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Abstract

:

Reliable and safe drinking water supply requires adequate risk management. Decision support models can aid decisionmakers to effectively evaluate risk mitigation measures and allocate societal resources. Here, a Swedish case study illustrates how the installation of ultrafiltration membranes can be evaluated by combining risk assessment and cost-benefit analysis. Quantitative microbial risk assessment was used to assess several contamination sources and estimate the achieved risk reduction from waterborne pathogens using Campylobacter, Norovirus, and Cryptosporidium as reference pathogens. The societal value of the improved water quality was estimated in the cost-benefit analysis by monetising the gained quality adjusted life years and aesthetic water quality improvements. The calculated net present value (mean of 7 MEUR) indicated that the installation of the ultrafiltration membranes was a sound investment from a societal economic perspective. The ultrafiltration membranes reduced the annual probability of infection from 3 × 10−2 to 10−7, well below the U.S. EPA’s acceptable level, as well as improving the aesthetic quality of the drinking water. The results provide a novel example of the importance for water distributors to consider not only health-related metrics when evaluating treatment options or monitoring the drinking water quality, but to also consider the aesthetic quality of the drinking water.
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1. Introduction


Good decisions, or rather good outcomes, are always sought after in any decision-making process. Yet, in more complex fields, the formation of good decision often requires a deeper form of analysis [1,2]. One such field is the management and handling of risk [3,4,5]. Risk is defined as the combination of a hazardous event’s expected consequence and its probability of occurrence. The International Organisation for Standardisation (ISO) has suggested an iterative risk management approach that involves the assessment and possible treatment of risks, as well as a continuous communication and monitoring of the process [6].



Risk management is of particular importance within the drinking water sector, as insufficiently treated drinking water may result in high costs to society, due to, e.g., water supply interruptions, chemical exposure, and waterborne diseases [7,8,9]. To handle this, the World Health Organisation (WHO) suggests the use of comprehensive and holistic approaches, e.g., water safety plans (WSPs), to ensure a safe and reliable supply of drinking water [10]. WSP is meant to be implemented as part of a comprehensive risk management approach, including an assessment of the drinking water system’s sub-systems, the raw water source, the drinking water treatment plant (DWTP), and the supply network [11,12].



Quantitative microbial risk assessment (QMRA) is an established approach to estimate the impact of waterborne diseases [13,14,15]. It is an assessment which combines the information of a pathogen exposure and its health effects to generate a quantitative measure of the risk, generally reported as the probability of infection (Pinf), quality adjusted life years (QALYs), or disability adjusted life years (DALYs) [13,14]. The Pinf only assesses a pathogen’s likelihood of infection, whereas the QALY and DALY also take the morbidity and mortality of a disease into account, assessing a person’s health-related impact with a single metric [16].



Burgman [5] states that a risk assessment should account for the full extent of possibilities, at the tails of the distribution. The total risk of a system is, therefore, best assessed via a holistic approach, which takes both expected and unexpected, or rare, events into account. The inclusion of several hazardous events can be qualitatively or semi-quantitatively considered or quantified to a total risk via the utilisation of a probability consequence diagram [17]. In a drinking water system (DWS), the assessed total risk, in terms of, e.g., Pinf, QALYs or DALYs, can be compared to an acceptable or tolerable risk in order to determine whether any risk reducing measures are required. Here, drinking water producers commonly use the acceptable risk suggested by the WHO, i.e., 10−6 DALY per person per year [10,14] or the U.S. EPA of an annual Pinf of 10−4 [18].



Risk-based decision models for evaluating and comparing microbial risk mitigation measures, e.g., cost benefit analysis (CBA), are available to aid decisionmakers in order to use societal resources effectively, e.g., [13,19]. Hu et al. [20] evaluated the microbial, chemical, and aesthetic quality of drinking water, but they did not evaluate any risk mitigation measures. Furthermore, only parts of mitigation measures’ effects (risk reduction, etc.) [21] are commonly considered, and thus important benefits can be omitted, especially intangible and social factors such as aesthetic qualities. Investigations of decisions already taken (ex-post) may provide additional insight into what aspects justified the decision. Ex-post analysis may also provide more accurate estimations of costs and benefits that were difficult to quantify ex-ante, and have been applied for evaluating, e.g., dams [22], landslide debris flows [23], sanitation interventions [24], and mitigation of eutrophication [25]. In this study, QMRA and CBA were used in combination to provide an estimation on the analysed measure’s effect on microbial health risk and its societal profitability.



The overall aim of this study was to conduct an ex-post analysis of the recently installed ultrafiltration (UF) membranes at the Kvarnagårdens DWTP in order to determine their societal value and assess the decision outcome in monetary terms. The specific objectives of the study were to



	➢

	
Establish a decision support model based on CBA and QMRA, which included the three steps (i–iii):




	i.

	
Set up a QMRA-model for Kvarnagården DWTP, including both surface water and groundwater sources;




	ii.

	
Identify, estimate, and (as far as possible) monetise relevant cost and benefits from the installed UF membranes at the DWTP;




	iii.

	
Combine the QMRA results with additional benefits and costs in a CBA to estimate whether the installation of UF membranes was beneficial from a societal point of view.










	➢

	
We analysed uncertainties using a probabilistic model approach in order to investigate how uncertainties in the model affected the results.








2. Methods


The health-related risk reduction of the installed UF membrane (Ultrafiltration membrane: X-flow Aquaflex 55) at Kvarnagården DWTP was estimated using QMRA and quantified in terms of number of reduced infections and gained QALYs per year. The latter was also monetised and analysed, in combination with aesthetic quality improvements and costs, in a CBA, in order to determine if the installation of the UF membranes was societally profitable.



2.1. Limitations


The data obtained in the analyses were solely based on literature findings and previous measurements by, e.g., the drinking water producers Vatten och miljö i Väst AB (VIVAB) or the Public Health Agency of Sweden. Only microbial risk reduction was included. Any chemical risk reduction which may have been acquired from the UF membranes was excluded, as their 20 nm pore size is unlikely to remove any chemicals <800 Da from the effluent [10].




2.2. Study Area


Kvarnagården DWTP is located in the municipality of Varberg, located in the southwest part of Sweden. It supplies drinking water to 99% of the municipality’s 62,000 inhabitants, as well as its local industries. The DWTP combines the raw water of two distinct sources. The lake Stora Neden (Figure 1) currently constitutes for about 80 ± 5% of the DWTP’s total intake volume, while the aquifer Ragnhilds källa covers the remaining 20 ± 5% of the volume. Both of these sources have been classified as good to moderately good for their utilisation as drinking water sources [26]. Increasing levels of Natural Organic Matter (NOM) have been observed in the past years at the lake Stora Neden. NOM does not pose any direct threat to the health of the drinking water consumers, but it may affect the aesthetic quality of the drinking water, primarily causing taste, colour, and odour problems.



The area of the lake Stora Neden has been measured to about 2,900,000 m2 with an estimated volume of approximately 61,100,000 m3. The thermocline of the lake has been measured to vary between 7 and 9 m [27].



The Swedish water and wastewater association (SWWA) has recommended that DWTPs, which utilise surface water as a raw water source, should have at least two microbial barriers in their treatment chain [28]. Here, the previous treatment steps at Kvarnagården DWTP consisted of one separation step, rapid sand filter, followed by two disinfection steps, UV at 250 Jm−2, and a chloramine dosage, before the distribution network. Note that only the UV disinfection is considered as a microbial barrier by the Swedish Food Agency (SFA) [29]. The UF membranes were therefore installed to ensure that the DWTP met the SFA and SWWA requirement of two microbial barriers, as well as to provide the capacity to handle the increasing levels of NOM in lake Stora Neden.



The decision to implement the UF membranes as an additional treatment step was decided by VIVAB on the basis of previous decision support analyses, e.g., [30], which mainly focused on the health-related features of the treatment, rather than on the economic aspects. A more extensive valuation of the economic aspects of the implemented measure, to evaluate the decision ex-post, was therefore of interest for VIVAB in order to improve the strength of available decision support material for future decisions.




2.3. QMRA-Model


The QMRA was set up in a similar way to that of Bergion, Lindhe, Sokolova, and Rosén [19,31] by assessing the health-related impact of the improved treatment at Kvarnagården DWTP, in a number of gained QALYs, using the incidence data for three reference pathogens Campylobacter, Norovirus, and Cryptosporidium (each pathogen represented their respective pathogen group in the corresponding order: bacteria, virus, and protozoa). The selection was based on the pathogens’ low infection doses, their prevalence in Swedish waters, and their connection to previous waterborne disease outbreaks in Sweden [32,33]. The total risk of the DWS was estimated on the basis of five hazardous events, defined on the basis of the information regarding the regulations of Stora Neden’s and Ragnhilds källa’s water protection areas.



The first hazardous event was the expected load, i.e., the baseline risk level (with an estimated annual probability of occurrence (p1) of 1) from the on-site wastewater treatment systems (OWTSs) within the lake Stora Neden’s catchment area. The second event, with annual p2 = 1 × 10−2, was the leakage of a manure tank within the pumping cone of the wells at the aquifer Ragnhilds källa. The third event, with annual p3 = 5 × 10−3, was based on the same pathogen source as the base-line risk but was assessed to determine the possible impact of a dysfunctional UV barrier. The fourth event, with annual p4 = 1 × 10−3, was based on an event of a manure transport driving into the lake Stora Neden. The fifth event, with annual p5 = 2 × 10−5, involved a pipe-burst in an OWTS nearby the aquifer Ragnhilds källa, given that all residents of the connected household discharged pathogens to the sewage system, leaking untreated sewage directly into the aquifer. The assumptions used for estimating the different events probability of occurrence (p1–5) is available in the Supplementary Material [34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69].



The consequence of a hazardous event (c) is estimated as the event’s total number of lost QALYs (  Q A L Y  s  t o t    ) and was calculated as


  c = Q A L Y  s  t o t   =   ∑   n = i  N   I i  × Δ Q A L  Y i     








where N represents the total number of assessed pathogens,    I i    is a pathogen’s number of annually infected drinking water consumers (calculated by multiplying t the total number of drinking water consumers with the pathogens annual probability of infection), and   Δ Q A L  Y i    is a pathogen’s effect on the infected consumer’s QALY (an infection’s impact on a person’s QALY; Campylobacter = 0.0165, Norovirus = 0.0009, Cryptosporidium = 0.0035) [19,70]. The Pinf for each respective pathogen was calculated as


   P  i n f   = 1 −  e  − r × D    








where r represents a pathogen’s infectivity, described as a sample from a beta distribution with statistical parameters set for each pathogen’s dose response, and D is the simulated daily pathogen dose. The pathogen’s annual probability of infection    P  i n f   A n n u a l     was calculated as


   P  i n f   A n n u a l   = 1 −   ( 1 −  P  i n f   )  d   








where d is the expected number of days per year that the set dose, D, will be present in the drinking water.



The total microbial risk (   R  T o t    ), i.e., the combined risk for all assessed hazardous events, was then estimated as the total area below a risk graph in a probability consequence diagram (see Figure 2). The integral of the risk graph was simplified and calculated as


   R  T o t   =   ∑   x = 1  X   (   c x  −  c  x − 1    )  ×  p x   








where X is the total number of assessed events,    c x    is an event’s consequence, and    p x    is the same event’s cumulative probability of occurrence.



A more detailed description of how the contamination of the drinking water was evaluated can be found in the Supplementary Material, including the raw water source characterisation, treatment chain, and risk characterisation.



Lastly, the expected number of gained QALYs from the installation of UF membrane filtration was calculated as


  Q A L Y  s  G a i n e d   =  R    T o t   P r i o r   U F     −  R   T o t   a f t e r   U F     











The UF membrane risk reduction was seen as independent for each year over the analysed time horizon, and the annual risk reduction was assigned using a discrete distribution. The combined uncertainty of the UF membrane risk reduction over the analysed time horizon was calculated by assigning each year with the calculated discrete distribution of an independent year.




2.4. CBA Model


The net present value (NPV) of the UF membranes was calculated as


  N P V =   ∑   t = 0  T     B t       (  1 + r  )   t    −   ∑   t = 0  T     C t       (  1 + r  )   t     








where B and C are, respectively, the benefits and costs in a year, t; T is the set time horizon; and r is the applied discount rate. T was set to 50 years with an a corresponding discount rate of 3.5%, in accordance with the Swedish Transport Administration [71].



Costs for investments and maintenance were directly based on the actual cost for VIVAB. Investment cost was 10 MEUR, and the annual maintenance was 0.2 MEUR. Note that these values were considered as certainties, as they were assessed after installing the UF membranes and did not include any variability or uncertainty in the analysis.



Benefits (B) were calculated as


  B =  B  h e a l t h   +  B  a e s t h e t i c   +  B  o t h e r    








where    B  h e a l t h     are the annual health benefits;    B  a e s t h e t i c     are the annual benefits related to increased water quality in terms of taste, odour, and colour; and Bother are the non-monetised benefits.    B  h e a l t h     was identified as the improved treatments gained QALYs and is calculated as


   B  h e a l t h   = Q A L Y  s  G a i n e d   ×  V  Q A L Y    








where    V  Q A L Y     is the monetary value of a QALY, set as a triangular distribution of 70,000 (min), 100,000 (mode), and 130,000 (max) EUR. The distribution’s values VQALY is based on the findings of Ryen and Svensson [72] and the Swedish governments revealed preference value for a QALY [73].



The drinking water’s aesthetic improvement was identified, albeit not quantified, by VIVAB’s customer service. Since the UF membrane installation in 2016, the customer service office has received an increasing number of verbal appreciations regarding the municipality’s drinking water quality and is likely explained by the UF membrane reduction of NOM in the distributed drinking water. Further, the monetary value of    B  a e s t h e t i c     was set to beta-PERT distributions of EUR 20 (min), 40 (mode), and 60 (max) per household per year for a total of 20,000 households. The monetary valuation was defined on the basis of the findings of three contingent valuation studies [74,75,76], one household production study [77], and the municipality of Varberg’s 2017 water bill (which includes the supply of drinking water and the collection of wastewater but excludes the collection of storm water) of EUR 183 per apartment per year.



Bother involved benefits which have been identified but not monetised, e.g., the benefits for the water-dependent industries in the municipality, which is DWTP’s main industrial user, and the reduced biofilm in the DWS’s distribution network. Further, if the output’s minimum value (  N P  V  m i n    ) is negative, the required cumulative value of the non-monetised benefits, to ensure a positive NPV, can be calculated as


   B  o t h e r   >   − N P  V  m i n       ∑   t = 0  T   1     (  1 + r  )   t       











The model’s input variables’ sensitivity was analysed using the Spearman rank approach to determine their respective impact on the result. A variable’s Spearman rank determines its correlation to the final outcome of the result. The Spearman rank can have a value between −1 and 1 and describes the strength and direction of the monotonic relationship between two variables. A value close to    | 1 |    indicates a strong relationship, and hence the analysed variable is of major importance for the results and its uncertainties. A value close to zero indicates a weak relationship. A positive rank implies a positive correlation with the result, i.e., that the result varies (increases or decreases) in the same direction as the variable, whereas a negative value implies a negative correlation to the result, i.e., that the result varies in the opposite direction to the variable. Note that a Spearman rank analysis is only applicable to monotonic functions, i.e., functions which are either continuously decreasing or increasing.




2.5. Software


All calculations were performed as Monte Carlo simulations, using the Microsoft Excel add-in software Palisade @RISK, version 7.5.1., at 10,000 iterations. The Monte Carlo simulation’s random sampling allows the model to combine the input variables’ uncertainties into a combined uncertainty for the output variable.





3. Results and Discussion


3.1. QMRA Results


The mean annual Pinf for the assessed pathogens in the water supply system prior installation of UF membranes was calculated to 3 × 10−2 (1 × 10−5 for Campylobacter, 3 × 10−2 for Norovirus, 1 × 10−4 for Cryptosporidium). The mean Pinf value for the assessed pathogens exceeded the acceptable risk of 10−4, recommended by the U.S. EPA [18], by a factor of 300, and is equal to approximately 1800 infections in a year. In addition, the annual probability of exceeding the acceptable risk was estimated to be 53%, and an annual probability of a major waterborne disease outbreak, infecting more than 10,000 people, was estimated to be 4.6%. Note that the U.S. EPA recommendation refers to Giardia infections [18], and it may be more appropriate to compare their standard to the assessed annual Pinf of Cryptosporidium (estimated at just above 1 × 10−4), which would characterize the risk prior to the UF membrane installation as more or less acceptable.



Since the UF membranes were installed in 2016, the mean annual Pinf of the assessed pathogens has been reduced to 10−7, and the annual probability of exceeding a Pinf of 10−4 is currently less than 0.01%. It is, therefore, clear that the UF membranes have effectively safeguarded the DWTP’s treatment efficiency.



The mean total health improvement of the UF membranes, illustrated by the green area in Figure 3, was calculated at 1.8 (P5 = 3 × 10−4; P95 = 8.7) gained QALYs per year. Note that the baseline risk accounted for approximately 1.7 of the total mean’s 1.8 lost QALYs per year. Hence, the largest improvements from the installation of the UF membranes came from the reduction of the baseline risk.



A sensitivity analysis of the QMRA result (Figure 4) showed that the infectivity of the pathogens (primarily Norovirus (α = 0.04 and β = 0.055)), faecal concentrations of pathogens (given infection), Log-removal of the OWTS, and exposure volume (i.e., consumed amount of unboiled water per person per day) appeared to be the variables that had the highest impact on the uncertainty of the result.



The high impact of the Norovirus infectivity may, to some extent, explain why no major waterborne disease outbreaks has yet been recorded in Varberg, even though the risk of an outbreak appears to have been relatively high (approximately 5% per year) prior to the UF membrane installation. Waterborne disease outbreaks caused by pathogens with low disease burdens (e.g., Norovirus) may have passed below the threshold of detection and may as such not have been recognised by the general public [13]. Another explanation for why no waterborne disease outbreaks have been recorded in Varberg may be that the actual pathogen load is lower than what has been estimated in the model, e.g., due to an underestimation of the impact of the raw water sources’ established water protection areas and the retention time.




3.2. CBA Results


The NPV of installing UF membranes (Figure 5) was calculated as 7 (P5 = −6; P95 = +17) MEUR, and the probability of a NPV larger than zero was estimated at 86%. If the non-monetised benefits exceeded 0.4 MEUR per year, the probability of a positive NPV would be 100%. The amount of 0.4 MEUR per year can be compared with the mean annual value of the health-related and aesthetic benefits, calculated as 0.17 and 0.80 MEUR, respectively.



The likelihood of a positive NPV indicated that the installation of UF membranes at Kvarnagården’s DWTP was a sound investment, a result that may be useful for other water distributors, considering adding risk mitigating measures in their DWTP.



When we compared the proportion of each monetised benefit (i.e., reduced disease burden (health) and aesthetic improvements of the drinking water quality) against the UF membrane costs, as shown in Figure 5, the aesthetic benefits appeared to overshadow the health-related benefits. Further, given the suggested valuation methods, the NPV would have been negative if the aesthetic benefits were excluded from the calculation.



The analysed value of the health-related benefit was estimated to, as far as possible, represent the society’s general WTP to pay for an improved health, i.e., improved QALYs. Put in perspective in terms of the Swedish gross domestic product (GDP), the value of a QALY fell in the range between 1.5 and 3 times the 2015 Swedish GDP per capita [78]. Note that this general societal WTP may be lower than the actual cost of a lost QALY.



The Swedish Civil Contingencies Agency (SCCA) report that the total cost of the 2011 cryptosporidium outbreak in Östersund (27,000 people were estimated to have been infected during the outbreak) ranged between 14 and 22 MEUR [79]. Further, by combining this cost with the findings of Batz, Hoffmann, and Morris [70] (a cryptosporidium infection is estimated to decrease a person’s health with 0.0035 QALY per infection), the value of a lost QALY would range between EUR 150,000 and 230,000, or 3.5 to 5.5 times the 2015 Swedish GDP per capita, for a water-borne disease outbreak. It is therefore possible that the value of a QALY may be valued higher in the drinking water sector than in the general domain, as the failure to distribute a sufficiently treated drinking water may have such extensive consequences. The findings of [79] provide an approximately twice as high value for a QALY as the findings of Ryen and Svensson [72] and the Swedish government’s revealed preference value for a QALY [73], which ranges from approximately EUR 70,000 to 130,000.



By using the valuation of the health-related benefits, in line with the findings of the SCCA, one can see how a higher valuation would impact the calculated results by changing the mean value of the health-related benefits to 7 (P5 = 1; P95 = +16) and the mean NPV of the aesthetic and health-related benefits to 10 (P5 = −5; P95 = +23). The aesthetic benefits would, however, still account for the major part of the NPV and be associated with the highest Spearman rank value (reduced from 0.92 to 0.78 if the higher valuation of QALY is used).



It should be noted that the valuation methods for the aesthetic and the health-related benefits differ, which may explain why the aesthetic benefits receive a comparatively higher valuation in the study than the health-related benefits: ex-ante valuation (e.g., contingent valuation for aesthetic water quality improvements) acknowledges people’s risk preferences, whereas ex-post valuations (e.g., revealed preference value for a QALY) do not.



It is, however, intriguing that the health-related benefits had such little impact on the NPV, even though the reduction of the previous mean Pinf (0.03), i.e., almost 300 times greater than the U.S. EPA’s recommended acceptable risk, was reduced to well below acceptable levels (10−7). This is likely explained by the low morbidity of the Norovirus (which is the main contributor to the high annual Pinf -value), which greatly reduces the amount of QALY that is impacted by the disease. Similar results have, however, also been found by Bergion, Lindhe, Sokolova, and Rosén [19,80], indicating that safe drinking water should be valued for more than just its health-related cost and benefits.



Social factors, e.g., social capital, appears to play major part for the economic value of a safe and reliable water supply, although in this study, the social factors were likely covered by the aesthetic benefits. Notwithstanding, general methods for the inclusion of social factors should be developed to further improve the creation of holistic and comprehensive decision support models for the drinking water sector.



This study may not have assigned the improved aesthetic quality with an exact monetary value or shown a novel method of how to best assess it, but it shows that it can have an impact on the net present value. Aesthetic water quality can have a substantial impact on people’s risk perception, as well as the willingness to drink tap water or buy bottled water [20,81]. We therefore suggest that further research should be conducted to increase our understanding of the societal value of an aesthetically pleasing water quality and how to better incorporate it in decision support models.



The results also show the importance for water distributors to both monitor parameters that have an impact on the aesthetic quality of the drinking water, e.g., turbidity, colour, and smell, but to also document possible complaints and trends regarding the water quality.





4. Conclusions


The results show the importance of having a holistic approach when assessing the societal economic value of improvements in drinking water treatment. The results from this study are expected to be useful for decisionmakers and strategic planners in water management organisations. The study provides an example on how the societal economic value of a measure can be evaluated ex-post. It also shows the importance of not only focusing on health-related aspects when evaluating either different treatment options or choosing a raw water source and to also include soft variables in the decision-making process, e.g., how consumers may perceive or experience the water quality.



Overall, the installation of UF membranes at Kvarnagården’s DWTP appears to have been a sound investment from both a health-related as well as an economic perspective. The mean annual Pinf has been reduced from the previous unacceptable level of 3 × 10−2 to a currently well-acceptable level of 1.6 × 10−7, and the aesthetic water quality has been improved and the mean NPV was calculated to 7 (P5 = −6; P95 = +17) MEUR.



In this paper, the aesthetic benefits obtained by installing UF membranes appeared to be substantially higher than the health-related benefits (both when assigning a low and high QALY value), albeit this may not be the case for another study area.



Lastly, it should be noted that a probabilistic approach is more or less necessary for an assessment to determine to what extent a measure may be profitable or not, due to the large uncertainties, both aleatoric and epistemic, of the input variables connected to the assessment of a DWS.
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Abbreviations




	Abbreviation:
	Meaning:



	CBA
	Cost-benefit analysis



	DALY
	Disability adjusted life years



	DWTP
	Drinking water treatment plant



	DWS
	Drinking water system



	GDP
	Gross domestic product



	ISO
	International Organisation for Standardisation



	NOM
	Natural organic matter



	NPV
	Net present value



	OWTS
	On-site wastewater treatment systems



	Pinf
	Probability of infection



	QALY
	Quality adjusted life years



	QMRA
	Quantitative microbial risk assessment



	SCCA
	Swedish civil contingencies agency



	SFA
	Swedish food agency



	SWWA
	Swedish water and wastewater association



	UF
	Ultra-filter



	U.S. EPA
	United States Environmental Protection Agency



	VIVAB
	Vatten och miljö i Väst AB (the municipal water supplier)



	WHO
	World Health Organisation



	WSP
	Water safety plans
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Figure 1. Map over Kvarnagården DWTP’s raw water sources; the lake Stora Neden and the aquifer Ragnhilds källa. 






Figure 1. Map over Kvarnagården DWTP’s raw water sources; the lake Stora Neden and the aquifer Ragnhilds källa.



[image: Water 14 00782 g001]







[image: Water 14 00782 g002 550] 





Figure 2. Conceptual graph for calculating a system’s total risk (orange area), in a probability consequence diagram, similar to the findings of Ale, Burnap, and Slater [17]. R1 represent the baseline risk, i.e., an event that is expected to occur on regular basis, whereas Rx represents the most severe event. The black striped area represents the events’ calculated total risk. 
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Figure 3. Plot of the total risk of the hazardous events prior and after the UF membrane installation, plotting each event’s cumulative probability of occurrence against its mean consequence. The total risk reduction of the UF membranes is illustrated by the green area, while the total remaining risk is illustrated in blue. 
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Figure 4. Spearman rank of input variables used in the QMRA. 
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Figure 5. Bar chart of the UF membrane calculated costs, benefits, and NPV, for a 50 year time horizon at a 3.5% discount rate. The uncertainty of the calculated benefits and NPV is illustrated using their 5, 50, and 95 percentile value. 
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