Agriculture 
Organization (FAO) of the United Nations but its impacts on the sustainability of the society is far more 
diverse and crucial especially in regard to public health. This becomes more critical in the current 
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context of increasing population, urbanization and climate change.  So on one hand this industry needs 
to optimize its own environmental impacts induced from intensive chemical and energy use in this 
industry, but on the other hand it also has to enhance its role proactively as a tool to support the 
achievements of other sustainable development goals. 

3.2.2 Framework to introduce sustainability in the drinking water industry 
To make the drinking water industry more sustainable, framework proposed by(El-Haggar, 2007) would 
be useful. The hierarchy of the elements in the proposed framework starts with developing industry 
specific environmental regulations that will motivate the industry to conduct Environmental Impact 
Assessment (EIA) during planning and designing phase prior to any implementation, accompanied by 
Environmental Management Systems (EMS) during operational phase. Cleaner production (CP) 
strategies with life cycle perspective are usually incorporated in EIA and implemented in EMS to ensure 
compliance with the regulations. Life Cycle Assessment (LCA) is one of the widely used CP technique 
aimed to reduce environmental impacts throughout the entire life cycle of the system starting from raw 
material extraction to final disposal. It should be noted that environmental awareness among all 
stakeholders is the most important catalyst that is pre-required to achieve sustainable development 
through this framework.  Another sustainability approach known as Industrial ecology advocates 
transforming open loop industrial systems to a closed loop systems where wastes generated in one 
process will become inputs for another process without any disposal phase, but this approach is too 
idealistic that may not be applicable with high success in many industries with the currently available 
technologies. 
 
Regulations: Regulations are the strategic legal pathways set by the decision makers to guide an 
industry towards sustainability. Over the years, the EU has adopted a number of legislations to protect 
and manage European waters, including directive on surface water quality for drinking water abstraction 
(75/440/EEC; EEC, 1975), Bathing Water  Directive (BWD, 76/160/EEC; EEC, 1976), Groundwater 
Directive (80/68/EEC; EEC, 1979), Drinking Water Directive (DWD, 80/778/EEC; EEC 1980), Water 
Framework Directive (WFD, 2000/60/EC; EC, 2000) and many more(“Water use and environmental 
pressures — European Environment Agency,” n.d.). 
 
Environmental assessment (EA): It has its formal origin associated with National Environmental 
Policy Act (NEPA) enacted in 1969 that encourages the people to change their attitude from "build now 
and don't worry about its impacts “to  "build now and worry about it later" to "plan for your impacts 
before building"(El-Haggar, 2007). It is defined as an early sustainability assessment of the potential 
environmental consequences (positive/negative) of a proposed proposal (plan, policy, program, or 
project) prior to its implementation. It includes identification, prediction, evaluation, mitigation and 
monitoring of the impacts so that negative impacts can be avoided, reduced and mitigated and positive 
impacts can be enhanced. The term "Environmental Impact Assessment" (EIA) is usually used in context  
of projects and the term "Strategic Environmental Assessment" (SEA) applies to policies, plans and 
programmes(Eccleston, 2011).  Life cycle assessment (LCA) is a tool of this assessment category for 
identifying and measuring the impacts of the proposal on the environment throughout its life time. 
 
Environmental management system (EMS) : EMS is a part of an organizational strategy developed 
to ensure compliance with governmental regulations. ISO 14001 is an international standard that can be 
followed to develop an effective environmental management system.  It recommend to follow plan-do-
check-act (PDCA) model starting with developing an environmental policy based on governmental 
regulations and organization proactive environmental goals, followed by planning its implementation 
and then implementing it on ground. After that evaluate the effectiveness and usefulness of the 
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implemented steps in achieving the environmental policy and then act on improvements as a part of 
continuous process(Hartmann, 2005). In this process an industrial audit (IA)/Environmental audit (EA), is 
use to evaluate the actual environmental performance or compliance of an organization with the 
regulations and help in accessing the gaps and limitations to identify the areas of improvements.  EMS 
usually adopts the strategies of cleaner production (CP) to achieve the goals stated in environmental 
policy. 
 

Cleaner Production(CP):  The concept was developed  under Agenda21 of  Rio Summit (1992) to 
implement the concept of sustainable development in practice in economic sector(Conference on 
Environment and Development, 1994). It is defined as a continuous application of a context specific 
integrated preventive strategy applied to processes, products and services to enhance their overall 
efficiency for improving environmental performance and reducing costs.  These preventive strategies 
include source reduction using good housekeeping, input substitution, better process control, 
equipment modification, technology change etc, on-site recovery, reuse and recycling, useful 
byproducts through off-site recycling, product modification, improving energy efficiency and many 
more(El-Haggar, 2007). It is a continuous process that usually extended to cover the entire lifecycle of a 
product or service and, also related to other sustainability concepts such as eco-efficiency; 
environmental sound technologies; life cycle assessment; green procurement and zero 
emissions(“Sustainability Concepts: Cleaner Production,” n.d.).  
 
Welford (1995) presents a spectrum of greening by dividing the sustainable development tools and 
strategies between different ideologies. According to this, strategies belonging to reactive (including 
Add-on pollution control and Technological fix), proactive (including Environmental auditing and 
Integrated environmental management systems) and ethical (including Product stewardship / LCA and 
Partnerships) ideologies are dominant strategies but strategies belonging to explorative( including 
Environmental cost accounting and Design for sustainability) and creative (including Auditing for 
sustainability and Economic , social and cultural changes ) ideologies are still not well defined and 
applied in industries(Friedrich, 2001). Presently there are many new environmental tools available that 
are not  mentioned in Welford’s spectrum of greening such as Environmental Impact Assessment (EIA),  
Social Impact Assessment (SIA), Strategic Environmental Assessment (SEA), risk assessment, Input-
output analysis (IOA), Material flow analysis (MFA), Substance flow analysis (SFA), MET Matrix, Cost 
benefit analysis (CBA), Full cost accounting (FCA), Life cycle costing (LCC), Integrated chain 
management (ICM), Ecolabelling, and many more. The applicability of a particular tool depends on the 
context, available resources, usefulness and practical implementation on ground along with some other 
site specific factors. So presently there are many tools available that can be use to enhance the 
sustainability of a industry and the selection of a particular tool or tools depend upon the internal and 
external decision making authorities that influence a particular industry.  
 
Different sustainability tools have different advantages and limitations, and the suitability of a particular 
tool is context dependent. A generic comparison between different tools is not possible but base on 
past experience of a particular industry; some tools are use more frequently than others. LCA is also one 
of the tool from the sustainability toolbox having a unique holistic, cradle-to-grave environmental 
approach based on a life cycle perspective(Curran, 2015).It has developed fast over the last three 
decades since its first conceptual emergence in 1970s and successfully used in many industries(Guinée 
et al., 2011). In this paper, this tool will be used to analyse the drinking water production and 
distribution processes. So, it will be described in detail in this paper. 
 
 

https://en.wikipedia.org/wiki/Input-output_analysis
https://en.wikipedia.org/wiki/Input-output_analysis
https://en.wikipedia.org/wiki/Material_flow_analysis
https://en.wikipedia.org/wiki/Substance_flow_analysis
https://en.wikipedia.org/wiki/MET_Matrix
https://en.wikipedia.org/wiki/Cost_benefit_analysis
https://en.wikipedia.org/wiki/Cost_benefit_analysis
https://en.wikipedia.org/wiki/Full_cost_accounting
https://en.wikipedia.org/wiki/Whole-life_cost
https://en.wikipedia.org/wiki/Integrated_chain_management
https://en.wikipedia.org/wiki/Integrated_chain_management
https://en.wikipedia.org/wiki/Ecolabelling


 

6 
 

3.3 The Environmental Life Cycle Assessment as a Holistic Sustainability Tool 
In the context of globalization and global knowledge transfer, human capacity has increased to create 
more complex systems to fulfill both human needs and greed, making the life cycle of a product, service 
or process more diverse, both technically and geographically.  This created a need for a sustainability 
tool that can capture the complex environmental impacts from a life cycle perspective starting with raw 
material extraction, processing, manufacturing, assembly, distribution, use, recycling and final disposal 
(Curran, 2015). The outcome of this need come in the form of Life Cycle Assessment (LCA) method that 
has developed a lot since its first conceptual emergence in 1970s and still developing considering its vast 
potential usability in different fields. It is a self improving method, which improves in terms of data 
reliability and robustness as the usage increases. The main strengths of LCA are defined as its ability to 
presents an accurate picture of potential environmental trade-offs, its usefulness in addressing cross-
media problems and its potential to help in avoiding the transfer of a problem from one medium to 
another or from one life cycle stage to another(Curran, 2015). However, the recent exponential increase 
in popularity of this method is mainly because it has evolved as a standardized method having a 
scientifically accepted approach that generates results with broad universal acceptance. 

3.3.1 Definition of Environmental Life Cycle Assessment (LCA) 
In general, LCA is a tool in which environmental impacts associated with an industrial system (Product, 
process or service) are systematically documented and evaluated in a comprehensive way. It is also 
known as “life cycle analysis”, “life cycle approach”, “cradle to grave analysis” or “eco-balance”. Most 
precisely it is define as a holistic, cradle-to-grave environmental approach which provides a 
comprehensive view of the environmental aspects of a product or process throughout its life cycle along 
with identifying the potential transfer of environmental impacts from one media to another and/or from 
one life cycle stage to another(Curran, 2015). 
 
European Commission defined it as a tool that helps to quantify the environmental pressures related to 
goods and services (products), the environmental benefits, the trade-offs and areas for achieving 
improvements taking into account the full life-cycle of the product(“Life Cycle Assessment - IPP - 
Environment - European Commission,” n.d.). 
 
The ISO 14040 standard in Life Cycle Assessment (1997) defined it as a technique for assessing the 
environmental aspects and potential impacts associated with a product, by 
• compiling an inventory of relevant inputs and outputs of a system; 
• evaluating the potential environmental impacts associated with those inputs and outputs; 
• interpreting the results of the inventory and impact phases in relation to the objectives of the study 
LCA studies the environmental aspects and potential impacts throughout a product’s life (i.e. cradle-to-
grave) from raw material acquisition through production, use and disposal. The general categories of 
environmental impacts needing consideration include resource use, human health, and ecological 
consequences(ISO, 1997). 

3.3.2 LCA: Past, Present and Future 
Guinée et al.,(2011) classify the LCA development between four phases. The first phase is defined as 
Decades of Conception (1970-1990), where the growing concern of environmental degradation and 
resource depletion motivated industries to quantify their efficiency (material and energy use) and 
emissions in order to identify the areas of improvements. As a result from the late 1960s and early 
1970s, many studies were conducted that are now recognized as partial LCAs including a comparative 
study between different beverage containers, conducted by Midwest Research Institute (MRI) for the 
Coca Cola Company in 1969(Curran, 2015). These initial studies that were conducted in USA and in some 
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European countries mark the beginning of the development of LCA as we know it today(Curran, 2015). 
In this initial conceptual phase, due to lack of a scientifically approved and universally accepted LCA 
methodology, many different approaches and terminologies were used leading to inappropriate 
marketing claims based on unreliable results.  
 
The second phase is defined as Decade of Standardization (1990-2000), where to make the LCA based 
claims more authentic, reliable and trustworthy, efforts were made at global level by bringing the 
different  stakeholders including LCA practitioners, users, scientists, researchers, and many more, to 
develop consensus on LCA framework, terminology and Methodology.  The Society of Environmental 
Toxicology and Chemistry (SETAC) coordinated the consensus building activities and the International 
Organization for Standardization (ISO) came up with the LCA standards(Curran, 2015). The ISO didn’t 
specify a particular method of conducting a LCA but provided a general methodological framework (the 
elements that need to be included in a LCA study) and the requirements that need to be fulfill before 
making any claim based on a LCA study.  This is done to make LCA more adaptive and flexible in 
methodological choices so that it can address different geographical and temporal context while 
retaining its robustness such that results can be verified and differences can easily be understood.  Also, 
a standard usually specify what should be done in a study not on how to conduct a study. During this 
period, LCA also became part of some policy documents and legislations mainly related to packaging 
industry in EU and in Japan(Curran, 2015). 
 
The third phase is defined as Decade of Elaboration (2000-2010).In 2002, the United Nations 
Environment Programme (UNEP) and the Society of Environmental Toxicology and Chemistry (SETAC) 
launched the Life Cycle Initiative aiming to put life cycle thinking into practice and to improve the 
supporting tools through programs such as The Life Cycle Management (LCM) program, The Life Cycle 
Inventory (LCI) program and The Life Cycle Impact Assessment (LCIA) program(Guinée et al., 2011). 
Various large and small scale LCA networks were also started at that time including the European 
Platform on Life Cycle Assessment in 2005, Australian LCA Network in 2001,  American Center for LCA in 
2001, Thai network in 2000 and many more(Guinée et al., 2011). During this time, the dominance of life 
cycle perspective on environmental policies and legislations increased all over the world. This on one 
hand increased the horizon of LCA applications in different fields but on the other hand also expresses 
the limitations of the method. So, efforts were made to improve the LCA tool by reducing the 
uncertainties due to methodological choices, incorporating different types of externalities (economic 
and social impacts), effects (rebound, behavior, price effects, dynamics) and other context specific 
limitations(Guinée et al., 2011). This give rise to new LCA based frameworks such as social life cycle 
assessment (SLCA), consequential LCA, Life Cycle Sustainability Assessment (LCSA), and many more. 
Other standard also become popular such as ISO single issue standards (ISO 14046: GHG accounting and 
ISO 14046: Water footprint), standards for life cycle based product labeling (ISO 14025: Environmental 
labels and declarations and product environmental footprint), and many more. 
 
The fourth phase is defined as age of Life Cycle Sustainability Assessment. It is a new improved LCA 
framework that broadens the scope of LCA from a narrow environmental perspective to broad and 
comprehensive sustainability perspective addressing social, environmental, economical and cultural 
dimensions. (Guinée et al., 2011) define it as a trans-disciplinary integration framework of models rather 
than a model in itself that need to be developed in future. Also, in future, the LCA will be use for 
different purposes and at different geographical locations so there is a need to invest in more diverse 
and accurate databases even at regional level, need to design more context specific impact assessment 
methods, and need to improve the scope of uncertainty analysis along with other future LCA needs. 
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3.3.3 Overview of the LCA Methodology  
Initially, in the beginning of LCA method, LCA practitioners use different methodologies to conduct LCA 
studies but as the popularity of the method increases and commercial claims were made based on the 
LCA results, the need for a consistent LCA methodology became a necessity. As a result, LCA 
methodology evolved over time starting with the most popular SETAC (1990), followed by SETAC(1993) 
and ultimately (ISO 1997/2006)(Curran, 2015). Today LCA methodology given in ISO 14040 series of 
standards (that include ISO 14040(2006) and ISO 14044(2006)) is the most widely used and accepted 
methodology. This study also follows the ISO methodology as shown in Figure 3.1 so it will be described 
in detail in this chapter.  
 
ISO methodological framework for life cycle assessment is described by four inter-related phases: Goal 
and Scope definition, Inventory analysis, Impact assessment, and interpretation. The inter-relation 
means interactive natures of LCA in which the procedure is not linear but iterative in which a 
phase/phases can be modify or revise depending upon the need in the context of completion of the 
study in an acceptable way.  

 
Figure 3. 1: ISO –standardized LCA framework, Source: Modified from  ISO 14044 (Normalización, 2006) 

3.3.3.1 Goal and Scope Definition  
Goal and scope definition is the starting point of conducting any ISO-standardized LCA. It may be define 
as a preliminary description about the context and layout of the study. The goal definition specifies  the  
context of the study by defining the purpose of conducting the study and rationale behind it, intended 
areas of application of the results and potential audience, to whom the results of the study are intended 
to be communicated(ISO, 1997). These should be stated unambiguously. The purpose of the study is 
highly context dependent that may  include identification of environmental impacts, environmental 
hotspots, potential tradeoffs, comparing alternatives, and many more(Curran, 2015). Goal of the study 
also decides the type of LCA that will be conducted ranging from stand-alone to comparative, 
attributional to consequential, and others.  
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The scope definition specifies the layout of the study to achieve the stated goals by defining the 
system(s) under consideration, its functions, the functional unit (a quantified description of the function 
provided by the system that will be use as a reference to which the inputs and outputs calculation are 
related, that also states the unquantified aspects that are not cover in functional unit related with 
quality, durability, efficiency, etc), the system boundaries ( specifying the life cycle stages to be included, 
inflows and outflows to be considered,  classifying the significant and insignificant processes (Cut-off 
criteria), specifying the geographical  and temporal scope of the input-output flows of the studied 
system, and many more), Initial flow chart (illustrating foreground/background to represent  which life 
cycle processes are included or excluded in system boundaries along with showing input-output flows),  
types of impact categories to be considered (govern the impact assessment model to be used), type of 
normalization and weighting used(if needed), initial data quality requirement for foreground and 
background processes ( addressing the time-related coverage;  geographical coverage;  technological 
coverage (whether collected data will be  average, marginal, best available, worst available, measured, 
calculated or estimated) ;  precision, completeness and representativeness of the data;  consistency and 
reproducibility of the methods used; sources of the data (Site-specific, databases or literature review) 
and their representativeness and uncertainty of the information), allocation procedures (if not possible 
to avoid the allocation problem),assumptions (things that are assumed to build the model within the 
system boundaries),  limitations of the study and the type of critical review conducted (if required ,can 
be internal or external review depending on the context of the study)(Curran, 2015; Friedrich, 2001; 
Hoffman et al., 1998; ISO, 1997). The scope definition controls all aspects of an LCA study so it need to 
be clearly defined from the beginning and continuously reviewed during the process in order to conduct 
the study in an effective way.     

3.3.3.2 Inventory Analysis 
Life Cycle Inventory Analysis (LCI) in general refers as compilation and quantification of inputs and 
outputs of the system under study throughout its life cycle. As per ISO 14040, this LCA phase involves 
data collection and calculation procedures to quantify relevant inputs and outputs of the studied 
system(ISO, 1997). Process inputs can be divided into two categories: natural inputs (raw materials and 
energy resources) and technical inputs (products, semi-finished products or energy - outputs from other 
processes) and similarly there are two kinds of outputs: natural outputs (emissions to air, water, and 
soil) and technical outputs (products, semi-finished products, co-product, by-product, or energy) as 
shown in figure 3.2(Friedrich, 2001). It started with a detailed process flowchart including all unit 
processes that are defined within the scope of the study, then description of each unit process, followed 
by quantification of all inputs and outputs data for each of the process included in the system. 
Depending upon the data quality requirements specified for each process in the scope of the study, 
various sources can be use ranging from site-specific to literature review or even databases, but in case 
if quality data is not available as required, then it should be transparently mentioned in the limitations. 
As per ISO 14041 (1998) LCIA procedure, the collected data is checked for validity against each unit 
process or life cycle stage, the verified data is then related to their corresponding unit processes so that 
inputs required and emissions generated per unit output of unit processes can be calculated (may 
require to use different allocation methods in case of co- or by-products coming out of the unit processes 
under consideration), the data is then calculated per functional unit based on the contribution of each 
unit process to fulfill the function specified in the functional unit and the aggregate contribution of all 
the unit processes included in the system per functional unit formulate the LCI of the system(Friedrich, 
2001; Hoffman et al., 1998; ISO, 1997). After the initial data inventory analysis, the system boundaries 
can be refined depending on the feasibility to include or exclude some data or unit processes based on 
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their significance in the system life cycle analysis. The finalized inventory data of the system will then be 
used in the subsequent impact assessment analysis. 
 

 
Figure 3. 2: LCA conceptual framework 

3.3.3.3 Impact Assessment 

The Life Cycle Impact Assessment (LCIA) phase is aimed at evaluating the magnitude and significance of 
potential environmental impacts of the system throughout its life cycle, using the results of the life cycle 
inventory analysis(ISO, 1997). This phase in general  transforms the LCI data into relevant impact 
category indicators(Curran, 2015). Hence, one can easily understand the potential environmental 
significance of the system that may be difficult and complex to understand from LCI analysis results.  
This is the most subjective phase in terms of associated methodological choices, which on one hand 
provide a high degree of flexibility so that LCA can be use for wide range of applications but on the other 
hand create a high demand for transparency and documentation so that the results can easily be 
verified and understood. 
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As per ISO 14042 document (2000) there are both mandatory and optional elements associated with 
this phase as shown in Figure 3.3. The mandatory elements include: Impact category definition 
(selection of environmental impact categories (at mid-point or end-point), category indicators and 
characterisation models); classification (sorting and assignments of inventory results to the selected 
impact categories) and characterisation (aggregation of total contribution of classified results to each 
selected indicator category). Optional elements are normalisation (calculating the magnitude of system 
contribution to the selected impact categories relative to a reference value contribution to these impact 
categories), grouping (sorting of impact categories into one or more groups), weighting (also known as 
valuation, is a process of assigning relative significance to impact categories, that is,  in this process 
impact categories results, either characterized or normalized,  are multiplied to their corresponding 
weighting factors, that are derived based on the importance of different impact categories in the context 
of the study) and data quality analysis(Friedrich, 2001; Hoffman et al., 1998; ISO, 1997) 
 
Impact categories selection is based on the goal and scope of the study such that all potential significant 
environmental impacts that may be caused by the system under consideration are considered and 
quantified.(Lindfors et al., 1995) suggests the criteria’s that need to be considered while selecting 
impact categories.  These criterions include, completeness (all relevant environmental problems should 
be addressed), practicality (impact categories are limited so practically manageable), independent 
(selected categories should be mutually independent to avoid double counting of impacts) and relation 
to the characterisation step (selected categories should have scientific proven characterisation models). 
Previous studies about the impact of the system on the environment may provide a reference while 
selecting impact categories but justification need to be given for the selected categories based on the 
context of the study and best available information of the relation of the system with the environment. 
The impact categories can be selected at mid-point or at end-point of the cause effect chain. In general, 
LCI results are initially related to midpoint categories that lead to endpoint categories and then areas of 
protection(Curran, 2015).  
 
During classification inventory results are assigned to the selected impact categories based on the 
cause-effect relationship. Some inventory parameters may contribute to more than one impact category 
due to their multi-impacts potential like parallel, serial, indirect, and combined impacts and lead to 
multi-counting(Friedrich, 2001; Lindfors et al., 1995; Wenzel et al., 1997). This is acceptable as long as 
the effects are independent of each other but not otherwise.  
 
During characterisation the total contribution of classified inventory results to each impact category is 
quantified and aggregated into a single score based on the category specific characterisation factors and 
measurement units. The characterization factors depend on the temporal scope of the impacts and 
some impact categories don't have universal consensus on characterisation factors, so different 
methods are available. The final calculated single score of each selected impact category formulate the 
environmental profile of the system under study. 
 
Under normalisation, the environmental impact contribution of the system to each selected impact 
category is calculated in comparison to a reference system contribution to the same impact categories; 
so that the severity of the system impacts on the environment can be understood in perspective of the 
reference system. The inclusion of the normalisation step and the selection of a particular reference 
system within the normalisation step is dependent upon the context of the study. 
 
Under Grouping, impact categories are sorted into groups that are formulated based on different 
criterions such as priority, similarity, and many more. It is optional step and highly subjective.  
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Under weighting, impact categories results, either characterized or normalized, are multiplied to their 
corresponding weighting factors that are derived based on the importance of different impact 
categories in the context of the study. The weighted impacts of different selected categories may be 
aggregated to obtain a single cumulated value of the environmental impact of the system or may be 
compared with each other. It is highly subjective and there are several weighting methods are available 
that can be used depending upon the context of the study. 

3.3.3.4 Interpretation 
In Interpretation phase, the results obtained from previous phases such as LCI and LCIA are interpreted 
to achieve the goal and scope of the study, and if needed may be reviewed or revised as a part of 
iterative process. The finalized revised results are then summarized to make conclusions and 
recommendations for the intended audience. 
 
As per ISO 14044 (2006),  three principal elements of the interpretation phase include: identification of 
the significant issues based on the results of the LCI and LCIA phases of LCA; evaluation (completeness, 
sensitivity and consistency checks) and finally conclusions, limitations, and recommendations 
(Normalización, 2006).  
 
Identification of key issues (hot-spots) is the process of determining the processes, materials, inputs, 
components, or life cycle stages that contribute significantly in the total impact of the system. Methods 
such as “contribution analysis" may be used for this purpose. 
 
Evaluation is a process to determine the degree of confidence and reliability of the results. It includes 
completeness check (to ensure that all relevant information and data are completely available and if not 
then properly documented and justified), sensitivity check (to determine how the results changes by 
varying significant and relevant inputs, outputs, methodological choices or other LCA parameters), 
consistency check (to determine whether the assumptions, methodological choices and data are 
consistently applied throughout the study as defined in the goal and scope definition)(Normalización, 
2006). The results of uncertainty analysis (using uncertainty importance analysis or Monte Carlo 
analysis) and data quality analysis (as per the goal and scope definition) may be used to supplement 
these checks. 
 
Lastly, preliminary conclusions are formulated based on the identified significant issues and results from 
the evaluation checks. These are then check for consistency with the requirements of the goal and scope 
of the study, including, in particular, data quality requirements, predefined assumptions and values, 
methodological and study limitations, and application-oriented requirements. If preliminary conclusions 
are consistent then they are finalized otherwise revised(Normalización, 2006). Based on the final 
conclusions recommendations are formulated, and then communicated to the intended audience. 
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Figure 3. 3: Components of different LCA phases, Source: Modified from  ISO 14040 series (Normalización, 2006) 
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Agricultural Sciences at number 27 with 37 publications. International Journal of Life Cycle Assessment 
was the top journal with 1638 publications followed by Journal of Cleaner Production with 443 
publications. The main topics of the publications were GHGs, energy and biofuels(Hou et al., 2015). 

3.3.4.1 Applications of LCA in Drinking Water Sector 
Applications of LCA methodology  in water sector has started since the late 1990s with early focus on 
waste water treatment (WWT) and drinking water production (DWP) but since 2005, publications on 
drinking water distribution(DWD) and waste water collection (WWC) are also increasing(Loubet et al., 
2014). Geographical distribution of these studies are mainly located in Europe but some are also 
published in North America, Australia, South Africa, China and Southeast Asia(Loubet et al., 2014). 
 
In general, historically, application of LCA in drinking water sector is not a well researched area of study. 
But still there is some quality literature available. In recent times, efforts have been made by many 
drinking water producers, distributors, technology suppliers along with some public and private funded 
water research organizations, to conduct LCA studies on drinking water technologies due to increasing 
impact of this industry on the environment as discussed in earlier sections (see section 3.1). Also, due to 
increasing water scarcity and water quality issues, the sector became more commercialized with new 
treatment alternatives both in terms of technologies and chemicals, and in this respect, LCA is 
considered as a useful and reliable tool to make environmental claims as a part of marketing  and 
continuous improvement strategy. Along with this, the results of an LCA study can easily be combined 
with economic and social analysis, leading towards more sustainable interpretation of the system under 
consideration and help in quality decision making on water resource management. (“life-
cycle_assessment_in_inspirewater_factsheet.pdf,” n.d.). These LCA studies ranging from scientific 
research publications, internal reports, to master and bachelor level thesis on related topics. As the 
scope of this study is limited to water extraction from a fresh water source and then its treatment in a 
WTP for general public use, so LCA literature that involves other sources of water (other than surface 
and ground water), and commercialized WTP (supplying water for other purposes other than general 
public use), are not considered in this review. Also, to maintain scientific trust and reliability, scientific 
articles published in peer-reviewed journals are mostly included. 
 
Purpose of the LCA study:  Drinking water sector is highly diverse, with huge number of continuously 
increasing known and unknown variables and processes that offer different combinations to develop an 
effective drinking water supply system. As a result, there is a lot of scope, opportunities, freedom and 
flexibility to use the LCA tool for different purposes. Consequently, since 1990’s LCA has been used in 
drinking water sector for different purposes such as to compare chemicals and water distribution pipe 
materials(Klaversma et al., 2013), to identify the environmental impacts of water treatment plants 
(WTPs)(Barrios et al., 2008; Lin and Kang, 2019; Mohamed-Zine et al., 2013; Saad et al., 2019; Tarantini 
and Ferri, 2001; Venkatesh and Brattebø, 2012; Wallèn, 1999), to compare a conventional WTP with 
membrane based WTP(Bonton et al., 2012a; Garfí et al., 2016; Mohapatra et al., 2002; Sombekke et al., 
1997), to develop  environmental performance indicators  for potable water production(Friedrich et al., 
2010; Vince et al., 2008), to develop a supporting tool to water resource management(Barjoveanu et al., 
2014), to quantify energy use and GHGs emissions, for a conventional WTS(Racoviceanu et al., 2007), to 
show the advantages of process modelling-life cycle assessment (PM-LCA) tool in WTP ecodesign(Mery 
et al., 2014, 2013), to compare membrane systems  with granulated activated carbon for 
micropollutants removal from surface water(Manda et al., 2014), to develop holistic environmental 
profile of the life cycle of water (Friedrich et al., 2012), to compare future expansion alternatives for 
drinking water infrastructure system(Qi and Chang, 2012), to compare different water sources 
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alternatives to deliver drinking water (Friedrich, 2001; Stokes and Horvath, 2006; Uche et al., 2015) to 
compare different disinfection alternatives(Gilmore, 2016; Jones et al., 2018), and many more.  
 
Sources of raw water: As per literature review, WTPs use different sources of raw water  that include 
surface water(Friedrich, 2001; Friedrich et al., 2012; Garfí et al., 2016; Jones et al., 2018; Manda et al., 
2014; Uche et al., 2015) such as river(Lin and Kang, 2019; Mery et al., 2014, 2013; Mohapatra et al., 
2002), lake(Bonton et al., 2012b; Qi and Chang, 2012; Racoviceanu et al., 2007; Saad et al., 2019; 
Venkatesh and Brattebø, 2012), reservoir(Friedrich et al., 2010; Klaversma et al., 2013; Mohamed-Zine 
et al., 2013; Vince et al., 2008; Wallèn, 1999), canal(Barrios et al., 2008; Uche et al., 2015) etc.,                        
and groundwater(Barjoveanu et al., 2014; Qi and Chang, 2012; Tarantini and Ferri, 2001; Uche et al., 
2015)  along with sea water in some cases(Sombekke et al., 1997; Uche et al., 2015). 
 
The dominance of surface water in LCA studies is mainly because,  among fresh water sources,  ground 
water is usually consider as of higher quality than surface water, so don't require intense chemical and 
energy intensive treatment before supplying to consumers. As a result its impacts are relatively less with 
few opportunities of improvements. Along with that, to avoid the depletion of groundwater at a 
particular location, groundwater based WTPs are usually of smaller size and distributed at different 
locations but on the contrary surface water based WTPs are usually of larger scale, located near the 
water source.  Consequently, most of the WTPs on which LCA study was conducted use surface water as 
the source of raw water. 
 
Functional unit (FU): The most common used FU is 1 m3 of drinking water produced or 
sold(Barjoveanu et al., 2014; Barrios et al., 2008; Garfí et al., 2016; Jones et al., 2018; Lin and Kang, 
2019; Mery et al., 2013; Mohapatra et al., 2002; Qi and Chang, 2012; Saad et al., 2019; Sombekke et al., 
1997; Venkatesh and Brattebø, 2012; Vince et al., 2008; Wallèn, 1999) but some other functional units 
are also used such as 1 year of drinking water production(Klaversma et al., 2013), 1 kl of treated water 
production (Friedrich, 2001; Friedrich et al., 2012, 2010) , 180 l/day of drinking water production 
(Tarantini and Ferri, 2001), 1L of potable water production(Mohamed-Zine et al., 2013), annual 
production of drinking water(Racoviceanu et al., 2007), 1 m3 of drinking water with minimized content 
of micropollutants(Manda et al., 2014), 1 m3 of water supplied at the user's door(Uche et al., 2015), 1 m3 

of NF grade drinking water production(Bonton et al., 2012a) and many more. 
 
LCA modeling and data collection : The most adopted LCA methodology is ISO-14040(Barrios et al., 
2008; Friedrich et al., 2012; Garfí et al., 2016; Jones et al., 2018; Klaversma et al., 2013; Saad et al., 2019; 
Tarantini and Ferri, 2001; Vince et al., 2008) but PAS 2050 guidelines established by the British 
Standards Institution were also use in a study(Lin and Kang, 2019). 
 
In these LCA studies, different software were used that include SimaPro(Barjoveanu et al., 2014; Bonton 
et al., 2012a; Garfí et al., 2016; Klaversma et al., 2013; Manda et al., 2014; Mohamed-Zine et al., 2013; 
Uche et al., 2015; Venkatesh and Brattebø, 2012), software DoITPro(Barrios et al., 2008; Jones et al., 
2018; Lin and Kang, 2019), LCAqua 2.0(Mohapatra et al., 2002), Gabi(Friedrich, 2001; Friedrich et al., 
2012; Qi and Chang, 2012; Saad et al., 2019; Vince et al., 2008), TEAM 3.0(Tarantini and Ferri, 2001), 
EIO-LCA model(Racoviceanu et al., 2007), EVALEAU(Ahmadi and Tiruta-Barna, 2015; Mery et al., 2014, 
2013) and many others.  
 
LCIA methods used in these studies includes ReCiPe(Igos et al., 2013; Klaversma et al., 2013; Manda et 
al., 2014; Mery et al., 2014), Dutch Eco-Indicator 95(Mohapatra et al., 2002), eco-indicators 99(Barrios et 
al., 2008; Mohamed-Zine et al., 2013; Uche et al., 2015), CML 2000 baseline(Barjoveanu et al., 2014; 
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Garfí et al., 2016), CML 2001(Friedrich et al., 2012; Saad et al., 2019; Venkatesh and Brattebø, 2012), 
IMPACT 2002(Bonton et al., 2012a; Vince et al., 2008), Impact 2002+(Mery et al., 2013), Stepwise 
monetarisation method(Igos et al., 2013),  Eco-costs monetarisation method(Igos et al., 2013), IPCC 
GWP- 100a(Klaversma et al., 2013; Manda et al., 2014), characterization factors from the U.S. EPA’s –
TRACI (Jones et al., 2018), etc. Some of these LCIA methods are used with hierarchist perspective(Igos et 
al., 2013; Manda et al., 2014; Uche et al., 2015). Impact categories such as Ecological Scarcity 2006 
methodologies(Barjoveanu et al., 2014), EPS, effect category and the ecoscarcity method(Wallèn, 1999) 
are also used in these studies. Most of these studies are based on mid-point indicator results but some 
studies also used endpoint indicator(Bonton et al., 2012a; Igos et al., 2013; Uche et al., 2015) results 
according to the three areas of protection (human health, ecosystem quality and resources). 
 
Many studies also used normalisation and weighting(Barjoveanu et al., 2014; Barrios et al., 2008; Igos et 
al., 2013; Klaversma et al., 2013; Manda et al., 2014; Mery et al., 2013; Mohapatra et al., 2002; Uche et 
al., 2015; Venkatesh and Brattebø, 2012). Theses predominantly include normalisation relative to a 
reference of impacts caused by an average European person in one year and weighting factors 
determined from the distance-to-target principle(Loubet et al., 2014; Sombekke et al., 1997) with single 
score.  
 
In these LCAs, site specific average data collected from WTP operations, chemical suppliers, energy 
producers and other relevant stakeholders,  were used for foreground processes but for background 
processes databases like Ecoinvent 2.0 and 2.2(Barjoveanu et al., 2014; Bonton et al., 2012a; Garfí et al., 
2016; Jones et al., 2018; Klaversma et al., 2013; Manda et al., 2014; Mery et al., 2013; Venkatesh and 
Brattebø, 2012; Vince et al., 2008), TEAM 3.0 database(Tarantini and Ferri, 2001), GHGenius model, 
regionally averaged data(Igos et al., 2013; Racoviceanu et al., 2007) or relevant scientific literature 
based data(Tarantini and Ferri, 2001) were used. Basically, the primary data is collected directly from 
the manufacturers, the secondary data is obtained from the databases and tertiary data is derived from 
calculations and estimations(Mohamed-Zine et al., 2013) 
 
The impact categories included in these LCA studies varies a lot based on both type and sources of 
electricity and chemical production. The number of impact categories considered in these studies varies 
a lot ranging from 1 i.e. global warming(Lin and Kang, 2019; Qi and Chang, 2012; Racoviceanu et al., 
2007), 3(Igos et al., 2013), 6(Garfí et al., 2016; Venkatesh and Brattebø, 2012),10(Jones et al., 2018), 
11(Saad et al., 2019), 13(Bonton et al., 2012a) and others as per the default categories of the software 
used. Among these categories include abiotic depletion, acidification, global warming (100 yr), ozone 
depletion, photochemical ozone creation, eutrophication, human toxicity, etc. Environmental impacts 
associated to water consumption and depletion of local water availability have also been included in 
some of these LCA studies(Uche et al., 2015).So, in general, these LCA studies mainly focused on climate 
change impacts, water use impacts and water pollution impacts(Loubet et al., 2014). 
 
In regard to sensitivity, different methods were used that include sensitivity analysis toolbox (Morris 
method)(Mery et al., 2014, 2013), crystal ball software to simulate the spread sheet based LCA model 
during the Monte Carlo analysis in simapro(Jones et al., 2018) and Monte-Carlo analysis using the 
integrated uncertainty module of SimaPro 7.3.(Bonton et al., 2012a). 
 
Drinking water stages included:  Some LCA studies included entire drinking water supply network 
i.e.  raw water intake, purification, and distribution stages(Friedrich, 2001; Lin and Kang, 2019; Uche et 
al., 2015; Vince et al., 2008; Wallèn, 1999)  but some others only focused on WTP(Barrios et al., 2008; 
Bonton et al., 2012a; Garfí et al., 2016; Mery et al., 2013; Mohapatra et al., 2002; Saad et al., 2019; 
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Venkatesh and Brattebø, 2012). Apart from that, there are also few  LCA studies on entire urban water 
system i.e. drinking water production, distribution, waste water collection and waste water treatment 
(Barjoveanu et al., 2014; Qi and Chang, 2012; Tarantini and Ferri, 2001). 
 
Water treatment phases included: Very few LCA studies included all phases from Construction, 
operation, maintenance and demolition(Bonton et al., 2012a; Friedrich, 2001; Friedrich et al., 2012), 
some included both construction and operational phases(Qi and Chang, 2012; Uche et al., 2015) but 
majority of LCA studies only considered operational phase(Barjoveanu et al., 2014; Barrios et al., 2008; 
Lin and Kang, 2019; Mery et al., 2013; Mohapatra et al., 2002; Racoviceanu et al., 2007; Saad et al., 
2019; Venkatesh and Brattebø, 2012; Vince et al., 2008; Wallèn, 1999). 
 
Also, many studies had shown that construction and demolition phases have relatively insignificant 
environmental impacts in comparison to the operational phase. So, considering the relatively low 
importance of these phases and high inventory data requirements , some studies used bibliographic 
data in this regard(Vince et al., 2008). 
 
Results and conclusions : The conclusions of these conducted studies vary a lot depending on the 
context of the study, so cannot be generalized.  But some of the major conclusions regarding chemicals, 
processes and materials include:  impact of CO2 is lower than HCl in pH correction(Klaversma et al., 
2013), PE had the lowest environmental impact, followed by ductile iron and then PVC in regard to pipe 
material (Klaversma et al., 2013), replacing chlorine with UV has lesser impacts only in a limited number 
of cases(Jones et al., 2018), membrane with covalent binding can have much lower environmental 
impacts than activated carbon made from coal(Manda et al., 2014), advanced membrane processes and 
desalination have higher chemicals and energy consumption than conventional water treatment 
processes, along with that the production of antiscalant for advanced membrane processes and post 
treatment re-mineralization may contribute to additional impacts(Vince et al., 2008), water treatment at 
the domestic reverse osmosis equipment is the most environmentally friendly solution for the 
improvement of tap water organoleptic characteristics in contrast to WTP based reverse osmosis as 
reverse osmosis at the water treatment plant showed impacts nearly twice as high as domestic reverse 
osmosis systems scenario(Garfí et al., 2016), changing FeCl3 with FeSO4 can reduce impacts by 33% in 
coagulation process(Barrios et al., 2008), increasing ozone transfer efficiency and granular activated 
carbon regeneration frequency along with decreasing the coagulant dose can optimized the WTP 
impacts(Capitanescu et al., 2016), and many more similar conclusions. 
 
The conclusions by different authors regarding the most important factors contributing to the 
environmental burdens include:  energy consumption and the water losses (30%) in distribution network 
(Friedrich et al., 2012), water losses(41%) in distribution system(Barjoveanu et al., 2014), energy use 
that accounts between 0.64 to 0.70 kWh/m3 of water treated with on-site pumping  as a major 
contributor that account to 60% contribution(Racoviceanu et al., 2007), electricity consumption that 
account for 0.57kWh/m3 of water treated and  85% of it is allocated to inlet and outlet pumping(Saad et 
al., 2019), ozonation processes followed by pumping and in lesser extent by coagulation(Mery et al., 
2013), energy consumption that accounts for more than 97% of total carbon emissions in conventional 
WTP mainly in  pumping during water intake and distribution(Lin and Kang, 2019), use of conventional 
energy, softening and the granular activated carbon process(Mohapatra et al., 2002), coagulant 
production, activated Carbon treatment and re-mineralization process if water distribution is not 
considered(Mohamed-Zine et al., 2013), Coagulation, softening and biological activated carbon filtration 
(BACF) if water distribution is not considered(Barrios et al., 2008), impacts due to chemicals 
consumption are more than energy consumption in case of renewable energy(Venkatesh and Brattebø, 
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2012), CONV-GAC has 12 times greater impact than NF for human health in case of renewable 
energy(Bonton et al., 2012a), electricity consumption in membrane filtration processes(Manda et al., 
2014), energy consumption accounted for 95% of the total impact in all indicators in reverse osmosis 
(Garfí et al., 2016),electricity consumption (around 80% of the total impact in all indicators) and the use 
of coagulants (between 5 to 10% of the total impact in all indicators) in conventional WTP(Garfí et al., 
2016),PAC addition, Coagulation, GAC filtration, Neutralisation and Distribution pumping(Mery et al., 
2014), and many more similar conclusions. Electricity consumption is identified as a significant impact 
contributor in those WTPs that use fossil based energy sources, have included distribution network in 
the scope of the study and have advanced treatment processes (UV, ozonation, membrane filtration, 
etc.), otherwise chemical consumption also dominates especially coagulation and GAC treatment 
process.    
 
The conclusions regarding source of raw-water include: surface water generates considerably higher 
impacts than the groundwater sub-system(Barjoveanu et al., 2014),relative ranking of raw water 
alternatives are seawater desalination, distant surface water, ground water and local surface 
water(Uche et al., 2015), and many more similar conclusions. 
    
The conclusions regarding evaluation of environmental impacts in WTP include: Integrated process 
modelling-life cycle assessment (PM-LCA) using the tool EVALEAU is useful in evaluating  and simulating 
the impacts of WTP(Mery et al., 2013), electricity index can be used as a measure of environmental 
performance for urban water systems provided pumping is required in distribution network(Friedrich et 
al., 2010), integrating the cost information with LCA results in a multiattribute decision-making (MADM) 
process is helpful in final decision analysis(Qi and Chang, 2012), and many more similar conclusions.  
 
The conclusions regarding major impact categories include: GHGs emissions, mineral resource and 
ozone layer depletion(Mohamed-Zine et al., 2013), mineral resources consumption and ozone layer 
depletion, if water intake and distribution is not considered(Vince et al., 2008), global warming ,resource 
depletion, and ecosystem quality(Bonton et al., 2012a), climate change and resource depletion(Mery et 
al., 2014), Global warming  and in case of high energy consumption, abiotic depletion and acidification 
are also significant(Venkatesh and Brattebø, 2012), and many more similar conclusions. 
 
Significant parameters : The most significant parameters identified in these LCA studies include: 
source of electricity(Barrios et al., 2008; Friedrich et al., 2012, 2010; Igos et al., 2013; Klaversma et al., 
2013; Lin and Kang, 2019; Mery et al., 2014, 2013; Mohapatra et al., 2002; Racoviceanu et al., 2007; 
Saad et al., 2019; Tarantini and Ferri, 2001; Vince et al., 2008; Wallèn, 1999),the production processes of 
chemicals mainly coagulant and activated carbon, with focus on type of energy use during 
production(Barrios et al., 2008; Bonton et al., 2012a; Igos et al., 2013; Klaversma et al., 2013; Mery et 
al., 2013; Mohamed-Zine et al., 2013; Saad et al., 2019; Sombekke et al., 1997; Tarantini and Ferri, 2001; 
Venkatesh and Brattebø, 2012; Vince et al., 2008; Wallèn, 1999), and water losses mainly during 
distribution and membrane filtration(Barjoveanu et al., 2014; Sombekke et al., 1997). 
 
Insignificant parameters : The most insignificant parameters identified in these LCA studies in terms 
of their contribution in the total impacts, include: transportation of chemicals and sludge(Barjoveanu et 
al., 2014; Garfí et al., 2016; Klaversma et al., 2013; Mohamed-Zine et al., 2013; Racoviceanu et al., 2007; 
Saad et al., 2019; Tarantini and Ferri, 2001),sludge production and chemical use other than coagulants, 
GAC and re-mineralization chemicals(Lin and Kang, 2019; Racoviceanu et al., 2007; Saad et al., 2019)                   
,membranes renewal(Bonton et al., 2012a; Vince et al., 2008),decommissioning phase(Barjoveanu et al., 
2014; Barrios et al., 2008; Friedrich, 2001; Garfí et al., 2016; Igos et al., 2013; Mohamed-Zine et al., 
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2013; Raluy et al., 2005), constructional  phase(Barrios et al., 2008; Friedrich, 2001; Garfí et al., 2016; 
Igos et al., 2013; Raluy et al., 2005) and water losses during membrane technology if extensive pre-
treatment is not required(Sombekke et al., 1997). 
 
Limitations: Limitations are the part and parcel of all LCA studies that must be minimized as much as 
possible but based on different unavoidable constraints some limitations always exist. The major 
limitations identified in the LCAs conducted in drinking water sector include: lack of consideration of 
impacts due to water use(Klaversma et al., 2013),exclusion  of land use, habitat alterations and impacts 
on biodiversity(Friedrich et al., 2012, 2010; Vince et al., 2008), lack of characterization factors with 
sufficient geographical and temporal resolution as well as the link between midpoint and endpoint 
damages(Loubet et al., 2014), lack of methods that differentiates impacts at the sub-river basin scale 
along with taking into account the downstream cascade effects of water withdrawal(Loubet et al., 
2014), lack of context specific additional impact categories in the LCIA methodology such as water 
scarcity(Igos et al., 2013), Stalinization, soil erosion(Barjoveanu et al., 2014; Friedrich et al., 2012, 2010)              
, ground water depletion(Friedrich, 2001; Friedrich et al., 2012; Tarantini and Ferri, 2001; Wallèn, 1999)                      
, micropollutants impact(Manda et al., 2014), freshwater resources depletion(Mohamed-Zine et al., 
2013), etc. 
 
 In regard to methodology, major limitations identified are: Lack of flexibility and adaptiveness  in LCIA 
methodologies to include local environmental priorities with local characterization factors and local 
impact categories(Barjoveanu et al., 2014; Friedrich et al., 2012, 2010), lack of geographically and 
temporally sensitive data/models, leading to information gaps(Racoviceanu et al., 2007), lack of LCA 
data inventory related to water in many regions(Friedrich et al., 2012; Mohamed-Zine et al., 2013)               
, lack of geographically and temporally relevant and reliable databases in many regions for background 
processes(Saad et al., 2019) and lack of local relevance of many impact categories based on what is 
included in them(Friedrich et al., 2012) 
 
In regard to consideration of different  processes in LCA, major limitations identified are: exclusion of 
the effect of liquid discharges resulting from potable water production to surface water(Klaversma et al., 
2013; Loubet et al., 2014; Mohapatra et al., 2002; Vince et al., 2008), the local effects due to discharge 
of membrane concentrate and backwash water(Mohapatra et al., 2002; Sombekke et al., 1997), 
exclusion of DBPs impacts(Jones et al., 2018), inconsideration of chemical content in sludge as emissions 
of metals from chemicals (e.g., aluminum) in water and soil may not be negligible(Igos et al., 2013; 
Loubet et al., 2014), exclusion of the emissions during chemicals use at WTP and environmental effects 
from the portion of the chemicals that leaves with the treated water (in comparison with the production 
and transportation of the chemicals, these can be considered to be negligible)(Venkatesh and Brattebø, 
2012) and exclusion of positive impacts  on consumer by improving the water quality that many not 
come under system boundaries(Mohapatra et al., 2002)   
 
In regard to LCA data, major limitations identified are:  lack of reliability of average and/or typical data 
(collected from site or estimated from literature or from modelling studies performed prior to the LCA 
study) used in LCA inventories in regard to WTP that is  characterized by highly variable design and 
operation parameters(Mery et al., 2013; Mohamed-Zine et al., 2013), exclusion of maintenance and 
repair activities due to the lack of data(Racoviceanu et al., 2007), exclusion of construction and 
demolition phases of WTP and distribution network (mainly due to long life span of WTP that make the 
operational phase more important as when distributed over the life-cycle of the WTPs, the annual 
contribution is usually negligible)(Venkatesh and Brattebø, 2012), uncertainties associated with data 
accuracy, its representativeness and reliability of assumptions(Qi and Chang, 2012), use of average data 
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collected over shorter span in future alternatives(Uche et al., 2015), reliability of data regarding the old 
infrastructure(Friedrich et al., 2012), exclusion of many minor inputs based on contribution analysis or 
mass based cut-off criteria(Friedrich et al., 2012; Tarantini and Ferri, 2001) and consistency issues by 
using a combination of data from various origins (i.e. data might be collected at a different level of 
detail, different system boundaries and different allocation rules might apply, etc.)(Friedrich et al., 2012). 
There are different ways available to deal with uncertainties arises due to different methodological 
choices such as with the provision of sensitivity analysis and in a lesser extent with the evaluation of 
different scenarios such as computation of worst and best case scenario, etc.,(Loubet et al., 2014). 
 
Sensitivity analysis: Sensitivity analysis is the heart beat of an LCA if used effectively. In this step 
there is a lot of opportunities and flexibility available to test, different scenarios including future 
scenarios and other potential scenarios, along with evaluating degree of uncertainties in different 
parameters. As a result, a complete range of different life cycle analysis can be formed to understand 
the system in a comprehensive and holistic manner.  
 
In drinking water sector, different LCAs performed different types of sensitivity analysis depending on 
the context of the study and available potential variables.  But in general most of the sensitivity analysis 
were performed on the sources of electricity and type of coagulant, may be because these are the major 
contributor in environmental impacts in most of the LCA studies.  
 
Sensitivity analysis related with energy include: changing the source of electricity used in the operational 
phase from conventional to renewable sources(Bonton et al., 2012a; Friedrich et al., 2012; Jones et al., 
2018, 2018; Klaversma et al., 2013; Manda et al., 2014; Mery et al., 2014; Mohapatra et al., 2002; Saad 
et al., 2019; van der Helm et al., 2008; Venkatesh and Brattebø, 2012),  changing the electricity mix 
composition from local to regional to national to international(Vince et al., 2008), changing the energy 
efficiency of pumping by changing the operating conditions(Friedrich et al., 2010; Lin and Kang, 2019; 
Racoviceanu et al., 2007; Saad et al., 2019; Tarantini and Ferri, 2001; Vince et al., 2008)   and changing 
the source of energy use to produce chemicals(Barrios et al., 2008). For example(Venkatesh and 
Brattebø, 2012) performs a sensitivity analysis by changing Norwegian electricity mix with Nordic 
electricity mix,  that increases the impacts associated with energy consumption drastically in the range 
between  81 to 420% because Norwegian electricity mix has negligible fossil fuel component but Nordic 
electricity mix has significant fossil fuel component.  
 
Sensitivity analysis related with materials and chemicals include:  changing the source of GAC(Saad et al., 
2019), varying the frequency of GAC regeneration(Sombekke et al., 1997), changing GAC production 
process(Manda et al., 2014), changing the operational control parameters of biological activated carbon 
filtration(Barrios et al., 2008; Mohapatra et al., 2002), changing the chemical doses(Jones et al., 2018), 
changing membrane life cycle and cleaning frequency(Manda et al., 2014), changing equipment 
construction material(Jones et al., 2018), using different  chemical transportation modes(Saad et al., 
2019), changing the extent of automation in chemical dosing system(Racoviceanu et al., 2007), changing 
the ozone production technology(Mery et al., 2013), changing the softening chemical ( Lime, Soda ash, 
Sodium hydroxide, etc.)(Barrios et al., 2008; Mohapatra et al., 2002) and changing the type of coagulant 
(aluminum sulphate, iron chloride, iron sulphate, etc.)(Barrios et al., 2008; Bonton et al., 2012a; 
Venkatesh and Brattebø, 2012; Vince et al., 2008; Wallèn, 1999), etc. For e.g. , the production of 1 kg of 
ferric chloride (FeCl3) has an impact on ozone layer  depletion equivalent to the impact of 35 kg of 
aluminum sulfate(Vince et al., 2008). 
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Sensitivity analysis related with treatment steps include:  changing/replacing the treatment steps with 
an alternative step without compromising the water quality(Barjoveanu et al., 2014), changing the 
status of sludge either as a by-product where it has an economic value (due to its mineral, organic or 
energetic content) or as a waste where the value is equal or less than zero(Loubet et al., 2014), changing 
the treatment step design life(Jones et al., 2018), etc. 
 
Sensitivity analysis related with water quantity include:  changing the water losses in distribution 
(Barjoveanu et al., 2014; Friedrich et al., 2012; Racoviceanu et al., 2007), changing per capita water 
demand(Friedrich et al., 2012), changing % of concentrate recycling in membrane process(Sombekke et 
al., 1997) and changing the distance for water transportations(Qi and Chang, 2012), 
 
Sensitivity analysis related with water quality include: effect of ground water infiltration before raw 
water intake(Wallèn, 1999), changing raw water sources(Barjoveanu et al., 2014), changing the raw 
water % intake combination from different water sources to satisfy the required water demand 
(Barjoveanu et al., 2014) and changing the magnitude of water quality parameters(Levine et al., 2016), 
 
Sensitivity analysis by changing the LCIA method(Barjoveanu et al., 2014; Gilmore, 2016; Igos et al., 
2013; Klaversma et al., 2013) is also used to verify the robustness of the results. 
 
In some LCAs, as the range of variation for each input parameter is largely unknown; so a subjective 
selection of some % from the base value is applied in sensitivity analysis(Qi and Chang, 2012). Some LCA 
also used, probability distribution of each parameter to assign plausible maximum and minimum values 
based on literature values, manufacturer data, and water treatment plant operations and then Monte 
Carlo analysis  was performed to quantify the variation in life cycle environmental impacts(Jones et al., 
2018). In some LCAs, major parameters were selected by using contribution analysis and then they use 
deviation from average value to perform sensitivity analysis(Mery et al., 2014). Usually, selected 
parameters were changed into plausible ranges of variation to check the robustness of LCA results (Garfí 
et al., 2016). 
 
Practical observations and recommendations : The various observations and recommendations 
expressed in the conducted LCA studies include:  usefulness of pilot plants to obtain site-specific  
inventory data for LCA study(Mohapatra et al., 2002), developing communication strategies to convince 
the WTP operators, owners and other relevant stakeholders  about data confidentiality and usefulness 
of the study  for them, to minimize the difficulties in data collection(Mohamed-Zine et al., 2013), 
usefulness of multi criteria analysis while comparing alternatives(Klaversma et al., 2013; Loubet et al., 
2014), practicality of the alternatives used  in sensitivity analysis should be analysed, classification of the  
processes into significant and insignificant ones, to avoid the neglectance of any significant process 
(Racoviceanu et al., 2007), construction and demolition phases, usually have relatively lower impacts 
and lesser improvement opportunities so can be avoided in case of limited resources(Barrios et al., 
2008), limiting the uncertainties in the study with the provision of uncertainty analysis , sensitivity 
analysis and with the evaluation of different scenarios(Loubet et al., 2014; Qi and Chang, 2012)                      
, implication of worst and best case scenario to determine the range of impacts(Loubet et al., 2014), in 
absence of pre-treatment, concentrate generated during membrane filtration that will be discharged 
back to raw water source will not generate any impact(Bonton et al., 2012a), and other similar 
observations. 
 
To reduce environmental impacts, recommended strategies include: water conservation practices to 
reduce water losses and per capita water demand(Barjoveanu et al., 2014; Friedrich et al., 2012; 
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Racoviceanu et al., 2007), automation in chemical dosing operations to optimize chemical demand(Mery 
et al., 2014; Racoviceanu et al., 2007), selecting closer supplier of chemicals or using alternative 
chemicals produced locally to optimized transportation needs(Racoviceanu et al., 2007), selecting 
alternate chemicals or processes based on their overall direct and indirect environmental impacts 
including transportation, storage, impacts on pre-treatment processes and impacts on post-treatment 
processes along with resultant water quality that affect  consumer behavior, such that additional 
drawbacks must not exceed the environmental benefits(Mohapatra et al., 2002), ensuring high water 
quality to reduce significant indirect impacts at consumer level(Klaversma et al., 2013),transition 
towards renewable sources of electricity to reduce the impact significantly  from energy 
consumption(Friedrich et al., 2010; Vince et al., 2008)., ensuring continuous supply of electricity to 
reduce significant impacts from  the use of backup fossil based power generators(Venkatesh and 
Brattebø, 2012) and increase energy efficiency to reduce impacts(Friedrich et al., 2010). 
 
During decision making, water quality and cost, usually dominate over environmental impacts, for e.g., 
the LCA study concluded that PE had the lowest environmental impact but still could not be used  
because it has a higher Biofilm potential that decreases the biological stability of drinking water in 
absence of chlorine and chlorine is not used in drinking water distribution in the Netherlands(Klaversma 
et al., 2013),  Amsterdam Water Supply selected WTP scheme with dual barrier over single barrier 
regardless of their environmental impact by following the precautionary principle to reduce the risk in 
worst case scenario(Mohapatra et al., 2002), PAX is usually selected over aluminium sulphate despite 
the fact that  environmental impacts of PAX is twice than aluminium sulphate because PAX is a more 
efficient coagulant than alum, and results in the production of treated water with lower turbidity and 
lower residual aluminium content(Venkatesh and Brattebø, 2012) and many more examples are there. 
 
Table 3. 1: Summary of different LCA studies conducted in drinking water sector 

Author Country Purpose of the study Raw water 
source 

FU Phases included Results/Conclusions 

(Sombekke 
et al., 1997) 

Netherlands Compare conventional and 
membrane based 
groundwater treatment 
schemes 

Groundwater 
 

1 m
3 

of 
drinking water 
produced 
 

Operational Nanofiltration has more 
environmental impact, 
mainly because of energy 
use and water losses  

(Friedrich, 
2001) 

South Africa Compare conventional and 
membrane based treatment 
schemes 

Surface 
water 

1 kl of treated 
water 

Construction, 
operational and 
decommissioning 

Electricity use during 
operational phase is 
dominant in both cases 

(Tarantini 
and Ferri, 
2001) 

Bologna city, 
Italy 

Analyse the environmental 
impact of “existing water 
treatment scenario”  

Both 
groundwater 
and river 
water 

180 liters (daily 
per capita 
water demand) 

Operational Major contributors are 
electricity consumption 
followed by chemicals 
production  

(Mohapatra 
et al., 2002)  

Netherlands Compare existing 
conventional WTP and 
future RO based treatment 
schemes 

River 1 m
3 

of 
drinking water 
produced 
 

Operational RO based treatment 
schemes have  more 
impacts due to the use of  
conventional energy 

(Racovicean
u et al., 
2007) 

Toronto,  
Canada 

Quantify the total energy 
use and GHGs emissions, for 
a conventional WTS 

Lake Annual 
production of 
drinking water 

Use phase WTP operational burdens 
accounted for 94% of 
total energy use and 90% 
of GHGs emissions 

(Barrios et 
al., 2008) 

Amsterdam, 
Netherlands 

Environmental and financial 
impact of the existing water 
treatment system 

Canal water 1 m
3 

of 
drinking water 
produced 

Operational 
 

Coagulation, softening 
and biological activated 
carbon filtration (BACF) 
are major contributor as 
distribution is not 
included 

(Vince et al., France Developing environmental Surface 1 m
3 

of potable Constructional Energy consumption and 
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2008) performance indicators water water 
satisfying 
European 
Directive 
 

phase using 
bibliographic 
data and 
operational 
phase 

coagulant production 
contribute more to 
impacts 

(Friedrich et 
al., 2010) 

South Africa 
 

Developing environmental 
indicators of WTP impacts 

Surface 
water 
 

1 kl of water 
treated 
 

Construction,  
operational and 
demolition 

Electricity index can be 
used  as a measure of 
environmental 
performance of WTP if 
distribution pumping is  
included  

(Bonton et 
al., 2012a) 

Canada Compare two water 
treatment plants: one 
enhanced conventional 
plant and one nanofiltration 
plant 
 

Lake 1 m
3 

of NF 
grade drinking 
water 
produced 

Construction, 
operational and 
decommissioning 

The impact of CONV-GAC 
is significantly greater 
than NF as renewable 
energy is used 

(Friedrich et 
al., 2012) 

South Africa Compare the environmental 
consequences for the 
provision of normal, virgin 
potable water vs. recycled 
water 

Surface 
water 
 

1 kl of treated 
water 

Construction, 
operational and 
decommissioning 
 

Highest impacts are by 
distribution network for 
potable water due to high 
energy use and  water 
losses 

(Qi and 
Chang, 
2012) 

Florida, USA. Comparative evaluation of 
20 expansion alternatives 
for drinking water 
infrastructure system by 
multiattribute decision-
making (MADM) process. 
 

Both ground 
and surface 
water 

1 m
3 

of 
drinking water 

Construction and 
operational  

This study demonstrates 
an integrated carbon 
footprint and cost analysis 
process to rank the 
alternatives 

(Venkatesh 
and 
Brattebø, 
2012) 

Norway Life cycle environmental 
impacts of 4 WTPs  

Lake 1 m3 of water-
treated 

Operational Chemicals consumption 
impacts are more than 
energy consumption due 
to renewable energy 

(Mery et al., 
2013) 

Paris, France Effectiveness of (PM-LCA) 
tool to integrate designing 
and LCA of water treatment 
technologies 

River 1 m
3 

of 
drinking water 
treated at 
plant 

Use phase An overall good 
agreement between 
simulations and real data 
was obtained, justifying 
the relevance of the 
developed tool 

(Mohamed-
Zine et al., 
2013) 

Algeria Environmental evaluation of 
potable water production  

Dam’s  
reservoir 

1 liter of 
potable water 
 

Operational  Highest environmental 
burdens are coagulant 
preparation  as 
distribution is not 
included 

(Klaversma 
et al., 2013) 

Netherlands Compare chemicals used in 
water treatment  

Surface 
water 
 

Annual water 
production 

Construction and  
operational 

CO2 has lower impact 
than HCl acid 

(Klaversma 
et al., 2013) 

Netherlands Compare materials used in 
distribution pipes 

Surface 
water 

1 m pipe  Construction, 
operational and 
demolition 

PE had the lowest impact, 
followed by ductile iron 
and then PVC 

(Mery et al., 
2014) 

Paris, France Demonstrate the use of a 
fully integrated Process 
Modeling and Life Cycle 
Assessment (PM-LCA) tool 

River 
 

1 m
3 

of water 
treated 

Operational Can simulate trade-off 
between technical, 
environmental and 
economic performances 

(Manda et 
al., 2014) 

Norway Compare removal of  
micropollutants from 
surface water  using 
membrane systems, and 

Surface 
water 
 

1 m
3 

of 
drinking water 
with minimized 
content of 

Entire Life cycle Membrane with covalent 
binding  have much lower 
environmental impacts 
than activated carbon 
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with granulated activated 
carbon  
 

micropollutant
s 
 

made from coal, as 
renewable energy is used 
 

(Barjoveanu 
et al., 2014), 

Romania Developing a support tool 
for water resources 
management and its 
environmental evaluation 

Both 
groundwater 
and river 
water 

1 m
3 

of tap 
water 
produced 

Operational The highest impacts are 
generated by the water 
distribution system due to 
41 % water losses even 
with gravity flow 

(Uche et al., 
2015) 

Spain LCA on water supply 
alternatives in water 
stressed region 

Surface 
water, sea 
water and  
ground 
water 
 

1 m
3 

of water 
at the user's 
door 

Construction and 
operational 

Ranking of alternatives 
are seawater desalination, 
distant surface water, 
ground water and local 
surface water 

(Garfí et al., 
2016) 

Barcelona, 
Spain 

Compare five different 
water supply scenarios 
related with tap water and 
bottled water  

Surface 
water 
 

1 m
3 

drinking 
water 

Operational  Tap water consumption is 
the most favorable 
alternative 

(Jones et al., 
2018) 

United 
States 

Identify environmental 
trade-offs between chlorine 
and ultraviolet disinfection 

National 
average 
surface 
water 

1 m
3 

of 
drinking water 
to U.S. 
standards 
 

Entire life cycle  Replacing chlorine with 
UV was preferred only in a 
limited number of cases 

(Saad et al., 
2019), 

Turkey Evaluation of the 
environmental performance 
of a large conventional 
water treatment plant 

Lake 
 

1 m
3 

water 
ready to be 
distributed to 
the city 
 

Operational Impacts are dominated by 
electricity consumption 
with pumping as major 
contributor 

(Lin and 
Kang, 2019) 

Taiwan Identifying carbon emission 
hot spots for conventional 
WTPs 

River 1 m
3 

of water 
sold 
 

Operational Carbon footprint of WTP 
is 0.39 kg CO2e/m

3
 with 

95% by pumping from the 
intake and distribution 
stages 

 

3.3.4.2 Applications of LCA in Swedish Drinking Water Sector 
 
Table 3. 2: Summary of different LCA studies conducted in Swedish drinking water sector 

Author Country Purpose of the study Raw water 
source 

FU Phases included Results 

(Wallèn, 
1999) 

Göteborgs 
va-verk , 
Gothenburg, 
Sweden 

Analyse the environmental 
impact  of conventional WTP 

Göta River 1 m
3 

of 
drinking water 
produced 
 

Operational  Chemicals consumption 
impacts especially the 
production of burnt lime 
and aluminum sulphate 
are more than energy 
consumption due to 
Swedish electricity mix 

(Angervall et 
al., 2004)  

Stockholm 
Vatten AB, 
Stockholm, 
Sweden 

Compare drinking water 
alternatives in Stockholm - 
tap water vs bottled water 

Lake 
Mälaren 

1 liter of water 
for consumers 

Uncertain, as 
data is taken 
from  other 
related studies 

Stockholm's tap water has 
significantly lower 
environmental impact 
than bottled water in all 
categories 

(Ekvall, 
2005) 

Stockholm 
Vatten AB, 
Stockholm, 
Sweden 

Compare tap water 
disinfectant- chlorine gas, 
sodium hypochlorite and UV 
light+monochloramine 
 

Lake 
Mälaren 

1 m
3 

of 
drinking water 
produced 
 

Entire life cycle Chlorine gas disinfection 
gives the least 
environmental impact in 
all categories 
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(Sophie, 
2015) 

Norrvatten, 
Stockholm, 
Sweden 

Calculate carbon footprint of 
drinking water production 
and distribution 

Lake 
Mälaren 

1 m
3 

of 
drinking water 
produced 
 

Operational Norrvatten's emissions 
are 43.63 g CO2

 
e / m

3 

produced water, with 
aluminum sulphate and 
quenched lime account to 
about 65% of the total 
carbon footprint 

(Bergström, 
2020) 

Norrvatten, 
Stockholm, 
Sweden 

Compare two future 
drinking water treatment 
alternatives 

Lake 
Mälaren 

1 m
3 

of 
drinking water 
produced 
 

Operational Major contributor is 
chemical use followed by 
transportation. Impacts 
due to energy 
consumption is very less 
as renewable energy is 
used  

(Karlsson, 
2020) 
 

Norrvatten, 
Stockholm, 
Sweden 

Compare two water 
treatment alternatives-
Nanofiltration Vs 
conventional WTP  

Lake 
Mälaren 

1 m
3 

of 
drinking water 
produced 
 

Operational With NF, carbon footprint 
get reduced by 57% (from 
54 to 23 g CO

2
e/m

3
) but 

energy consumption 
increased by 130% (from 
0.42 to 0.96 kWh/m

3
) 

3.4 Learning’s from Literature Review 
Although the drinking water quality requirements are almost same regardless of regional and temporal 
differences  but still the results obtained from previous studies cannot be generalized without giving due 
consideration on the local and individual conditions  such as differences related to raw water source,  
raw water quality, raw water source distance from WTP, WTP distance from consumers, population 
density in the distribution network area , water distribution topography,  water scarcity, WTP capacity, 
treatment technologies selected (Advanced  vs Conventional  or Chemical intensive vs Energy intensive),  
water losses , impact assessment methodologies and the  type of energy and chemicals used , along with 
source of energy and chemical production including transportation, losses and efficiency. The treatment 
process requirements related to water quality reliability, redundancy, risk prevention, land 
requirements, automation, practical applicability, resilience, safety, future uncertainty, etc also 
influence the results. 
 
Environmental impacts reduction strategies for a water treatment system can be broadly divided into six 
complementary categories: (1) Water demand management, to reduce water demand per capita; (2) 
Source management,  to improve the raw water quality; (3) Losses and efficiency management, to 
reduce the water losses and increase the efficiency of  various treatment processes through 
optimization, automation, continuous monitoring, and other strategies; (4) Source substitution, to use 
environmental  friendly chemicals, materials, energy sources, treatment processes,  etc.; (5) Continuous 
up-gradation, to implement environmentally friendly  advanced technologies whenever feasible; (6) 
Social perception, to ensure that the consumer trust on drinking water quality to reduce indirect 
impacts.  
 
The renewability/sustainability of the raw water sources in relation with future water demand must be 
ensured at any cost in order to avoid future negative impacts related with raw water resources. In case 
if renewability cannot be ensured with increasing demand, then other possible raw water alternatives 
such as sea water, distant surface water, local surface water and groundwater,  must be used in 
combination with existing sources to fulfill the additional water demand.  The combination should be 
selected in a way such that renewability of the resources can be ensured at all times with minimum 
possible environmental impacts(Uche et al., 2015). Pharmaceuticals in raw water is a growing concern as  
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cannot be removed by conventional WTP so it is important to invest to protect drinking water from 
pharmaceuticals, by ensuring that the source don't get any discharges from WWTP and there will be no 
WWTP sludge disposal side in the periphery of  water infiltration zone(Manda et al., 2014). 
 
Reducing water demand and water losses is the most sustainable and least-cost planning (LCP) strategy 
as on one hand it can conserve valuable water resources and on the other hand it reduces the overall 
water treatment impacts.  Approaches may include:  identifying and reducing leakages and unnecessary 
evaporation losses,  identifying and eliminating illegal connections to reduce wastages, reducing excess 
pressure in the distribution network, installing water saving devices at households,  imposing local by-
laws to stop the overuse and wastage of water,  introducing water tariffs, and other applicable 
options(Friedrich et al., 2012). Appropriate inventory of all water flows  to demonstrate  a 
comprehensive water balance  may be useful to identify the areas of improvements(Loubet et al., 2014).  
 
It regard to inventory data, it must be noted that, drinking water production has very limited direct 
pollutant emissions on site and mainly dominated by indirect emissions that are emitted off-site, during 
background life cycle stages, such as  production and transportation of chemicals , electricity generation 
and its distribution, etc. So, site inventory is only confined to energy and chemical consumptions(Mery 
et al., 2014). Thus, options available under direct control to reduce impacts are reduction in chemical 
and energy consumption through automation, monitoring and management and to some extent 
transition towards sustainable alternatives but opportunities to reduce production and distribution 
impacts related with the selected chemicals and energy use within the WTP are very limited. 
 
Energy use is a major hot-spot in previous LCA studies. Energy consumption per unit treatment for the 
water treatment processes depends on many factors including geographical factors (raw water source 
distance from WTP, WTP distance from consumers and water distribution topography, population 
density), treatment factors (water treatment technology, process operating choices in energy intensive 
processes such as ozonation, UV radiation, membrane filtration and many more), water quality factors 
(raw water source quality and drinking water quality requirements), efficiency factors (water losses 
during treatment and distribution, power losses during electricity transport, frequency of use of backup 
generators during electrical breakdown, instrument efficiency especially pumping) and some other 
known or unknown factors. In general,  electricity consumption of the different freshwater treatment 
processes varies from 0.05 to 0.7 kWh/m3 of potable water with major contribution from pumping(Vince 
et al., 2008).  
 
Impacts due to energy consumption mainly depend on two factors: Energy consumption per unit 
treatment and source of energy.  So, all practical efforts to reduce energy consumption within the WTP 
and a transition towards renewable sources can significantly reduce the environmental impacts due to 
energy use. Also, reduction in water demand per capita through demand management and improving 
raw water quality through source management can help in significant reduction in overall energy and 
chemical consumption of WTP. 
 
In case of green (renewable) electricity, chemical use is the major hot-spot in previous LCA studies. 
These chemicals mainly include coagulant, GAC, softening chemicals, reminiralization chemicals and 
chlorination. Chemical consumption per unit treatment for the water treatment processes depends on 
many factors including type of chemical use, treatment factors (water treatment technology, process 
operating condition, backwashing and regeneration frequency), water quality factors (raw water source 
quality and drinking water quality requirements), efficiency factors (dose optimization, automation) and 
some other known or unknown factors. 
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Impacts due to chemical consumption depend on factors such as: Chemical consumption per unit 
treatment, type of chemicals used, production processes of chemicals (type of chemical raw material 
source and type of energy used), chemical supplier location, transportation modes and distances, 
storage needs, dosing solution preparation processes, sludge generation potential (primary sludge and 
chemical backwashing), chemical retention potential in treated water, chemical sludge disposal 
mechanism, and other relevant factors.  
 
Conventional WTPs are chemical based but new WTPs are more energy based (Ozonation, Membrane 
filtration, UV etc.). As a lot of research is going on to obtain green sources of electricity but the research 
regarding environmentally friendly chemicals is uncertain and scatters, so it may be better to go for 
energy intensive solutions because any improvement in electricity production will reduce the impacts of 
WTP instantly. Also, chemical production and its impacts are globally distributed and complex so difficult 
to track changes in impacts but electricity production is more local and centralized, so easy to trace and 
even predict the changes in impacts. In this regard, a transition towards energy based WTP may be 
advantageous in a long term to reduce impacts economically in future and to provide a better and 
reliable estimate of impacts. It is also favor by increasing demand and need  of automation to optimize 
the processes in WTP(Mery et al., 2014). 
 
Most of the WTPs are operated as non-profit organizations to provide water for public welfare. So, 
water quality threshold is not compromised under any circumstances and the tradeoff is usually 
between the costs (investment and operating cost), practicality (land requirements, maintenance 
requirements, training, operational expertise, etc), and additional indirect environmental benefits of 
improving the water quality and environmentally impacts. Apart from these, due to climate change, the 
non-environmental and non-cost factors such as risk, safety, resilience, future adaptability, robustness, 
water scarcity,  water resource depletion, etc, also influencing the decisions in a significant way(Gilmore, 
2016).  
 
The final decisions in drinking water sector depends on the weightage of several factors that are highly 
context dependent, as a result the most environmentally friendly solutions may not be selected if such 
solutions are economically and practically not feasible or may increase indirect impacts at the consumer 
level. Also, improving water quality may lead to many positive environmental impacts on consumer side 
that may not come under LCA system boundaries, so difficult to quantify in a LCA study(Mohapatra et 
al., 2002). Such indirect impacts include reduction in the use of bottled water, detergent consumption in 
washing, scaling problems in heating, etc. (van der Helm et al., 2008) concluded that any decision that 
compromise with the image of tap water at consumer level may  lead to significant increase in indirect 
environmental impacts and costs,  as compared with the possible decrease in impacts and costs at the 
water treatment plant process level. So, efforts should be made to reduce water quality issues such as 
chlorine taste and odor, concerns regarding DBPs(Jones et al., 2018) and others, as much as possible 
even at the cost of higher environmental and financial impacts from the treatment processes. 
Consequently, apart from regulatory requirements ,frequent stakeholder survey to estimate the 
psychological confidence of the consumers on water quality may be an effective tool to get feedback on 
public trust on water quality(Sombekke et al., 1997). 
 
Also, it should be realized that investments made now for reducing indirect environmental impact may 
reduce costs for environmental rehabilitation later on(Barrios et al., 2008). As a result, multicriteria 
decision making assessment methodologies can be useful to achieve sustainability in water treatment 
processes, to minimize both direct and indirect environmental impacts economically without 
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compromising public perception of drinking water quality(Jones et al., 2018). Along with this, integrating 
climate change related issues (that may come during the design life of the system) with available 
methodologies can lead to more resilient decision-making  processes(Levine et al., 2016). Life cycle 
costing (LCC) and social LCA (SLCA), can be useful to incorporate the economic and social pillars of 
sustainability in decision making processes(Gilmore, 2016). Moreover, integrating LCA with other 
assessment methodologies such as water footprint, land use, or impacts associated with water uses, 
may be of interest in future, due to continuous depletion and deterioration of land and water resources. 
 
Water treatment system is a combination of treatment steps and while comparing alternatives for a 
particular treatment step, the scope should not be limited to that specified treatment step but must be 
expanded throughout the treatment process or even at the consumer level, to avoid under estimation, 
such that additional drawbacks/gains must not exceed the environmental benefits/impacts. So, 
comparison between alternative chemicals or processes should be based on their overall direct and 
indirect environmental impacts including transportation, storage, impacts on pre-treatment processes 
and impacts on post-treatment processes along with resultant water quality that affect  consumer 
behavior, similar to a multi-objective optimization of the WTP functioning(Mohapatra et al., 2002). In 
some cases, it has been shown that adding a new pre-treatment step, may also lead to overall reduction 
in impacts(van der Helm et al., 2008).  
 
Due to climate change, the predictability of raw water quality and quantity variations based on historical 
data is not useful as the service life of WTP may exceed 50 years. So from an adaptive perspective, it is 
important to understand the scope and magnitude of water quality changes based on best available 
prediction models and if possible, perform a sensitivity analysis to find the probable range of 
impacts(Levine et al., 2016). Also, in this regard, the water system needs to be sufficiently adaptive and 
flexible that can easily be modified to accommodate the variations in quality and quantity without 
affecting drinking water quality. So this adaptability aspect needs to be considered in risk analysis and 
vulnerability assessment, and later on in decision making. Furthermore, adaptability of water supply 
systems to new climate realities is central to sustainability and resilience in water sector(Levine et al., 
2016). The plant design should be based on risk minimization and if not then at least risk estimation and 
documentation of options to deal with the probable risks, if occur in near future. To ensure reliability 
and redundancy of WTP, it is usually divided into different independent treatment lines. The new 
ecodesign concept based on development of a fully integrated Process Modelling and LCA tools (PM-
LCA)  may be useful to incorporate climate change related variability in design, in order to ensure the 
reliability and completeness of the solution retrieved and to avoid effort scattering(Mery et al., 2014). 
 
The most important sensitivity analysis parameters in water sector are coagulant type, activated carbon 
source, energy source, pumping efficiency, water losses and LCIA method, but the most important 
concern is the applicability of the different scenarios/alternatives used in the sensitivity analysis should 
be analysed otherwise results will be of no use if the alternatives are not applicable/relevant in the 
region. Assumptions should be based on reliable sources and must be provided with justification in the 
context of the study. Selection of the LCA software is context dependent and should be based on the 
criterions such as:  all relevant databases (satisfying the geographical and temporal data quality 
requirements along with providing local databases), impact assessment methods (including the site 
specific relevant impacts categories )  and uncertainty computation modules must be available to fulfill 
the goal and scope of the study(Bonton et al., 2012a). It should be noted that the LCA application in 
water sector is not extensive, and in some countries there are very few studies conducted so there is 
lack of local databases. Also, data related to WTPs is difficult to generalize. So, in the context of quality 
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of LCA study that is mostly dependent on quality of inventory data, pilot plant based studies may 
provide representative site specific data.  
 
Inclusion of infrastructure (construction, maintenance and demolition phases) in the scope of LCA is not 
considered as a process that can significantly influence the environmental impacts of the system. As a 
result there are very few cradle-to-graves LCA on WTPs. The reasoning given in support of exclusion of 
infrastructure includes: First argument is based on the references of the previous LCAs that included 
infrastructure such as(Friedrich, 2001) that evaluated the impacts of  both construction and 
decommissioning phases and concluded that the construction phase had minor impacts (less than  15% 
of total WTP impacts) and the decommissioning phase had negligible impacts (below 1% of total WTP 
impacts), (Raluy et al., 2005)  also calculated the impacts of the construction and decommissioning 
phases and gave the similar conclusions. But it need to be consider that only the important components 
and materials were taken into account for the infrastructure and none of these studies accounted for all 
necessary civil works (e.g., excavation, transportation, temporary housing, storage facilities, 
constructional machineries, etc) associated with construction and demolition phase(Loubet et al., 2014), 
along with this the data is usually calculated or estimated, based on literature and internal reports so 
subject to uncertainty. Hence, considering the variability of infrastructure impacts with geography and 
lack of completeness in inclusion of infrastructure in previous LCAs, this argument is not sufficient to 
exclude the infrastructure based on its insignificant contribution towards the overall impacts. 
 
Second argument to exclude infrastructure from LCA is based on the premise of long life span of WTP 
infrastructure. In general, WTPs are designed for 50 years but even after the design life, the 
infrastructure is not demolished but renovated for similar or alternate use. So, impacts contribution due 
to construction and decommissioning phases, when distributed over the life-cycle of the WTPs 
infrastructure, is usually negligible in comparison to energy and chemical intensive operational phase. 
This may be a valid argument if the WTP has longer life span with an operational phase that is highly 
chemical and energy intensive. 
 
Third argument in to exclude infrastructure from LCA is based on lack of improvement opportunities 
during construction and demolition phase relative to operational phase, due to long design life of the 
WTP. In general a LCA is conducted to reduce the environmental impacts, but in case of WTP 
infrastructure (construction and demolition), the impacts can be considered as occurring over a shorter 
period relative to the total lifespan of the facility, whereas the impacts due to the service provided by 
the WTP occurs throughout the operational life.  So, there are relatively limited opportunities to reduce 
impacts from the construction/demolition stages relative to those from the operational stage due to 
long life span of the WTP(Racoviceanu et al., 2007). As a result, construction and demolition phases are 
not included in the scope of the study so one can analyze exhaustively the different improvement 
opportunities in the WTP operational phase. Also, the processes during the construction and demolition 
phases are much more standardized and optimized, with lesser flexibility and opportunities to change in 
order to reduce the impacts based on a LCA study. Thus a comprehensive LCA on infrastructure can only 
help to document the impacts but will not provide enough opportunities to reduce the impacts in 
comparison to operational phase. Furthermore, most of the LCAs are conducted on already constructed 
WTPs so the possibility to reduce the impacts from infrastructure is nearly negligible. 
 
Fourth argument is based on limitations to introduce physical changes in the current system based on a 
LCA study, so LCAs are limited to the operational phase where the results of the study can motivate the 
improvements of operational control of the drinking water treatment plants(Barrios et al., 2008). Last 
argument is based on present trend in water treatment processes. In recent times, due to increase in 
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number of connected people, deterioration in water quality and reduction in land availability along with 
other factors motivated the WTPs to be more compacted and dominated by chemical and energy 
intensive technologies. As a result the impacts of operational phases are continuously increasing  and 
the need of infrastructure required per unit treatment is reducing , leading towards continuously 
decreasing impacts of the infrastructure over the life span of the WTP(Jones et al., 2018). 
 
To summarize, as a typical WTP has relatively larger impacts during operational phase (that is 
continuously increasing due to climate change  as lower quality raw water needs more energy and 
chemicals in treatment), usually have longer life span, limited opportunities to reduce impacts during 
construction and demolition phase based on a LCA study and high inventory data requirements to 
perform a complete LCA including construction and demolition phase, so one can conclude that adding 
infrastructure in the scope of the study can help in better documentation of the Impacts of WTP over 
the life cycle but its doesnot influence significantly  the conclusions of an LCA study regarding 
improvement opportunities.  Hence, the tradeoff between the inputs requirements for a process and its 
relative importance in the LCA study, operational phase is of higher priority than construction and 
demolition phases.  So, a WTP characterized by long life span and using advanced treatment processes 
with high energy and chemical inputs can logically exclude the infrastructure from the scope of the 
study, if the resources are limited to facilitate the extensive inventory data collection and the purpose of 
LCA is to reduce the impacts rather than documenting the impacts over the life span of WTP. But even in 
case of exclusion of infrastructure, the impacts due to maintenance should be included as it is a 
continuous process that occurs throughout the operational life of WTP, so the impacts may not be 
insignificant.  
 
Considering the uncertainty in future raw water quality, along with consumer concern over drinking 
water quality, there is a need to study other possible ways to reduce overall environmental impacts 
(including direct and indirect impacts) of water sector along with ensuring high quality of water, at least 
for drinking and cooking purposes under all uncertainties. Some future investigating ideas may include: 
calculating the impacts of WTP that is supplying 90% normal water and 10% bottled water (for drinking 
and cooking purposes) in comparison of existing scenario, calculating the impacts of a combination that 
has a centralized WTP and a decentralized domestic RO unit at home (to improve organoleptic 
characteristics of water used for drinking and cooking purposes) in comparison of existing scenario, and 
other relevant ideas. Moreover, a holistic system approach is needed as process approach will not give a 
complete picture in the analysis. Losses which are inherent and significant to water systems are included 
in a system approach but left out in a process approach(Friedrich et al., 2012). So LCA performed on 
system approach usually provide more holistic picture of overall impacts as compare to LCA performed 
on process approach. 

3.5 Limitations, Challenges and Common Problems of LCAs 
LCA is an environmental analysis tool from a life cycle perspective without having a rigid procedure and 
fixed methodologies to carry out the analysis. This make the tool more adaptive and flexible in its 
applicability in various fields of studies, usually presented as its strength but it is also its weakness, as in 
absence of transparency and objectivity, the results are unreliable, controversial and highly biased to be 
accepted in a scientific temperament. So while using LCA in environmental analysis, it must be 
understood that it is not a perfect analysis tool and its usefulness is mainly depend on the tradeoff 
between what a LCA practitioner wants to achieve through LCA, what choices are taken while using the 
method and how the inherent limitations of the method are minimized. 
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There are broadly two types of limitations with LCA analysis:  The first is associated with the LCA tool 
and its methodological framework in general, and the second is associated with the context/area where 
it is applied in particular(Friedrich, 2001).  

3.5.1 General Limitations and Problems with LCA 
LCA is the representation of the life cycle of a system under study. The validity of such representation 
varies with the degrees of simplification used but even a highly detailed system is incomplete in some 
way as it is impossible to represent all aspects of a real system.  This inherent incompleteness of an LCA 
study gives rise to limitations that varies with the relevance of the impacts of the aspects of the system 
that are not included. These limitations become more prominent in case of complex system with 
uncertain or nearly unknown future possibilities. 
 
LCA calculate potential environmental impacts based on the currently available models known till date, 
not the actual environmental impacts(Owens, 1999). So, the geographical and temporal validity of such 
impacts are uncertain. Also, LCA studies focus on calculating the impacts specified in the goal and scope 
of the study and not the all potential environmental impacts. Thus all environmental impacts are not 
considered and in some cases even the most relevant impact categories related with land and water use 
may be neglected(Finnveden, 2000) . Hence the conclusions are limited. Furthermore, even those 
impacts that are considered may subject to severe data gaps due to lack of scientific data and 
consensus.  Also, in the view of increasing applicability of LCA methodology in different fields, the lack of 
context-specific environmental representativeness in LCIA methodologies with relevant impact 
categories and characterisation factors, is also a growing concern. 
 
LCA studies don't give temporal and spatial distribution of emissions, so it is difficult to understand the 
critical nature of the emissions. For e.g. two systems having similar quantity of impacts may have 
different severity based on differences in design life, geographical distribution in emissions, degree of 
spatial and temporal  compactness of emissions, and other factors. 
 
The one major limitation with an LCA study is about availability of inventory data and quality of available 
data. Using most relevant representative data is always an inherent requirement in an LCA study, so 
focus is always on collecting site specific data. But collecting site specific data for all processes is nearly 
impossible due to economical and some other practical constraints.  So other data sources are used such 
as literature review, calculations, estimations, databases, etc., that may not have the required data 
leading to data gaps and even if it is available, it may not be representative leading to data 
uncertainty(Finnveden, 2000), along with consistency and compatibility issues while using different data 
sources. As now a days, applications of LCA is emerging in different fields so the limitation related with 
lack of inventory data of representative quality is a major limitation in drawing conclusions from the 
study. This limitation associated with data gaps and data quality may be reduced in future with the 
development of better databases and data collection methodologies(Friedrich, 2001). 
 
One most prominent limitation of an LCA study is associated with the high dependency of conclusions of 
an LCA study on different methodological and other value choices regarding: LCIA method, impact 
categories, characterisation factors, weighting methodology, normalization, allocation method, cut-off 
criterion, data quality requirements, timeframe of emissions, etc.  These choices are made as per the 
goal and scope of the study to precisely capture the potential impacts of the system as much as possible. 
But different combination of these choices may give significantly different conclusions, which are valid 
but applicability depend on the context of the study.  As a result, conclusions from a LCA study are not 
useful without transparency, justification and explanation of different assumptions and value choices. 
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Thus, LCA conclusions are not universal but context dependent and as the context changes, the 
applicability of the conclusions from a particular study will change. 

3.5.2 LCA Limitations and Problems in Water Sector 
Major challenges in conducting LCAs of water systems are their continuously increasing complexity and 
diversity and the need for very large inventory data collection from multiple sources(Hauschild et al., 
2018). The lack of literature and previous studies in drinking water sector is also a limitation. 
 
Most of the major limitations of an LCA study in water sector are mentioned in the previous section that 
include:  lack of water related impact categories, lack of adaptable and flexible LCIA methodologies to 
incorporate context specific impacts, insufficient comprehensive site specific inventory databases in 
many regions, etc. 
 
Drinking water production has very limited on site direct pollutant emissions and mainly dominated by 
indirect emissions that are emitted off-site, during background life cycle steps, such as  production and 
transportation of chemicals , electricity generation and its distribution, etc (Mery et al., 2014). So there 
are geographical uncertainties in mapping of resources used and emissions generated along with 
modelling their impacts(Hauschild et al., 2018). 
 
LCA follow the “best estimate” principle and most of the LCA models are based on the average 
performance of the processes and does not properly addressed risks associated with rare but very 
catastrophic events  as a result nuclear power appears quite environmentally friendly in LCA because the  
risk of a nuclear disaster is not consider properly(Hauschild et al., 2018). Similarly, social geographically 
sensitive risks related with water quality, water scarcity, ground water depletion, water quality 
deterioration and others are not properly considered in many impact assessment methods. The 
standard life cycle inventory databases do not generally reflect the significant variance in environmental 
impacts of water supply across locations and technologies(Hauschild et al., 2018). 

3.5.3 LCA Limitations and Problems in Swedish Water Sector  
Literature availability is one of the major problems. Firstly, although LCA based research is common in 
Sweden but in drinking water field, there are very limited research publications. So, limited 
opportunities to validate the conclusions based on previous studies. Secondly, some master and 
bachelor level thesis are available but it is difficult to verify their scientific validity and reliability. Thirdly, 
studies conducted by private companies and research organization is not publically available. 
 
Data availability and quality is another major problem. Firstly, as LCA on drinking water is not a well 
research area of study, so local databases are not available. Secondly, the format in which data is 
available is not compatible with the LCA data requirements so need both time and efforts to compile the 
data into relevant formats. Thirdly, data related with drinking water is confidential so most of the data is 
not available and the data that is available is also not fully detailed. Fourthly, supplier is reluctant in 
giving actual data in fear that the results may not come in their favor. 
 
Other limitation is related with selecting impact assessment categories that are relevant in the local 
context. As drinking water production has very limited direct pollutant emissions on site and mainly 
dominated by indirect emissions that are emitted off-site, during background life cycle steps, such as  
production and transportation of chemicals , electricity generation and its distribution, etc (Mery et al., 
2014). So it is important to select impact categories that are more relevant at local level such as related 
with water use and water deterioration. 
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LIFE CYCLE INVENTORY ANALYSIS 
 
Life Cycle Inventory Analysis (LCI) in general refers as compilation and quantification of inputs and 
outputs of the system under study throughout its life cycle. As per ISO 14040, this LCA phase involves 
data collection and calculation procedures to quantify relevant inputs and outputs of the studied 
system(ISO, 1997). It started with a detailed process flowchart including all unit processes that are 
defined within the scope of the study, then description of each unit process, followed by quantification 
of all inputs and outputs data for each of the process included in the system. 

4.1 Scope of the inventory data 
The scope of this study is limited to the processes associated with raw water extraction, raw water 
treatment and pumping of treated water to main distribution pipeline network along with sludge 
treatment, so only these stages have been considered while collecting the inventory data.  The 
inventory data collection methods used in this study consists of a combination of strategies including 
site-specific data collection related to existing processes, data calculation for future processes, data 
estimation and even data prediction along with the selection of best available representative datasets 
from the available databases in SimaPro 9.0 (in cases other representative data sources are not 
available) in order to calculate and analyze the environmental impacts of Norrvatten future WTP 
alternatives in 2050 over an operational period of 1 year. The quantitative  representativeness and 
completeness of the data collected for foreground processes is relatively more than the background 
processes but geographical and temporal representativeness of all processes is relatively less due to lack 
of availability of regional databases. 
 
The data related to foreground processes such as the quantity of chemicals and electricity used, 
transportation distances covered and sludge generated is calculated as yearly average data for the year 
2050 as per Norrvatten future calculation models. The calculations are mainly based on site-specific data 
of the existing waterworks operations, pilot scale studies on future water treatment technologies and 
best available knowledge about the predicted future circumstances. To ensure the representativeness of 
the data, it is validated from the reports submitted to Norrvatten by consultants regarding future WTP 
operations(Ramböll, 2020a, 2019a, 2019b), data related to other similar waterworks in Sweden and 
literature review conducted on other water treatment plants.  
 
Ecoinvent 3 databases(Wernet et al., 2016) have been used to obtain average data related to 
background processes. Due to lack of country specific databases related to chemical production, 
European average data has been used in most cases to avoid misinterpretation of the results by mixing 
different databases. In cases where European databases are not available, other representative 
databases have been used. Therefore, data related to chemical production is mostly obtained from 
European (RER) databases, energy production from Swedish (SE) databases, transportation from 
European (RER) databases, WTP construction and demolition from {Europe without Switzerland} 
databases, sludge disposal from Switzerland (CH) databases and Ultraviolet lamps along with UF and NF 
modules production from global (GLO) databases. This may results in under or over estimation of the 
results due to non-representativeness of the data but it provides a relatively better and balanced 
approach to compare different alternatives. 
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4.2 Detailed flow charts 
The detailed flow charts of all the future WTP alternatives proposed by Norrvatten for 2050 along with 
the existing waterworks treatment scheme are given in Appendix 2. In the flow charts all the processes 
from raw water extraction until treated water pumping to the main distribution network have been 
shown along with their material and energy, inputs and outputs. 

4.3 Classification of inventory data 
The inventory data related to WTP is very extensive so it is difficult to describe each process in detail in a 
way that the entire data is easy to understand to the audience. Based on the literature review as given 
in Appendix 3 along with the goal and scope of the study, the inventory data is classified into four 
categories. First category includes data related to chemical consumption, second category includes data 
related to chemical and sludge transportation, third category includes data related to electrical energy 
consumption within the WTP and fourth category includes all remaining processes identified as 
miscellaneous processes ranging from treated sludge disposal, WTP construction and demolition, 
Ultraviolet lamps along with UF/NF modules production and disposal, saturated GAC regeneration, 
saturated filter sand disposal, spent anion exchange resin incineration, backwash water discharge to 
Lake Mälaren, and other relatively less significant processes. 

4.3.1 Chemical consumption 
Chemical consumption is the most important aspect of WTP daily operations and a summary of different 
chemicals required in different water treatment processes during the operational phase in 2050 that are 
considered in this study are given in Table 4.3.  The impacts of chemical consumption depends on 
several interdependent factors that are distributed spatially in a complex networks that overlaps within 
the local, national and international boundaries, making it highly complex, and variable, so difficult to 
estimate the actual impacts. In general, this aspect can be broadly divided into four categories. 
 
First category includes different types of chemical consumption and their respective quantities. Based 
on the quality of raw water, drinking water quality requirements and the selected water treatment 
process configuration, one can accurately estimate the chemical type and their respective average 
quantities required in the WTP. This aspect is also influenced by the chemical guidelines within a country 
that determined the types of chemicals that are allowed to use in drinking water treatment along with 
the types of chemicals that are prohibited in the area. Second category includes identifying and selecting 
the distributors of different chemicals. It is directly related to the chemical production location. In many 
cases, the distributor may not be the actual producer of some chemicals. In such cases, it is necessary to 
identify the production location rather considering the distribution location as the production location.  
Third category includes the transportation from production location to WTP and this may get complex in 
case if distributor is not the actual producer. So, the chemicals will first come from production location 
to the distribution location and then to WTP, that may increase the transportation distances 
significantly. Fourth category includes drinking water sludge disposal that contains almost all the 
pollutants along with the chemicals that are used during the treatment processes. 
 
The impacts of chemical consumption can also be divided into four categories. The starting point of 
impact evaluation from chemical consumption is to identify, estimate/calculate the average quantities 
of different chemicals that are required based on the WTP process configuration, raw water quality and 
drinking water quality requirements.  First and the most important category is related to chemical 
production.  It consists of impacts due to raw materials extraction from nature, their intermediate 
transformation, transportation and final product formation using both energy and materialistic inputs.  
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The location of the chemical production units is most important as it will determine the 
electricity/energy mix use in the chemical production that forms the major portion of impacts.  Second 
category is related to chemical transportation from production location to end use location. Third 
category is related to release of gases and other chemical constituents during chemical application 
within the WTP. Fourth category is related to chemical sludge disposal. There is also a small category 
related to social impacts of chemical consumption which includes leakages during transportation, risk of 
chemical spills in case of accidents and other risks related to chemical accidents in WTP.  First category is 
considered in this section, second and fourth categories are covered in other sections of the study and 
third and the remaining categories are considered out of the scope of the study. 
 
The inventory data calculations related to chemical consumptions are based on site-specific data of the 
existing waterworks operations, pilot scale studies on future water treatment technologies and best 
available knowledge and data about the predicted future circumstances, along with the general 
considerations relevant to Swedish and European market as given in Table 4.4. The calculated inventory 
data related to chemical consumption is given in Table 4.5. To ensure the representativeness of the 
data, it is validated from the reports submitted to Norrvatten by consultants regarding their future WTP 
operations(Ramböll, 2020a, 2019a, 2019b), data related to other similar waterworks in Sweden and 
literature review conducted on other water treatment plants (see Appendix 3). The information 
regarding the potential distributors of each chemical is given by Norrvatten and later on confirmed by 
contacting the respective distributors. The information of the chemical production locations and 
production processes are directly obtained from the distributors in most of the cases.  One of the major 
limitations of the study is lack of country specific data in databases, as a result, most of the times 
European databases have been used. The information regarding the specific datasets used related to 
chemicals (created/selected) in SimaPro 9 (“SimaPro,” n.d.; Wernet et al., 2016) is given in Table 4.6. An 
attempt has been made to reduce the spatially uncertainty in the impacts to some extent by replacing 
the European electricity mix to the appropriate chemical production location electricity mix in the 
sensitivity analysis (Sensitivity Scenario 5). This may result in a significant change where there a huge 
difference between the sources of electricity between Europe and actual chemical production locations. 

4.3.1.1 Future possibilities not considered in this study  
Suspended ion exchange SIX ® process: In this process, anionic ion exchange resin is used in A1 for 
relatively high COD (NOM) reduction through ion exchange process. The ion exchange mass is kept in 
suspension, making the process ideal for removal of suspended substances from raw water. In the 
treatment process, resin along with raw water  are added continuously in the first contact tank, then 
they flow through 5 –chamber contact basins and at last saturated resin is removed in the lamella 
separators for regeneration using sodium chloride as a regeneration chemical. 
 
The major concerns with the process (sodium chloride as a regeneration chemical) are related to 
decrease in alkalinity of the treated water below the required minimum content 60 mg HCO3

 -/l (water 
becomes more corrosive for several types of metals, steel and cast iron used both in the purification 
process (equipment and components) and in the distribution network), increase in chloride 
concentration in the treated water, direct discharge of the high chloride concentration resin rinsing 
water to Lake Mälaren and disposal of the consumed regeneration chemical. In future it may be 
improved by changing the regeneration chemical from salt to sodium carbonate that is not considered in 
this study. This change will increase alkalinity in the treated water (DOC, nitrate, sulfate, etc. are 
replaced by HCO3

- instead of Cl-) thus may lead to optimization of the downstream pH adjustment and 
alkalization processes along with reduction in chloride concentration in the treated water. However, 
inspite of all the theoretical benefits, the use of sodium carbonate as a regeneration chemical is not a 
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proven and well trusted technique as compared to salt (sodium chloride) in 2020 but the same may not 
be true for 2050.  
 
The other major limitation of the study in this process is disposal of consumed regeneration solution 
that is considered out of the scope of the study. The most promising solution to manage spent 
regeneration solution is estimated to be transportation by an approximately 16 km long sea line (design 
life of 50 years) connecting to Bromma-saltsjön tunnel and is further out to Saltsjön together with 
outgoing purified wastewater from Bromma wastewater treatment plant(Ramböll, 2019a). Other 
alternatives such as injection into soil or local discharge to Lake Mälaren may be possible in future which 
are considered to be non applicable in 2020 due to the present Swedish environmental laws. 
Alternatives like two-stage treatment electro-dialysis (ED) to treat consumed regeneration solution with 
the possibility of reuse may also be attractive in future. In addition to these solutions, transport to 
Käppala wastewater treatment plant is also a possibility. However, with the current situations the most 
feasible option in nearby future is pumping to Bromma-saltsjön tunnel which may not be true in future. 
 

Precipitating chemical for chemical coagulation and flocculation process: 
To fulfill the quality requirements set by Norrvatten (TOC in drinking water <5.0 mg/l), iron-based 
precipitating chemicals are tested better than aluminum based precipitating chemicals.  Previously 
completed thesis work at Norrvatten with iron sulphate and iron chloride concluded that DOC reduction  
is about 50% more for iron sulphate and 30% more for iron chloride, in comparison to aluminum 
sulfate(Persson, 2003). The chemicals that gave the best results were PIX-322 and Ferix-3 (both ferrous 
sulfate)(Persson, 2003). In this study, the desired TOC content in drinking water (<5 mg/l) is not 
achieved successfully either with aluminum or iron-based chemical at maximum TOC level, but 
successfully achieved during average TOC concentration in raw water (see Appendix 6). But as the safety 
of margin is more with iron based chemical as compared to aluminium based chemical, so PIX-111 is 
more favorable from a water quality perspective. Furthermore, the possibility of using iron sulphate in 
future need to be analysed in detail, as it is a better precipitating chemical than PIX-111(Norrvatten, 
2019a; Ramböll, 2019a). 
 

Presently, iron sulphate for drinking water preparation is made from residual products of other types of 
processes, which means that the supply and cost are controlled by the demand for another product. 
Kemira mainly purchased it from process companies in Finland and stated that the availability of iron 
sulfate as PIX-322 in the future is uncertain. Transportation to Sweden is mainly by boat and then by 
tanker, so costly(Ramböll, 2019a). Furthermore, PIX-322 is not approved as a drinking water chemical in 
Sweden; however, it is approved for the same purpose in Finland. Also, Ferix-3 is not rated for use in 
drinking water production in Sweden. On the other hand, the production of iron chloride and aluminum 
sulphate is more widespread and extensive, and can therefore be considered as a more stable 
alternative in this assessment. Kemira's PIX-111 and ALG are produced in Helsingborg and run with bulk 
transport. So, Iron chloride (PIX-111) and aluminum sulfate (ALG) are selected based on availability in 
the Swedish market but this may not be the case in 2050.  
 

Selection of pH adjustment/ alkalization chemical:  The pH optimization in the existing waterworks is 
based on slaked lime but in this study soda is used. The choice of soda (Na2CO3) over slaked lime is 
justified by the fact that soda does not contain calcium which may be a potential risk of deposition on 
activated carbon and UF membranes and may lead to increase in clogging/fouling. Calcium is 
recommended by the National Food Agency to be below 20 mg/l from corrosion point of view and the 
benefits of slaked lime  in counteracting corrosion in the distribution network is not reliable(Ramböll, 
2019a). Moreover, calcium in the raw water is above the recommended level (median 26 mg/l) and the 
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handling of lime products in the waterworks is often required extensive maintenance, so the choice of 
soda over slaked lime is relatively advantageous. As a result, in this study soda is applied to all 
alternatives but the environmental benefits of soda over slaked lime are not evaluated. However, a 
simple LCA based comparison of production of 1 ton of soda and 1 ton of quick lime as shown in Table 
4.1, lead to a conclusion that quick lime is approximately 9% more polluting than soda (ReCiPe2016 
single score using endpoint (H) impact assessment method with global weighting factors) but in impact 
categories relating to global warming and Fossil resource scarcity the increase is about 250% and 35% 
respectively. However, in other impact categories (ReCiPe2016 characterized scores using midpoint (H) 
impact assessment method with 18 impact categories) there is a significant decrease in impacts leading 
to an overall increase to 9%. 
 
Table 4. 1 Potential environmental impacts of different pH adjustment/alkalization chemical 

Impact categories (Mid-point, characterized scores) Unit Soda ash (1 ton) Quicklime (1 ton) 

1 Global warming kg CO
2 

eq 323.4 1123.3 

2 Stratospheric ozone depletion kg CFC11 eq 1.2E-04 9.6E-05 

3 Ionizing radiation kBq Co-60 eq 23.8 21.0 

4 Ozone formation, Human health kg NOx eq 0.84 0.59 

5 Fine particulate matter formation kg PM2.5 eq 0.91 0.29 

6 Ozone formation, Terrestrial ecosystems kg NOx eq 0.85 0.61 

7 Terrestrial acidification kg SO2
 
eq 3.38 0.84 

8 Freshwater eutrophication kg P eq 0.25 0.01 

9 Marine eutrophication kg N eq 1.4E-02 1.1E-03 

10 Terrestrial ecotoxicity kg 1,4-DCB 2660 124 

11 Freshwater ecotoxicity kg 1,4-DCB 24.9 0.9 

12 Marine ecotoxicity kg 1,4-DCB 35.6 1.4 

13 Human carcinogenic toxicity kg 1,4-DCB 22.1 1.7 

14 Human non-carcinogenic toxicity kg 1,4-DCB 830.1 23.4 

15 Land use m
2
a crop eq 37.1 1.1 

16 Mineral resource scarcity kg Cu eq 2.99 0.14 

17 Fossil resource scarcity kg oil eq 74.8 101.1 

18 Water consumption m
3
 16.8 1.2 

Damage categories (End-point)  

1 Human Health DALY 1.2E-03 1.2E-03 

2 Ecosystems species.yr 2.5E-06 3.4E-06 

3 Resources USD2013 17.5 45.0 

Single score (using global weighting)  

1 Total Points (Pt) 21.2 23.0 

 
Table 4. 2 Specific datasets relating to pH adjustment chemical selected in SimaPro 9 (“SimaPro,” n.d.; Wernet et al., 2016) 

S.No. Input data Input process in SimaPro 9 Database Comment/Modification 

1 Sodium carbonate 
(Soda as Na2CO3) 

Soda ash, light, crystalline, 
heptahydrate {RER}| soda production, 
solvay process | Cut-off 

Ecoinvent 3 Dataset represents the production of 
soda ash (sodium carbonate, 
Na2CO3), by Solvay process. 

2 Quicklime Quicklime, milled, loose {CH}| 
production | Cut-off 

Ecoinvent 3 Dataset represents the production of 
milled quicklime 
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Table 4. 3 Summary of different chemicals required in different water treatment processes during the operational phase 
S.No. Water treatment chemicals Purpose of chemical use in the WTP Chemical preparation and dosing mechanism 

 
Dosing solution 
concentration  

References 

1 PAC (Norit W20) Chemical barrier in case of acute pollution It is dosed as slurry in the connecting pipeline. 25000 g/m
3
 (Larsson, 2008) 

2a Resin (Lewatit® S 5128)   Ion exchange medium to remove NOM through 
suspended ion exchange process 

It is dosed continuously in the first contact tank, then flow 
through 5 –chamber contact basin and removed in the 
lamella separators for regeneration. 

1157 g/m
3
 at 

maximum flow 
(Ramböll, 2019a) 

2b Salt (NaCl) Resin regeneration chemical It is dosed as a solution in the regeneration tank  6727 g/m
3
 (Ramböll, 2019a) 

2c Sodium carbonate (Soda as Na2CO3) pH adjustment and alkalinization chemical to 
reduce corrosion potential of treated water 

Soda is continuously prepared to a 7% solution from soda 
granules and dosed directly into the connecting pipeline. 

7% solution (Ramböll, 2019b) 

2d Carbon dioxide (CO2) pH adjustment and alkalinization chemical to 
reduce corrosion potential of treated water 

Liquid CO2 is handled in a separate chemical room and dosed 
directly into the connecting pipeline. 

- (Ramböll, 2019b) 

3 Polyaluminium chloride (PAX-XL 60) Coagulant in dF/UF process placed after SIX 
process for separation of the remaining NOM 

It is dosed as a solution in the flocculation chamber 0.5 g Al/m
3
 at 

average flow 
(Ramböll, 2019b) 

4a Hypochlorite (NaOCl) CEB of UF/NF membrane units It is dosed as a solution to the membrane units during CEB 150 g/m
3
 (X-FLOW BV, 2019) 

4b Sodium hydroxide (NaOH) CEB of UF/NF membrane units It is dosed as a solution to the membrane units during CEB  319 g/m
3
 (X-FLOW BV, 2019) 

4c Hydrochloric acid (HCl) CEB of UF membrane units It is dosed as a solution to the membrane units during CEB 281 g/m
3
 (X-FLOW BV, 2019) 

4d Sulfuric acid (H2SO4) CEB of NF membrane units It is dosed as a solution to the membrane units during CEB 480 g/m
3
 (X-FLOW BV, 2019) 

5a Aluminum sulphate (ALG ) Coagulant for natural separation of organic 
material 

Prepared to a 25% solution from ALG granules in a continuous 
dissolver and dosed directly at the dosing points. 

25% solution (Ramböll, 2019b) 

6a Ferric chloride (FeCl3 as PIX-111) Coagulant for natural separation of organic 
material 

Prepared to a 40% solution from Ferric chloride in a 
continuous dissolver and dosed directly at the dosing points. 

40% solution (Ramböll, 2019b) 

5b,6b Sulfuric acid (H2SO4) pH optimization in chemical precipitation process It is dosed as solution in the connecting pipeline Variable (Ramböll, 2019b) 

5c,6c Activated silica (SiO2) Auxiliary coagulant to create durable flocks  Prepared to a 3% solution with sodium silicate 3% solution (Ramböll, 2019b) 

5d,6d Sodium carbonate (Soda as Na2CO3) pH adjustment after chemical precipitation to 
reduce corrosion potential of treated water 

Soda is continuously prepared to a 7% solution from soda 
granules and dosed directly into the connecting pipeline. 

7% solution (Ramböll, 2019b) 

7 Filter Sand Use as filter media in the RSF to remove smaller 
particles not removed in lamella separators 

Filter sand of size 0.85 mm is directly use as a filter media in 
rapid sand filters (RSF) 

- (Ramböll, 2019b) 

8 Granular activated carbon (GAC) Use as filter media in the Carbon filters 
(GAK/BAK) to achieve biostability along with 
reducing odor and taste disturbing substances. 

Directly use as a filter material in GAK/BAK filters - (Ramböll, 2019b) 

9 Ozone (O3) Act as a chemical barrier against micro-pollution 
(together with BAK filters) but it can also act as a 
microbiological safety barrier to some extent. 

Produced at site and dosed directly into the connecting 
pipeline. A maximum dose of 4.0 mg/ l is allowed to minimize 
the risk of bromate formation as per Norrvatten guidelines. 

- (Ramböll, 2019b) 

10 Sodium carbonate (Soda as Na2CO3) final pH adjustment before distribution to reduce 
the risk of corrosion in the distribution network 

Soda is continuously prepared to a 7% solution from soda 
granules and dosed directly into the connecting pipeline. 

7% solution (Ramböll, 2019b) 

11a Sodium Hypochlorite for chloramines Monochloramine preparation to ensure residual 
disinfection 

Supplied as granules and prepared to a 15% solution 15% solution (Ramböll, 2019b) 

11b Ammonium sulphate for chloramines Supplied as granules in bags and  prepared to a 13% solution 13% solution (Ramböll, 2019b) 

12 Polymer for sludge treatment Polymer use in sludge thickening and dewatering 
processes 

Polymer is prepared to a 0.1% solution from granules and 
dosed directly into the connecting pipeline. 

0.1% solution (Ramböll, 2019b) 
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Table 4. 4 Chemical consumption (100% pure product) per cubic meter of incoming water in different treatment processes, calculated based on average 
concentration of parameters in raw water between 2013 – 2017 (Hägg et al., 2020; Larsson, 2008; Norrvatten, 2019b, 2018a, 2017a; Ramböll, 2020a, 2019b, 
2019a; X-FLOW BV, 2019) 

Water Treatment Chemicals  Units A1 A2 A3 A4 A5 A6 A7 A8 A9 
 FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG 

PAC (Norit W20)* g/m
3
 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 

Resin (Lewatit® S 5128)   g/m
3
 0.25 - - - - - - - - - - - - - - - 

Salt (NaCl) g/m
3
 135 - - - - - - - - - - - - - - - 

Sodium carbonate (Soda as Na2CO3) g/m
3
 36 - - - - - - - - - - - - - - - 

Carbon dioxide (CO2) g/m
3
 16 - - - - - - - - - - - - - - - 

Polyaluminium chloride (PAX-XL 60) g/m
3
 7 - - - - - - - - - - - - - - - 

Hypochlorite (NaOCl) mg/m
3
 155 164 164 164 164 164 164 164 164 164 164 110 110 274 274 92 

Sodium hydroxide (NaOH) mg/m
3 456 483 483 483 483 483 483 483 483 483 483 282 282 805 805 108 

Hydrochloric acid (HCl) mg/m
3 348 368 368 368 368 368 368 368 368 368 368 184 184 614 614 - 

Sulfuric acid (H2SO4) mg/m
3 - - - - - - - - - - - 24 24 - - 56 

Aluminum sulphate (ALG ) g/m
3 - - 44 - 44 - 44 - 44 - 44 - 44 - 37.4 - 

Ferric chloride (FeCl3 as PIX-111) g/m
3 - 24 - 24 - 24 - 24 - 24 - 24 - 20.4 - - 

Sulfuric acid (H2SO4) g/m
3 - 31 7 31 7 31 7 31 7 31 7 31 7 31 7 - 

Activated silica (SiO2) g/m
3 - 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 - - - 

Sodium carbonate (Soda as Na2CO3) g/m
3 - 97 36 97 36 97 36 97 36 97 36 97 36 97 36 - 

Filter Sand g/m
3 - 7.4 7.4 7.4 7.4 7.4 7.4 - - - - 7.4 7.4 - - - 

Granular activated carbon (GAC) g/m
3 8.1 9.0 9.0 9.0 9.0 9.0 9.0 8.1 8.1 8.1 8.1 9.0 9.0 8.1 8.1 8.1 

Ozone (O3) g/m
3 4 (4) (4) (4) (4) 4 4 4 4 (4) (4) 4 4 4 4 4 

Sodium carbonate (Soda as Na2CO3) g/m
3 17 23 17 23 17 23 17 23 17 23 17 23 17 23 17 15 

Sodium Hypochlorite for chloramines g/m
3 1.84 1.84 1.84 1.84 1.84 1.84 1.84 1.84 1.84 1.84 1.84 1.84 1.84 1.84 1.84 1.84 

Ammonium sulphate for chloramines g/m
3 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 

Polymer for sludge treatment g/Kg of 
sludge** 

2 2.5 2.2 2.5 2.2 2.5 2.2 2.5 2.2 2.5 2.2 2.5 2.2 2.5 2.2 2 

 
Note: PAC (Norit W20)* will be dosed as a part of chemical barrier in case of acute pollution (if needed). It is not consider in the calculations because it is not a regular treatment 
step, so not added continuously throughout the year. The consumption of resin is primarily due to wear and tear and not because of reduced efficiency. It is calculated through 
linear interpolation of yearly consumption corresponding to an average flow of 208 MLD. In case of dF/UF, 15% reduction in coagulant dose is assumed  as compare to 
conventional precipitation process(Hägg et al., 2020). ( ) - indicates that the process is optional and may be use in future if needed. ** Stands for the amount of polymer 
required in gm per Kg of sludge (TS content is 18%) transported out of the WTP. In sludge treatment, polymer dose corresponding to ALG based chemical precipitation is 
obtained from Norrvatten(Norrvatten, 2019b) and corresponding to FeCl3 based chemical precipitation is obtained from Ramböll(Ramböll, 2020a). The data related to PAC (Norit 
W20) is obtained from a master thesis conducted at Norrvatten in 2008 (Larsson, 2008). Data related to Resin (Lewatit® S 5128),  Salt (NaCl),  Sodium carbonate (Soda) Na2CO3, 
Carbon dioxide (CO2), Polyaluminium chloride (PAX-XL 60), Ferric chloride (FeCl3 as PIX-111), Sulfuric acid (H2SO4) used in chemical precipitation, Activated silica (SiO2), Filter 
Sand, Granular activated carbon (GAC), Ozone (O3), Sodium Hypochlorite and Ammonium sulphate for chloramines is obtained from Ramböll(Ramböll, 2020a, 2019a, 2019b). 
Data related to  Aluminum sulphate (ALG ) is calculated from Norrvatten empirical model develop to calculate the precipitation doses(Norrvatten, 2018b) and verified by annul 
reports(Norrvatten, 2019b, 2018a, 2017a). Data related to chemicals used in CEB such as Hypochlorite (NaOCl), Sodium hydroxide (NaOH), Hydrochloric acid (HCl) and Sulfuric 
acid (H2SO4) is obtained from Pentair X-flow consultants along with the literature review(Hägg et al., 2020; X-FLOW BV, 2019). 
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Table 4. 5 Yearly chemical consumption (100% pure product) at average flow (208 MLD) in 2050 
Water Treatment Chemicals   Units A1 A2 A3 A4 A5 A6 A7 A8 A9 

 FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG 

PAC (Norit W20)* ton/year - - - - - - - - - - - - - - - - 

Resin (Lewatit® S 5128)   ton/year 20 - - - - - - - - - - - - - - - 

Salt (NaCl) ton/year 10744 - - - - - - - - - - - - - - - 

Sodium carbonate (Soda as Na2CO3) ton/year 2703 - - - - - - - - - - - - - - - 

Carbon dioxide (CO2) ton/year 1198 - - - - - - - - - - - - - - - 

Polyaluminium chloride (PAX-XL 60) ton/year 557 - - - - - - - - - - - - - - - 

Hypochlorite (NaOCl) ton/year 13 13 13 13 13 13 13 13 13 13 13 10 10 25 24 10 

Sodium hydroxide (NaOH) ton/year 39 38 38 38 38 38 38 38 38 38 38 27 27 72 72 15 

Hydrochloric acid (HCl) ton/year 30 29 29 29 29 29 29 29 29 29 29 17 17 55 55 4 

Sulfuric acid (H2SO4) ton/year - - - - - - - - - - - 2 2 - - 5 

Aluminum sulphate (ALG ) ton/year - - 3561 - 3561 - 3561 - 3498 - 3498 - 4253 - 2906 - 

Ferric chloride (FeCl3 as PIX-111) ton/year - 1943 - 1943 - 1943 - 1908 - 1908 - 2316 - 1585 - - 

Sulfuric acid (H2SO4) ton/year - 2509 567 2509 567 2509 567 2464 556 2464 556 2991 677 2408 544 - 

Activated silica (SiO2) ton/year - 202 202 202 202 202 202 199 199 199 199 241 242 - - - 

Sodium carbonate (Soda as Na2CO3) ton/year - 7851 2914 7851 2914 7851 2914 7711 2862 7711 2862 9359 3480 7536 2797 - 

Filter Sand ton/year - 597 596 597 596 597 596 - - - - 711 712 - - - 

Granular activated carbon (GAC) ton/year 614 711 710 711 710 711 710 617 616 618 617 742 742 617 616 706 

Ozone (O3) ton/year 305 - - - - 317 317 306 306 - - 331 331 306 306 350 

Sodium carbonate (Soda as Na2CO3) ton/year 1289 1744 1289 1744 1289 1744 1289 1749 1292 1748 1292 1745 1293 1748 1292 1139 

Sodium Hypochlorite for chloramines ton/year 140 140 140 140 140 140 140 140 140 140 140 140 140 140 140 140 

Ammonium sulphate for chloramines ton/year 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 

Polymer for sludge treatment ton/year 1 15 9 15 9 15 9 23 15 23 15 16 10 25 17 2 

Total Chemical consumption ton/year 17672 15813 10089 15812 10088 16130 10405 15218 9585 14912 9280 18668 11955 14536 8789 2391 

Note: PAC (Norit W20)* will be dosed as a part of chemical barrier in case of acute pollution (if needed). It is not consider in the calculations because it is not a regular treatment 
step, so will not be added continuously throughout the year.  

 
Table 4. 6 Specific datasets related to chemicals (created/selected) in SimaPro 9 (“SimaPro,” n.d.; Wernet et al., 2016) 

S.No. Input data Input process in SimaPro 9 Database Description/Comment/Modification 

1 PAC  Powder_Activated carbon, granular {RER}| activated 
carbon production, granular from hard coal | Cut-off 

Ecoinvent 3 This dataset is created as a modification of “Activated carbon, granular {RER}| 
activated carbon production, granular from hard coal | Cut-off” by adding 
electricity to convert the granular form into powder form 

2 Anionic resin  Anionic resin {RER}| market for anionic resin | Cut-off Ecoinvent 3 Information regarding resin production and transportation is not available so 
the existing dataset has been selected without any modification. The resin is 
produced in Switzerland and distributed throughout the Europe. 

3 Salt (NaCl) Sodium chloride, powder {RER}| production | Cut-off Ecoinvent 3 Dataset represents the production of dry sodium chloride by underground 
mining (51%) and by solution mining (49%) modeled for Europe(Althaus et al., 
2007) 
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4 Carbon dioxide (CO2) Carbon dioxide, liquid {RER}| production | Cut-off Ecoinvent 3 Information regarding carbon dioxide production is not available so the 
existing dataset has been selected without any modification 

5 Polyaluminium chloride (PAX-XL 60) Polyaluminium chloride {GLO}| polyaluminium chloride 
production | Cut-off 

Ecoinvent 3 European database is not available so the global database has been used that 
is developed based on literature data and stochiometric calculations 

6 Hypochlorite (NaOCl) Sodium hypochlorite, without water, in 15% solution state 
{RER}| sodium hypochlorite production, product in 15% 
solution state | Cut-off 

Ecoinvent 3 Dataset represents the production of sodium hypochlorite (NaOCl) from 
chlorine emissions captured in a 50% sodium hydroxide solution. Inventory is 
modeled for Europe based on literature data and estimations(Althaus et al., 
2007) 

7 Sodium hydroxide (NaOH) Sodium hydroxide, without water, in 50% solution state 
{RER}| chlor-alkali electrolysis, diaphragm cell | Cut-off 

Ecoinvent 3 Dataset represents the production sodium hydroxide (NaOH) by chlor-alkali 
electrolysis process using a diaphragm cell.  

8 Hydrochloric acid (HCl) Hydrochloric acid, without water, in 30% solution state 
{RER}| hydrochloric acid production, from the reaction of 
hydrogen with chlorine | Cut-off 

Ecoinvent 3 Dataset represents the production of hydrochloric acid by the combustion of 
chlorine with hydrogen 

9 Sulfuric acid (H2SO4) Sulfuric acid {RER}| production | Cut-off Ecoinvent 3 The dataset is modeled for Europe using production data from different 
industries so to some extent represent average European production 

10 Aluminum sulphate (ALG ) Aluminium sulfate, powder {RER}| production | Cut-off Ecoinvent 3 In most European countries, aluminium sulfate is produced as a powder 
mostly from aluminium hydroxide and sulfuric acid by the Giulini process.  

11 Ferric chloride (FeCl3 as PIX-111) Iron (III) chloride, without water, in 40% solution state 
{CH}| iron (III) chloride production, product in 40% solution 
state | Cut-off 

Ecoinvent 3 European average dataset is not available so the Switzerland database has 
been used that is developed based on two production units in Switzerland 
along with  other literature data, so highly uncertain 

12 Activated silica (SiO2) Activated silica {GLO}| production | Cut-off Ecoinvent 3 Dataset is based on stoichiometric calculation and  represents the production 
of precipitated activated silica by partially neutralization of sodium silicate 
solution with sulfuric acid 

13 Filter Sand Silica sand {DE}| production | Cut-off Ecoinvent 3 Dataset represents the production of silica sand by drying of sand with a SiO2 
(Quartz)-content of more than 85% (w/w). Only German database is available 

14 Granular activated carbon (GAC) Activated carbon, granular {RER}| activated carbon 
production, granular from hard coal | Cut-off 

Ecoinvent 3 Dataset represents the production of granular activated carbon (GAC) from 
hard coal. To produce 1kg of GAC, 3 kg of hard coal undergoes carbonization 
and activation(Bayer et al., 2005) 

15 Ozone (O3) WTP_Ozone, liquid {RER}| production | Cut-off Ecoinvent 3 The dataset is created as a modification of “Ozone, liquid {RER}| production | 
Cut-off “to correspond the ozone production at WTP using Norrvatten 
electricity mix 

16 Sodium carbonate (Soda as Na2CO3) Soda ash, light, crystalline, heptahydrate {RER}| soda 
production, solvay process | Cut-off 

Ecoinvent 3 Dataset represents the production of soda ash (sodium carbonate, Na2CO3), 
by Solvay process. 

17 Ammonium sulphate  Ammonium sulfate, as N {RER}| ammonium sulfate 
production | Cut-off 

Ecoinvent 3 Dataset represent the production of ammonium sulphate with a nitrogen 
content of 21%. 

18 Polymer  Polyacrylamide {GLO}| production | Cut-off Ecoinvent 3 Dataset represents the production of Polyacrylamide by reaction of 
acrylonitrile with water to give acrylamide which is then polymerized to form 
the homopolymer Polyacrylamide 
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4.3.2 Transportation  
Transportation is one of the most important but highly uncertain aspects of WTP. Usually, this aspect is 
very broad, complex, and variable, so difficult to estimate the actual impacts. In general, this aspect can 
be broadly divided into three categories.  
 
First category includes chemical and sludge transportation that are required to sustain the daily WTP 
operations. It depends on WTP chemical requirements, sludge generation and their respective storage 
capacity within the WTP. Second category includes transportation related to maintenance works, 
replacements activities and other business travels. Maintenance broadly covers the distribution network 
related issues, replacements are related to end of life scenarios of different WTP equipments and 
processes, and business travel covers the official visits that may be local, national or international 
depending on WTP business activities, research, public relationships and stakeholder involvements. 
Third category is related to personal transportation of the employees other than the official visits. It 
mainly covers employees travel from their residence to their place of work which is either WTP or its 
related offices. The scope of this study only includes chemical and sludge transportation that are 
relevant to the operational phase of WTP.  
 

The impacts of transportation can also be divided into three categories. First and the most important 
category is related to the consumption of fossil fuels and their related impacts. A lot of research is going 
on to electrify the transportation network and in future (in 2050) this may be the case(IEEE 
Transportation Electrification Conference and Expo and Institute of Electrical and Electronics Engineers, 
2018). So, in future this category may have significantly lower impacts than today, especially in countries 
where fossil based electricity will not be a dominating contributor in overall electricity production. 
Second category is related to construction, maintenance and disposal of the transportation related 
infrastructure along with the vehicles used in the transportation sector. These impacts are not 
continuous and due to their long design life, the average impacts distributed over their design life are 
relatively lower.  Third category is related to impacts on social environment in the form of traffic 
accidents, congestion and leakages. These impacts are uncertain and variable both spatially and 
temporally. In this study, all the impacts considered in the European (RER) databases obtained from 
Ecoinvent 3(Wernet et al., 2016) are taken as it is without any modification. 
 
The inventory data calculations related to transportation are based on best available knowledge and 
data, along with the general considerations relevant to Swedish and European transportation market. 
The calculated inventory data related to transportation is given in Table 4.8 and the dataset selected 
from Ecoinvent 3(Wernet et al., 2016) to represent the transportation in SimaPro 9 is given in Table 4.9. 
In Sweden, a maximum load of 42 tons/commercial vehicle is generally available, hence adopted for dry 
products transportation and 36 tons/commercial vehicle for liquid products transportation(Ramböll, 
2019a). Bulk transports are assumed to take place by heavy truck (L) with trailers of capacity 42 
tons/truck and light transports are assumed to take place by light truck (S) having a total capacity below 
3.5 tons/truck.  To simplify the calculations transportation of chemicals have been assumed to occur 
with full vehicle capacity and the number of transports has been estimated with respect to consumption 
and storage capacity of WTP. It is also assumed that the transportation will occur from the 
chemical/sludge production location to end use location only through road transport; transport routes 
for each chemical have been developed with the help of Google Maps based on shortest possible 
distance independent of any commercial traffic based limitations in such routes and all transport routes 
have been calculated in round trips.  These assumptions are not consistent with the actual practical 
scenarios but considered in this study to reduce the data collection requirements related to 
transportation and justified by the fact that the transportation related impacts are relatively 
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insignificant in comparison to chemical and energy use within the WTP(Barjoveanu et al., 2014; Garfí et 
al., 2016; Klaversma et al., 2013; Mohamed-Zine et al., 2013; Racoviceanu et al., 2007; Saad et al., 2019; 
Tarantini and Ferri, 2001). So, it will not make any noticeable difference in the overall impacts of WTP. In 
practical scenarios, the transportation link between the production and end use location is complex and 
consists of combination of different modes of transportation ranging from roadways, railways, airways, 
waterways and even pipelines networks. It is also because distributors usually don't produce all the 
chemicals themselves in their manufacturing plant, but in turn also purchases chemicals from other 
distributors that make the transportation network complex. So, the actual transportation distance may 
be reasonably longer and the means of transportation other than trucks may be used in future. 
Furthermore, the assumption of shortest possible routes may not be valid and can vary depending on 
the traffic situation and vehicle permits, which, however, is not included in the assumed routes.  Also, it 
is reasonable to say that transport probably takes place with co-delivery and assumption regarding 
round trips may overestimate the transportation distances.  
 
The information regarding the potential distributors of each chemical is given by Norrvatten and later on 
confirmed by contacting the respective distributors as given in Table 4.7. The information of the 
chemical production locations and transportation routes are directly obtained from the distributors in 
most cases. Transport of sludge is assumed to be carried by heavy truck with trailers to Ragn-Sells. Ragn-
Sells have three sludge disposal sites which are located in Brista, Högbytorp and Stora Uringe. According 
to Ragn-Sells, most of the sludge is transported to Högbytorp(Bergström, 2020).  So, it is assumed that 
the sludge will be transported to Högbytorp in future, and the transport distance from the 
Görvälnverket and Högbytorp is used in the inventory calculations as given in Table 4.7.  
 
Table 4. 7 Summary of transportation distances of different input materials required during WTP operational phase in 2050  

S.No. 
 

Material to transport  Distributor Transportation 
distance (km) 
(round trip) 

Vehicle load 
carrying 
capacity (ton) 

Production 
location 

References 

1 PAK (Norit W20) Norit Nederland BV  2400 42 (L) Netherlands (Unnefors, 2020) 

2 Resin (Lewatit® S 5128)    LANXESS ≈ 2500 3.5 (S) Amsterdam, NL (Dahlberg, 2020) 

3 Salt (NaCl) Nouryon ≈1448 42 (L) Mariager, DK (Ramböll, 2020b) 

4 Carbon dioxide, CO2 AGA AB 1800 42 (L)  Luleå, Sweden  

5 Polyaluminium chloride PAX-XL 60 Kemira 1164 42 (L) Helsingborg, SE (Kemira Oyj, 2020) 

6 Sodium hydroxide, NaOH (25 wt. %) Kemira ≈ 1000 3.5 (S) Norway (NO) (Kemira Oyj, 2020) 

7 Hydrochloric acid, HCl (25 wt. %) Kemira 1164 3.5 (S) Helsingborg, SE (Kemira Oyj, 2020) 

8 Aluminum sulphate as ALG  Kemira 1164 42 (L) Helsingborg, SE (Kemira Oyj, 2020) 

9 Ferric chloride FeCl3 as PIX-111  Kemira 1164 42 (L) Helsingborg, SE (Kemira Oyj, 2020) 

10 Sulfuric acid (H2SO4) Kemira 1164 42 (L) Helsingborg, SE (Kemira Oyj, 2020) 

11 Activated silica SiO2  Sibelco Nordic AB 720 3.5 (S) - (Bergström, 2020) 

12 Filter Sand Investigating 500 42 (L) Sweden (SE) Assumption 

13 GAC Norit Nederland BV  3000 42 (L) Mol, Belgium (Köhler, 2020) 

14 Reactivated GAC Norit Nederland BV  3000 42 (L) Mol, Belgium (Köhler, 2020) 

15 Ozone Norrvatten - - Norrvatten Produce at WTP 

16 Sodium carbonate (Soda) Na2CO3 Solvay S.A. ≈3224 42 (L)  Belgium (Ramböll, 2020b) 

17 Sodium Hypochlorite for chloramines  Kemira 978 3.5 (S) Borregard, 
Sarpsborg, NO 

(Kemira Oyj, 2020) 

18 Ammonium sulphate for chloramines  Brenntag Nordic AB 2708 3.5 (S) - (Bergström, 2020) 

19 Polymer for sludge thickening and 
dewatering 

Kemira ≈ 2500 3.5 (S) Netherlands (Kemira Oyj, 2020) 

20 Sludge (18% TS content) Ragn-Sells 55.2 42 (L) Norrvatten to 
Högbytorp 

(Bergström, 2020) 

(NL: Netherlands, DK: Denmark, SE: Sweden, NO: Norway)

https://norit.lookchem.com/
https://en.wikipedia.org/wiki/Lule%C3%A5
https://en.wikipedia.org/wiki/Sweden
https://norit.lookchem.com/
https://norit.lookchem.com/
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Table 4. 8 Summary of yearly transportation trips at average flow (208 MLD) in 2050 

Chemicals/Materials to transport Units Vehicle 
type 

Distance 
(km)  

A1 A2 A3 A4 A5 A6 A7 A8 A9 
 FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG 

PAK (Norit W20) st/year  L 2400 - - - - - - - - - - - - - - - - 

Resin (Lewatit® S 5128)   st/year S 2500 6 - - - - - - - - - - - - - - - 

Salt (NaCl) st/year L 1448 256 - - - - - - - - - - - - - - - 

Carbon dioxide (CO2) st/year L 1800 29 - - - - - - - - - - - - - - - 

Polyaluminium chloride (PAX-XL 60) st/year L 1164 13 - - - - - - - - - - - - - - - 

Hypochlorite (NaOCl) st/year S 978 4 4 4 4 4 4 4 4 4 4 4 3 3 7 7 3 

Sodium hydroxide (NaOH) st/year S 1000 11 11 11 11 11 11 11 11 11 11 11 8 8 21 21 4 

Hydrochloric acid (HCl) st/year S 1164 8 8 8 8 8 8 8 8 8 8 8 5 5 16 16 1 

Aluminum sulphate (ALG ) st/year L 1164 - - 85 - 85 - 85 - 83 - 83 - 101 - 69 - 

Ferric chloride (FeCl3 as PIX-111) st/year L 1164 - 46 - 46 - 46 - 45 - 45 - 55 - 38 - - 

Sulfuric acid (H2SO4) st/year L 1164 - 60 13 60 13 60 13 59 13 59 13 71 16 57 13 0.1 

Activated silica (SiO2) st/year S 720 - 58 58 58 58 58 58 57 57 57 57 69 69 - - - 

Filter Sand st/year L 500 - 14 14 14 14 14 14 - - - - 17 17 - - - 

Granular activated carbon (GAC) st/year L 3000 15 17 17 17 17 17 17 15 15 15 15 18 18 15 15 17 

Ozone (O3) st/year L At WTP - - - - - - - - - - - - - - - - 

Sodium carbonate (Soda as Na2CO3) st/year L 3224 95 228 100 228 100 228 100 225 99 225 99 264 114 221 97 27 

Sodium Hypochlorite for chloramines  st/year S 978 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 

Ammonium sulphate for chloramines  st/year S 2708 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 

Polymer for sludge treatment st/year S 2500 1 4 3 4 3 4 3 7 4 7 4 5 3 7 5 1 

Sludge trasported (18% TS content) st/year L 55.2 8 142 102 142 102 142 102 222 164 222 164 153 110 240 187 24 

Total Chemical transport  

Large vehicle (42 ton) st/year L (Heavy truck) 407 366 229 366 229 366 229 344 210 344 210 425 266 331 194 44 

Small vehicle (3.5 ton) st/year S (Light truck) 75 131 129 131 129 131 129 132 130 132 130 135 133 96 94 54 

Sludge transport (42 ton) st/year L (Heavy truck) 8 142 102 142 102 142 102 222 164 222 164 153 110 240 187 24 

 
Table 4. 9 Specific datasets relating to transportation selected in SimaPro 9 (“SimaPro,” n.d.; Wernet et al., 2016) 

S.No. Input data Input process in SimaPro 9 Database Comment/Modification 

1 Chemical transport  
(large commercial vehicle, L) 

Transport, freight, lorry >32 metric ton, euro6 {RER}| market for transport, freight, lorry >32 metric ton, EURO6 
| Cut-off 

Ecoinvent 3 Unit is tkm* 

2 Chemical transport  
(small commercial vehicle, S) 

Transport, freight, lorry 3.5-7.5 metric ton, euro6 {RER}| market for transport, freight, lorry 3.5-7.5 metric ton, 
EURO6 | Cut-off 

Ecoinvent 3 Unit is tkm* 

3 Sludge transport  
(large commercial vehicle, L) 

Transport, freight, lorry >32 metric ton, euro6 {RER}| market for transport, freight, lorry >32 metric ton, EURO6 
| Cut-off 

Ecoinvent 3 Unit is tkm* 

* tkm (tonne-kilometer), is a freight transport measurement unit which represents transport of one tone of goods over a distance of one kilometer 
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4.3.3 Energy consumption 
As per the IEA (International energy agency) Statistics of 2014, the average electricity consumption (kWh 
per capita per year) in European Union is about 6,022 and in Sweden it is about 13,480. It means in 
2014, Sweden is the third most per capita electricity consuming country in the European Union  after 
Finland (15,250) and Luxembourg (13,915)(“Electric power consumption (kWh per capita) - European 
Union | Data,” n.d.). The trend remains the same even today, but in absolute terms Swedish 
consumption has decreased slightly. However, due to its small population of about 10,352,390 in 2020 
(Statistics Sweden) , that is about 0.133% of total world’s population and its non-fossil based energy 
production have supported and helped Sweden to become one of the countries having higher electricity 
consumption but still maintains lower contribution in global warming.  
 
Electricity consumption in Sweden didn’t vary considerably in the last three decades and remains on 
average around 142 TWh/year with a yearly variation between 135-150 TWh/year.  In 2018, Industrial 
sector electricity use was about 35% and residential along with service sector was about 52% of total 
electricity consumption(Energimyndigheten, 2020). The net electricity production in Sweden is highly 
dominated by hydro and nuclear energy but since the last decade, the focus has shifted from nuclear to 
wind and to some extent solar energy.  In 2018, the total energy production was approximately 159.5 
TWh, with the share of hydro, nuclear, wind and district heating (CHP) is about 38.7%, 41.2%, 10.3% and 
5.7% respectively (Energimyndigheten, 2020). Since 2006, the production of wind energy has increased 
from 1 TWh to 16.6 TWh in 2018. Differences between electricity use and electricity production is 
mainly due to electricity import/export variations. 
 
As per the future electricity scenarios developed by the Swedish Energy Agency, electricity use will 

relatively increase in 2050 but approximately remain in the range of 148–158 TWh/year. Nuclear power 
is assumed to be completely phased out by 2050 and Hydropower will remain the same around 68.6 
TWh in 2050. The total production of electricity from wind power may increase at most about 60 TWh in 

2050 and solar power contribution is also expected to be approximately 8–9 TWh in 2050. Production 
from cogeneration plants is also expected to be increased throughout the period until 2050 and ends up 

at about 22–25 TWh in 2050(Energimyndigheten, 2019). Electricity prices are also expected to rise in the 
future from around 300 SEK/MWh in 2018 to around 500 SEK/MWh in 2050(Energimyndigheten, 
2019).Sweden has a well established electricity import and export network with other countries. It has 
power transmission through HVDC to Poland through the SwePol-network, to Lithuania through 
the NordBalt- network,, to Germany through the Baltic Cable, to Finland  through the Fenno–Skan and 
to Denmark through the Konti-Skan-line(“Electricity sector in Sweden,” 2020). Apart from that it also has 
conventional AC connections to Denmark, Norway and Finland. 
 
Swedish energy policies are based on EU energy policies. As per EU Energy goal, energy consumption 
should be reduced by 32.5% until 2030 through increasing energy efficiency. Similar goals also exist in 
Swedish energy goals, where it is about 50% compared to 2005 level. Along with that, by 2040, 100 % 
electricity production in Sweden will also be through renewable sources but there is a uncertainty 
regarding the mechanism to phase out nuclear energy use in Sweden(Energimyndigheten, 2020).    
 
Swedish WTPs also have a significant role to play in achieving Swedish energy goals.  From the start, 
Norrvatten, one of the biggest drinking water suppliers in Sweden, has focused a lot on its electricity 
consumption.  It has adopted a multidimensional approach to optimize its impacts from electricity use. 
First dimension is related to electricity consumption where Norrvatten is continuously reducing its 
electricity consumption by continuously enhancing its energy efficiency in drinking water production and 
distribution phases.  It is also making efforts to  limit its total electricity use, less than 0.4 kWh/m3 in 

https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC?end=2014&locations=EU-LU&most_recent_value_desc=true&start=1960&view=chart
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC
http://www.energimyndigheten.se/
https://en.wikipedia.org/wiki/Poland
https://en.wikipedia.org/wiki/SwePol
https://en.wikipedia.org/wiki/Lithuania
https://en.wikipedia.org/wiki/NordBalt
https://en.wikipedia.org/wiki/Germany
https://en.wikipedia.org/wiki/Baltic_Cable
https://en.wikipedia.org/wiki/Finland
https://en.wikipedia.org/wiki/Fenno%E2%80%93Skan
https://en.wikipedia.org/wiki/Denmark
https://en.wikipedia.org/wiki/Konti-Skan
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near future that was around 0.433 kWh/m3 in 2018(Norrvatten, 2018c). Second dimension is related to 
electricity production; where Norrvatten is buying only renewable electricity mix called green electricity,  
that mainly consists of hydro electricity with small portion of wind and negligible portion of solar based 
electricity(Sophie, 2015).  Along with that, it is also increasing the portion of wind based electricity 
(came directly from Norrvatten’s own wind turbines) in its total electricity consumption and making 
efforts so that at least 30% of its electricity consumption will come from this source in future 
(Norrvatten, 2018c, 2017b). Electricity consumed at the Görvälnverket today consists of about 70% 
purchased green electricity (hydro and wind based electricity) and about 30% electricity generated from 
Norrvatten's own wind turbines in Ockelbo (Norrvatten, 2019b, 2018a, 2017a). 

 
In regard to Norrvatten’s electricity consumption, one of the most variable factors in future will be the 
proportion of wind based electricity in its total electricity consumption.  Presently it is around 30% but in 
future it may increase as Norrvatten capacity will increase in future that will lead to increase in 
electricity demand but as the production of hydro electricity will not increase in future in Sweden, so the 
only option left is to increase the portion of wind based electricity or may be solar if feasible.  Hence, a 
sensitivity analysis of different combination of hydro and wind based electricity will be helpful in 
determining the most sustainable electricity mix in future.  
 
Energy consumption considered in this section is limited to the scope of the study as defined in the goal 
and scope definition (raw water extraction, raw water treatment and pumping to main distribution 
pipeline network along with sludge treatment). Other energy requirements outside the scope of the 
study are not considered such as heating requirements in the offices located in the WTP, general 
electricity consumption within the WTP and maintenance related electricity requirements along with 
other emergency energy consumption. The yearly electricity consumption in different future WTP 
alternatives is given in Table 4.11. The electricity consumption related to different treatment processes 
that may be included in different future WTP alternatives is given in Table 4.10. The future proportion of 
green and wind based electricity is assumed to be 2:1. 
 
Table 4. 10 Electricity consumption in different treatment processes per cubic meter of incoming water 

S.No. Treatment processes Energy consumption 
(Wh/m

3
) 

References 
 

Comments 

FeCl3 ALG 

1 Micro screen 1.2 1.2 (Ramböll, 2019a) Calculated from yearly energy 
consumption corresponding to 
average flow of 208 MLD by 
using linear interpolation. It is 
same in all alternatives 

2 Raw water pumping 22.2 22.2 (Ramböll, 2019a) 

3 SIX 27.1 27.1 (Ramböll, 2019a) 

4 Chemical precipitation 6.2 6.2 (Ramböll, 2019a) 

5 Sedimentation 4.9 4.9 (Ramböll, 2019a) 

6 Sand filters 4.6 4.6 (Ramböll, 2019a) It also includes backwashing  

7 UF 50 50 (X-FLOW BV, 2019) Pressure driven UF process 

8 dF/UF 35 35 (Hägg et al., 2020) Less due to lower filtration flux 

9 NF 300 300 (X-FLOW BV, 2019) Energy intensive filtration  

10 UV 10.5 10.5 (Norrvatten, 2017a) At UV dose of 400 J/m
2
 

11 GAK/BAK filters 1.2 1.2 (Ramböll, 2019a) May increase in future  

12 Intermediate reservoirs 12/16 12/16 (Ramböll, 2019a) Depends on backwash water 
demand: with/without RSF 

13 Chemical dosing 7.4 5.3 (Ramböll, 2019a) Depends on chemical quantity 

14 Distribution 370 370 (Ramböll, 2019a) Existing value is 246 Wh/m
3
 

(Norrvatten, 2017a) 

15 General electricity in the building 1.3 1.3 (Ramböll, 2019a) Same in all alternatives 

16 Secondary UF 50 50 (X-FLOW BV, 2019) Same as UF 

17 Ozonation 20 20 (Ramböll, 2019a) At ozone dose of 4.0 mg/ l 



 

15 
 

Table 4. 11 Summary of energy consumption in different WTP alternatives in 2050 

Treatment processes Units A1 A2 A3 A4 A5 A6 A7 A8 A9 
 FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG 

Micro screen MWh/year 97 98 98 98 98 98 98 96 96 96 96 117 117 94 94 117 

Raw water pumps MWh/year 1773 1797 1797 1797 1797 1797 1797 1765 1765 1765 1765 2142 2146 1725 1725 2134 

SIX MWh/year 2164 - - - - - - - - - - - - - - - 

Chemical precipitation MWh/year - 502 502 502 502 502 502 493 493 493 493 598 599 482 482 - 

Sedimentation MWh/year 391 398 397 398 397 398 397 391 390 391 390 474 474 - - - 

Sand filters MWh/year - 373 372 373 372 373 372 - - - - 444 444 - - - 

UF MWh/year 4130 3969 3962 3969 3962 3969 3962 3977 3971 3978 3975 2365 2366 2978 2976 - 

NF MWh/year - - - - - - - - - - - 14191 14195 - - 28836 

UV MWh/year 800 833 832 833 832 833 832 804 803 804 804 869 869 803 803 919 

GAK/BAK filters MWh/year 91 95 95 95 95 95 95 92 92 92 92 99 99 92 92 105 

Intermediate reservoirs MWh/year 911 1367 1367 1367 1367 1367 1367 911 911 911 911 1367 1367 911 911 911 

Chemical dosing MWh/year 562 562 402 562 402 562 402 562 402 562 402 562 402 562 402 91 

Distribution MWh/year 28000 28000 28000 28000 28000 28000 28000 28000 28000 28000 28000 28000 28000 28000 28000 28000 

General electricity in the building MWh/year 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 

Secondary UF MWh/year 161 - - - - - - - - - - - - 430 430 578 

Sludge handling MWh/year 145 692 691 693 692 693 692 931 930 931 931 747 747 387 387 520 

Ozone MWh/year 1524 - - - - 1587 1585 1532 1529 - - 1656 1656 1530 1529 1751 

Total yearly consumption                  

Total (including distribution) MWh/year 40849 38783 38614 38785 38615 40372 40200 39652 39481 38121 37957 53730 53581 38093 37929 64060 

Total (excluding distribution) MWh/year 12849 10783 10614 10785 10615 12372 12200 11652 11481 10121 9957 25730 25581 10093 9929 36060 

At Average flow (208 MLD)                  

Total (including distribution) MWh/day 112 106 106 106 106 111 110 109 108 104 104 147 147 104 104 176 

Total (excluding distribution) MWh/day 35 30 29 30 29 34 33 32 31 28 27 70 70 28 27 99 

Total (including distribution) kWh/m
3
 0.54 0.51 0.51 0.51 0.51 0.53 0.53 0.52 0.52 0.50 0.50 0.71 0.71 0.50 0.50 0.84 

At Maximum flow (280 MLD)                  

Total (including distribution) MWh/day 151 144 143 144 143 149 149 146 146 141 140 198 198 141 140 237 

Total (excluding distribution) MWh/day 47 40 39 40 39 46 45 43 42 37 37 95 94 37 37 133 

 
Table 4. 12 Specific datasets related to electricity (created/selected) in SimaPro 9 (“SimaPro,” n.d.; Wernet et al., 2016) 

S.No. Input data Input process in SimaPro 9 Database Comment/Modification 

1 Green electricity (1kWh) Green_Electricity, medium voltage {SE}| 
market for | Cut-off 

Ecoinvent 3 The dataset is created as a modification of “Electricity, medium voltage {SE}| market for | Cut-off” to 
resemble the Norrvatten green electricity mix that corresponds to 85% hydro and 15% wind electricity. 

2 Wind electricity (1kWh) Wind_Electricity, medium voltage {SE}| 
market for | Cut-off 

Ecoinvent 3 The dataset is created as a modification of “Electricity, medium voltage {SE}| market for | Cut-off” to 
resemble the Norrvatten wind based electricity mix that corresponds to 100% wind electricity. The 
dataset used for wind electricity production is “Electricity, high voltage {SE}| electricity production, 
wind, 1-3MW turbine, onshore | Cut-off” 
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4.3.4 Miscellaneous processes 
This category includes all the remaining processes, identified under miscellaneous processes ranging 
from treated sludge disposal, WTP construction and demolition, Ultraviolet lamps along with UF and NF 
modules production and disposal, saturated GAC regeneration, saturated filter sand disposal, spent 
anion exchange resin incineration, backwash water discharge to Lake Mälaren, and other relatively less 
significant processes. These processes are considered to be relatively less significant based on the 
literature review as given in Appendix 3, as a result site-specific detailed data is not collected but 
estimations based on literature review together with available datasets of similar processes in the 
Ecoinvent 3 are used to calculate their impacts. It is also due to resource limitation of the study. 

4.3.4.1 Water losses 
In general, water loss is considered as the quantity of water that is taken from raw water source but not 
able to reach the consumers as treated drinking water. Water losses are considered as the most 
undesirable aspect of drinking water management system because it leads to wastage of resources that 
can easily be avoided. Moreover, water losses can potentially be minimized to a negligible level through 
proper planning and systematic decision making such as selecting water saving treatment technologies 
and proper management of leakages in drinking water distribution network. The calculated/estimated 
water losses are given in Table 4.16.  
 
Water losses in drinking water system have two components.  One is water losses within the water 
treatment plant and the other is water losses in drinking water distribution network before reaching the 
consumers. The first component is mainly dependent on the selection of water treatment processes 
within WTP and usually this loss is relatively constant, less significant and small with some exceptions 
such as membrane processes and other advanced treatment technologies that lead to significant water 
losses. The second component is more common, relatively large, highly variable and dependent on the 
effectiveness of the water distribution network management process.  In some countries this is a major 
problem as it can even reach to  more than 40% of total water supply(Barjoveanu et al., 2014). This 
component can further be divided into real (physical) and apparent (commercial) losses. Real losses are 
mainly wastage of treated water due to leakages from the distribution network. Apparent losses on the 
other hand are mainly attributed to water losses not as a physical resource but as a commercial 
resource such as losses due to unpaid illegal water consumption. In this study, only the water losses 
within the WTP are considered. 
 
The impact of water losses from WTP has three aspects. The first aspect is related with loss of water as a 
physical resource.  It is a major concern in areas that are suffering from water scarcity problems and 
don't have sufficient raw water sources. In this regard it is not a major concern for Norrvatten as Lake 
Mälaren has sufficient raw water capacity to fulfill raw water demand not only today but also in future 
with high certainty. Moreover, Since Norrvatten is located close to a raw water source, and the 
wastewater is going back to Lake Mälaren after treatment. So, the water losses during drinking water 
production will have negligible impact on the amount of available raw water. The second aspect is 
related with the loss of resources that were invested in treating the water that is lost. This is a major 
concern and become more and more significant if the lost water is of high quality.  So this aspect not 
only considered the quantity of lost water but also its quality in terms of resources that were invested 
on that quality enhancement. In this regard it is a major concern for Norrvatten as with time the WTP 
has become more and more energy and chemical intensive and any loss of water means loss of these 
resources too. The third aspect is related with the handling of water that is loss in the form of sludge.  It 
is the most important aspect, as nowadays there are both legal and moral restrictions to treat the waste 
water before discharging to water bodies. This demands additional facility for sludge treatment and 
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sludge handling along with the disposal of the treated sludge.  In this regard it is a major concern for 
Norrvatten as in future the sludge related restrictions may become stricter. So it is more favorable to 
reduce the sludge quantity rather managing it through resource intensive processes. 
 
The calculations and estimations of the water losses in this study are based on the previous reports 
submitted by different consultants to Norrvatten about their future water treatment plants operations 
as given in table 4.13. The backwash water loss in rapid sand filters (RSF) is estimated to be about 5.4% 
of incoming water per backwash with pure water flushing with the estimated operating time of 65 hours 
at average flow, and 48 hours at maximum flow in 2050(Ramböll, 2019a). In case of BAK/GAK filters, the 
backwash water loss is estimated to be about 1-2% of incoming water per backwash with pure water 
flushing with the estimated operating time of at least 100 - 200 hours by 2050 at an assumed suspended 
solid content of <1 mg SS/l in incoming water(Ramböll, 2019a).To reduce the flow requirement 
compressed air/water flushing may be used in future but not considered in this study. Moreover, 
ozonated water may need more frequent backwash as compared to non-ozonated water which is also 
not considered in this study. NF and UF membrane units that are considered in this study are HFW1000 
and Pentair XIGA respectively, designed by Pentair X-FLOW BV(X-FLOW BV, 2019). Secondary filtration 
included in sludge treatment is used to concentrate the backwash water from UF/NF in order to reduce 
the sludge flow by 85% and permeate from secondary UF is led back to WTP. 
  
The calculations of water losses in different processes are based on several assumptions. The sludge 
flow calculations related to lamella separators are based on the primary data given by Ramböll. As per 
the primary data given by Ramböll (Ramböll, 2019a), Total solid (TS) content at average flow of 208 MLD  
from lamella separators can be up to 6 ton/day. So with the assumption of 1.5% TS content in the sludge 
generated by lamella separators at average flow of 208 MLD in 2050, the total sludge flow from lamella 
separators is approximately 400 m3/day, which is approximately 0.2% of incoming water per day. The 
calculation regarding BAK/GAK backwash flow is based on the assumption that in future, the carbon 
filters may subject to higher pollutant load, so the operating time is assumed to be around 100 hours in 
2050 with average water loss to be about 2% of incoming water at average flow, which is approximately 
0.5% of incoming water per day. The calculations regarding UF and NF are based on their operating 
conditions as shown in Table 4.19. 
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Table 4. 13 Summary of Water losses corresponding to different water treatment processes that are used in the LCA inventory data calculations 

S.No. Treatment processes Impact 
severity 

Description Average water losses per day  
(% of incoming water) 

References 

To WTP To  sludge 
treatment * 

To lake 
Mälaren 

1 Precipitation processes       

1.1 Lamella Separators Low Although, the TS content is high but the volume is relatively less, so have low impact. - ≤ 0.2% - Calculated  

2 Non-membrane Filtration processes      

2.1 Micro-Screen backwash Negligible The backwash water is filtered water from micro-screen without any extensive pre-
treatment, so negligible loss of resources with backwash water 

- - ≤ 1% (Ramböll, 2019a) 

2.2 Rapid sand filter backwash Moderate The water that is used for backwash is treated water so significant loss of resources - 2% - (Ramböll, 2019a) 

2.3 BAK/GAK backwash Moderate Although , the backwash water quantity is relatively less but the quality of backwash 
water is nearly drinking water quality so account for significant loss of resources 

- - 0.5% Calculated 

3 UF membrane processes       

3.1 UF concentrate flow  The UF has a recovery rate of 100%, so no concentrate flow - - 0% (X-FLOW BV, 2019) 

3.2 UF backwash flow       

3.2.1 Conventional precipitation(Al/Fe) + 
sedimentation + RSF +UF 

Low Similar to 2.2 but less severe as no resources are needed in the treatment of backwash 
water as directly discharge to Lake Mälaren 

- - 3% Calculated 

3.2.2 Conventional precipitation(Al/Fe) + 
sedimentation + UF 

Moderate Resources are invested both in the production of water that is used for backwash 
along with its treatment as the backwash water will go to sludge treatment 

- 3% - Calculated 

3.2.3 SIX + dF/UF(Al) Moderate Similar to 3.2.2 - 3.14% - Calculated 

3.2.4 Conventional precipitation(Al/Fe) + 
UF(dF/UF) 

High Similar to 3.2.2 but more severe due to higher quantity of backwash water that will be 
generated 

- 7.5% - Calculated 

4 NF membrane processes       

4.1. Conventional precipitation (Al/Fe) + sedimentation + RSF +NF - “The recovery rate of NF is assumed to be 75%”     

4.1.1 NF concentrate flow High The concentrate flow is treated water so account for significant loss of resources - - 25% (X-FLOW BV, 2019) 

4.1.2 NF backwash flow Severe The water that is used for backwash is treated water so account for significant loss of 
resources 

- - 9.4% Calculated 

4.2. Micro sieve + NF – “The recovery rate of NF is assumed to be 83%”     

4.2.1 NF concentrate flow Negligible The concentrate flow is raw water so account for  negligible loss of resources - - 17% (X-FLOW BV, 2019) 

4.2.2 NF backwash flow Severe The water that is used for backwash is NF treated water and will go to sludge 
treatment after backwash, so account for significant loss of resources.  

- 10.4% - Calculated 

5 SIX process       

5.1 Spent regeneration solution  Severe Regeneration solution is prepared with UF treated water and discharge to  Baltic Sea  
after it get consumed, so significant loss of resources 

1-2%  (To  Baltic sea through 
Bromma tunnel) 

(Ramböll, 2019a) 

5.2 Regenerated resin rinse water Moderate UF treated water is use for rinsing of regenerated resin  so loss of resources - - 2% (Ramböll, 2019a) 

6 Secondary filtration during sludge treatment     

6.1 Secondary UF treated sludge Positive Permeate is led back to WTP so reduce the raw water demand  85% - - (Ramböll, 2019a) 

(Note: * Most of the water that is lost to sludge treatment is discharged to Lake Mälaren after treatment and only the sludge (18% TS content) is transported out of the WTP)



 

19 
 

4.3.4.2 Sludge generation 
The wastewater that cannot be directly released to Lake Mälaren due to impurities is considered as 
sludge (in practical sense) that needs to be treated before discharging to Lake Mälaren. Thus, the sludge 
includes backwash water from raid sand filters, backwash water from UF (in cases where UF replaces 
rapid sand filters) along with settled precipitated flocks from lamella separators. In sludge treatment, 
the sludge is first led to sludge tanks for leveling but in some cases secondary UF are also used prior to 
this to reduce the quantity of sludge. A uniform sludge flow from sludge tanks with polymer addition is 
then passes through lamella thickeners for thickening. The clear water after thickening is released to 
Lake Mälaren and the settled thickened sludge is mixed in subsequent sludge tanks. After sludge mixing, 
a uniform sludge flow with added polymers passes through centrifuges for dewatering. The clear water 
after dewatering is fed back to lamella thickeners and the final dewatered sludge is transported out of 
the WTP and used either as a filler material/or construction material/or landfill cover after air 
drying(Ramböll, 2019a; Sophie, 2015). A general sludge treatment scheme that is almost similar in all 
future alternatives is shown in Figure 4.1. 

 
Figure 4. 1 A general sludge treatment scheme in Norrvatten future WTP alternatives 

In SIX processes, the treatment of the consumed regeneration solution will not take place at site but 
instead it will be discharge directly into Baltic Sea. The consumed regeneration solution would be 
transported by an approximately 16 km long sea line connecting to Bromma-saltsjön tunnel  and is 
further out to Saltsjön together with outgoing purified wastewater from Bromma waste water 
treatment plant(Ramböll, 2019a). The tunnel would have an inner diameter of 0.30 meters and capacity 
of at least 3-4 m3/s, so that the tunnel will remain operational to a design life of at least 50 
years(Ramböll, 2019a). 
 
In regard to sludge disposal perspective, iron-based precipitating chemicals can be considered 
somewhat advantageous, for example, iron based sludge is considered to be more attractive for biogas 
production as it counteract formation of hydrogen sulphite in the digestion. Iron mud can also be useful 
in the production of bricks, although this industry has unfortunately declined in Sweden(Ramböll, 
2019a). At present, there is less interest in the use of aluminum sludge; as a result Norrvatten has to 
bear the cost of sludge disposal. In general, sludge from the Görvälnverket is used as an input material 
for the production of agricultural soil/constructional material. In future, research need to be conducted 
to identify more sustainable alternatives in regard to sludge handling and reuse but not considered in 
this study. 
 
The most important aspect in regard to sludge handling is related to sludge quantity and its TS content.  
In general, sludge with lower quantity and higher TS content has lower impact as compare to the sludge 
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with higher quantity and lower TS content. In a WTP, sludge is generated from different processes as a 
result the average TS content of raw sludge is highly dependent on the WTP treatment scheme, but the 
TS content range at different sludge handling steps is relatively constant and stable as given in Table 
4.14. Usually, the sludge handing has two main steps. First step is to reduce the quantity of sludge by 
reducing its water content through sludge treatments steps that include sludge thickening, sludge 
dewatering and at last sludge drying.  Secondly step is the disposal of the dried sludge based on its 
characteristics. At Norrvatten, sludge thickening and dewatering take place within the WTP but sludge 
drying and final disposal took place outside the WTP. In future, the most sustainable solution in regard 
to sludge handing will be the one that will generate lower quantity of sludge. Reduction in sludge 
quantity will save resources in sludge handing processes within the WTP and lead to lower sludge 
transportation and disposal requirements. 
 
The calculations and estimations of the sludge quantities and sludge characteristics in this study are 
based on the previous reports submitted by different consultants to Norrvatten about their future water 
treatment plant operations as shown in Table 4.15. The calculated/estimated sludge quantities are given 
in Table 4.16. In case of NF, most of the TS content is assumed to be released to Lake Mälaren with the 
concentrate flow and the remaining TS content is assumed to be diluted by the NF backwash water. So it 
is estimated that the maximum TS content at average flow of 208 MLD can be approximately 0.01%. 
Secondary UF, refers to the UF units included in sludge treatment process to concentrate the generated 
sludge in order to reduce the sludge flow by 85% and the UF permeate (around 85% of incoming sludge) 
is led back to WTP as an alternative to raw water. The TS content in case of “Secondary UF (case of SIX 
process)” and “Secondary UF (case of NF of surface water)” is significantly lower in comparison to 
“Secondary UF (case of dF/UF)” because most of the TS didn’t reach the sludge treatment due to pre-
treatment in SIX process  and concentrate flow in NF respectively. The given values are calculated based 
on the assumption that both “Lamella separators + UF” and “Secondary UF (case of dF/UF)” have the 
same TS quantity. 
 
Table 4. 14 TS content at different sludge treatment steps 

S.No. Sludge treatment steps Units TS content in the incoming sludge  

1.1 To lamella thickener % TS  Variable (depends on the treatment alternative) 

1.2 To lake Mälaren % TS  <<<< 0.1% (almost negligible). Approximately 98% of incoming sludge from lamella 
separator will be released to Lake Mälaren after treatment  

1.3 To centrifuge % TS  2% 

1.4 For disposal % TS  18% 

 

Table 4. 15 Summary of TS content in the incoming sludge to lamella thickeners 
S.No. Sludge combination  %TS content  in the incoming flow at average daily flow  

(mean dose coagulant at mean flow) 
References 

FeCl3 ALG 

1 Secondary UF  (case of SIX process) - 0.012% (Ramböll, 2019a) 

2 Lamella separators + rapid sand filters 0.043% 0.031% (Ramböll, 2019a) 

3 Lamella separators + UF 0.05% 0.037% (Ramböll, 2019a) 

4 Secondary UF  (case of dF/UF) 0.125% 0.10% (Ramböll, 2019a) 

5 Secondary UF  (case of direct NF of 
surface water) 

0.01% 0.01% Calculated 
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Table 4. 16 Sludge treatment parameters in different WTP alternatives in 2050 at average daily flow (208 MLD). The calculations are carried out with the assumption 
that the water quality in Lake Mälaren will not changed significantly in 2050 

Parameters Units A1 A2 A3 A4 A5 A6 A7 A8 A9 
 FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG 

Average daily flow (208 MLD)                  

Raw water intake   MLD 221 224 224 224 224 224 224 220 220 220 220 267 268 215 215 266 

Treated water to consumers MLD 208 208 208 208 208 208 208 208 208 208 208 208 208 208 208 208 

Water loss percentage % 6.0 7.2 7.2 7.2 7.2 7.2 7.2 5.3 5.3 5.3 5.3 22.1 22.1 3.1 3.1 21.8 

Water loss quantity MLD 13.3* 16.1 16.1 16.2 16.2 16.2 16.2 11.7 11.7 11.7 11.7 59.1 59.1 6.7* 6.7* 57.9* 

Water loss Directly to Lake Mälaren MLD 7.6 9.8 9.8 9.9 9.9 9.9 9.9 3.2 3.2 3.2 3.2 52.2 52.3 3.2 3.2 53.2 

Water loss to sludge treatment MLD 8.5 6.3 6.3 6.3 6.3 6.3 6.3 8.5 8.5 8.5 8.5 6.8 6.8 22.8 22.8 30.6 

Sludge generated MLD 8.8 6.3 6.3 6.3 6.3 6.3 6.3 8.5 8.5 8.5 8.5 6.8 6.8 23.6 23.6 31.6 

Sludge transported (18%TS content) ton/year 344 5954 4264 5964 4273 5964 4273 9343 6873 9343 6874 6432 4607 10067 7873 1025 

Sludge transported (18%TS content) ton/day 0.9 16.3 11.7 16.3 11.7 16.3 11.7 25.6 18.8 25.6 18.8 17.6 12.6 27.6 21.6 2.8 

Spent regeneration solution to 
Baltic sea 

MLD 4.38 - - - - - - - - - - - - - - - 

Hazardous waste of CIP ML/year 1.42 1.44 1.44 1.44 1.44 1.44 1.44 1.45 1.45 1.45 1.45 4.15 4.15 2.58 2.58 7.87 

Maximum flow (280 MLD)                  

Raw water intake  MLD 298 302 302 302 302 302 302 295 296 296 296 359 359 289 289 358 

Treated water to consumers MLD 280 280 280 280 280 280 280 279 280 280 280 280 280 280 280 280 

Water loss percentage % 6.0 7.2 7.2 7.2 7.2 7.2 7.2 5.3 5.3 5.3 5.3 22.1 22.1 3.1 3.1 21.8 

Water loss quantity MLD 17.9* 21.6 21.7 21.8 21.7 21.8 21.7 15.6 15.6 15.7 15.6 79.3 79.2 8.9* 8.9* 77.9* 

Water loss Directly to Lake Mälaren MLD 10.2 13.1 13.2 13.2 13.2 13.2 13.2 4.3 4.3 4.3 4.3 70.2 70.1 4.2 4.2 71.5 

Sludge generated MLD 11.5 8.5 8.5 8.5 8.5 8.5 8.5 11.3 11.3 11.4 11.3 9.2 9.2 30.4 30.4 41.2 

Sludge transported (18%TS content) ton/day 1.3 21.9 15.7 22.0 15.7 22.0 15.7 34.1 25.1 34.2 25.1 23.7 17.0 36.7 28.7 3.8 

Spent regeneration solution to 
Baltic sea 

MLD 5.89 - - - - - - - - - - - - - - - 

Note:  * The total water loss is less than the summation of the water undergoing sludge treatment, discharge to the Baltic sea and the water directly discharge to Lake Mälaren, 
due to secondary filtration that reduce the sludge flow by 85% and the permeate from secondary UF is led back to WTP 
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4.3.4.3 Saturated materials treatment/regeneration/disposal 
The scope of this section is limited to the materials/chemicals that are used during water treatment 
process and get saturated but neither became a part of treated water nor sludge but remains in the 
WTP, so need to be considered separately. There are number of materials/chemicals that can come 
under this category but to simplify the process only the most significant materials are considered that 
include GAC use in GAK/BAK filters, filter sand use in RSF, anion-exchange resin use in SIX processes, UV 
lamps use in UV treatment along with UF/NF membrane modules. The estimated/ calculated/ 
predicted/ assumed values of the materials/chemicals that come under this category are given in Table 
4.17 at average flow condition (208 MLD) in 2050.  
 
Saturated GAC regeneration: In this study it is assumed that the saturated GAC will be regenerated after 
its design life of 3 years and sold in the market rather reuse in the WTP. In this way, Norrvatten has 
adopted an environmental friendly mechanism to re-circulate the saturated GAC in the market after 
regeneration rather adopting an environmentally polluting disposal process in which saturated GAC will 
be land filled after incineration. This give rise to an allocation problem (as regenerated GAC is considered 
as a useful product) which is resolved using system expansion through avoided burden approach by 
assuming that it will be used as an alternative to new GAC in the market(Chae et al., 2013). The 
regeneration location is same as the supplier of new GAC so transportation is not considered as already 
included in the round trip transportation of new GAC to Norrvatten. Moreover, GAC regeneration 
process is same as the production of new GAC. The only difference is that in production of new GAC,  
coal is required as a raw material but during regeneration, spent GAC is used as a raw material but  with 
an estimated loss of 10% during regeneration(Bayer et al., 2005). So the regenerated GAC quantity will 
be 90% of the GAC quantity calculated in chemical consumption and the regeneration process used in 
this study is taken directly from Ecoinvent 3 database(Wernet et al., 2016) due to non availability of site-
specific data as given in Table 4.18. 
 
Saturated filter sand: The filter sand is used in RSF and assumed to be saturated after a design period of 
10 years as a worst case scenario considering the risk of existence of chemical contaminants in the raw 
water in 2050. However the actual design life may be more than 10 years. There are also some losses 
during backwashes as well as due to erosion of sand particles which is consider negligible in this study, 
so not included in the calculations. Furthermore, there is no consensus within Norrvatten on the 
disposal mechanism of saturated filter sand in future due to its long design life and uncertainty in the 
type of pollutants it may contain in future. One alternative may be regeneration of saturated filter sand 
to promote circular use of resources within the WTP but it may not be economically feasible due to high 
regeneration cost as compare to the cost of new filter sand. The regeneration cost is also expected to 
increase in future so may not be a practical solution. In this study, it is assumed that the saturated filter 
sand will be transported to a sanitary landfill. 
 
Spent anion exchange resin: Anion exchange resin is used in the SIX processes and a yearly replacement 
rate of 5% is assumed to compensate the reduction in efficiency due to wear and tear of resin(Ramböll, 
2019a). In this study, it is assumed that 5% spent anion exchange resin that will be yearly removed from 
the SIX processes will be treated in municipal incineration.  
 
UV lamps and UF/NF membrane modules: The replacement of UV lamps and UF/NF membrane units 
are considered to be less significant so in this study the data is obtained from Ecoinvent 3 databases 

(Wernet et al., 2016). The UV dose used in all the alternatives is ≥ 400 J/m2 and it is assumed that a UV 
lamp can treat approximately 5700 MLD water during its design life. The membrane modules 
calculations are performed with a design life of 10 years for UF, 7 years for NF and 7 years for 
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dF/UF(Hägg et al., 2020; Knops, 2020; Lidén and Persson, 2016). The datasets are directly taken from 
Ecoinvent 3(Wernet et al., 2016) that represents membrane module and housing for hollow fiber 
membrane as given in Table 4.18. 

4.3.4.4 WTP construction and demolition phase 
Based on the literature review as given in Appendix 3, it is concluded that the construction and 
demolition phases have relatively insignificant environmental impacts in comparison to the operational 
phase. So, considering the relatively low importance of these phases and high inventory data 
requirements, datasets available in Ecoinvent 3 databases(Wernet et al., 2016) have been used. There is 
no regional dataset available for Swedish WTP construction so European datasets have been used. The 
selected dataset represents the construction and demolition phases of a 30 MLD conventional WTP with 
a design life of 60 years. These datasets also include mechanical component such as pumps with a 
design life of 13 years and chemical tanks with a design life of 30 years(McGivney and Kawamura, 2008).  
To compensate the increase in the number of treatment steps in the future WTP alternatives as 
compare to the available datasets, the datasets are multiplied with a multiplication factor ranging from 
1.5-2.5, depending upon the additional treatment steps required. 
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Table 4. 17 Miscellaneous processes at average flow (208 MLD) in 2050 
Treatment Chemicals   Units A1 A2 A3 A4 A5 A6 A7 A8 A9 

 FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG 

Raw water intake (208 MLD) MLD 221 224 224 224 224 224 224 220 220 220 220 267 268 215 215 266 

Water losses MLD 13.3 16.1 16.1 16.2 16.2 16.2 16.2 11.7 11.7 11.7 11.7 59.1 59.1 6.7 6.7 57.9 

Spent regeneration solution  ton/day 29.44 -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  

Sludge disposal ton/day 0.94 16.31 11.68 16.34 11.71 16.34 11.71 25.60 18.83 25.60 18.83 17.62 12.64 27.58 21.57 2.81 

Spent granular activated carbon ton/year 614 711 710 711 710 711 710 617 616 618 617 742 742 617 616 706 

Regenerated GAC ton/year 553 640 639 640 639 640 639 556 555 556 555 668 668 555 554 635 

UF modules st/year 186 182 182 182 182 182 182 182 182 182 182 108 109 512 511 26 

NF modules st/year -  -  -  -  -  -  -  -  -  -  -  755 755 -  -  1697 

Consumed sand ton/day -  597 596 597 596 597 596 -  -  -  -  711 712 -  -  -  

Spent anion exchange resin ton/year 20 -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  

 
Table 4. 18 Specific datasets related to miscellaneous processes (created/selected) in SimaPro 9 (“SimaPro,” n.d.; Wernet et al., 2016) 

S.No. Input data Input process in SimaPro 9 Database Description/Comment/Modification 

1 Regenerated GAC Activated carbon, granular {RER}| activated carbon production, granular 
from hard coal | Cut-off 

Ecoinvent 3 Avoided product use an alternative to new GAC 

2 Raw water intake (208 MLD) Input from nature: Water, lake, SE Ecoinvent 3 Raw water intake from Lake Mälaren 

3 WTP  Water works, capacity 1.1E10l/year {Europe without Switzerland}| water 
works construction, capacity 1.1E10l/year, conventional treatment | Cut-off 

Ecoinvent 3 Appropriate multiplication factors are used to ensure the 
representativeness of the data in different alternatives 

4 Spent granular activated carbon Activated carbon, granular {RER}| treatment of spent activated carbon, 
granular from hard coal, reactivation | Cut-off 

Ecoinvent 3 All the impacts of regeneration are associated with WTP 

5 UV lamp Ultraviolet lamp {GLO}| market for | Cut-off Ecoinvent 3 Swedish/European dataset is not available 

6 UF modules Ultrafiltration module {GLO}| market for | Cut-off Ecoinvent 3 Swedish/European dataset is not available 

7 NF modules Nanofiltration module {GLO}| market for | Cut-off Ecoinvent 3 Swedish/European dataset is not available 

8 Water loss Emissions to lake : Water, SE Ecoinvent 3 The sludge/backwash water is either directly or after sludge 
treatment discharge to Lake Mälaren 

9 Spent regeneration solution  Emissions to ocean : Sodium chloride Ecoinvent 3 Spent regeneration solution mostly contain the sodium chloride 
that will be discharged to Baltic sea 

10 Sludge disposal Raw sewage sludge {CH}| drying, sewage sludge | Cut-off Ecoinvent 3 The sludge after thickening and dewatering is transported 
outside the WTP and undergo drying 

11 Consumed sand Inert waste {CH}| treatment of, sanitary landfill | Cut-off Ecoinvent 3 Swedish/European dataset is not available 

12 Spent anion exchange resin Spent anion exchange resin from potable water production {CH}| treatment 
of, municipal incineration | Cut-off 

Ecoinvent 3 Swedish/European dataset is not available 
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Table 4. 19 Summary of different membrane processes design considerations per membrane unit in 2050 

Parameters/ membrane 
unit 

Units Conventional 

precipitation(Al/Fe) 

+ sedimentation + 

RSF +UF 

Conventional 

precipitation(Al/Fe) 

+ sedimentation + UF 

SIX + dF/UF(Al) Conventional 

precipitation(Al/Fe) 

+ UF(dF/UF) 

Conventional 

precipitation (Al/Fe) 

+ sedimentation + 

RSF +NF 

Micro sieve + NF References 

Membrane  Type Pentair XIGA  Pentair XIGA  Pentair XIGA  Pentair XIGA  HFW1000 HFW1000 (X-FLOW BV, 2019) 

Feed water pre-treatment   Conventional 
precipitation (Al/Fe) 
+ sedimentation + 
RSF 

Conventional 
precipitation (Al/Fe) 
+ sedimentation + 
RSF 

SIX Conventional 
precipitation (Al/Fe) 
+ sedimentation 

Conventional 
precipitation (Al/Fe) 
+ sedimentation 

Surface water + 
Micro-sieve 

Design 
consideration 

Recovery %  100 100 100 100 75 83 (X-FLOW BV, 2019) 

Concentrate flow % 0 0 0 0 25 17 (X-FLOW BV, 2019) 

Backwash water flow % 3 3 3.14 7.5 9.4 10.4 Calculated 

CEB flow % 0.66 0.66 0.63 2.21 0.12 0.19 Calculated 

Overall Recovery after 
backwash flow 

% 96.34 96.34 96.23 90.29 65.48 72.41 Calculated 

Membrane filtration 
modes (Cross-flow/dead 
end) 

  Inside-out: 
Horizontal  Dead end 

Inside-out: 
Horizontal  Dead end 

Inside-out: 
Horizontal  Dead end 

Inside-out: 
Horizontal  Dead end 

Vertical cross-flow Vertical cross-flow (Pentair - X-Flow, 
n.d., n.d.) 

Membranes Modules   Hydrophilic hollow-
fiber  

Hydrophilic hollow-
fiber  

Hydrophilic hollow-
fiber  

Hydrophilic hollow-
fiber  

Hollow-fiber  Hollow-fiber  

Pore size  nm  20 20 20 20 MWCO 1000 Da MWCO 1000 Da 

Material   PES/PVP blend PES/PVP blend PES/PVP blend PES/PVP blend PES PES 

Log reduction log 10 6 b + 4 v + 6 p 6 b + 4 v + 6 p 6 b + 4 v + 6 p 6 b + 4 v + 6 p 6 b + 4 v + 6 p 6 b + 4 v + 6 p 

Turbidity  NTU <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Design life Years 10 10 10 5 - 7 7 7 (Hägg et al., 2020) 
(Lidén and Persson, 
2016) 

Energy consumption 
(based on pressure 
difference over the 
membrane units) 

kWh/m
3
 ≈ 0.05  ≈ 0.05  ≈ 0.05  ≈ 0.035 ≈ 0.30 ≈ 0.30 (Hägg et al., 2020) 

(X-FLOW BV, 2019) 

pH range during filtration   2 - 12 2 - 12 2- 12 2 - 12 3 – 10 3 - 10 (Pentair - X-Flow, 
n.d., n.d.) Temperature range °C 0-40 0-40 0-40 0-40 - - 

Surface area per module m
2
 64 64 64 64 40 40 

Gross design flux lmh  80 80 85 50 (Hägg et al., 2020) 20 20 
 
  

(Dahlberg, 2019) 
(Hägg et al., 2020) 
(Norrvatten, 2019c) 

Cross flow m/sec - - - - 0.4 0.4  
Plant configuration  (X-FLOW BV, 2019) 
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Number of possible tubes 
per membrane unit 

st 22 22 22 22 - -  

Number of membrane 
modules in each tube 

st 4 4 4 4 - - 

Total number of modules 
per membrane unit 

st 88 88 88 88 120 120 

Surface area per module m
2
 64 64 64 64 40 40 

Total area per membrane 
unit 

m
2
 5632 5632 5632 5632 4800 4800 

Operational parameters   (X-FLOW BV, 2019) 
Gross filtration flux  lmh  80 80 85 50 20 20  
Filtration time min 50 50 45 32 60 60 (Dahlberg, 2019) 

(Hägg et al., 2020) 
(Norrvatten, 2019c) 

Backwash parameters  (X-FLOW BV, 2019) 

BW flux lmh  240 240 240 240 40 40  
BW time Sec 30 30 30 30 120 120 

CEB parameters  (X-FLOW BV, 2019) 

CEB 1A chemical (for 
removal of fouling) 

 NaOCl + NaOH NaOCl + NaOH NaOCl + NaOH NaOCl + NaOH NaOCl + NaOH NaOCl + NaOH  

Average CEB 1A interval hours 24 24 24 12 2/week 3/week 

Dosing flux lmh  120 120 120 120 11.2 m
3
/CEC/unit 11.2 m

3
/CEC/unit 

CEB 1B chemical ( for 
removal of scaling) 

 HCl HCl HCl HCl H2SO4 H2SO4 

Average CEB 1B interval hours 24 24 24 12 1/month 1/month 

Dosing flux lmh  120 120 120 120 11.2 m
3
/CEC/unit 11.2 m

3
/CEC/unit 
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LIFE CYCLE IMPACT ASSESSMENT ANALYSIS 
 
The Life Cycle Impact Assessment (LCIA) phase is aimed at evaluating the magnitude and significance of 
potential environmental impacts of the system throughout its life cycle, using the results of the life cycle 
inventory analysis(ISO, 1997). This phase in general transforms the LCI data into relevant impact 
category indicators(Curran, 2015). Hence, one can easily understand the potential environmental 
significance of the system that may be difficult and complex to understand from LCI analysis results.  
This is the most subjective phase in terms of associated methodological choices, which on one hand 
provide a high degree of flexibility so that LCA can be use for wide range of applications but on the other 
hand create a high demand for transparency and documentation so that the results can easily be 
verified and understood. 
 
As per ISO 14042 document (2000) there are both mandatory and optional elements associated with 
this phase. The mandatory elements include: Impact category definition (selection of environmental 
impact categories (at mid-point or end-point), category indicators and characterisation models); 
classification (sorting and assignments of inventory results to the selected impact categories) and 
characterisation (aggregation of total contribution of classified results to each selected indicator 
category). Optional elements are normalisation (calculating the magnitude of system contribution to the 
selected impact categories relative to a reference value contribution to these impact categories), 
grouping (sorting of impact categories into one or more groups), weighting (also known as valuation, is a 
process of assigning relative significance to impact categories, that is,  in this process impact categories 
results, either characterized or normalized,  are multiplied to their corresponding weighting factors, that 
are derived based on the importance of different impact categories in the context of the study) and data 
quality analysis(Friedrich, 2001; Hoffman et al., 1998; ISO, 1997). 

5.1 Scope of the impact assessment analysis 
In this study, ReCiPe2016  (an impact assessment method created by RIVM, Radboud University, 
Norwegian University of Science and Technology and PRé Consultants) is selected both at midpoint (H) 
and endpoint (H) levels with Hierarchist (H) cultural perspective as defined in the goal and scope 
definition and implemented in SimaPro 9.0 software (developed and distributed by PRé Consultants). At 
the midpoint and endpoint level, all the default impact categories are selected to cover all the potential 
impacts that may be caused by the future WTP alternatives except water consumption. Impact 
categories related to water consumption are not selected because water consumption has a regional 
focus on Stockholm, Sweden (consumption of treated water within Stockholm, Sweden) where there is 
relatively no water scarcity but normalization and weighting factors are global so may give misleading 
results due to water scarcity related problems at global level. The endpoint level consists of three 
damage categories as shown in Figure 5.1, describing three areas of protection which include human 
health, ecosystems, and resources with global normalization and weighting factors. Single scores are 
also calculated in this study by aggregating the weighted results obtained using global weighting factors 
available in ReCiPe2016.  
 
In this study, one more impact assessment method, Cumulative Energy Demand (LHV) V1.00 (created by 
PRé Consultants) has also been used. It is mainly to estimate the proportion of renewable and non-
renewable energy in total (direct and indirect) energy consumption in drinking water production. The 
energy that will be used within the WTP is renewable energy (mainly hydro and wind) but the chemicals 
will be produced all over the word with different sources of energy. An estimation of the proportion of 
non-renewable energy use in the total energy consumption will be useful to identify the areas of 
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improvements to reduce the non-renewable energy use in the drinking water production.  It is also 
important in the perspective of Norrvatten commitments towards sustainability based on Swedish 
environmental objectives that includes generational goal which focus on non-transferability of Swedish 
environmental problems to other countries(“The generational goal,” n.d.). 
 
In this study normalisation has not been used at mid-point level to avoid the potential misinterpretation 
of the results by the audience. It is mainly because emissions due to chemical production is unequally 
distributed in different parts of the world and using either global or European based normalization 
factors may not lead to any useful interpretation relevant to the goal and scope of the study. However, 
weighting has been included at end-point level to provide a better understanding of the results to the 
associated stakeholders(Loubet et al., 2014; Sombekke et al., 1997).  
 

Midpoint impact categories Mid-to end point 
conversion 

Endpoint 
indicators 

Single score 

 Individualist (I)* Hierarchist (H) Egalitarian (E)*  (I)* (H) (E)*  

S.No. Impact category Unit Unit Areas of 
protection 

Single score 
 

1a Global warming, Human health kg CO
2
 eq DALY  

 
 

Human Health 
(DALY) 

W
e

ig
h

ti
n

g 

 
 
 
 
 
 
 
 

Aggregated 
Single 

score (pt) 

2 Stratospheric ozone depletion kg CFC11 eq DALY 

3 Ionizing radiation kBq Co-60 eq DALY 

4 Ozone formation, Human health kg NOx eq DALY 

5 Fine particulate matter formation kg PM2.5 eq DALY 

6 Human carcinogenic toxicity kg 1,4-DCB DALY 

7 Human non-carcinogenic toxicity kg 1,4-DCB DALY 

8a Water consumption* m
3
 DALY 

1b Global warming, Terrestrial ecosystems kg CO
2
 eq species.yr  

 
 
 

Ecosystems 
(species.yr) 

1c Global warming, Freshwater ecosystems kg CO
2
 eq species.yr 

9 Ozone formation, Terrestrial ecosystems kg NOx eq species.yr 

10 Terrestrial acidification kg SO
2
 eq species.yr 

11 Freshwater eutrophication kg P eq species.yr 

12 Marine eutrophication kg N eq species.yr 

13 Terrestrial ecotoxicity kg 1,4-DCB species.yr 

14 Freshwater ecotoxicity kg 1,4-DCB species.yr 

15 Marine ecotoxicity kg 1,4-DCB species.yr 

16 Land use m
2
a crop eq species.yr 

8b Water consumption, Terrestrial ecosystem* m
3
 species.yr 

8c Water consumption, Aquatic ecosystems* m
3 

species.yr 

17 Mineral resource scarcity kg Cu eq USD2013 Resources 
(USD2013) 18 Fossil resource scarcity kg oil eq USD2013 

Figure 5. 1: Overview of the midpoint and endpoint impact categories covered in ReCiPe2016 impact assessment method 
(Huijbregts et al., 2017) 
(Note: * Impact categories and cultural perspectives that are not included within the scope of the study 
DALY: Disability Adjusted loss of Life Years 
species.yr: Time integrated species loss  
USD2013: Surplus cost in dollars ($) 
Pt: Points (The unit of the aggregated weighted results of all impact categories known as single score)) 

5.2 Life cycle impact assessment (LCIA) results 
There are different ways to represents the results of a LCIA analysis. In this study results are divided into 
different sections to make it easier to the audience to understand their usefulness in the perspective of 
the research objectives. In total this study has five research objectives as defined in the goal and scope 
definition: 



3 
 

1. Which WTP alternative has relatively least potential environmental impacts during operational 
phase in 2050 based on a lifecycle perspective? 

2. What are the potential environmental hotspots in future WTP alternatives (chemical 
consumption, transportation, energy consumption within WTP and miscellaneous processes)? 

3. Which treatment steps have significant environmental impact contribution in future WTP 
alternatives? 

4. Which environmental impacts from future WTP alternatives are the most significant? 
5. How significant are the variations in environmental impacts by changing the uncertain 

parameters (Change in electricity mix, Use of PAC as a permanent chemical barrier, Design life of 
GAC filters, Use of regenerated GAC and source of electricity in chemical production)? 

5.2.1 Research objective 1 results 
The research objective 1 is “Which WTP alternative has relatively least potential environmental impacts 
during operational phase in 2050 based on a lifecycle perspective?” This objective can be achieved by 
comparing all the alternatives.  In this study, the alternatives are compared on the basis of their 
characterized scores at midpoint (17 impact categories) and endpoint level (3 damage categories) along 
with their single scores calculated using global weighting factors as shown in Table 5.1. Moreover, 
alternatives are also compared based on their cumulative energy demand at three levels (total energy 
consumption, renewable energy consumption and non-renewable energy consumption) to make the 
comparison more comprehensive, holistic and robust in order to enhance the reliability and validity of 
the conclusions.  
 
To make the comparison easy to understand to the audience, alternative 1 is considered as a reference 
alternative and other alternatives are compared in relation to alternative 1 and results are given in % 
increase/decrease in impacts in comparison to alternative 1 as given in Table 5.1. One may also use 
existing waterworks as a reference but not considered in this study as the existing waterworks is not 
comparable to the future alternatives both in terms of quality and quantity, so may lead to 
misinterpretation of the results. Moreover, in Table 5.1 it is allowed to compare different alternatives 
within a particular impact category but intra-comparison of different impact categories is not allowed. It 
is mainly because impact categories results are characterized results not the weighted single scores so 
different impact categories have different units that cannot be compared with each other. A detailed 
discussion about the results is provided in section 6.2 but the most important result is that A9 is 
expected to have least potential environmental impacts during operational phase in 2050 and A7 (FeCl3) 
is expected to have the largest impacts.  
 
It should be noted that, single scores are calculated in this study using global weighting factors that are 
not representative of Swedish conditions, so results are relatively uncertain. In an ideal scenario, the 
best way to compare the alternatives is based on their single scores (using weighting) but it is a 
limitation of this study due to non-availability of reliable regionally valid weighting scores within the 
resource limits of the study.  So, single scores given in this study should not be used independently but 
always in relation with characterized results to avoid any unrealistic conclusion and misinterpretation of 
the results. 
 
Also, these LCA results can only be useful to compare different alternatives in perspective of their 
environmental impacts. In drinking water sector, future WTP alternatives are compared based on 
different aspects in which environmental impacts are considered as important but usually not 
considered as the single most important aspect. In decision making, water quality and cost, usually 
dominate over environmental impacts (Klaversma et al., 2013; Mohapatra et al., 2002; Venkatesh and 
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Brattebø, 2012). So, in general the final decisions in drinking water sector depend on the weightage of 
several factors that are highly context dependent, as a result the most environmentally friendly 
solutions may not be selected if such solutions are economically and practically not feasible or may 
increase indirect impacts at the consumer level. Hence, LCA based environmental comparison of 
different alternatives is useful but not sufficient to make any decision. As a result, the conclusions of this 
study should not be used independently but always in relation with other comparative studies mainly 
economic and drinking water quality comparison of different alternatives.   
 



5 
 

Table 5. 1 Summary of change in environmental impacts in different future WTP alternatives in comparison to alternative 1  

Future WTP Alternatives Unit A1 
(reference) 

A2 A3 A4 A5 A6 A7 A8 A9 

FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG 

Impact categories (Mid-point)  Percentage (%) change (increase/decrease) in impacts in comparison to alternative 1(A1) 

1 Global warming kg CO2 eq 0 3 -19 3 -19 5 -17 1 -21 0 -22 22 -4 -8 -31 -59 

2 Stratospheric ozone depletion kg CFC11 eq 0 -27 -46 -27 -46 -24 -43 -26 -45 -29 -48 -10 -32 -28 -46 -49 

3 Ionizing radiation kBq Co-60 eq 0 -14 -19 -14 -19 -14 -18 -16 -21 -17 -22 -1 -6 -21 -28 -70 

4 Ozone formation, Human health kg NOx eq 0 18 -4 18 -4 19 -3 14 -7 13 -8 37 13 3 -21 -62 

5 Fine particulate matter formation kg PM2.5 eq 0 40 12 40 12 41 13 37 9 36 8 65 32 26 -6 -61 

6 Ozone formation, Terrestrial ecosystems kg NOx eq 0 18 -4 18 -4 19 -3 14 -7 13 -8 37 12 3 -21 -62 

7 Terrestrial acidification kg SO2 eq 0 59 23 59 23 60 24 56 20 55 19 86 44 45 4 -63 

8 Freshwater eutrophication kg P eq 0 0 -18 0 -18 2 -16 -1 -19 -3 -21 18 -3 -10 -29 -64 

9 Marine eutrophication kg N eq 0 -37 -53 -37 -53 -36 -52 -33 -50 -34 -51 -26 -44 -36 -52 -76 

10 Terrestrial ecotoxicity kg 1,4-DCB 0 10 -30 10 -30 11 -29 8 -31 7 -32 29 -18 2 -37 -71 

11 Freshwater ecotoxicity kg 1,4-DCB 0 -2 -16 -2 -16 4 -10 0 -14 -5 -19 25 9 -8 -23 -30 

12 Marine ecotoxicity kg 1,4-DCB 0 -1 -16 -1 -16 5 -11 1 -14 -4 -20 26 8 -8 -24 -35 

13 Human carcinogenic toxicity kg 1,4-DCB 0 -36 30 -36 30 -33 32 -37 27 -39 25 -22 57 -49 3 -67 

14 Human non-carcinogenic toxicity kg 1,4-DCB 0 10 -22 10 -22 12 -20 7 -24 5 -27 31 -6 -3 -34 -62 

15 Land use m2a crop eq 0 28 -17 28 -17 29 -16 23 -21 22 -22 49 -4 22 -22 -52 

16 Mineral resource scarcity kg Cu eq 0 -23 15 -23 15 -20 18 -24 13 -26 11 -7 39 -38 -10 -70 

17 Fossil resource scarcity kg oil eq 0 20 -8 20 -8 21 -8 17 -11 17 -12 40 7 9 -22 -64 

18 Water consumption m3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Damage categories (End-point)  

1 Human Health DALY 0 13 -1 13 -1 15 1 11 -3 9 -5 34 18 0 -17 -61 

2 Ecosystems species.yr 0 17 -10 17 -10 18 -9 14 -13 13 -14 37 5 6 -23 -59 

3 Resources USD2013 0 25 -9 25 -9 26 -8 23 -11 22 -12 46 6 14 -21 -67 

Single score (using global weighting)  

1 Total mPt 0 13 -1 13 -2 15 0 11 -4 9 -5 34 17 1 -17 -61 

Cumulative Energy Demand (LHV) V1.00  

1 Total MJ 0 0 -13 0 -13 7 -5 5 -7 -2 -15 32 17 -1 -14 -3 

2 Non renewable MJ 0 15 -10 15 -10 16 -9 13 -13 12 -13 34 5 4 -22 -65 

3 Renewable MJ 0 -13 -15 -13 -15 1 -2 -1 -3 -14 -16 30 27 -5 -7 47 

Important categories per functional unit  

1 Global warming g CO2 eq/m3 147 152 120 152 120 154 121 149 116 147 115 179 141 136 102 60 

2 Total energy consumption MJ/m3 4.34 4.32 3.77 4.32 3.77 4.66 4.11 4.56 4.02 4.24 3.69 5.73 5.09 4.31 3.73 4.21 

2a Non renewable MJ/m3 1.93 2.22 1.74 2.22 1.74 2.24 1.75 2.17 1.69 2.16 1.68 2.59 2.02 2.02 1.50 0.68 

2b Renewable MJ/m3 2.41 2.10 2.03 2.10 2.03 2.42 2.36 2.39 2.33 2.08 2.01 3.14 3.07 2.30 2.23 3.54 

Legend-Color code  

% change (increase/decrease) in impacts in 
comparison to alternative 1 

Color code      Color code      

% decrease 0 to -10 -10 to -20 -20 to -30 -30 to - 40 <- 40 % increase 0 to 10 10 to 20 20 to 30 30 to 40  >  40 

(Note: Different alternatives can be compared within a particular impact category but intra-comparison of different impact categories is not allowed. It is mainly because impact categories results are 
characterized results not the weighted single scores as a result different impact categories have different units that cannot be compared with each other
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Table 5. 2 Summary of potential environmental impacts generated by different future WTP alternatives in 2050 per functional unit (1 m
3
)  

Impact categories (Mid-point) 
 

Unit/ 
F.U. (m

3 
) 

A1 
 

A2 A3 A4 A5 A6 A7 A8 A9 

FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG 
1 Global warming kg CO2 eq 0.147 0.152 0.120 0.152 0.120 0.154 0.121 0.149 0.116 0.147 0.115 0.179 0.141 0.136 0.102 0.060 

2 Stratospheric ozone depletion kg CFC11 eq 1.6E-07 1E-07 9E-08 1E-07 9E-08 1E-07 9E-08 1E-07 9E-08 1E-07 8E-08 1E-07 1E-07 1E-07 9E-08 8E-08 

3 Ionizing radiation kBq Co-60 eq 0.0151 0.0129 0.0122 0.0129 0.0122 0.0130 0.0123 0.0126 0.0119 0.0125 0.0118 0.0149 0.0142 0.0119 0.0109 0.0045 

4 Ozone formation, Human health kg NOx eq 3.1E-04 4E-04 3E-04 4E-04 3E-04 4E-04 3E-04 4E-04 3E-04 3E-04 3E-04 4E-04 3E-04 3E-04 2E-04 1E-04 

5 Fine particulate matter formation kg PM2.5 eq 2.5E-04 3E-04 3E-04 3E-04 3E-04 3E-04 3E-04 3E-04 3E-04 3E-04 3E-04 4E-04 3E-04 3E-04 2E-04 1E-04 

6 Ozone formation, Terrestrial ecosystems kg NOx eq 3.2E-04 4E-04 3E-04 4E-04 3E-04 4E-04 3E-04 4E-04 3E-04 4E-04 3E-04 4E-04 4E-04 3E-04 2E-04 1E-04 

7 Terrestrial acidification kg SO2 eq 6.5E-04 1E-03 8E-04 1E-03 8E-04 1E-03 8E-04 1E-03 8E-04 1E-03 8E-04 1E-03 9E-04 9E-04 7E-04 2E-04 

8 Freshwater eutrophication kg P eq 7.8E-05 8E-05 6E-05 8E-05 6E-05 8E-05 6E-05 8E-05 6E-05 8E-05 6E-05 9E-05 8E-05 7E-05 5E-05 3E-05 

9 Marine eutrophication kg N eq 9.6E-06 6E-06 5E-06 6E-06 5E-06 6E-06 5E-06 6E-06 5E-06 6E-06 5E-06 7E-06 5E-06 6E-06 5E-06 2E-06 

10 Terrestrial ecotoxicity kg 1,4-DCB 1.466 1.607 1.020 1.607 1.020 1.629 1.042 1.589 1.010 1.568 0.989 1.895 1.207 1.491 0.916 0.422 

11 Freshwater ecotoxicity kg 1,4-DCB 0.0110 0.011 0.009 0.011 0.009 0.011 0.010 0.011 0.009 0.010 0.009 0.014 0.012 0.010 0.008 0.008 

12 Marine ecotoxicity kg 1,4-DCB 0.0152 0.015 0.013 0.015 0.013 0.016 0.014 0.015 0.013 0.015 0.012 0.019 0.016 0.014 0.012 0.010 

13 Human carcinogenic toxicity kg 1,4-DCB 0.0167 0.011 0.022 0.011 0.022 0.011 0.022 0.011 0.021 0.010 0.021 0.013 0.026 0.009 0.017 0.006 

14 Human non-carcinogenic toxicity kg 1,4-DCB 0.248 0.272 0.193 0.272 0.193 0.278 0.199 0.266 0.188 0.260 0.182 0.326 0.234 0.240 0.163 0.095 

15 Land use m2a crop eq 9.4E-03 1E-02 8E-03 1E-02 8E-03 1E-02 8E-03 1E-02 7E-03 1E-02 7E-03 1E-02 9E-03 1E-02 7E-03 4E-03 

16 Mineral resource scarcity kg Cu eq 1.5E-03 1E-03 2E-03 1E-03 2E-03 1E-03 2E-03 1E-03 2E-03 1E-03 2E-03 1E-03 2E-03 9E-04 1E-03 5E-04 

17 Fossil resource scarcity kg oil eq 0.0386 0.046 0.035 0.046 0.035 0.047 0.036 0.045 0.034 0.045 0.034 0.054 0.041 0.042 0.030 0.014 

18 Water consumption m3 1.003 1.005 1.004 1.005 1.003 1.005 1.004 1.007 1.006 1.007 1.006 1.007 1.008 1.007 1.006 1.004 

Damage categories (End-point)  

1 Human Health DALY 4.0E-07 5E-07 4E-07 5E-07 4E-07 5E-07 4E-07 4E-07 4E-07 4E-07 4E-07 5E-07 5E-07 4E-07 3E-07 2E-07 

2 Ecosystems species.yr 7.5E-10 9E-10 7E-10 9E-10 7E-10 9E-10 7E-10 9E-10 7E-10 8E-10 6E-10 1E-09 8E-10 8E-10 6E-10 3E-10 

3 Resources USD2013 1.2E-02 2E-02 1E-02 2E-02 1E-02 2E-02 1E-02 1E-02 1E-02 1E-02 1E-02 2E-02 1E-02 1E-02 1E-02 4E-03 

Single score (using global weighting)  

1 Total mPt 7.31 8.28 7.20 8.28 7.20 8.39 7.31 8.10 7.03 7.99 6.92 9.78 8.54 7.35 6.03 2.83 

Cumulative Energy Demand (LHV) V1.00  

1 Total MJ 4.34 4.32 3.77 4.32 3.77 4.66 4.11 4.56 4.02 4.24 3.69 5.73 5.09 4.31 3.73 4.21 

2 Non renewable MJ 1.93 2.22 1.74 2.22 1.74 2.24 1.75 2.17 1.69 2.16 1.68 2.59 2.02 2.02 1.50 0.68 

3 Renewable MJ 2.41 2.10 2.03 2.10 2.03 2.42 2.36 2.39 2.33 2.08 2.01 3.14 3.07 2.30 2.23 3.54 

Legend-Color code  

% change (increase/decrease) in impacts in 
comparison to alternative 1 

Color code      Color code      

% decrease 0 to -10 -10 to -20 -20 to -30 -30 to - 40 <- 40 % increase 0 to 10 10 to 20 20 to 30 30 to 40  >  40 
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5.2.2 Research objective 2 results 
The research objective 2 is “What are the potential environmental hotspots in future WTP alternatives 
(chemical consumption, transportation, energy consumption within the WTP and miscellaneous 
processes)?”  This objective is mainly to identify the potential environmental hotspots in different future 
WTP alternatives which is defined in this study as the identification of the sub-assemblies of a WTP 
alternative that will contribute the most in the total potential impacts that may be generated by a WTP 
alternative in 2050. To make the identification easy to understand to the audience, all the processes of a 
WTP within the scope of the study are divided into four sub-assemblies and thus the potential impacts 
of a WTP are broadly divided into four categories. First category includes impacts due to chemical 
consumption, second category includes impacts due to chemical and sludge transportation, third 
category includes impacts due to electrical energy consumption within the WTP and fourth category 
includes impacts due to all remaining processes that are identified as miscellaneous processes. 
 
In this study, the most contributing sub-assemblies are identified by comparing the percentage 
contribution of different sub-assemblies in total impacts at the mid-point (17 impact categories) and 
endpoint level (3 damage categories) on the basis of their characterized scores as given in Table 5.4, 
along with their single scores calculated using global weighting factors as shown in Table 5.3. Moreover, 
the most significant sub-assemblies in regard to their cumulative energy consumption are also identified 
in this study at three levels (total energy consumption, renewable energy consumption and non-
renewable energy consumption) as given in Table 5.3.  
 
A detailed discussion about the results is provided in section 6.2 but from the Table 5.3 and 5.4 it is clear 
that impacts due to chemical consumption is the single most dominating contributor in all alternatives 
and impacts due to transportation and energy consumption are relatively less significant. However, 
miscellaneous processes have positive impacts in all alternatives mainly due to regeneration of 
saturated GAC that is assumed to be used as an alternative to new GAC. Moreover, non-renewable 
energy use in future WTP alternatives is mainly from chemical production and its transportation while 
the renewable energy use is mainly concentrated to internal WTP operations. 
 
5.2.3 Research objective 3 results 
The research objective 3 is “Which treatment steps have significant environmental impact contribution 
in future WTP alternatives?” This objective is mainly to identify the treatment steps that contribute the 
most in different WTP alternatives. To make the identification easy to understand to the audience, the 
treatments steps are identified based on their contribution in the total impacts generated by each of the 
four WTP sub-assemblies which are same as defined in the research objective 2 in section 5.2.2 
(chemical consumption, transportation, energy consumption within the WTP and miscellaneous 
processes).  
 
 In this study, the most contributing treatment steps in each sub-assembly of a future WTP alternative 
are identified by comparing their percentage contribution on the basis of their single scores calculated 
using global weighting factors as shown in Table 5.5 (Chemical consumption), Table 5.6 (transportation), 
Table 5.7 (miscellaneous processes) and Table 5.8 (energy consumption within the WTP).  
 
A detailed discussion about the results is provided in section 6.2 but from the Table 5.5, 5.6, 5.7 and 5.8 
it is clear that filtration through GAC contribute the most in total environmental impacts in all 
alternatives. After, GAC filters; the other most contributing treatment step is chemical precipitation in 
A2-A8 and resin regeneration in A1. Moreover, the regeneration of GAC is also important as it induces 
positive impacts in all alternatives that compensate their negative impacts to some extent. 
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Table 5. 3 Summary of percentage contribution of different WTP sub-assemblies in total environmental impacts generated by a future WTP alternative per functional unit 

Future WTP Alternatives Unit A1 A2 A3 A4 A5 A6 A7 A8 A9 

FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG 

Total impact (Single score) mPt/m3 7.31 8.28 7.20 8.28 7.20 8.39 7.31 8.10 7.03 7.99 6.92 9.78 8.54 7.35 6.03 2.83 

WTP sub-assemblies % contribution Percentage (%) contribution (positive/negative) of different WTP sub-assemblies in total impact   

1 Chemical consumption % 99 99 109 99 109 99 108 96 105 96 106 94 103 100 112 137 

2 Energy consumption within WTP % 8 6 7 6 7 7 7 7 8 7 8 7 9 7 9 31 

3 Transportation % 19 19 13 19 13 19 12 19 13 20 13 19 12 21 14 10 

4 Miscellaneous processes % -25 -25 -28 -25 -28 -24 -28 -22 -26 -23 -26 -21 -24 -28 -34 -79 

Cumulative contribution % 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
Cumulative Energy Demand (LHV) V1.00  

Total Non renewable energy consumption MJ/m3 1.93 2.22 1.74 2.22 1.74 2.24 1.75 2.17 1.69 2.16 1.68 2.59 2.02 2.02 1.50 0.68 

WTP sub-assemblies % contribution Percentage (%) contribution (positive/negative) of different WTP sub-assemblies in total Non renewable energy consumption 

1 Chemical consumption % 97 96 115 96 115 96 115 92 110 92 110 91 109 95 115 178 

2 Energy consumption within WTP % 4 3 4 3 4 3 4 3 4 3 4 3 4 3 4 16 

3 Transportation % 34 35 25 35 25 35 25 35 26 35 26 35 25 37 27 20 

4 Miscellaneous processes % -35 -34 -44 -34 -44 -34 -44 -30 -39 -31 -40 -30 -38 -35 -47 -114 

Cumulative Energy Demand (LHV) V1.00  

Total Renewable energy consumption MJ/m3 2.41 2.10 2.03 2.10 2.03 2.42 2.36 2.39 2.33 2.08 2.01 3.14 3.07 2.30 2.23 3.54 

WTP sub-assemblies % contribution Percentage (%) contribution (positive/negative) of different WTP sub-assemblies in total Renewable energy consumption 

1 Chemical consumption % 17 10 7 10 7 19 17 18 16 10 7 16 14 19 16 9 

2 Energy consumption within WTP % 83 90 93 90 93 82 84 82 84 91 93 85 87 82 84 91 

3 Transportation % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 Miscellaneous processes % -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 0 -1 -1 -1 0 

Legend-Color code  

% contribution (positive/negative) in total 
impact  

Color code 
     

Color code 
     % positive 0 to -25 -25 to -50 -50 to -75 -75 to - 100 <- 100 % negative 0 to 25 25 to 50 50 to 75 75 to 100  > 100 

 
(Note: Inter-comparison of different alternatives within a particular sub-assembly is not allowed as it may give misleading results in case of alternatives with different total 
impacts for e.g. A9 cannot be compared with A1 in terms of % contribution by chemical consumption because % contribution of chemical consumption in total impacts in the 
respective alternatives in not a direct reflection of their absolute impacts. So, although chemical consumption has higher (137%) contribution in total impacts induce by A9 in 
comparison to A1 (99%) but in absolute terms impacts due to chemical consumption in A9 is nearly half in comparison to A1. 
 
In this Table, the total impacts induced by an alternative is divided into four assemblies and given in % contribution by each sub-assembly.  As there is a sub-assembly known as 
miscellaneous processes which give positive impacts in all alternatives (due to regeneration of saturated GAC that is assumed to be used as an alternative to new GAC) that 
compensate some of the negative impacts induced by an alternative to some extent. As a result, cumulative negative impacts of sub-assemblies are more than 100% such that 
the combined cumulative positive and negative impacts became 100%. For e.g., in A1, total negative impact is 125% of total impact and positive impact is 25% of total impact 
and the total impact by A1 is 100% that is 7.31 mPt/m3)     
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Table 5. 4 Percentage contribution of different WTP sub-assemblies in selected environmental impacts categories  

 Method Impact categories (Mid-point) Damage categories Total Energy 

Impact no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1 2 3 1 1 2 
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Units 
Percentage (%) contribution of different WTP sub-assemblies in total impact generated by an alternative 

% % % % % % % % % % % % % % % % % % % % % % % 

A1 0.147 2E-07 0.02 3E-04 2E-04 3E-04 6E-04 8E-05 1E-05 1.47 1E-02 2E-02 2E-02 0.248 9E-03 2E-03 4E-02 4E-07 8E-10 1E-02 7.31 1.93 2.41 

Chemical  96 68 106 109 111 107 125 126 112 43 69 70 85 89 55 73 95 99 98 56 99 97 17 

Energy  7 19 3 6 6 6 4 7 4 6 32 28 12 10 4 11 4 8 6 3 8 4 83 

Transportation 27 18 6 24 17 25 13 4 3 50 5 7 5 9 32 5 39 18 24 53 19 34 0 

Miscellaneous -30 -5 -15 -39 -34 -37 -42 -37 -18 2 -6 -6 -1 -8 9 11 -37 -25 -28 -13 -25 -35 -1 

A2 FeCl3 0.152 1.2E-07 0.01 4E-04 3E-04 4E-04 1E-03 8E-05 6E-06 1.61 1E-02 2E-02 1E-02 0.272 1E-02 1E-03 5E-02 5E-07 9E-10 2E-02 8.28 2.22 2.10 

Chemical  96 54 108 108 110 107 118 131 116 40 69 70 75 88 58 61 94 100 98 59 99 96 10 

Energy  6 25 4 5 4 5 3 6 6 5 30 27 18 9 3 14 3 6 5 3 6 3 90 

Transportation 31 29 8 24 15 25 10 5 5 54 6 8 9 10 30 7 38 19 24 50 19 35 0 

Miscellaneous -34 -8 -20 -38 -28 -36 -30 -43 -27 2 -5 -5 -1 -6 9 18 -35 -25 -27 -11 -25 -34 -1 

A2 ALG 0.120 8.6E-08 0.01 3E-04 3E-04 3E-04 8E-04 6E-05 5E-06 1.02 9E-03 1E-02 2E-02 0.193 8E-03 2E-03 4E-02 4E-07 7E-10 1E-02 7.20 1.74 2.03 

Chemical  112 54 112 123 120 122 129 141 127 42 67 68 89 89 56 76 114 109 111 73 109 115 7 

Energy  8 34 4 6 5 6 3 8 7 8 36 32 9 13 5 9 4 7 7 4 7 4 93 

Transportation 23 22 5 17 10 17 7 4 4 47 4 6 2 8 25 3 29 12 18 39 13 25 0 

Miscellaneous -43 -11 -21 -46 -35 -45 -39 -52 -38 3 -6 -6 -1 -9 14 12 -46 -28 -36 -16 -28 -44 -1 

A3 FeCl3 0.152 1.2E-07 0.01 4E-04 3E-04 4E-04 1E-03 8E-05 6E-06 1.61 1E-02 2E-02 1E-02 0.272 1E-02 1E-03 5E-02 5E-07 9E-10 2E-02 8.28 2.22 2.10 

Chemical  96 54 108 108 110 107 118 131 116 40 69 70 75 88 58 61 94 100 98 59 99 96 10 

Energy  6 25 4 5 4 5 3 6 6 5 30 27 18 9 3 14 3 6 5 3 6 3 90 

Transportation 31 29 8 24 15 25 10 5 5 54 6 8 9 10 30 7 38 19 24 50 19 35 0 

Miscellaneous -34 -8 -20 -38 -28 -36 -30 -43 -27 2 -5 -5 -1 -6 9 18 -35 -25 -27 -11 -25 -34 -1 

A3 ALG 0.120 8.6E-08 0.01 3E-04 3E-04 3E-04 8E-04 6E-05 5E-06 1.02 9E-03 1E-02 2E-02 0.193 8E-03 2E-03 4E-02 4E-07 7E-10 1E-02 7.20 1.74 2.03 
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Chemical  112 54 112 123 120 122 129 141 127 42 67 68 89 89 56 76 114 109 111 73 109 115 7 

Energy  8 34 4 6 5 6 3 8 7 8 36 32 9 13 5 9 4 7 7 4 7 4 93 

Transportation 23 22 5 17 10 17 7 4 4 47 4 6 2 8 25 3 29 12 18 39 13 25 0 

Miscellaneous -43 -11 -21 -46 -35 -45 -39 -52 -38 3 -6 -6 -1 -9 14 12 -46 -28 -36 -16 -28 -44 -1 

A4 FeCl3 0.154 1.2E-07 0.01 4E-04 3E-04 4E-04 1E-03 8E-05 6E-06 1.63 1E-02 2E-02 1E-02 0.278 1E-02 1E-03 5E-02 5E-07 9E-10 2E-02 8.39 2.24 2.42 

Chemical  96 55 108 108 109 106 118 131 116 40 69 70 75 88 59 62 94 99 98 59 99 96 19 

Energy  7 25 4 5 4 5 3 6 6 5 30 27 18 9 3 14 3 7 5 3 7 3 82 

Transportation 31 28 8 24 15 25 10 5 5 53 6 8 8 9 29 7 38 18 24 50 19 35 0 

Miscellaneous -33 -7 -19 -37 -28 -36 -30 -42 -27 2 -5 -5 -1 -6 9 17 -35 -24 -27 -11 -24 -34 -1 

A4 ALG 0.121 9.1E-08 0.01 3E-04 3E-04 3E-04 8E-04 6E-05 5E-06 1.04 1E-02 1E-02 2E-02 0.199 8E-03 2E-03 4E-02 4E-07 7E-10 1E-02 7.31 1.75 2.36 

Chemical  111 55 112 123 120 121 129 140 126 43 67 69 89 88 56 76 114 108 111 73 108 115 17 

Energy  8 34 4 6 5 6 3 8 8 8 35 31 9 13 5 9 4 8 7 4 7 4 84 

Transportation 22 21 5 17 10 17 7 4 4 46 4 5 2 8 25 3 28 12 17 39 12 25 0 

Miscellaneous -42 -10 -21 -45 -35 -44 -39 -51 -38 3 -6 -6 -1 -9 14 12 -46 -28 -35 -16 -28 -44 -1 

A5 FeCl3 0.149 1.2E-07 0.01 4E-04 3E-04 4E-04 1E-03 8E-05 6E-06 1.59 1E-02 2E-02 1E-02 0.266 1E-02 1E-03 5E-02 4E-07 9E-10 1E-02 8.10 2.17 2.39 

Chemical  92 53 105 104 106 102 115 126 107 40 69 70 75 88 59 63 90 97 95 57 96 92 18 

Energy  7 26 4 5 4 5 3 6 5 5 31 28 19 9 3 14 3 7 5 3 7 3 82 

Transportation 31 28 8 25 15 25 10 5 5 53 6 8 9 10 30 7 39 19 24 50 19 35 0 

Miscellaneous -30 -6 -17 -34 -25 -33 -27 -38 -17 1 -6 -6 -2 -7 7 15 -31 -22 -24 -10 -22 -30 -1 

A5 ALG 0.116 8.8E-08 0.01 3E-04 3E-04 3E-04 8E-04 6E-05 5E-06 1.01 9E-03 1E-02 2E-02 0.188 7E-03 2E-03 3E-02 4E-07 7E-10 1E-02 7.03 1.69 2.33 

Chemical  107 54 109 119 116 117 124 135 116 43 67 69 89 89 58 77 109 106 107 71 105 110 16 

Energy  9 34 4 6 5 6 3 8 7 8 36 32 9 13 5 10 4 8 7 4 8 4 84 

Transportation 23 21 5 17 10 17 7 4 4 46 4 6 2 8 26 3 29 12 18 39 13 26 0 

Miscellaneous -38 -9 -18 -41 -32 -40 -35 -46 -27 2 -7 -7 -1 -10 12 10 -41 -26 -32 -14 -26 -39 -1 

A6 FeCl3 0.147 1.1E-07 0.01 3E-04 3E-04 4E-04 1E-03 8E-05 6E-06 1.57 1E-02 1E-02 1E-02 0.260 1E-02 1E-03 5E-02 4E-07 8E-10 1E-02 7.99 2.16 2.08 

Chemical  92 52 105 104 106 103 115 127 107 40 69 69 75 88 59 63 90 97 95 57 96 92 10 

Energy  7 26 4 5 4 5 3 6 5 5 31 28 19 9 3 14 3 7 5 3 7 3 91 

Transportation 32 29 8 25 15 26 10 5 5 54 6 9 9 10 30 7 39 19 24 51 20 35 0 

Miscellaneous -30 -7 -17 -34 -25 -33 -27 -38 -17 1 -6 -6 -2 -7 8 15 -31 -23 -25 -10 -23 -31 -1 

A6 ALG 0.115 8.4E-08 0.01 3E-04 3E-04 3E-04 8E-04 6E-05 5E-06 0.99 9E-03 1E-02 2E-02 0.182 7E-03 2E-03 3E-02 4E-07 6E-10 1E-02 6.92 1.68 2.01 

Chemical  107 52 110 119 116 117 125 136 116 43 66 68 89 89 57 77 109 106 108 71 106 110 7 

Energy  9 35 4 6 5 6 3 8 7 8 37 33 9 13 5 9 4 8 7 4 8 4 93 

Transportation 23 22 5 17 11 18 7 4 4 47 4 6 3 8 26 3 29 12 18 39 13 26 0 

Miscellaneous -39 -9 -18 -42 -32 -41 -35 -47 -27 2 -7 -7 -1 -11 12 10 -42 -26 -32 -14 -26 -40 -1 

A7 FeCl3 0.179 1.4E-07 0.01 4E-04 4E-04 4E-04 1E-03 9E-05 7E-06 1.90 1E-02 2E-02 1E-02 0.326 1E-02 1E-03 5E-02 5E-07 1E-09 2E-02 9.78 2.59 3.14 

Chemical  90 51 104 103 105 101 114 124 110 40 65 66 71 85 58 61 89 95 93 57 94 91 16 

Energy  8 28 4 5 5 6 3 7 7 6 33 30 20 10 4 16 3 8 6 3 7 3 85 

Transportation 30 27 8 24 14 25 9 5 5 52 5 8 8 9 29 7 38 18 23 49 19 35 0 

Miscellaneous -28 -6 -16 -32 -24 -31 -26 -37 -21 2 -4 -3 1 -4 9 17 -30 -21 -23 -9 -21 -30 0 
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A7 ALG 0.141 1.1E-07 0.01 3E-04 3E-04 4E-04 9E-04 8E-05 5E-06 1.21 1E-02 2E-02 3E-02 0.234 9E-03 2E-03 4E-02 5E-07 8E-10 1E-02 8.54 2.02 3.07 

Chemical  104 50 108 117 114 115 123 132 118 43 62 64 87 84 55 76 108 103 105 71 103 109 14 

Energy  10 38 5 7 6 7 4 9 9 10 38 35 10 15 6 11 4 9 8 4 9 4 87 

Transportation 22 20 5 16 10 17 7 3 4 45 4 5 2 7 25 3 28 11 17 38 12 25 0 

Miscellaneous -36 -8 -17 -39 -30 -38 -34 -45 -31 3 -4 -4 0 -6 14 11 -40 -23 -30 -13 -24 -38 -1 

A8 FeCl3 0.136 1.2E-07 0.01 3E-04 3E-04 3E-04 9E-04 7E-05 6E-06 1.49 1E-02 1E-02 9E-03 0.240 1E-02 9E-04 4E-02 4E-07 8E-10 1E-02 7.35 2.02 2.30 

Chemical  96 52 107 110 110 108 117 132 108 39 70 71 87 90 57 71 93 101 97 58 100 95 19 

Energy  7 25 4 5 4 5 3 7 5 6 32 29 22 10 3 17 3 7 6 3 7 3 82 

Transportation 33 28 8 27 16 27 10 5 5 55 6 9 10 10 29 9 40 20 25 52 21 37 0 

Miscellaneous -36 -5 -19 -42 -30 -41 -30 -44 -18 1 -8 -8 -19 -11 10 3 -36 -28 -28 -13 -28 -35 -1 

A8 ALG 0.102 8.6E-08 0.01 2E-04 2E-04 2E-04 7E-04 5E-05 5E-06 0.92 8E-03 1E-02 2E-02 0.163 7E-03 1E-03 3E-02 3E-07 6E-10 1E-02 6.03 1.50 2.23 

Chemical  114 52 111 129 122 127 130 143 117 42 67 69 96 92 54 83 115 112 112 73 112 115 16 

Energy  10 34 4 7 6 7 4 9 7 9 38 35 11 15 5 12 4 9 8 4 9 4 84 

Transportation 24 20 5 19 11 19 8 4 4 48 4 6 3 9 25 3 31 13 19 42 14 27 0 

Miscellaneous -48 -6 -21 -54 -40 -53 -42 -56 -28 1 -10 -10 -10 -15 16 2 -50 -34 -39 -18 -34 -47 -1 

A9 0.060 8.1E-08 0.00 1E-04 1E-04 1E-04 2E-04 3E-05 2E-06 0.42 8E-03 1E-02 6E-03 0.095 4E-03 5E-04 1E-02 2E-07 3E-10 4E-03 2.83 0.68 3.54 

Chemical  146 37 131 188 171 185 205 189 151 29 37 39 70 79 38 28 182 137 142 96 137 178 9 

Energy  28 62 18 24 24 24 18 29 25 33 73 71 59 44 14 60 16 32 25 17 31 16 91 
Transportation 14 7 4 12 9 13 7 3 2 33 2 2 3 5 13 3 22 9 12 33 10 20 0 

Miscellaneous -88 -6 -53 -125 -104 -122 -131 -121 -78 5 -11 -12 -31 -27 35 9 -120 -79 -80 -46 -79 -114 0 

Legend-Color code  

% contribution (positive/negative) in total 
impact of a selected impact category 

Color code      Color code      

% positive 0 to -25 -25 to -50 -50 to -75 -75 to - 100 <- 100 % negative 0 to 25 25 to 50 50 to 75 75 to 100  > 100 
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Table 5. 5 Distribution of total environmental impacts generated by different future WTP alternatives through chemical consumption 

Future WTP Alternatives Unit A1 A2 A3 A4 A5 A6 A7 A8 A9 

FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG 

Total impact by chemicals (Single score) mPt/m3 7.21 8.20 7.81 8.20 7.81 8.29 7.90 7.79 7.40 7.70 7.32 9.22 8.80 7.37 6.73 3.89 

Different chemicals use in WTP % contribution Percentage (%) contribution of different chemicals in total impacts due to chemical consumption 

1 PAC (Norit W20) % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 Resin (Lewatit® S 5128)   % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 Salt (NaCl) % 21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 Sodium carbonate (Soda as Na2CO3) % 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5 Carbon dioxide (CO2) % 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 Polyaluminium chloride (PAX-XL 60) % 14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 Hypochlorite (NaOCl) % 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 

8 Sodium hydroxide (NaOH) % 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 

9 Hydrochloric acid (HCl) % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

10 Sulfuric acid (H2SO4) % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 Aluminum sulphate (ALG ) % 0 0 34 0 34 0 34 0 35 0 36 0 36 0 32 0 

12 Ferric chloride (FeCl3 as PIX-111) % 0 11 0 11 0 11 0 11 0 12 0 12 0 10 0 0 

13 Sulfuric acid (H2SO4) % 0 11 3 11 3 11 3 11 3 11 3 12 3 12 3 0 

14 Activated silica (SiO2) % 0 3 3 3 3 3 3 3 4 3 4 3 4 0 0 0 

15 Sodium carbonate (Soda as Na2CO3) % 0 26 10 26 10 26 10 27 11 27 11 28 11 28 11 0 

16 Filter Sand % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

17 Granular activated carbon (GAC) % 38 39 41 39 41 38 41 35 38 36 38 36 38 37 41 82 

18 Ozone (O3) % 1 0 0 0 0 1 1 1 1 0 0 1 1 1 1 3 

19 Sodium carbonate (Soda as Na2CO3) % 5 6 5 6 5 6 4 6 5 6 5 5 4 6 5 8 

20 Sodium Hypochlorite for chloramines  % 3 3 3 3 3 3 3 3 3 3 3 2 2 3 3 6 

21 Ammonium sulphate for chloramines  % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

22 Polymer for sludge treatment % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Total Chemical consumption ton/year 17672 15813 10089 15812 10088 16130 10405 15218 9585 14912 9280 18668 11955 14536 8789 2391 

Legend-Color code  

% contribution (positive/negative) in total 
impact 

Color code      Color code      

% positive 0 to -10 -10 to -20 -20 to -30 -30 to - 40 <- 40 % negative 0 to 10 10 to 20 20 to 30 30 to 40  >  40 

 
Table 5. 6 Distribution of total environmental impacts generated by different future WTP alternatives through transportation 

Future WTP Alternatives Units A1 A2 A3 A4 A5 A6 A7 A8 A9 

FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 
  

FeCl3 ALG FeCl3 ALG FeCl3 

Total impact by transportation (Single score) mPt/m3 1.35 1.61 0.91 1.61 0.91 1.61 0.91 1.58 0.89 1.58 0.89 1.84 1.03 1.52 0.84 0.28 

Different chemical/material transported % contribution Percentage (%) contribution of different chemicals/materials in total impacts due to transportation 

1 PAC (Norit W20) % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 Resin (Lewatit® S 5128)   % 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 Salt (NaCl) % 44 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 Carbon dioxide (CO2) % 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5 Polyaluminium chloride (PAX-XL 60) % 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 Hypochlorite (NaOCl) % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 

7 Sodium hydroxide (NaOH) % 1 1 1 1 1 1 1 1 1 1 1 0 1 1 2 1 
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8 Hydrochloric acid (HCl) % 1 0 1 0 1 0 1 0 1 0 1 0 0 1 2 0 

9 Aluminum sulphate (ALG ) % 0 0 18 0 18 0 18 0 18 0 18 0 19 0 16 0 

10 Ferric chloride (FeCl3 as PIX-111) % 0 5 0 5 0 5 0 5 0 5 0 6 0 5 0 0 

11 Sulfuric acid (H2SO4) % 0 7 3 7 3 7 3 7 3 7 3 7 3 7 3 0 

12 Activated silica (SiO2) % 0 2 4 2 4 2 4 2 4 2 4 2 4 0 0 0 

13 Filter Sand % 0 1 1 1 1 1 1 0 0 0 0 1 1 0 0 0 

14 Granular activated carbon (GAC) % 5 5 9 5 9 5 9 5 8 5 8 5 8 5 8 30 

15 Ozone (O3) % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 Sodium carbonate (Soda as Na2CO3) % 37 75 57 75 57 75 57 75 58 75 58 75 58 76 61 51 

17 Sodium Hypochlorite for chloramines  % 2 2 3 2 3 2 3 2 3 2 3 2 3 2 4 11 

18 Ammonium sulphate for chloramines  % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 

19 Polymer for sludge treatment % 0 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 

20 Sludge transport % 0 1 1 1 1 1 1 1 2 1 2 1 1 1 2 1 

Legend-Color code  

% contribution (positive/negative) in total 
impact 

Color code      Color code      

% positive 0 to -10 -10 to -20 -20 to -30 -30 to - 40 <- 40 % negative 0 to 10 10 to 20 20 to 30 30 to 40  >  40 

 
Table 5. 7 Distribution of total environmental impacts generated by different future WTP alternatives through miscellaneous processes  

Future WTP Alternatives Unit A1 A2 A3 A4 A5 A6 A7 A8 A9 

FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG 

Total impacts (Single score) mPt/m3 -1.81 -2.05 -2.05 -2.05 -2.05 -2.05 -2.05 -1.80 -1.81 -1.81 -1.81 -2.01 -2.02 -2.06 -2.06 -2.23 

Miscellaneous processes consider in WTP % contribution Percentage (%) contribution of different miscellaneous processes in total impacts due to miscellaneous processes 

1 WTP internal operations % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 WTP construction % 26 27 27 27 27 27 27 26 26 26 26 31 30 8 8 9 

3 Ultraviolet lamp  % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 Ultrafiltration module  % 1 1 1 1 1 1 1 1 1 1 1 1 1 3 3 0 

5 Nanofiltration module  % 0 0 0 0 0 0 0 0 0 0 0 5 5 0 0 9 

6 Granular activated carbon regeneration % 12 13 13 13 13 13 13 13 13 13 13 14 13 11 11 12 

7 GAC (Avoided product) % -140 -142 -142 -142 -142 -142 -142 -141 -140 -140 -140 -151 -151 -123 -123 -130 

8 Sludge treatment % 0 1 0 1 0 1 0 1 1 1 1 1 1 1 1 0 

9 Filter sand to sanitary landfill  % 0 1 1 1 1 1 1 0 0 0 0 1 1 0 0 0 

10 Spent resin to municipal incineration  % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Legend-Color code  

% contribution (positive/negative) in total 
impact 

Color code      Color code      

% positive 0 to -25 -25 to -50 -50 to -75 -75 to - 100 <- 100 % negative 0 to 25 25 to 50 50 to 75 75 to 100  > 100 

(Note: In all alternatives it is assumed that the saturated GAC will be regenerated and used as an alternative to new GAC. It contributes most of the positive impacts that are 
relatively much larger in comparison to negative impacts due to WTP construction and saturated GAC regeneration process, as a result the overall impact by miscellaneous 
processes sub-assembly in positive) 
 

 
 
 
 



14 
 

Table 5. 8 Distribution of total environmental impacts generated by different future WTP alternatives through energy consumption 

Future WTP Alternatives Units A1 A2 A3 A4 A5 A6 A7 A8 A9 

FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG 

Total impacts by energy use(Single score) mPt/m3 0.55 0.52 0.52 0.52 0.52 0.55 0.55 0.54 0.54 0.52 0.52 0.73 0.73 0.52 0.52 0.89 

Different treatment steps in WTP % contribution Percentage (%) contribution of different treatment steps in total impacts due to energy consumption 

1 Micro screening % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 Raw water pumping % 4 5 5 5 5 4 4 4 4 5 5 4 4 5 5 3 

3 SIX % 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 Chemical precipitation % 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 

5 Sedimentation % 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 

6 Rapid sand filtration % 0 1 1 1 1 1 1 0 0 0 0 1 1 0 0 0 

7 UF % 10 10 10 10 10 10 10 10 10 10 10 4 4 8 8 0 

8 NF % 0 0 0 0 0 0 0 0 0 0 0 26 26 0 0 45 

9 UV disinfection % 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 

10 GAK/BAK filtration % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 Intermediate reservoirs % 4 5 5 5 5 5 4 4 3 4 3 4 3 4 3 2 

12 Distribution pumping % 69 72 73 72 73 69 70 71 71 73 74 52 52 74 74 44 

13 General electricity in the building % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

14 Secondary UF % 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 

15 Sludge handling % 0 2 2 2 2 2 2 2 2 2 2 1 1 1 1 1 

16 Ozonation % 4 0 0 0 0 4 4 4 4 0 0 3 3 4 4 3 

Total yearly consumption  
1 Total (including distribution) GWh/yr 40.8 38.8 38.6 38.8 38.6 40.4 40.2 39.7 39.5 38.1 38.0 53.7 53.6 38.1 37.9 64.1 

2 Total (excluding distribution) GWh/yr 12.8 10.8 10.6 10.8 10.6 12.4 12.2 11.7 11.5 10.1 10.0 25.7 25.6 10.1 9.9 36.1 

Legend-Color code  

% contribution (positive/negative) in total 
impact 

Color code      Color code      

% positive 0 to -10 -10 to -20 -20 to -30 -30 to - 40 <- 40 % negative 0 to 10 10 to 20 20 to 30 30 to 40  >  40 
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5.2.4 Research objective 4 results 
The research objective 4 is “Which environmental impacts from future WTP alternatives are the most 
significant?” This objective is mainly to identify the impact categories that are most significant to each 
alternative. This can be achieved by comparing the weighted scores of different impact categories within 
each alternative. In an ideal scenario, the best comparison is possible with weighted scores calculated 
using context specific weighting factors but it is a limitation of this study due to non-availability of 
reliable regionally valid weighting scores within the resource limits of the study. In this study, global 
weighting factors have been used, so impact categories identified in this study are uncertain and should 
not be used independently but always in relation with characterized results to avoid any unrealistic 
conclusion and misinterpretation of the results. 
 
In this study, the most significant impact categories are identified by comparing the percentage 
contribution of different impact categories in total impacts at the mid-point (17 impact categories) and 
endpoint level (3 damage categories) on the basis of their weighted scores  calculated using global 
weighting factors as shown in Table 5.9. The most significant impact categories are also identified at 
sub-assemblies level (chemical consumption, transportation, energy consumption and miscellaneous 
processes) to make the analysis more comprehensive and reliable as shown in Table 5.10.  Moreover, 
the distribution of renewable and non-renewable energy consumption in different sub-assemblies is 
also shown in Table 5.9. A detailed discussion about the results is provided in section 6.2 but from the 
Table 5.9 it is clear that impact categories related to Fine particulate matter formation and Global 
warming are the most significant in all alternatives.  
 
5.2.5 Research objective 5 results 
The research objective 5 is “How significant are the variations in environmental impacts by changing the 
uncertain parameters (Change in electricity mix, Use of PAC as a permanent chemical barrier, Design life 
of GAC filters, Use of regenerated GAC and source of electricity in chemical production)?” This objective 
is mainly to identify the uncertainties in the prediction of environmental impacts depending upon the 
possible future scenarios. It is a part of sensitivity analysis to determine the degree of variations in the 
potential environmental impacts by changing one or several input variables to analyse the possible 
range of the results based on the possible range of input variables. It is an attempt to explore the 
uncertainty in the results based on the uncertainty in the input variables to determine the robustness of 
the study results and environmental predictions.  
 
In this study, different sensitivity scenarios as defined in the section 3.2.12 are compared on the basis of 
their weighted scores at midpoint (17 impact categories) and endpoint level (3 damage categories) 
along with their single scores as shown in Table 5.11 to analyse the variation in environmental impacts. 
Moreover, different sensitivity scenarios are also compared based on their cumulative energy demand 
at three levels (total energy consumption, renewable energy consumption and non-renewable energy 
consumption) as shown in Table 5.11. To make the comparison easy to understand to the audience, 
different sensitivity scenarios are compared with the baseline alternatives for which sensitivity scenarios 
are developed and results are given in % increase/decrease in impacts in different sensitivity scenarios in 
comparison to the baseline alternative. A detailed discussion about the results is provided in section 6.2 
but from the Table 5.11 and 5.12 it is clear that the change in proportion of green and wind energy will 
not lead to any noticeable change in total impacts but the continuous dosing of powder activated 
carbon (with a maximum dose of 30 mg/l) will increase the potential impacts exponentially. Moreover, 
the decrease in the design life of GAC will increase the impacts but the use of regenerated GAC within 
the WTP instead of new GAC will significantly decrease the impacts in all alternatives. The change in the 
chemical production electricity mix in the databases will not lead to any significant change in impacts.  
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Table 5. 9 Distribution of total impacts generated by different future WTP alternatives in 2050 into different impact categories  

Future WTP Alternatives Unit A1 
 

A2 A3 A4 A5 A6 A7 A8 A9 

FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG 

Weighted Impact categories (Mid-point) % contribution Percentage (%) contribution of different impact categories in total impact generated by an alternative 

1 Global warming % 35 32 29 32 29 32 29 32 28 32 28 31 28 32 29 36 

2 Stratospheric ozone depletion % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 Ionizing radiation % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 Ozone formation, Human health % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5 Fine particulate matter formation % 36 44 40 44 40 44 40 44 40 44 41 44 40 45 41 36 

6 Ozone formation, Terrestrial ecosystems % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 Terrestrial acidification % 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 

8 Freshwater eutrophication % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 Marine eutrophication % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 Terrestrial ecotoxicity % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 Freshwater ecotoxicity % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 Marine ecotoxicity % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 Human carcinogenic toxicity % 13 7 17 7 17 7 17 7 17 7 17 7 17 7 16 11 

14 Human non-carcinogenic toxicity % 13 13 10 13 10 13 10 13 10 12 10 13 11 13 10 13 

15 Land use % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

16 Mineral resource scarcity % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

17 Fossil resource scarcity % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Cumulative contribution by all categories % 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
Weighted Damage categories (End-point)  

1 Human Health  
% 93 93 94 93 94 93 94 93 94 93 94 93 94 93 93 93 

2 Ecosystems  
% 6 6 5 6 5 6 5 6 5 6 5 6 5 6 5 6 

3 Resources  
% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Single score (using global weighting)  

1 Total impact mPt/m3 7.31 8.28 7.20 8.28 7.20 8.39 7.31 8.10 7.03 7.99 6.92 9.78 8.54 7.35 6.03 2.83 

Cumulative Energy Demand (LHV) V1.00  

1 Total MJ/m3 4.34 4.32 3.77 4.32 3.77 4.66 4.11 4.56 4.02 4.24 3.69 5.73 5.09 4.31 3.73 4.21 

2 Non renewable  
% 45 51 46 51 46 48 43 48 42 51 45 45 40 47 40 16 

3 Renewable  
% 55 49 54 49 54 52 57 52 58 49 55 55 60 53 60 84 

Legend-Color code  

% contribution (positive/negative) in total 
impact 

Color code      Color code      

% decrease 0 to -10 -10 to -20 -20 to -30 -30 to - 40 <- 40 % increase 0 to 10 10 to 20 20 to 30 30 to 40  >  40 
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Table 5. 10 Distribution of total impacts generated by different WTP sub-assemblies into different impact categories  

 Method Weighted Impact categories Damage categories Total Energy 

Impact no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1 2 3 1 1 2 
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Distribution Distribution of total impact in different impact categories Impact distribution  Distribution 

Units 
Percentage (%) contribution of different impact categories in total impact generated by an alternative 

% % % % % % % % % % % % % % % % % % % % mPt % % 

A1 

 Total 35 0 0 0 36 0 1 0 0 0 0 0 13 13 1 0 1 93 6 1 7.3 45 55 

Chemical  34 0 0 0 40 0 1 1 0 0 0 0 11 12 0 0 1 94 6 1 7.2 82 18 

Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.6 3 97 

Transportation 51 0 0 0 34 0 1 0 0 0 0 0 3 6 1 0 3 89 7 3 1.4 99 1 

Miscellaneous -42 0 0 0 -50 0 -2 -1 0 0 0 0 -1 -4 0 0 1 93 6 1 -1.8 98 2 

A2 FeCl3 

 Total 32 0 0 0 44 0 1 0 0 0 0 0 7 13 1 0 1 93 6 1 8.3 51 49 

Chemical  31 0 0 0 49 0 2 0 0 0 0 0 5 11 0 0 1 93 6 1 8.2 91 9 

Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.5 3 97 

Transportation 51 0 0 0 34 0 1 0 0 0 0 0 3 6 1 0 3 89 7 3 1.6 99 1 

Miscellaneous -43 0 0 0 -50 0 -2 -1 0 0 0 0 0 -3 0 0 1 93 7 1 -2.1 98 2 

A2 ALG 

 Total 29 0 0 0 40 0 1 0 0 0 0 0 17 10 1 0 1 94 5 1 7.2 46 54 

Chemical  29 0 0 0 45 0 2 0 0 0 0 0 14 8 0 0 1 94 5 1 7.8 93 7 

Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.5 3 97 

Transportation 51 0 0 0 33 0 1 0 0 0 0 0 3 6 1 0 3 89 7 3 0.9 99 1 

Miscellaneous -43 0 0 0 -50 0 -2 -1 0 0 0 0 0 -3 0 0 1 93 7 1 -2.0 98 2 

A3 FeCl3 

 Total 32 0 0 0 44 0 1 0 0 0 0 0 7 13 1 0 1 93 6 1 8.3 51 49 

Chemical  31 0 0 0 49 0 2 0 0 0 0 0 5 11 0 0 1 93 6 1 8.2 91 9 

Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.5 3 97 

Transportation 51 0 0 0 34 0 1 0 0 0 0 0 3 6 1 0 3 89 7 3 1.6 99 1 

Miscellaneous -43 0 0 0 -50 0 -2 -1 0 0 0 0 0 -3 0 0 1 93 7 1 -2.0 98 2 

A3 ALG 

 Total 29 0 0 0 40 0 1 0 0 0 0 0 17 10 1 0 1 94 5 1 7.2 46 54 

Chemical  29 0 0 0 45 0 2 0 0 0 0 0 14 8 0 0 1 94 5 1 7.8 93 7 
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Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.5 3 97 

Transportation 51 0 0 0 33 0 1 0 0 0 0 0 3 6 1 0 3 89 7 3 0.9 99 1 

Miscellaneous -43 0 0 0 -50 0 -2 -1 0 0 0 0 0 -3 0 0 1 93 7 1 -2.0 98 2 

A4 FeCl3 

 Total 32 0 0 0 44 0 1 0 0 0 0 0 7 13 1 0 1 93 6 1 8.4 48 52 

Chemical  31 0 0 0 49 0 2 0 0 0 0 0 6 11 0 0 1 93 6 1 8.3 83 17 

Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.5 3 97 

Transportation 51 0 0 0 34 0 1 0 0 0 0 0 3 6 1 0 3 89 7 3 1.6 99 1 

Miscellaneous -43 0 0 0 -50 0 -2 -1 0 0 0 0 0 -3 0 0 1 93 7 1 -2.0 98 2 

A4 ALG 

 Total 29 0 0 0 40 0 1 0 0 0 0 0 17 10 1 0 1 94 5 1 7.3 43 57 

Chemical  29 0 0 0 45 0 2 0 0 0 0 0 14 9 0 0 1 94 5 1 7.9 84 16 

Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.5 3 97 

Transportation 51 0 0 0 33 0 1 0 0 0 0 0 3 6 1 0 3 89 7 3 0.9 99 1 

Miscellaneous -43 0 0 0 -50 0 -2 -1 0 0 0 0 0 -3 0 0 1 93 7 1 -2.0 98 2 

A5 FeCl3 

 Total 32 0 0 0 44 0 1 0 0 0 0 0 7 13 1 0 1 93 6 1 8.1 48 52 

Chemical  30 0 0 0 49 0 2 0 0 0 0 0 6 12 0 0 1 93 6 1 7.8 82 18 

Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.5 3 97 

Transportation 51 0 0 0 34 0 1 0 0 0 0 0 3 6 1 0 3 89 7 3 1.6 99 1 

Miscellaneous -42 0 0 0 -50 0 -2 -1 0 0 0 0 -1 -4 0 0 1 93 6 1 -1.8 98 2 

A5 ALG 

 Total 28 0 0 0 40 0 1 0 0 0 0 0 17 10 1 0 1 94 5 1 7.0 42 58 

Chemical  29 0 0 0 45 0 2 0 0 0 0 0 14 9 0 0 1 94 5 1 7.4 83 17 

Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.5 3 97 

Transportation 51 0 0 0 33 0 1 0 0 0 0 0 3 6 1 0 3 89 7 3 0.9 99 1 

Miscellaneous -42 0 0 0 -50 0 -2 -1 0 0 0 0 -1 -4 0 0 1 93 6 1 -1.8 98 2 

A6 FeCl3 

 Total 32 0 0 0 44 0 1 0 0 0 0 0 7 12 1 0 1 93 6 1 8.0 51 49 

Chemical  30 0 0 0 49 0 2 0 0 0 0 0 6 11 0 0 1 93 6 1 7.7 91 9 

Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.5 3 97 

Transportation 51 0 0 0 34 0 1 0 0 0 0 0 3 6 1 0 3 89 7 3 1.6 99 1 

Miscellaneous -42 0 0 0 -50 0 -2 -1 0 0 0 0 -1 -4 0 0 1 93 6 1 -1.8 98 2 

A6 ALG 

 Total 28 0 0 0 41 0 1 0 0 0 0 0 17 10 1 0 1 94 5 1 6.9 45 55 

Chemical  29 0 0 0 45 0 2 0 0 0 0 0 14 9 0 0 1 94 5 1 7.3 93 7 

Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.5 3 97 

Transportation 51 0 0 0 33 0 1 0 0 0 0 0 3 6 1 0 3 89 7 3 0.9 99 1 

Miscellaneous -42 0 0 0 -50 0 -2 -1 0 0 0 0 -1 -4 0 0 1 93 6 1 -1.8 98 2 

A7 FeCl3 

 Total 31 0 0 0 44 0 1 0 0 0 0 0 7 13 1 0 1 93 6 1 9.8 45 55 

Chemical  30 0 0 0 49 0 2 0 0 0 0 0 6 12 0 0 1 93 6 1 9.2 83 17 
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Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.7 3 97 

Transportation 51 0 0 0 34 0 1 0 0 0 0 0 3 6 1 0 3 89 7 3 1.8 99 1 

Miscellaneous -43 0 0 0 -51 0 -2 -1 0 0 0 0 0 3 0 0 1 93 7 1 -2.0 98 2 

A7 ALG 

 Total 28 0 0 0 40 0 1 0 0 0 0 0 17 11 1 0 1 94 5 1 8.5 40 60 

Chemical  29 0 0 0 45 0 2 0 0 0 0 0 15 9 0 0 1 94 5 1 8.8 84 16 

Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.7 3 97 

Transportation 51 0 0 0 33 0 1 0 0 0 0 0 3 6 1 0 3 89 7 3 1.0 99 1 

Miscellaneous -43 0 0 0 -51 0 -2 -1 0 0 0 0 0 3 0 0 1 93 7 1 -2.0 98 2 

A8 FeCl3 

 Total 32 0 0 0 45 0 2 0 0 0 0 0 7 13 1 0 1 93 6 1 7.3 47 53 

Chemical  30 0 0 0 49 0 2 0 0 0 0 0 6 11 0 0 1 93 6 1 7.4 82 18 

Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.5 3 97 

Transportation 51 0 0 0 34 0 1 0 0 0 0 0 3 6 1 0 3 89 7 3 1.5 99 1 

Miscellaneous -41 0 0 0 -47 0 -2 -1 0 0 0 0 -4 -5 0 0 1 93 6 1 -2.1 98 2 

A8 ALG 

 Total 29 0 0 0 41 0 1 0 0 0 0 0 16 10 1 0 1 93 5 1 6.0 40 60 

Chemical  30 0 0 0 45 0 2 0 0 0 0 0 14 9 0 0 1 94 5 1 6.7 82 18 

Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.5 3 97 

Transportation 51 0 0 0 33 0 1 0 0 0 0 0 3 6 1 0 3 89 7 3 0.8 99 1 

Miscellaneous -41 0 0 0 -47 0 -2 -1 0 0 0 0 -4 -5 0 0 1 93 6 1 -2.1 98 2 

A9 

 Total 36 0 0 0 36 0 1 0 0 0 0 0 11 13 1 0 1 93 6 1 2.8 16 84 

Chemical  39 0 0 0 45 0 2 1 0 0 0 0 6 7 0 0 1 93 6 1 3.9 79 21 

Energy  32 0 0 0 27 0 1 0 0 0 0 0 20 18 0 0 0 95 5 1 0.9 3 97 

Transportation 51 0 0 0 33 0 1 0 0 0 0 0 3 7 1 0 3 89 7 3 0.3 99 1 

Miscellaneous 41 0 0 0 47 0 2 1 0 0 0 0 4 4 0 0 1 93 6 1 -2.2 98 2 

Legend-Color code  

% contribution (positive/negative) in total 
impact 

Color code      Color code      

% positive 0 to -10 -10 to -20 -20 to -30 -30 to - 40 <- 40 % negative 0 to 10 10 to 20 20 to 30 30 to 40  >  40 
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Table 5. 11 Summary of change in environmental impacts in different sensitivity scenarios in comparison to the baseline alternative  

Different Sensitivity scenarios Unit A1 A2 A3 A4 A5 A6 A7 A8 A9 

FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG FeCl3 ALG 

Total impact (Single score)  Percentage (%) change (increase/decrease) in impacts in comparison to baseline alternative 

0 Baseline alternative mPt/m3 7.31 8.28 7.20 8.28 7.20 8.39 7.31 8.10 7.03 7.99 6.92 9.78 8.54 7.35 6.03 2.83 

1 Sensitivity Scenario 1 % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 

2 Sensitivity Scenario 2 % 153 137 157 137 157 135 155 137 158 139 161 138 158 148 180 474 

3 Sensitivity Scenario 3 % 16 16 19 16 19 16 18 14 16 15 17 14 16 16 19 47 

4 Sensitivity Scenario 4 % -35 -36 -41 -36 -41 -35 -40 -32 -36 -32 -37 -32 -36 -35 -42 -104 

5 Sensitivity Scenario 5 % -5 3 -1 3 -1 3 -1 3 -2 3 -2 3 -2 3 -1 12 

Cumulative Energy Demand (LHV) V1.00  

Non renewable energy consumption Percentage (%) change (increase/decrease) in impacts in comparison to baseline alternative 

0 Baseline alternative MJ/m3 1.93 2.22 1.74 2.22 1.74 2.24 1.75 2.17 1.69 2.16 1.68 2.59 2.02 2.02 1.50 0.68 

1 Sensitivity Scenario 1 % 1 0 1 0 1 1 1 1 1 0 1 1 1 1 1 3 

2 Sensitivity Scenario 2 % 191 168 215 168 215 167 214 169 218 170 219 172 221 178 240 657 

3 Sensitivity Scenario 3 % 21 21 27 21 27 21 27 19 24 19 24 19 24 20 27 69 

4 Sensitivity Scenario 4 % -43 -43 -55 -43 -55 -43 -55 -39 -49 -39 -50 -39 -50 -41 -56 -142 

5 Sensitivity Scenario 5 % -6 0 -4 0 -4 0 -4 0 -5 0 -5 0 -4 -1 -5 0 

Renewable energy consumption Percentage (%) change (increase/decrease) in impacts in comparison to baseline alternative 

0 Baseline alternative MJ/m3 2.41 2.10 2.03 2.10 2.03 2.42 2.36 2.39 2.33 2.08 2.01 3.14 3.07 2.30 2.23 3.54 

1 Sensitivity Scenario 1 % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 Sensitivity Scenario 2 % 5 6 6 6 6 5 5 5 5 5 6 4 5 5 5 4 

3 Sensitivity Scenario 3 % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

4 Sensitivity Scenario 4 % -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 

5 Sensitivity Scenario 5 % 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 

Important categories per functional unit  

Global warming Global warming potential per functional unit in different sensitivity scenarios 

0 Baseline alternative g CO2 eq/m3 147 152 120 152 120 154 121 149 116 147 115 179 141 136 102 60 

1 Sensitivity Scenario 1 g CO2 eq/m3 147 152 120 152 120 154 122 149 117 147 115 179 141 136 102 60 

2 Sensitivity Scenario 2 g CO2 eq/m3 411 420 387 420 387 422 389 412 380 410 378 498 461 393 359 378 

3 Sensitivity Scenario 3 g CO2 eq/m3 177 187 154 187 154 189 156 179 147 177 145 215 177 166 132 95 

4 Sensitivity Scenario 4 g CO2 eq/m3 88 84 51 84 51 86 53 90 57 88 55 108 70 77 43 -8 

5 Sensitivity Scenario 5 g CO2 eq/m3 142 162 120 162 120 163 122 157 116 155 114 189 140 144 103 71 

Legend-Color code  

% change (increase/decrease) in impacts in 
comparison to the baseline alternatives  

Color code      Color code      

% decrease 0 to -25 -25 to -50 -50 to -75 -75 to - 100 <- 100 % increase 0 to 25 25 to 50 50 to 75 75 to 100  > 100 

(Note: In Sensitivity Scenario 1 the proportion of green and wind energy in total Norrvatten’s energy consumption within the WTP in 2050 is changed from 67% and 33% to 50% 
and 50% respectively. In Sensitivity Scenario 2 powder activated carbon is included in the WTP as a part of chemical barrier with a maximum dose of 30 mg/l. In Sensitivity 
Scenario 3 the design life of GAK/BAK filters is changed from 3 years to 1 year. In Sensitivity Scenario 4 the use of new GAC is changed to regenerated GAC. In Sensitivity Scenario 
5 the electricity mix in the databases is changed from European (RER) mix to their respective chemical production location electricity mix) 
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Table 5. 12 Summary of change in environmental impacts in different sensitivity scenarios in comparison to the baseline alternative proposed for the 2050  

 Method Weighted impact categories (Mid-point) Damage categories Total Energy 
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Units Percentage (%) change (increase/decrease) in impacts in comparison to baseline alternative 

A1 0.147 2E-07 0.02 3E-04 2E-04 3E-04 6E-04 8E-05 1E-05 1.47 1E-02 2E-02 2E-02 0.248 9E-03 2E-03 4E-02 4E-07 8E-10 1E-02 7.31 1.93 2.41 

Sensitivity  S-1 0 0 0 1 1 1 1 1 1 1 5 4 2 2 1 2 1 1 0 1 1 1 0 

Sensitivity  S-2 180 42 102 219 192 215 219 197 100 18 52 52 60 69 38 7 203 152 169 97 153 191 5 

Sensitivity  S-3 21 6 19 21 19 21 20 16 8 7 5 5 5 6 7 1 21 16 18 17 16 21 1 

Sensitivity  S-4 -40 -9 -18 -51 -45 -50 -51 -47 -24 -2 -12 -12 -14 -16 -7 -1 -46 -35 -38 -19 -35 -43 -1 

Sensitivity  S-5 -4 -3 -2 1 -6 1 -8 -24 -12 0 -4 -4 -4 -5 1 0 -6 -5 -5 -4 -5 -6 1 

A2 FeCl3 0.152 1.2E-07 0.01 4E-04 3E-04 4E-04 1E-03 8E-05 6E-06 1.61 1E-02 2E-02 1E-02 0.272 1E-02 1E-03 5E-02 5E-07 9E-10 2E-02 8.28 2.22 2.10 

Sensitivity  S-1 0 0 0 1 1 1 0 1 1 1 4 4 3 1 1 2 1 1 0 0 1 0 0 

Sensitivity  S-2 176 58 121 189 139 185 140 199 162 17 54 53 94 64 30 10 171 137 147 79 137 168 6 

Sensitivity  S-3 23 10 26 21 15 21 15 18 15 7 6 6 9 6 6 2 21 16 18 15 16 21 1 

Sensitivity  S-4 -45 -14 -25 -50 -37 -49 -37 -55 -44 -2 -14 -14 -26 -17 -7 -2 -45 -36 -38 -18 -36 -43 -1 

Sensitivity  S-5 6 -1 -28 9 4 9 2 -7 -7 0 -1 -1 0 -1 0 0 3 3 3 0 3 0 0 

A2 ALG 0.120 8.6E-08 0.01 3E-04 3E-04 3E-04 8E-04 6E-05 5E-06 1.02 9E-03 1E-02 2E-02 0.193 8E-03 2E-03 4E-02 4E-07 7E-10 1E-02 7.20 1.74 2.03 

Sensitivity  S-1 0 0 0 1 1 1 0 1 1 1 5 4 2 2 1 2 1 1 0 1 1 1 0 

Sensitivity  S-2 224 79 128 231 174 227 181 243 214 26 62 63 47 89 46 7 224 156 191 108 157 215 6 

Sensitivity  S-3 29 14 28 25 19 25 19 22 20 11 7 7 5 9 10 1 27 18 23 21 19 27 1 

Sensitivity  S-4 -57 -19 -26 -61 -46 -60 -48 -67 -58 -3 -17 -17 -13 -24 -10 -1 -58 -41 -49 -24 -41 -55 -1 

Sensitivity  S-5 0 -4 -15 6 -1 6 -4 -24 -21 0 -4 -4 -2 -5 0 0 -3 -1 -2 -3 -1 -4 1 

A3 FeCl3 0.152 1.2E-07 0.01 4E-04 3E-04 4E-04 1E-03 8E-05 6E-06 1.61 1E-02 2E-02 1E-02 0.272 1E-02 1E-03 5E-02 5E-07 9E-10 2E-02 8.28 2.22 2.10 

Sensitivity  S-1 0 0 0 1 1 1 0 1 1 1 4 4 3 1 1 2 1 1 0 0 1 0 0 

Sensitivity  S-2 176 58 121 189 139 185 140 199 162 17 54 53 94 64 30 10 171 137 147 79 137 168 6 

Sensitivity  S-3 23 10 26 21 15 21 15 18 15 7 6 6 9 6 6 2 21 16 18 15 16 21 1 

Sensitivity  S-4 -45 -14 -25 -50 -37 -49 -37 -55 -44 -2 -14 -14 -26 -17 -7 -2 -45 -36 -38 -18 -36 -43 -1 

Sensitivity  S-5 6 -1 -28 9 4 9 2 -7 -7 0 -1 -1 0 -1 0 0 3 3 3 0 3 0 0 

A3 ALG 0.120 8.6E-08 0.01 3E-04 3E-04 3E-04 8E-04 6E-05 5E-06 1.02 9E-03 1E-02 2E-02 0.193 8E-03 2E-03 4E-02 4E-07 7E-10 1E-02 7.20 1.74 2.03 
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Sensitivity  S-1 0 0 0 1 1 1 0 1 1 1 5 4 2 2 1 2 1 1 0 1 1 1 0 

Sensitivity  S-2 224 79 128 231 174 227 181 243 214 26 62 63 47 89 46 7 224 156 191 108 157 215 6 

Sensitivity  S-3 29 14 28 25 19 25 19 22 20 11 7 7 5 9 10 1 27 18 23 21 19 27 1 

Sensitivity  S-4 -57 -19 -26 -61 -46 -60 -48 -67 -58 -3 -17 -17 -13 -24 -10 -1 -59 -41 -49 -24 -41 -55 -1 

Sensitivity  S-5 0 -4 -15 6 -1 6 -4 -24 -21 0 -4 -4 -2 -5 0 0 -3 -1 -2 -3 -1 -4 1 

A4 FeCl3 0.154 1.2E-07 0.01 4E-04 3E-04 4E-04 1E-03 8E-05 6E-06 1.63 1E-02 2E-02 1E-02 0.278 1E-02 1E-03 5E-02 5E-07 9E-10 2E-02 8.39 2.24 2.42 

Sensitivity  S-1 0 0 0 1 1 1 0 1 1 1 4 4 3 1 1 3 1 1 0 1 1 1 0 

Sensitivity  S-2 174 56 120 187 138 184 139 195 160 16 51 51 91 62 30 9 170 135 145 79 135 167 5 

Sensitivity  S-3 23 10 26 21 15 20 15 18 15 7 5 6 9 6 6 2 20 16 18 15 16 21 1 

Sensitivity  S-4 -44 -13 -25 -50 -37 -49 -37 -54 -43 -2 -14 -14 -25 -17 -7 -2 -44 -35 -38 -18 -35 -43 -1 

Sensitivity  S-5 6 -1 -28 9 4 9 2 -7 -6 0 -1 -1 0 -1 0 0 3 3 3 0 3 0 0 

A4 ALG 0.121 9.1E-08 0.01 3E-04 3E-04 3E-04 8E-04 6E-05 5E-06 1.04 1E-02 1E-02 2E-02 0.199 8E-03 2E-03 4E-02 4E-07 7E-10 1E-02 7.31 1.75 2.36 

Sensitivity  S-1 0 0 0 1 1 1 1 1 1 1 5 5 2 2 1 2 1 1 0 1 1 1 0 

Sensitivity  S-2 221 74 127 228 172 225 180 238 211 26 58 60 46 87 46 6 223 153 189 107 155 214 5 

Sensitivity  S-3 29 13 28 25 19 25 19 22 20 11 6 7 4 9 10 1 27 18 23 21 18 27 1 

Sensitivity  S-4 -56 -17 -26 -60 -46 -59 -48 -65 -57 -3 -16 -16 -12 -23 -10 -1 -58 -40 -49 -24 -40 -55 -1 

Sensitivity  S-5 0 -4 -14 6 -1 5 -4 -23 -21 0 -3 -3 -2 -5 0 0 -3 -1 -2 -3 -1 -4 1 

A5 FeCl3 0.149 1.2E-07 0.01 4E-04 3E-04 4E-04 1E-03 8E-05 6E-06 1.59 1E-02 2E-02 1E-02 0.266 1E-02 1E-03 5E-02 4E-07 9E-10 1E-02 8.10 2.17 2.39 

Sensitivity  S-1 0 0 0 1 1 1 0 1 1 1 5 4 4 1 1 3 1 1 0 1 1 1 0 

Sensitivity  S-2 177 56 121 191 140 188 140 198 149 17 52 52 94 64 31 10 172 137 147 79 137 169 5 

Sensitivity  S-3 20 9 23 19 14 18 13 16 13 6 5 5 8 6 6 2 18 14 16 14 14 19 1 

Sensitivity  S-4 -40 -12 -22 -45 -33 -44 -33 -48 -36 -2 -12 -12 -23 -15 -6 -2 -40 -32 -34 -16 -32 -39 -1 

Sensitivity  S-5 5 -1 -25 8 3 8 1 -6 -5 0 -1 -1 0 -1 0 0 2 3 3 0 3 0 0 

A5 ALG 0.116 8.8E-08 0.01 3E-04 3E-04 3E-04 8E-04 6E-05 5E-06 1.01 9E-03 1E-02 2E-02 0.188 7E-03 2E-03 3E-02 4E-07 7E-10 1E-02 7.03 1.69 2.33 

Sensitivity  S-1 0 0 0 1 1 1 1 1 1 1 5 5 2 2 1 2 1 1 0 1 1 1 0 

Sensitivity  S-2 226 75 129 235 176 231 182 243 198 26 60 61 47 90 48 7 227 157 193 109 158 218 5 

Sensitivity  S-3 26 11 25 23 17 23 17 20 17 10 6 6 4 8 9 1 24 16 21 19 16 24 1 

Sensitivity  S-4 -51 -16 -23 -55 -41 -54 -43 -59 -48 -3 -14 -14 -11 -21 -9 -1 -52 -36 -44 -22 -36 -49 -1 

Sensitivity  S-5 -1 -4 -11 4 -2 4 -4 -23 -19 0 -3 -3 -2 -5 0 0 -4 -2 -3 -3 -2 -5 1 

A6 FeCl3 0.147 1.1E-07 0.01 3E-04 3E-04 4E-04 1E-03 8E-05 6E-06 1.57 1E-02 1E-02 1E-02 0.260 1E-02 1E-03 5E-02 4E-07 8E-10 1E-02 7.99 2.16 2.08 

Sensitivity  S-1 0 0 0 1 1 1 0 1 1 1 4 4 3 1 1 2 1 1 0 0 1 0 0 

Sensitivity  S-2 179 58 123 193 141 189 141 202 150 17 55 55 98 65 31 10 173 139 149 80 139 170 5 

Sensitivity  S-3 21 9 24 19 14 19 13 16 13 6 5 5 8 6 6 2 18 14 16 14 15 19 1 

Sensitivity  S-4 -40 -12 -22 -45 -33 -44 -33 -49 -36 -2 -13 -13 -23 -16 -6 -2 -40 -32 -34 -16 -32 -39 -1 

Sensitivity  S-5 6 -1 -25 8 3 8 1 -6 -6 0 -1 -1 0 -1 0 0 2 3 3 0 3 0 0 

A6 ALG 0.115 8.4E-08 0.01 3E-04 3E-04 3E-04 8E-04 6E-05 5E-06 0.99 9E-03 1E-02 2E-02 0.182 7E-03 2E-03 3E-02 4E-07 6E-10 1E-02 6.92 1.68 2.01 

Sensitivity  S-1 0 0 0 1 1 1 0 1 1 1 5 4 2 2 1 2 1 1 0 1 1 1 0 

Sensitivity  S-2 229 80 130 237 177 234 184 247 201 26 64 65 48 93 48 7 229 159 196 110 161 219 6 

Sensitivity  S-3 26 12 25 23 17 23 17 20 17 10 6 6 4 8 9 1 24 16 21 19 17 24 1 

Sensitivity  S-4 -52 -17 -24 -56 -42 -55 -43 -60 -48 -3 -15 -15 -11 -22 -9 -1 -53 -37 -45 -22 -37 -50 -1 

Sensitivity  S-5 -1 -4 -11 4 -2 4 -4 -24 -19 0 -4 -4 -2 -5 0 0 -4 -2 -3 -3 -2 -5 1 

A7 FeCl3 0.179 1.4E-07 0.01 4E-04 4E-04 4E-04 1E-03 9E-05 7E-06 1.90 1E-02 2E-02 1E-02 0.326 1E-02 1E-03 5E-02 5E-07 1E-09 2E-02 9.78 2.59 3.14 



23 
 

Sensitivity  S-1 0 0 0 1 1 1 0 1 1 1 5 4 4 2 1 3 1 1 0 1 1 1 0 

Sensitivity  S-2 179 56 125 193 141 189 142 201 164 17 50 50 92 63 31 10 175 138 149 81 138 172 4 

Sensitivity  S-3 20 8 24 19 14 18 13 16 14 6 5 5 8 6 6 2 18 14 16 14 14 19 1 

Sensitivity  S-4 -40 -11 -22 -45 -33 -44 -33 -48 -39 -2 -12 -12 -22 -15 -6 -2 -40 -32 -34 -16 -32 -39 -1 

Sensitivity  S-5 6 0 -25 8 3 8 2 -6 -6 0 -1 -1 0 -1 0 0 3 3 3 0 3 0 0 

A7 ALG 0.141 1.1E-07 0.01 3E-04 3E-04 4E-04 9E-04 8E-05 5E-06 1.21 1E-02 2E-02 3E-02 0.234 9E-03 2E-03 4E-02 5E-07 8E-10 1E-02 8.54 2.02 3.07 

Sensitivity  S-1 0 0 0 1 1 1 1 1 2 1 6 5 2 2 1 2 1 1 1 1 1 1 0 

Sensitivity  S-2 227 74 132 236 177 232 185 245 216 26 57 59 46 88 48 6 230 157 194 111 158 221 5 

Sensitivity  S-3 26 11 25 23 17 23 17 20 18 10 5 6 4 8 9 1 24 16 21 19 16 24 1 

Sensitivity  S-4 -50 -15 -24 -55 -41 -54 -43 -59 -52 -3 -13 -14 -11 -21 -9 -1 -53 -36 -44 -22 -36 -50 -1 

Sensitivity  S-5 -1 -4 -11 4 -2 4 -4 -23 -20 0 -3 -3 -2 -5 1 0 -4 -2 -3 -3 -2 -4 1 

A8 FeCl3 0.136 1.2E-07 0.01 3E-04 3E-04 3E-04 9E-04 7E-05 6E-06 1.49 1E-02 1E-02 9E-03 0.240 1E-02 9E-04 4E-02 4E-07 8E-10 1E-02 7.35 2.02 2.30 

Sensitivity  S-1 0 0 0 1 1 1 0 1 1 1 5 4 4 2 1 3 1 1 0 1 1 1 0 

Sensitivity  S-2 189 56 126 208 149 204 148 213 151 17 55 55 113 69 30 12 181 148 156 83 148 178 5 

Sensitivity  S-3 22 9 25 21 15 20 14 18 13 7 5 5 10 6 6 2 20 16 17 15 16 20 1 

Sensitivity  S-4 -44 -12 -23 -50 -36 -49 -36 -53 -37 -2 -13 -13 -28 -17 -6 -2 -43 -35 -36 -17 -35 -41 -1 

Sensitivity  S-5 6 -1 -29 9 4 9 2 -7 -6 0 -1 -1 0 -1 0 0 3 3 3 0 3 -1 0 

A8 ALG 0.102 8.6E-08 0.01 2E-04 2E-04 2E-04 7E-04 5E-05 5E-06 0.92 8E-03 1E-02 2E-02 0.163 7E-03 1E-03 3E-02 3E-07 6E-10 1E-02 6.03 1.50 2.23 

Sensitivity  S-1 0 0 0 1 1 1 1 1 1 1 6 5 2 2 1 2 1 1 1 1 1 1 0 

Sensitivity  S-2 252 75 137 269 199 265 204 270 203 28 65 67 57 101 47 8 251 179 213 121 180 240 5 

Sensitivity  S-3 30 12 27 27 20 27 20 22 17 11 6 7 5 9 9 1 27 19 24 21 19 27 1 

Sensitivity  S-4 -58 -16 -25 -64 -48 -63 -49 -67 -50 -3 -16 -16 -14 -25 -9 -2 -59 -42 -50 -24 -42 -56 -1 

Sensitivity  S-5 1 -4 -18 6 -1 6 -4 -23 -18 0 -3 -3 -2 -5 0 0 -3 -1 -2 -3 -1 -5 1 

A9 0.060 8.1E-08 0.00 1E-04 1E-04 1E-04 2E-04 3E-05 2E-06 0.42 8E-03 1E-02 6E-03 0.095 4E-03 5E-04 1E-02 2E-07 3E-10 4E-03 2.83 0.68 3.54 

Sensitivity  S-1 0 1 -1 3 4 3 3 5 5 5 10 10 11 6 3 11 3 4 2 3 4 3 0 

Sensitivity  S-2 529 99 408 686 592 673 709 652 503 75 89 97 217 216 95 29 684 473 501 359 474 657 4 

Sensitivity  S-3 58 14 74 63 54 63 63 50 40 27 8 9 18 18 17 5 69 46 52 59 47 69 1 

Sensitivity  S-4 -113 -19 -70 -152 -131 -149 -158 -150 -115 -8 -20 -22 -49 -49 -18 -5 -149 -104 -109 -67 -104 -142 -1 

Sensitivity  S-5 17 0 -82 30 15 29 9 -16 -15 1 -1 -1 1 -3 -1 0 11 12 11 1 12 0 0 

Legend-Color code  

% change (increase/decrease) in impacts in 
comparison to the existing scenario 

Color code      Color code      

% decrease 0 to -25 -25 to -50 -50 to -75 -75 to - 100 <- 100 % increase 0 to 25 25 to 50 50 to 75 75 to 100  > 100 

(Note: In Sensitivity Scenario 1 the proportion of green and wind energy in total Norrvatten’s energy consumption within the WTP in 2050 is changed from 67% and 33% to 50% 
and 50% respectively. In Sensitivity Scenario 2 powder activated carbon is included in the WTP as a part of chemical barrier with a maximum dose of 30 mg/l. In Sensitivity 
Scenario 3 the design life of GAK/BAK filters is changed from 3 years to 1 year. In Sensitivity Scenario 4 the use of new GAC is changed to regenerated GAC. In Sensitivity Scenario 
5 the electricity mix in the databases is changed from European (RER) mix to their respective chemical production location electricity mix) 
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DRINKING WATER QUALITY AND TREATMENT COST ASSESSMENT 
 
The LCA results can only be useful to compare different alternatives in perspective of their potential 
environmental impacts. In drinking water sector, future WTP alternatives are compared based on 
different aspects in which environmental impacts are considered as important but usually not 
considered as the single most important aspect. In decision making, water quality and cost, usually 
dominate over environmental impacts (Klaversma et al., 2013; Mohapatra et al., 2002; Venkatesh and 
Brattebø, 2012). So, in general the final decisions in drinking water sector depend on the weightage of 
several factors that are highly context dependent, as a result the most environmentally friendly 
solutions may not be selected if such solutions are economically and practically not feasible or may 
increase indirect impacts at the consumer level. Hence, LCA based environmental comparison of 
different alternatives is useful but not sufficient to make any decision.  
 
In this section, assessment related to drinking water quality and its related cost associated with different 
WTP alternatives is discussed to complement the LCA results such that more realistic and reliable 
conclusions can be drawn in the welfare of the intended audience. 

6.1 Drinking water quality assessment 
The drinking water quality is the most important aspect and usually not limited to single perspective. In 
this study it is discussed and evaluated from five different perspectives that are dominantly used in 
drinking water sector. These perspectives include microbiological barrier analysis, chemical barrier 
analysis, NOM reduction analysis, bio-stability analysis and general water quality parameters analysis 
that are applicable to Norrvatten outgoing drinking water.   
 
6.1.1 Microbiological barrier analysis 

Microbiological barrier requirements: According to the Swedish Food Agency's recommendations, 
microbiological barrier analysis (MBA) should be conducted to ensure sufficient protection against 
microbiological health hazards. Taking into account the risk of deterioration in raw water quality of Lake 
Mälaren, Norrvatten has decided that the future treatment scheme should be able to remove an 
additional log from raw water over the recommended log reduction as per raw water classification, at 
the end of design period and must consist of at least two microbiological barriers, one separating 
(processes that don't allow microorganisms to pass through them)  and one inactivating (processes that 
kill microorganisms that pass through them). It should be noted that the current treatment scheme at 
Norrvatten in 2019 did not satisfy the recommended log reduction for Görvälnfjärden(Dahlberg, 2011; 
Heldt, 2019; Norrvatten, 2017). In Sweden, microbiological barrier analysis is performed according to 
the methodology given by Swedish Water(Svenskt Vatten, 2015), based on the method developed by 
Norsk Vann(Norsk Vann, 2016). 
 

Adjustment of log reduction values as per raw water quality improvement strategies: In this study, no 
log credit has been given for measures taken to improve the raw water quality, since these measures 
already exist and form the basis of the raw water classification. Also in near future, no new measures 
are planned according to Norrvatten(Ramböll, 2019). 

6.1.1.1 Separating microbiological barrier analysis 
Adjustment of log reduction values: No log deduction is made in regard to continuous monitoring of 
power supply, since automatic start of backup power supply is assumed in each alternative. In regard to 
online measurement of water quality, a log deduction of 10% is given because in case of exceeding the 
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critical limit after the separating barrier, it will not lead to automatic shut off of raw water 
supply(Ramböll, 2019).  
 
Separating barriers: Carbon filters are not dimensioned to obtain log reduction in any alternatives but 
log reduction is possible with carbon filters if they are sized with lower surface load (EBCT>20 min ) that 
allowed log reduction according to MBA(Svenskt Vatten, 2015). So, if needed then addition log 
reduction from carbon filters can be obtained by changing their operating conditions but this addition 
will not be significant. Log reduction to UF and NF is provided according to MBA(Svenskt Vatten, 2015) 
but membrane supplier(Pentair) along with pilot studies conducted by Norrvatten indicated that higher 
log reduction is possible than the MBA allows. According to the MBA, a separating barrier may give a 
maximum log reduction of 3.0b + 3.0v + 3.0p but the manufacturers guarantee a higher log reduction 
(UF-X-flow XIGA 64 and NF –X-flow HFW1000 guarantee a log reduction of 6b + 4v + 6p and 4b + 4v + 4p, 
respectively)(Pentair - X-Flow, n.d., n.d.)  and pilot studies confirmed the claim of higher log reduction to 
some extent by getting a minimum log reduction of 3b + 5v with UF-X-flow XIGA 64 membrane 
(Dahlberg, 2019). According to MBA, log reduction can also be given for ion exchangers, but this includes 
ion exchange filters that contribute to a certain particle separation which is not the case in Alternative 1, 
so no log reduction is therefore given for SIX ® treatment (Ramböll, 2019). 
 
Table 6. 1 Microbiological barriers log reduction values associated with different treatment processes 

S.No. Microbiological barriers Bacteria 
(b) 

Virus (v) Parasites (p) 

Without 
Adenovirus 

With 
Adenovirus 

Giardia Cryptosporidium 

  
  
  

Recommendation according to raw water and WTP 
classification (2017) (Heldt, 2019) 

6 6 6 4 4 

Recommendation according to predicted raw water and 
WTP classification in future (Heldt, 2019) 

6 6 6 4.5 4.5 

Norrvatten’s requirement in future waterworks 7 7 7 5.5 5.5 

Existing WTP performance (2019) (Heldt, 2019) 5.47 4.57 2.32 5.20 5.20 

1 Log credit to compensate improvement in raw water quality  

1.1 Raw water source monitoring - - - - - 

2 
Separation barrier  (Dahlberg, 2011; Norrvatten, 2017; 
Norsk Vann, 2016; Ramböll, 2019; Svenskt Vatten, 2015) 

The maximum limit for a Separating barrier is 3b + 3v + 3p 

2.1 SIX 0 0 0 0 0 

2.2 Precipitation, sedimentation and raid sand filtration  2.75 2.25 2.25 2.75 2.75 

2.3 Precipitation, sedimentation and UF membrane filtration 3 3 3 3 3 

2.4 Direct precipitation on UF membrane 3 3 3 3 3 

2.5 Membrane filtration, UF (without precipitation) 2.5 2 2 2.5 2.5 

2.6 Membrane filtration, NF 3 3 3 3 3 

2.7 Carbon filtration without precipitation (low surface load) 0.5 0.25 0.25 0.5 0.5 

2.8 Carbon filtration without precipitation (high surface load) 0 0 0 0 0 

3 Inactivation barrier (Ramböll, 2019) The maximum limit for a chemical disinfection is 4b+4v+3p 

3.1 UV-disinfection  4 3.5 1.25 4 4 

3.2 Ozonation 4 3.75 3.75 1.75 0.125 

3.3 Monochloramine disinfection 0.18 0.02 0.02 0.01 0 

6.1.1.2 Inactivation microbiological barrier analysis 
Calculation background to chemical inactivation: The calculations assumed that the TOC content before 
ozonation is 6 mg/l correspond to the worst case scenarios in the alternatives with iron chloride as a 
precipitating chemical but with  aluminium sulphate as a precipitating chemical, the TOC content may be 
higher than 6 mg/l and lead to lower barrier effect. Ozone content in the calculation has been assumed 
to be 4 mg O3/l with effective minimum contact time of 15 min(Ramböll, 2019).  
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Adjustment of log reduction values: For ozonation and monochloramine disinfection, 5% deduction is 
made due to lack of automatic closure of all water production (requires 12 h of residence time in 
reservoir). For UV disinfection, 10% deduction is made as the reservoir storage capacity is less than 12 
hours. Except these deductions, it is assumed that the plant is dimensioned in a way that does not entail 
deductions (adequate redundancy, separate flow measurement, power backup, routines checking, online 
measurements, etc.). Also, no deductions are made due to operational measures as all requirements 
according to MBA methodology for avoiding deductions are assumed to be provided (Ramböll, 2019; 
Svenskt Vatten, 2015). 
 
It should be noted that the log reduction from ozone and monochloramine is also dependent on the 
precipitating chemical as the log reduction is calculated on the basis of incoming TOC content. In the 
calculations, the maximum allowed TOC content is used, which is estimated to be achieved in the worst 
case scenario with iron-based precipitating chemicals. So, the log reduction from ozone and 
monochloramine may be relatively lower in case of aluminum-based precipitating chemical, which in the 
worst case scenario may give a higher TOC content than that is assumed in the calculations. Moreover, 
in this study it is also assumed that the existing WTP will be modified to the same extent as the new 
plant so that the deduction will not be different between the existing and new plant within the same 
barrier type, which may not be the case in the future. 
 
Table 6. 2 Microbiological barrier height in different future WTP alternatives 

S.No. Microbiological barriers (Log reduction) Bacteria 
(b) 

Virus (v) Parasites (p) 

Without 
Adenovirus 

With 
Adenovirus 

Giardia Cryptosp
oridium 

  

Norrvatten’s requirement in future waterworks 7 7 7 5.5 5.5 

Existing WTP (2019) 5.47 4.57 2.32 5.20 5.20 

Barrier height  of different alternatives w.r.t. 
Norrvatten requirements 

Barrier Height 
(Log reduction achieved-Log reduction required) 

1 Alternative 1 3.27 2.43 0.41 2.47 0.92 

2a Alternative 2 (Without ozone) 1.50 -0.01 -2.03 2.83 2.83 

2b Alternative 2 (With ozone) 1.74 0.24 -1.79 3.07 2.87 

3a Alternative 3 (Without ozone) 1.50 -0.01 -2.03 2.83 2.83 

3b Alternative 2 (With ozone) 1.74 0.24 -1.79 3.07 2.87 

4 Alternative 4 5.30 3.56 1.53 4.50 2.94 

5 Alternative 5 3.27 2.43 0.41 2.47 0.92 

6a Alternative 6 (Without ozone) -0.53 -1.13 -3.16 0.81 0.80 

6b Alternative 2 (With ozone) -0.29 -0.89 -2.91 1.05 0.85 

7 Alternative 7 5.30 3.56 1.53 4.50 2.94 

8 Alternative 8 3.27 2.43 0.41 2.47 0.92 

9 Alternative 9 3.27 2.43 0.41 2.47 0.92 

 
Number of microbiological barriers 

 

 
Number of microbiological barriers required At least 2 barriers (one separating and one inactivation) 

1 Alternative 1 3 3 3 3 2 

2a Alternative 2 (Without ozone) 3 3 3 3 3 

2b Alternative 2 (With ozone) 3 3 3 3 3 

3a Alternative 3 (Without ozone) 3 3 3 3 3 

3b Alternative 2 (With ozone) 3 3 3 3 3 

4 Alternative 4 4 4 4 4 3 

5 Alternative 5 3 3 3 3 2 

6a Alternative 6 (Without ozone) 2 2 2 2 2 

6b Alternative 2 (With ozone) 2 2 2 2 2 

7 Alternative 7 4 4 4 4 3 

8 Alternative 8 3 3 3 3 2 

9 Alternative 9 3 3 3 3 2 
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Concerns regarding inactivation processes: In general,  disinfection processes are usually divided into 
two categories: Physical disinfection such as Heating, UV-radiation, Gamma rays, X-rays etc., and 
Chemical disinfection such as oxidation through chlorine and its compounds, ozonation, disinfection 
using Iodine, Bromine or Ag and Cu salts, etc(Collivignarelli et al., 2017). The selection of a particular 
disinfection method depends on several factors including type of organisms in raw water, disinfectant 
residual-contact time relationship, formation of disinfectant by-products, safety problems associated 
with the disinfectants handling and use, disinfectant cost, and many more. 
 
Monochloramine is a common residual disinfectant as it is effective, can easily be produced at site by 
reaction of chlorine with ammonia at favorable pH ranges (pH 7 –8+) and give relatively small fraction of 
THM (THM, Trihalomethane are suspected to be carcinogenic and formed by reaction of chlorine with 
humic substances) but it may give rise to taste and odor at high dose. Ozone on the other hand act as an 
effective disinfectant that significantly reduces THM formation in comparison to chlorine based 
disinfection processes but it does not provide residual protection due to rapid decomposition of ozone. 
Moreover, it must be produced on-site (as cannot be stored so give rise to both high energy and 
operational requirements) and is pH dependent (under alkaline conditions its oxidation ability 
significantly decreases and can lead to oxidant by-products that need to be removed to ensure 
biostability). 
 
Disinfection by-products (DBP) are generally defined as organic and inorganic substances that are 
formed by the reaction of disinfectants with natural organic matter (NOM) present in the feed water 
such as THMs and other halogenated organics formed by chlorination along with aldehydes and 
bromates that are formed during ozonation.  The major factors that affect the DBP’s formation include 
disinfectant type, disinfection dose, reaction time, temperature, pH, constituents of water, and 
concentrations and properties of NOM in the feed water. Effective ways to reduce DBP’s formation 
include reducing the NOM concentration in feed water, avoiding disinfectant overdosing, checking the 
feasibility of different type of disinfectants, avoiding using chemical disinfectant whenever possible, etc.   
 
So to fulfill the disinfection goal of achieving required level of disinfection without producing significant 
disinfectant by-products, treatment processes should be selected in the water treatment scheme that 
significantly reduce NOM concentration and turbidity prior to a disinfection step so that disinfectant 
dose can be reduced that will consequently reduce DBP’s formation. Also, as disinfection process only 
inactivates the microorganisms rather separating them so in order to avoid the risk of microbial 
regrowth (bio-stability), oxidant by-product must be removed after the disinfection step by providing a 
separating barrier after inactivation barrier whenever possible. 
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6.1.2 Chemical barrier Analysis 

Chemical barrier requirements: According to the drinking water regulations SLVFS 2017: 2 it is the 
responsibility of the drinking water producer to distribute healthy drinking water free from health 
disruptive substances. So, taking into account the emergence of health disruptive chemical 
contaminants in raw water, Norrvatten has decided that the future treatment scheme should contain at 
least one chemical barrier. This barrier can either be permanent or not, but all the alternatives must be 
provided with provision of installing one permanent chemical barrier in future (if needed) and the 
barrier must shows measurable effect on both currently known and future unknown health disruptive 
chemical contaminants(Heldt, 2019). It should be noted that the current treatment scheme at 
Norrvatten in 2019 has no permanent chemical barrier but equipped with the possibility of acute dosing 
of powdered activated carbon (PAK) (if needed) (Heldt, 2019). 
 
Chemicals that are detected in raw water include bromide, micro pollutants such as pesticides, 
phthalates, dioxins, PCBs, flame retardants and PAHs along with PFAS. Even though, the detected 
concentrations are lower than PNEC (predicted no effect concentrations), so no potential risk to human 
but in future the concentration may increase(Ramböll, 2019). 
 
There are several advanced treatment alternatives available to achieve a high degree of removal of a 
wide range of chemical contaminants. These alternatives include: Physical separation using membrane 
filtration (such as Nanofiltration and Reverse osmosis), Adsorption to activated carbon (such as  
powdered activated carbon dosing (PAK), granular active carbon filtration (GAK)), Enzymatic 
transformation, oxidative degradation reactions using advanced oxidation processes (AOPs) with Ozone, 
H2O2+UV, TiO2 +UV, Fenton process and Photo catalysis,  and Combination of advanced treatment 
technologies such as Ozonation followed by adsorption to GAC/PAC, Ozonation followed by bio-
filtration, PAC adsorption followed by membrane filtration and Ozonation followed by UV. 
 (Note: GAK refers to granular active carbon filters without pre-ozonation, BAK/biofilter refers to 
granular active carbon filters with pre-ozonation and PAK refer to Veolia's Actiflo® Carb process where 
PAK is dosed in flocculation chamber and separated in lamella separators) 
 
In this study, the selected chemical barrier consists of GAK filters along with PAK for emergency events. 
The provision of pre-ozonation is required in plant designing phase such that can be implemented 
whenever needed.  The selection is based on the fact that, carbon filters will always be included as part 
of the treatment scheme to reduce odor and taste, so by using GAK, no additional treatment step is 
provided for a chemical barrier(Ramböll, 2019). Also, ensuring carbon filters after ozonation will 
enhance bio-stability and handling of ozonation by-products. Hence, the selected alternative will fulfill 
multiple functions:  act as a chemical barrier, reduce both odor and taste, and if ozonation is also 
provided then Ozone together with carbon filters will enhance both removal of organic matter and 
microbiological barrier effect(Ramböll, 2019). So even if the need for chemical barrier is not constant, 
ozone along with BAK will contribute to produce a higher quality drinking water. PAK dosing point is 
selected after micro-screening and before chemical precipitation, sedimentation and filtration, or other 
NOM separation processes. The selection is based on the fact that effectiveness of PAK as an acute 
chemical barrier needs both volume to provide sufficient contact time and later removal of saturated 
PAC. So, the selected dosing point will fulfill the requirements of contact time and PAC removal without 
any additional facility.  

 
In the pilot trials conducted by Norrvatten, with ozone and granulated activated carbon (GAK), 99 
potentially suspected toxic chemical substances are analyzed; in raw water, in treated water after sand 
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filtration, after ozonation and after carbon filtration by SLU. Out of 99 analyzed substances, 41 were 
detected in the raw water with a total concentration of about 80 - 100 ng/l. The study concluded that 
the reduction in the current WTP is about 30% before GAK filtration and > 90% after GAK. About 85% 
reduction can also be achieved with ozonation without GAK filtration and with the combination of ozone 
and GAK, 95 - 100% reduction can be achieved(Ramböll, 2019). Consequently, it can be concluded that 
the combination of GAK and the possibility of introducing ozone together with PAK for emergency 
events will provide sufficient chemical barrier for the design period (2050) based on measured levels of 
chemical pollutants in raw water(Norrvatten, 2020; Ramböll, 2019).  
 
Removal mechanism: 
Ozonation: Ozone is a powerful oxidizing agent capable of reacting with a large number of organic and 
inorganic contaminants in water. Oxidation of organic pollutants usually leads to mineralization of 
pollutants (conversion to CO2, H2O and minerals) through a series of oxidative degradation reactions: 
pollutant → Aldehydes → carboxylic acids → bicarbonate. Ozone decomposes in water, giving both 
hydroxyl radicals (•OH) and molecular ozone (O3). The mechanism of oxidation by ozone is a complex 
process that takes place in two ways: Direct oxidation with dissolved ozone (O3) or indirect oxidation 
through the formation of hydroxyl radicals (•OH) (Cuerda-Correa et al., 2019). The predominant 
mechanism depends on the nature of the contaminant (initiators/ scavengers), ozone dose, 
temperature and the pH of the medium. Normally, under acidic conditions (pH < 4) direct ozonation 
prevails, on the contrary, at pH > 9, the indirect route is the most dominating one. As a general rule, 
oxidation ability increases as pH increases, since high pH favors ozone decomposition into free radicals  
but  under alkaline conditions, however, a fast side-reaction  takes place that removes (•OH) radicals 
and leads to a decrease in the oxidation ability of the ozonation process(Cuerda-Correa et al., 2019). 
However, the effect of NOM is not easy to predict, which is largely due to variations in its composition. 
On one hand, NOM can enhance the decomposition of ozone and thus accelerating the formation of 
hydroxyl radicals but on the other hand, NOM can also consume radicals and act  as "scavenger" 
(Norrvatten, 2020). The ozonation treatment can be improved by coupling with hydrogen peroxide 
and/or UV (O3/UV, O3/H2O2, or O3/H2O2/UV processes) (Cuerda-Correa et al., 2019). 
 

There are also some concerns related with ozonation. Firstly, ozonation by-products need to be remove 
effectively  through carbon filtration to enhance bio-stability and secondly NOM concentration in the 
feed water need to be reduced to reduce the ozone dose that subsequently reduce the formation of  
oxidant by-products, especially bromate formation along with reducing the competition of NOM with 
target chemical contaminants during ozonation process. It is important that the formation of oxidant by-
products need to be reduced as these products are not effectively removed by carbon filtration process 
and cause problem related with biostability(Norrvatten, 2020). 
 

Activated carbon: 
GAC can purify water through two main processes - adsorption and biological degradation. Adsorption 
occurs on GAC until all adsorption sites get saturated but extent of adsorption decreases with increasing 
the degree of saturation of the GAC filters. However, biological degradation is a time dependent 
process, as biofilms are usually built on GAC over time but once biofilms are formed then 
microorganisms can break down various substances biologically and these filters are usually called as 
BAC filters (biological activated carbon filters)(Norrvatten, 2020). The biological degradation is an 
effective process mainly with respect to odor and taste removal but also in regard to the removal of the 
bioavailable organic material formed by ozonation process. The purification effect is dependent on i) 
activated carbon porosity and its surface area, ii) the pore size and chemical composition of the 
adsorbent (the activated carbon), iii) the physical and chemical properties of the adsorbate iv) the 
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concentration of the adsorbate in the feed water and concentration of competing substances; v) pH and 
temperature and vi) contact time between the adsorbate and the adsorbent(Norrvatten, 2020).  
 

There are also some concerns related with activated carbon. It  usually take a long time (up to 2 years) 
before biological activity in a new carbon filter stabilized and biological processes are relatively slower 
than adsorption and usually need EBCT (empty bed contact time) of about 20 minutes(Norrvatten, 
2020). In absence of ozonation, an effective micro-contaminants removal by GAK filters requires regular 
regeneration of the filter mass along with exchange with new filter material to maintain the required 
adsorption capacity. Interval for regeneration is dependent on which substance(s) to be reduced and 
after how many filtration cycles the breakthrough of these substances can be reached. Also, NOM 
concentration in the feed water needs to be reduced to reduce the competition of NOM with target 
chemical contaminants on adsorption sites. 
 

Ozonation followed by activated carbon adsorption: By pre-oxidizing the feed water of the GAC, the 
composition of the NOM is usually changed. They are converted into smaller and more bioavailable form 
that can easily be adsorbed by GAC filters to enhance biostability. Also, the ozone dose gets optimized 
that reduce the bromate formation potential. In this process, the pH need to be adjusted before (pH 6.5) 
and after ozonation (7.8) to optimize the process. This will affect the ozone dose, as bromate formation 
can be reduced either by lowering the ozone dose or pH but lower pH values can have a negative effect 
on the functioning of biofilter by promoting the growth of micro fungi, so ozone dose need to be 
optimized to reduce the bromate formation(Norrvatten, 2020). Moreover, Ozonation process doesn't 
decrease NOM concentration but change their composition into smaller and bioavailable form which 
increases their removal by GAC adsorption process but even after removal at GAC the concentration of 
assimilable organic carbon (AOC) are much more in comparison to processes without ozonation 
(Norrvatten, 2020). 
 
1.5-year pilot study of ozonation in combination with activated carbon concluded that ozonation can be 
an effective microbiological barrier (as reduced the total bacterial content (measured by flow cytometry) 

by 2.56 ± 0.33 log), can also be an effective chemical barrier (as reduces significant percentage of 
chemical constituents by using 20 minutes EBCT in GAC filters),  can enhance removal of  NOM  through 
GAC filtration but it will reduce biostability in comparison to process without ozonation (but increase 
biostability in comparison to process having ozonation without GAC filtration) (Norrvatten, 2020). Hence 
the process combination will be an effective chemical barrier but also can act as a microbiological 
barrier, increase the removal of NOM and reduce odor and taste disturbing substances. 
 

PAC dosing process: 
Master thesis conduced at Norrvatten on separation of diesel fuel from raw water using activated 
carbon concluded that the PAC is able to decrease different concentrations of diesel to levels below the 
odor threshold(Larsson, 2008). Also, it is assumed that PAC can be completely separated through the 
sedimentation process and therefore does not strain the subsequent sand filters but in case if other 
NOM separation process is provided then further investigation is needed. 
 
Operational and future scope to enhance the chemical barrier effect: 
In future, if problem arise with ozonation followed by GAK process, then the provision of hydrogen 
peroxide installation may be useful. As firstly combining O3 / H2O2 will increase generation of free 
radicals that will strengthen the chemical barrier effect and secondly it will reduce the ozone dose that 
will reduce the bromate formation. Also, frequent chemical water quality mapping as per EU Water 
Directive along with regular monitoring of site specific  common micro-pollutants (such as acryl amide, 
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epichlorohydrin, 1,2-dichloroethane, vinyl chloride, benzene, PAHs, tri- and tetrachloroethene, 
trihalomethane and pesticides) as per drinking water regulations, may be helpful  in enhancing the 
effectiveness  of chemical barrier applications.  
 
Table 6. 3 Effectiveness of different chemical barriers  

S.No. Chemical barriers Relative 
Effectiveness 

Removal Mechanism Pre-
requirements 

By-product References 

1 Acute chemical barrier      

1.1 PAK Moderate Adsorption Contact time 
(min. 4 min) 

Saturated PAC 
removal 

(Larsson, 2008) 

2 Permanent chemical barrier      

2.1 Nanomembrane filtration  Moderate - 
High 

Retention by the 
membrane 

Operating 
conditions 
adjustment 

Concentrate and 
backwash flow 

(Norrvatten, 
2019a) 

2.2 Ozonation (Dose: 2-4mg/l to avoid bromate 
formation) 

Moderate  Oxidation NOM removal Oxidant by-
product 

(Cuerda-Correa et 
al., 2019) 

2.3 Advanced oxidation processes (AOP)  Moderate - 
High 

Oxidation NOM removal Oxidant by-
product 

(Cuerda-Correa et 
al., 2019) 

2.4 Activated carbon (GAC) + 10% new GAC Moderate Adsorption NOM removal Backwash flow (Norrvatten, 2020) 

2.5 Activated carbon (GAK) with EBCT < 20 min Low  Adsorption NOM removal Backwash flow (Norrvatten, 2020) 

2.6 Activated carbon (GAK)with EBCT > 20 min Low - 
Moderate 

Adsorption + 
biological degradation 

NOM removal Backwash flow (Norrvatten, 2020) 

3 Combination      

3.1 Ozonation followed by GAC (BAK) with EBCT 
< 20 min 

Moderate - 
High 

Adsorption pH adjustment, 
NOM removal 

Backwash flow (Norrvatten, 2020) 

3.2 Ozonation followed by GAC (BAK) with EBCT 
> 20 min 

High  Oxidation + adsorption 
+ biological degradation 

pH adjustment, 
NOM removal 

Backwash flow (Norrvatten, 2020) 

 
Table 6. 4 Summary of chemical barriers in different WTP alternatives  

S.No. Parameters Chemical barriers Effectiveness Comment 

  
  
  

Requirements as per drinking 
water regulations 

No specific requirements given - Drinking water must be healthy and  free from the health 
disruptive substances 

Norrvatten’s requirement in 
future waterworks 

Provision for at least one 
permanent chemical barrier 

High The barrier must shows measurable effect against health 
disruptive contaminants 

Existing WTP (2019)   GAK Low Don’t have a permanent chemical  barrier 

 Future alternatives  

1 Alternative 1 PAK  BAK High Effective NOM  reduction by SIX and dF/UF will increase 
the effectiveness of chemical barrier 

2a Alternative 2 (Without O3) PAK  GAK Low No ozonation 

2b Alternative 2 (With ozone) PAK  Partial BAK* Low-medium UF will help in removal of oxidant-by products in new 
plant but the existing plant water will not be ozonated 

3a Alternative 3 (Without O3) PAK  GAK Low No ozonation 

3b Alternative 2 (With ozone) PAK  Partial BAK* Low-medium UF will help in removal of oxidant-by products in new 
plant but the existing plant water will not be ozonated. 

4 Alternative 4 PAK  BAK Medium-high  

5 Alternative 5 PAK  BAK Medium-high  

6a Alternative 6 (Without O3) PAK  GAK Low No ozonation 

6b Alternative 2 (With ozone) PAK  Partial BAK* Low-medium UF will help in removal of oxidant-by products in new 
plant the existing plant water will not be ozonated 

7 Alternative 7 PAK Partial NF** BAK High Partial NF will enhance the barrier effect 

8 Alternative 8 PAK  BAK Medium-high  

9 Alternative 9 PAK NF BAK Very high NF will enhance the chemical barrier effect 
significantly(Norrvatten, 2019a) 

*Partial BAK means 160 MLD water will be treated without ozonation in the existing plant and the remaining 120 MLD water will be treated 
with ozonation in the newly constructed plant**Partial NF means 140 MLD water will be treated by NF and the remaining 140 MLD water will 
be treated with UF 
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6.1.3 NOM removal analysis  
NOM (Natural organic matter) is defined as a complex mixture of organic compounds that are present in 
all fresh water sources, particularly in surface water (Lavonen et al., 2015). Due to climate change 
especially due to change in temperature and precipitation patterns, the concentration of NOM in 
surface water has increased in an unpredictable way all over the world(Köhler et al., 2009). 
 
In drinking water treatment, high level of NOM in raw water can lead to several negative effects such as 
reduction in  water quality in terms of color, taste and odor, increase in microbial growth (as NOM can 
be used by microorganisms as substrate), increase in the risk of the formation of cancerous disinfectant 
by-products with chlorine along with other oxidant by-products,  increase in transport of heavy metals, 
can adsorb organic pollutants from water due to the complexing properties of humic substances  and 
may  adversely affect the microbiological and chemical barrier effect of a water treatment 
plant(Keucken, 2017).  
 
At present, there are several scientific studies available predicting rising level of NOM in Swedish raw 
water in near future. So, there s a need to apply a more robust and reliable treatment processes for 
efficient NOM removal from raw water. Rising organic matter concentrations in the surface waters of 
Scandinavia also require adaptation of the existing drinking water treatment processes.  
 
In regard to NOM guideline value, it is difficult to set an exact NOM guideline value for drinking water in 
terms of DOC or TOC content because the negative effects of NOM are dependent on its composition 
rather its absolute quantity and different purification processes remove these compositions differently. 
So it may happen that the purification processes satisfy the guideline value but the composition that the 
purification processes removed may not be that harmful than the composition that remained in the 
treated water. Presently, it is universally acknowledged that NOM removal must be a priority due to its 
economic consideration. Several monetary as well as environmental advantages of removal of NOM 
early in the purification process include; probable decrease in coating/fouling problems associated with 
GAC filters along with membrane surfaces; decrease in bacterial regrowth in distribution network; 
decrease in consumption of precipitating chemicals and disinfectants along with energy consumption in 
UV disinfection(Heldt, 2019). 
 
There are several treatment technologies available to remove NOM concentration from raw water such 
as chemical precipitation that is followed by sedimentation/flotation and filtration step, SIX process, 
activated carbon filtration, advanced oxidation processes and membrane filtration.NOM is usually 
measured in terms of carbon content such as TOC or DOC content.  NF achieves a high NOM reduction 
of almost 90% compared to 50% by conventional precipitation and sedimentation processes, which 
mainly separate terrestrial humus (leaching products from soil environments such as forests) but NF 
achieve a more selective NOM reduction, where only low molecular weight (LMW) NOM fractions can 
pass through the membranes(Keucken, 2017).  
 

In this study, the desired TOC content in drinking water (<5 mg/l) is not achieved successfully either with 
aluminum or iron-based chemical at maximum TOC level, but successfully achieved during average TOC 
concentration in raw water. But as safety of margin is more with iron based chemicals as compared to 
aluminium based chemicals, so PIX-111 is more favorable from quality perspective. Furthermore, the 
possibility of using iron sulphate in future need to be analysed in detail, as it is a better precipitating 
chemical than PIX-111. In the calculations, the use of NF either partially or fully archived the desired TOC 
content in drinking water (<5 mg/l) at maximum TOC level with a high safety margin to incorporate even 
the future increase in TOC content in raw water. 
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Table 6. 5 Calculated TOC reduction for different treatment technologies 

S.No. TOC in feed 
water (mg/l) 

TOC removal treatment step % TOC reduction References 

FeCl3 ALG 

Low High Low High 

1 ≤9 Precipitation + sedimentation+ filtration 50 60 40 50 (Norrvatten, 2019b; Ramböll, 2019)  

2 Direct precipitation on Ultrafiltration  50 60 40 50 (Keucken, 2017; Norrvatten, 2019a)  

3 SIX 50 67 50 67 (Ramböll, 2019) 

4 SIX + dF/UF (Al) - - 59 78 (Dahlberg, 2019) 

5 Direct filtration on NF(HFW1000) 82 92.2 82 92.2 (Keucken, 2017; Norrvatten, 2019a) 

6 GAK (GAC without ozonation) 5 5 5 5 (Norrvatten, 2019b; Ramböll, 2019)  

7 BAK (GAC  + ozonation) 10 20 10 20 (Norrvatten, 2019b; Ramböll, 2019)  

1 ≥10 Precipitation + sedimentation+ filtration 60 80 50 60 (Norrvatten, 2019b; Ramböll, 2019)  

2 Direct precipitation on UF membranes 60 80 50 60 (Keucken, 2017; Norrvatten, 2019a) 

3 SIX 50 67 50 67 (Ramböll, 2019) 

4 SIX + dF/UF (Al) - - 59 78 (Dahlberg, 2019) 

5 Direct filtration of surface water on NF 82 92.2 82 92.2 (Keucken, 2017; Norrvatten, 2019a) 

6 GAK (GAC without ozonation) 5 5 5 5 (Norrvatten, 2019b; Ramböll, 2019) 

7 BAK (GAC  + ozonation) 10 20 10 20 (Norrvatten, 2019b; Ramböll, 2019) 

Note: UF has insignificant effect on TOC reduction because it is primarily designed as a microbiological barrier and help only in turbidity 
removal. However, in direct precipitation at UF (dF/UF), it can contribute to TOC reduction based on the amount of coagulant dosed, that will 
be comparable to the removal by conventional precipitation process 

 
Table 6. 6 TOC in treated water in different alternatives in 2050 calculated based on raw water TOC content 

S.No. Parameters NOM reduction processes TOC  range in treated water (mg/l) Max.TOC 
allowed Min Average Max Max (if) 

  
  
  

TOC in raw water (2000-2017) 5.9 7.9 15 15  

Norrvatten’s requirement in future waterworks <5 <5 <5 <6.5  

Existing WTP (2000-2019) CPSF*** (Al) + GAK 3.3 4.3 6.7 6.7 10.5 

Existing WTP (calculated) CPSF*** (Al) + GAK 2.8-3.4 3.8-4.5 5.7-7.1 5.7-7.1  

Future treatment alternatives   

1 Alternative 1 SIX + dF/UF (Al) + BAK  1-2.2 1.4-2.9 2.6-5.5 2.6-5.5 13.6 

2a Alternative 2 (Without ozone) CPSF (Al) + GAK 2.8-3.4 3.8-4.5 5.7-7.1 5.7-7.1 10.5 

CPSF (Fe) + GAK 2.2-2.8 3-3.8 2.9-5.7 2.9-5.7 13.2 

2b Alternative 2 (With ozone) CPSF (Al) + partial BAK* 2.6-3.3 3.5-4.4 5.3-7 5.3-7 10.8 

CPSF (Fe) + partial BAK* 2.1-2.7 2.8-3.7 2.7-5.6 2.7-5.6 13.5 

3a Alternative 3 (Without ozone) CPSF (Al) + GAK 2.8-3.4 3.8-4.5 5.7-7.1 5.7-7.1 10.5 

CPSF (Fe) + GAK 2.2-2.8 3-3.8 2.9-5.7 2.9-5.7 13.2 

3b Alternative 2 (With ozone) CPSF (Al) + partial BAK* 2.6-3.3 3.5-4.4 5.3-7 5.3-7 10.8 

CPSF (Fe) + partial BAK* 2.1-2.7 2.8-3.7 2.7-5.6 2.7-5.6 13.5 

4 Alternative 4 CPSF (Al) + BAK 2.4-3.2 3.2-4.3 4.8-6.8 4.8-6.8 11.1 

  CPSF (Fe) + BAK 1.9-2.7 2.5-3.6 2.4-5.4 2.4-5.4 13.9 

5 Alternative 5 CPSUF**** (Al) + BAK 2.4-3.2 3.2-4.3 4.8-6.8 4.8-6.8 11.1 

  CPSUF (Fe) + BAK 1.9-2.7 2.5-3.6 2.4-5.4 2.4-5.4 13.9 

6a Alternative 6 (Without ozone) CPSUF (Al) + GAK 2.8-3.4 3.8-4.5 5.7-7.1 5.7-7.1 10.5 

CPSUF (Fe) + GAK 2.2-2.8 3-3.8 2.9-5.7 2.9-5.7 13.2 

6b Alternative 2 (With ozone) CPSUF (Al) + partial BAK* 2.6-3.3 3.5-4.4 5.3-7 5.3-7 10.8 

CPSUF (Fe) + partial BAK* 2.1-2.7 2.8-3.7 2.7-5.6 2.7-5.6 13.5 

7 Alternative 7 CPSF (Al) + partial NF** + BAK 1.3-1.9 1.7-2.5 2.6-4 2.6-4 18.8 

  CPSF (Fe) + partial NF** + BAK 1-1.6 1.4-2.1 1.3-3.2 1.3-3.2 23.5 

8 Alternative 8 dF/UF (Al) + BAK 2.4-3.2 3.2-4.3 4.8-6.8 4.8-6.8 11.1 

  dF/UF (Fe) + BAK 1.9-2.7 2.5-3.6 2.4-5.4 2.4-5.4 13.9 

9 Alternative 9 NF + BAK 0.4-1 0.5-1.3 0.9-2.4 0.9-2.4 30.9 
*Partial BAK means 160 MLD water will be treated without ozonation and the remaining 120 MLD water will be treated with ozonation 
**Partial NF means 140 MLD water will be treated by NF and the remaining 140 MLD water will be treated with UF 
***CPSF = chemical precipitation + sedimentation + Rapid sand filtration 
****CPSUF = chemical precipitation + sedimentation + Ultra filtration 
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6.1.4 Bio-stability analysis 
The ability to limit the microbial regrowth potential in treated water during distribution is referred as 
biological stability of the treated water and it depends on two competing effects: microbial inactivation 
by residual  disinfectant and microbial growth due to presence of substrate in treated water(Srinivasan 
and Harrington, 2007). So the main concept of enhancing bio-stability is to provide consumers with 
drinking water of same microbial quality at their homes as produced at the water treatment 
facility(Prest et al., 2016). 
 
Several studies have shown that the different disinfectants can oxidize the dissolved natural organic 
matter (NOM) to produce easily accessible substrate for heterotrophic and nitrifying bacteria (Liu et al., 
2002). Oxalate carbon can also be formed during UV disinfection and/or residual disinfection through 
monochlorination though to a much lesser extent compared to ozonation/or chlorination(Norrvatten, 
2020). This makes the distribution system more vulnerable to bacterial regrowth in presence of oxidant 
by-products (Srinivasan and Harrington, 2007). Also, oxidant by-products  such as assimilable organic 
carbon (AOC) are not effectively removed by carbon or other filtration processes and cause problem 
related with biostability(Norrvatten, 2020). 
 
Table 6. 7 Biostability analysis of the treated water in different alternatives 

S.No. Parameters Biostability factors considered in treated water Biostability 
effectiveness 

Comments 

NOM Oxidant by-
products  

Microbiological 
barriers 

Residual 
disinfection 

 Requirements as per drinking water 
regulations 

< 5mg/l Low 6b+6v+4.5p Low dosing Not given in 
detail 

Drinking water must be 
healthy  and safe 

 Norrvatten’s requirement in future 
waterworks 

< 5mg/l Low 7b+7v+5.5p Low dosing High  

 Existing WTP (Al) (2019) 2.8-7.1 Negligible 5.5b+2.3v+5.2p Low Low   

 Future treatment alternatives       

1 Alternative 1 (Al) 1-5.5 Low 10.3b+7.4v+6.4p Low High   

2a Alternative 2 (Al) (Without O3) 2.8-7.1 Negligible 8.5b+5v+8.3p Low Low  UF after UV will help in 
removal of disinfectant by-
products 

 Alternative 2 (Fe) (Without O3) 2.2-5.7 Negligible 8.5b+5v+8.3p Low Moderate 

2b Alternative 2 (Al)  (With ozone) 2.6-7 Moderate 8.7b+5.2v+8.4p Low Low  

 Alternative 2 (Fe) (With ozone) 2.1-5.6 Low 8.7b+5.2v+8.4p Low Moderate 

3a Alternative 3 (Al)  (Without O3) 2.8-7.1 Negligible 8.5b+5v+8.3p Low Low  UF after GAC will help in 
removal of oxidant by-
products 

 Alternative 3 (Fe) (Without O3) 2.2-5.7 Negligible 8.5b+5v+8.3p Low Moderate 

3b Alternative 2 (Al) (With ozone) 2.6-7 Moderate 8.7b+5.2v+8.4p Low Low  

 Alternative 2 (Fe) (With ozone) 2.1-5.6 Low 8.7b+5.2v+8.4p Low Moderate 

4 Alternative 4 (Al) 2.4-6.8 Moderate 12.3b+8.5v+8.4p Low High   

 Alternative 4 (Fe) 1.9-5.4 Low 12.3b+8.5v+8.4p Low High   

5 Alternative 5 (Al) 2.4-6.8 Moderate 10.3b+7.4v+6.4p Low Moderate  

 Alternative 5 (Fe) 1.9-5.4 Low 10.3b+7.4v+6.4p Low Moderate  

6a Alternative 6 (Al)  (Without O3) 2.8-7.1 Negligible 6.5b+3.8v+6.3p Low Low   

 Alternative 6 (Fe) (Without O3) 2.2-5.7 Negligible 6.5b+3.8v+6.3p Low Moderate  

6b Alternative 2 (Al)  (With ozone) 2.6-7 Moderate 6.7b+4.1v+6.3p Low Low   

 Alternative 2 (Fe) (With ozone) 2.1-5.6 Low 6.7b+4.1v+6.3p Low Moderate  

7 Alternative 7 (Al) 1.3-4 Very low 12.3b+8.5v+8.4p Low Very high NF will help in NOM 
reduction before ozonation  Alternative 7 (Fe) 1-3.2 Very low 12.3b+8.5v+8.4p Low Very high 

8 Alternative 8 (Al) 2.4-6.8 Moderate 10.3b+7.4v+6.4p Low Moderate  

 Alternative 8 (Fe) 1.9-5.4 Low 10.3b+7.4v+6.4p Low Moderate  

9 Alternative 9 0.4-2.4 Very low 10.3b+7.4v+6.4p Low Very high NF will help in NOM 
reduction before ozonation 
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High biostability in the distribution network can be ensured by four simultaneous processes. Firstly, 
effective microbial barrier effect so that the microbial population can be decreased before releasing 
treated water into the distribution network. Secondly, residual disinfectant dosing to inactivate the 
microbes that may grow during water distribution but it must be noted that the high dose of residual 
disinfectant will lead to formation of disinfectant by-products and also cause taste and odour related 
water quality problems. So, increasing the dose of residual disinfectant is usually not a feasible option to 
ensure bio-stability of treated water. Third process is by reducing the concentration of NOM in the 
treated water that may be used by microorganisms as substrate. Fourthly, reducing the concentration of 
oxidant by-products in the treated water as oxidation usually convert the organic pollutants into more 
bio-available form that can easily be consumed by microorganisms as substrate. The concentration of 
oxidant by-products in treated water can be reduced by: optimizing the oxidation process by reducing 
both the NOM concentration in the feed water and disinfectant dose, providing a filtration step after 
oxidation step to remove the oxidant by-products that are formed during oxidation but research has 
shown that oxidant by-products such as assimilable organic carbon (AOC) are not effectively removed by 
carbon or other filtration processes(Norrvatten, 2020).However, by providing EBCT >20 min, the 
effectiveness of the removal of oxidant by-product can be increased significantly.  So, bio-stability is the 
resultant of the combination of microorganisms that enter in the water distribution network through 
treated water, NOM concentration in the treated water, oxidant by-products in the treated water and 
residual disinfection dose in the treated water. 
 
6.1.5 Water Quality analysis 
In addition to the specific requirements of microbiological, chemical and NOM reduction, the 
requirements in regard to other drinking water quality parameters also apply to Norrvatten outgoing 
drinking water. These are documented in Norrvatten’s drinking water quality requirements which are 
primarily based on the Swedish drinking water regulations, National Food Agency's limits and guideline 
values along with the EU directive and relatively stricter, incorporating the local conditions. The 
calculated drinking water quality in different alternatives is given in Table 6.8, but it is not 
comprehensive and covers only the most important parameters. 
 
The resultant treated water quality in each alternative is dependent on the raw water quality that 
cannot be considered to be constant throughout the design period of these alternatives in the light of 
current trend of global warming and land use changes. According to Norrvatten, the variations in future 
may be greater than today but the minimum and maximum values (based on the raw water monitoring 
records between 2000 and 2017) covers a large span that is most likely to be valid until 2050(Heldt, 
2019). So, the treated water quality for each alternative has been estimated based on these minimum 
and maximum values and may need to be checked for validation in future based on any new forecasted 
values of raw water quality.  
 
In the calculations it is assumed that soda (Na2CO3) will be used both in the existing water plant and new 
waterworks for alkalinization and pH adjustment, that will increase the sodium content in water. Also, 
using ferric chloride instead of aluminum sulphate as precipitating chemical will increase the addition of 
chemicals like sulfuric acid, ferric chloride and sodium carbonate (soda) during raw water treatment that 
will increase the sulphate, chloride and sodium content in the treated water. Moreover, sulphate and 
chloride released from sulfuric acid and ferric chloride respectively, will increase the corrosion potential 
of the treated water. The National Food Agency guideline values to prevent corrosion may not be 
exceeded in future but the increased values may relatively increase the risk of corrosion. Water quality 
parameters related to taste/smell and biostability are relatively lower in the existing plant as compared 
to the new water plant that would be designed with carbon filters having a 12-minute residence time 
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with a possibility to increase to 20 minutes. In this study, it has been assumed that both existing water 
plant (with modified carbon filters) and new waterworks will have carbon filters of same removal 
efficiency in future.  
 
Table 6. 8 Calculated drinking water quality in different alternatives 

Drinking water quality at maximum production (280 MLD) in 2050 in future WTP alternatives 
Parameter  Unit  NV’s 

limits 
Raw 

water 
(2000-
2017) 

Existing 
WTP (Al) 
(2000-
2017) 

A1 A2-A7 
(ALG) 

A2-A7 
(FeCl3) 

A8 
(ALG) 

A8 
(FeCl3) 

A9 Comments 

Temperature °C ≤ 12 0.5-15.7 1.4-17.9 1.4-17.9 1.4-17.9 1.4-17.9 1.4-17.9 1.4-17.9 1.4-17.9 The temperature is not expected 
to differ because the influence of 
waterworks are usually small 

Coloration  mg Pt/l   ≤ 6 14-50 5-5-12 <5  <5  <5  <5  <5  ≤ 5 Better separation with FeCl3 

Turbidity  FNU  ≤ 0.1 0.85-8.1 0.05-0.1 <0.05  <0.05  <0.05  <0.05 <0.05 <0.05 Turbidity is low if UF is used 

pH     8.3-8.5 7.2-8.7 7.9-8.7  8.3 - 8.5   8.3 - 8.5  8.3 - 8.5   8.3 - 8.5   8.3 - 8.5   8.3 - 8.5  pH adjustment is applied 

Alkalinity  mg HCO3/l > 60 45-106 41-95 60 - 150  60 - 150  60 - 150  60 - 150  60 - 150  60 - 150  The alkalinity is higher in the new 
the waterworks due to the use of 
sulfuric acid and soda 

Calcium mg Ca/l   > 20-60 18-36 24-46 26 - 36  18-36 18-26 18-36 18-36 18-36 Lime (Ca(OH)2) is used in the 
existing water plant for 
alkalinization and pH adjustment 
while soda (Na2CO3) is used for 
the new waterworks so no 
change in calcium content 

Magnesium mg Mg/l  <30 2-7 2-7  5 - 7  2-7 2-7 2-7 2-7 2-7  

Iron  mg Fe/l   <0.02 0.01-0.31 <0.02 <0.02  <0.02   <0.02  <0.02  <0.02  <0.02  Fe will be precipitated in new 
WTP 

Aluminum  mg Al/l  <0.100 0.035-0.35 0.01-0.059 <0.1 0.01-0.059 0.01-0.059 0.01-0.059 0.01-0.059 0.01-0.059  

Chloride, Cl  mg Cl/l  <100 12-20 12-20  50 - 90  12-20  44-52 12-20  44-52 12-20 Sulphate, chloride and sodium 
will be released from sulfuric 
acid, ferric chloride and soda, in 
the new waterworks 

Sulfate, SO4  mg SO4/l   <100 17-34 30-57 12 – 17 30-57  75-92 30-57  75-92 17-34 

Sodium  mg Na/I Not 
specified 

- Not 
specified 

28-31 67-70 67-70 28-31 28-31 28-31 

Bromate  μg/l  10 <0.002 Not 
specified 

<2  <2 <2  <2 <2 <2  

Manganese  mg Mn/l <0.020 <0.005-
0.071 

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01  
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6.2 Treatment cost assessment 
Drinking water treatment cost is usually the most decisive parameter in the decision making process. In 
this study it is discussed as operational and investment cost. Operational cost is related to cost of the 
materials/energy/processes that are required to sustain the daily operations of the WTP to produce the 
average quantity of water (208 MLD) in 2050 assuming that the WTP is fully functional at the first place. 
Investment cost is related to the construction of the WTP of sustainable capacity of 280 MLD in 2050.    
 
(The information related to this section is confidential so not disclosed) 
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