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Abstract

Waterborne outbreaks of gastrointestinal diseasesause large costs to society. Risk
management needs to be holistic and transparemtéer to reduce these risks in an effective
manner. Microbial risk mitigation measures in allimg water system were investigated
using a novel approach combining probabilistic askessment and cost-benefit analysis.
Lake Vomb in Sweden was used to exemplify andtiais the risk-based decision model.
Four mitigation alternatives were compared, whiefirst three alternatives, A1-A3,
represented connecting 25, 50 and 75 %, respegtviebn-site wastewater treatment
systems in the catchment to the municipal wastaviisatment plant. The fourth alternative,
A4, represented installing a UV-disinfection umitthe drinking water treatment plant.
Quantitative microbial risk assessment was usestinate the positive health effects in
terms of quality adjusted life years (QALYS), rdig from the four mitigation alternatives.
The health benefits were monetised using a unitparsQALY. For each mitigation

alternative, the net present value of health amif@mmental benefits and investment,
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maintenance and running costs was calculated. 8$wdts showed that only A4 can reduce
the risk (probability of infection) below the Wortdealth Organization guidelines of 10
infections per person per year (looking at th® pércentile). Furthermore, all alternatives
resulted in a negative net present value. Howekiemet present value would be positive
(looking at the 50 percentile using a 1 % discount rate) if non-miseek benefits (e.g.
increased property value divided evenly over thdisd time horizon and reduced microbial
risks posed to animals), estimated at 800-1200 &BRO0-150) per connected on-site
wastewater treatment system per year, were inclublad risk-based decision model creates
a robust and transparent decision support tow.flexible enough to be tailored and applied
to local settings of drinking water systems. Thedelgrovides a clear and holistic structure
for decisions related to microbial risk mitigatiaro improve the decision model, we suggest
to further develop the valuation and monetisatibhealth effects and to refine the

propagation of uncertainties and variabilities kewthe included methods.

Keywords: cost-benefit analysis (CBA), decision supportnking water, quality adjusted life

year (QALY), quantitative microbial risk assessm@mRA), water quality modelling
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1 Introduction

Risk management of drinking water systems (DWSahigerative process including risk
assessment and risk mitigation (i.e. risk treatin@80 2009). To be effective in providing
safe drinking water supply, the risk managementtrooisiprise the entire system, from
catchment to consumer. If the risks are unacceptaisk mitigation measures should be
implemented, and alternatives for risk mitigatiomaleated. Water Safety Plans procedures,
developed by the World Health Organization (WH@)) serve as a risk management
strategy for water providers (Bartram et al. 20@®)wever, in order to allocate societal
resources for risk mitigation in an efficient manrbe economic dimension of risk levels and

possible risk mitigation measures must be consiti@iéHO 2011).

Risks related to DWSs have been extensively digcussthe literature (e.g. Beuken et al.
2008, Keller and Wilson 1992, WHO 2011). Healtlksisn DWSs can be related to chemical,
microbial and radiological hazards (WHO 2011).His paper, the microbial risks are the
main focus. Microbial risks in the form of pathogemicroorganisms can originate from
faecal sources (Dufour et al. 2012, Ferguson €(4l9) related to humans (municipal
wastewater treatment plants (WWTPS) or on-site eveetier treatment systems (OWTSs) on
private properties) or animals (wild animals, dotitegrazing animals or use of manure on
cropland). Pathogens in DWSs can cause endemichoate illness (Payment and Hunter
2001) as well as waterborne outbreaks of gastrstini diseases, resulting in high costs for
the society (Corso et al. 2003, Larsson et al. p0llde WHO pointed out that the societal
costs for endemic waterborne iliness and relatstfgatestinal disease are commonly

underestimated (WHO 2001).

Quantitative microbial risk assessment (QMRA) hesrbapplied to DWSs in various settings

(Haas et al. 2014, WHO 2016) in order to assesagkén relation to an acceptable or
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tolerable risk level. The result from a QMRA is itggdly reported as probability of infection,
disability adjusted life years (DALYS) or qualitdjasted life years (QALYs). Both DALYs
and QALYs are health metrics that combine mortaitg morbidity. Drinking water
producers commonly look at the (WHO) for guidancd the suggested risk levels of an
annual probability of infection of 10per person per year, and DALYs of®fer person per

year (WHO 2011).

To make informed decisions on which risk mitigatrmeasure to implement in order to use
societal resources effectively, the alternativesdne be compared. Comprehensive lists and
procedures for identifying risk mitigation measufes). Astrom and Pettersson 2010, NZMH
2014, Rosén et al. 2010) are available. Decisippat systems or decision models such as
cost-effectiveness analysis (CEA) and multi-craatecision analysis (MCDA) can aid
decision makers in comparing the alternativeshdfé are no regulations regarding acceptable
risk levels, other evaluation methods might be eded order to justify the implementation

of risk mitigation measures. Cost-benefit analy€§iBA) provides a robust well-established
decision support approach to investigate the meahat is the most profitable or least costly

(if a certain risk level is required) for socieBoardman et al. 2011, Cameron et al. 2011).

Comparing mitigation measures directed at diffepamts of the supply system and
identifying the options most profitable for socieie key steps towards a holistic and
sustainable risk management approach. Adoptingtimtisk management also enables the
multi-barrier approach emphasised by the WHO (20W%j)ng CBA as a basis for decision
support helps to allocate monetary resources iffement manner providing possibilities to
compare mitigation measures with interventionstirensectors (e.g. food, health care, traffic
and environmental risk management). CBA facilitatpBmisation of the societal resources
by comparing economic metrics, such as net prasdane \NPV), and performing

distributional analysis (Cameron et al. 2011). C&#%o helps highlight the societal benefits of
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reducing microbial risks in DWSs and creates aesgatic and transparent decision support

tool.

Different frameworks for combining risk managemaeltgcision making process and CBA in
the drinking water context have been investigaéed. Assmuth et al. 2016, Rizak et al.
2003). Despite the aforementioned implementatithese are few, if any, methods that use a
probabilistic quantitative risk-based approachraate decision support in the form of a CBA
for microbial risk management in DWSs. To inclusee@onomic dimension and to perform a
CBA in this way is uncommon, even though the nseshphasised by the WHO (WHO
2001).

Aim

In this study we develop a method for creatingsiespatic, holistic and transparent decision
support for microbial risk management in DWSs. Wespnt a novel CBA approach from
catchment to consumer. More in detail, we perfor@B# using a combination of water
quality modelling and QMRA to compare microbiakrigitigation alternatives in a DWS.
The methodology is exemplified using Lake Vombha south of Sweden. Different
alternatives of removing OWTSs are compared tallaion of an additional treatment step
in the drinking water treatment plant (DWTP). Weaahighlight the choices that needs to be

made in the CBA-model, and what implications thesght have on the outcome of the CBA.

2 Risk-based decision model

The suggested approach for combining the methad3MRA and CBA is presented as a
decision model in Figure 1. The four major compaiits are: (i) source characterisation, (ii)
water quality modelling, (iii) dose-response, awjl CBA. The source characterisation
provides input to the water quality modelling, ahd water quality modelling provides input

to the dose-response. The QMRA framework, includinpdii) and (iii), describes the entire



111

112

113

114

115

116

117

118

119

120

121

122

123

risk chain in the DWS and provides input for theACEpistemic uncertainties (associated
with lack of knowledge) and aleatory uncertain{gssociated with natural variations) in all
compartments are incorporated into the model bynsieéMonte Carlo (MC) simulations.
The combination of methods aims to enable an estmaf the microbial risk in the DWS as
well as an estimation of the effect of risk redootmeasures and their societal profitability.
Hence, the decision model can serve as a toolmiki@ water safety plan framework. When
analysing different mitigation measures, each catmpent of the decision model needs to be
executed. Detailed method descriptions of each eoimgnt are presented in sections 3.2-
3.4. It should be noted that this decision modgkiseric, and the applied methods in each

case study should be selected to fit the spedaifitext of the analysed DWS.

/ N - -
@ « Incidence » Hydrometeorological || * Dose-response  Costs and benefits
3, * Excretion data * Drinking water * Discount rate
£ * Pathogen * Bathymetry/Elevation consumption * Non-monetised
by concentrations * Pathogen reduction * Health effects benefits
M * Etc. * Etc. * Etc. * Etc.
<
iz}
=]
2
> Source Water quality Dose- Cost-benefit Decision
= characterisation modelling response analysis support

§ Microbial sources Pathogen reduction Pathogen dose- Changes in health Social profitability

'§ are identified and due to fate and response relations effects in terms of of measures:

3 quantified to transport as well as are used to quality adjusted * Net Present

& estimate pathogen water treatment is estimate health life years are Value
loads to the quantified to effects in the monetised, and * Distribution
catchment as input estimate pathogen drinking water mitigation analysis
for water quality concentrations in consumer measure costs are * Sensitivity

\ /|| modelling. drinking watcr. population. estimated. analysis

Figure 1. Risk-based decision model combining methods for evaluating and comparing

microbial risk mitigation measures.
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3 Methods

3.1 Lake Vomb

Lake Vomb is a small lake in Scania, the southestrpart of Sweden, providing 330,000
consumers with drinking water. The average watethdies 6.6 m, and the maximum depth is
16 m. Three major tributaries discharge into LakeNs: Borstbéacken, Torpsbacken and
Bjorkadn draining 26, 42 and 340 kmespectively. There are approximately 2800 OWIRSs
the catchment (Norwegian Water BA 2009) posingla to the drinking water source. Other
sources of microbial risks are e.g. WWTP, ferttizia using manure, grazing animals, wild
animals. Raw water is extracted from Lake Vomb anificially infiltrated into a

glaciofluvial aquifer and then treated using corti@ral treatment consisting of rapid sand
filtration and chlorination (Norwegian Water BA Z0)0Figure 2 illustrates the case study

area.

e ?Nj !

 Soon Y

Drinking

water

Transport o
Drinking water treatment plant

Artificial
recharge

Rapid sand
filtration

Chlorination Distribution

Figure 2 Schematic illustration of Lake Vomb drinking water system.

Microbial risk mitigation alternatives in differeparts of the DWS were chosen to illustrate
how the risk-based decision model can be usedmitigation alternatives also reflect the
contemporary trends in Sweden regarding OWTSs namneagt and an increase in installation

of UV-disinfection in DWTPs. Three of the analysdtérnatives represent connection of
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different proportions (25, 50 and 75 %, respecyivef the OWTSs in the catchment to the
municipal WWTP. The costs for the alternatives weased on connection of clusters of
closely located OWTSs. However, the pathogen loah these OWTSs was assumed to be
removed evenly across the different types of OWai8kgeographically across the catchment
area. This assumption was made because of thetsdrmgport time in the catchment (Sundahl
et al. 2008). The fourth alternative was to instA-disinfection at the DWTP at Lake Vomb.

The four decision alternatives and one referenesradtive were analysed:

* Reference alternative (A-Ref) — Continuation of pinesent state.

* Alternative 1 (Al) — Connecting 25 % (621) of thev@Ss to the local WWTP.
* Alternative 2 (A2) — Connecting 50 % (1240) of B&/TSs to the local WWTP.
* Alternative 3 (A3) — Connecting 75 % (1861) of &/ TSs to the local WWTP.
* Alternative 4 (A4) — An additional barrier, UV-digection, is installed at the

DWTP.

3.2 Quantitative microbial risk assessment (QMRA)

The QMRA methodology (Haas et al. 2014) was useduantifying the health effects

related to the reference alternative and the mialeisk mitigation alternatives. All inputs for
the QMRA are listed in Table 1; input distributiampresent both epistemic uncertainties and

aleatory uncertainties.

3.2.1 Source characterisation

Human pathogens in wastewater from OWTS were diieshas described by Ottoson and
Stenstrom (2003). It was assumed that the populatas large enough to have pathogens
present continuously, and that the entire pathdogh was evenly spread throughout the
catchment. Three reference pathogens were usedpioeach of the pathogen groups:

Cryptosporidium for protozoaCampylobacter for bacteria; and norovirus for viruses. The



166  pathogen concentratio@+inuary, Pathogens/L) of each reference pathogen in each tributary

167 was calculated as:

|y W D, [FPICP

168 ibutary — 1
Cr e 3%D'05 ‘]:Tributary ( )

169  wherelpan (infections/year/10° inhabitants) was the incidencé; (no unit) was the factor for
170  underreportingDean (days) was the duration of excretioRP (g) was the faecal production
171  per person per dag (pathogens/g) was the pathogen concentration in faeces whectied;
172 P (persons) was the number of persons that are using OWT8®isub-basin; an@iputary

173 (L/day) was the average daily flow for each tributary.

174  Table 1 Inputs for the quantitative microbial risk assessment.

Input Unit Abbr. Distr’ Parameters
General inputs
Pers. connected to OWTSs # P PV ARef=6215, A1=4661, A2=3107, A3=1554,
A4=6215
Factor of underreportiny - ] PV 38
Faecal productioh g FP N P05=115.7, P95=144.2
Red. in on-site sewade Log, red. Rowrs PV 0.72
Depth of unsat. zone m Dpuz T Min=1.2, Mode=1.5, Max=2.4
Length of satur. zone m Lo T Min=100, Mode=150, Max=250
Drinking water consumptioh L/day W e\ N(u=-0.2996=0.57)
Average flow Bjorkadf L/day Faiorka PV 3.21*16
Average flow Torpsbéckeh L/day Frorps PV 3.46*10
Average flow Borstbackeh L/day Frorst PV 2.16*10
Inputs for norovirus
Incidence INf/AC%INhY  Iyoro G 0=6.25,$=10.6
Days excreting _ days Dnoro LN P01=13, P99=27, Loc=0
Path. conc. in faeces if irf. Logigpath./g  Cyoro N P01=5, P99=9
Red. lake transp. Bjorka&n Log, red. Raiork Noro N pu=4.5,6=0.12, Tr: Min=0
Red. lake transp. Torpsbacken Log red. Rrorp Noro N pn=4.5,6=0.11, Tr: Min=0
Red. lake transp. Borstbacken Log red. Reorst Noro N pn=4.6,6=0.10, Tr: Min=0
Red. in unsatur. zorle Logicred./m  Ryzmnoo T Min=0.05, Mode=0.3, Max=1
Red. in satur. zon®& Logic red./m  Rg noro LN H=6.65876=5.5366
Red. in conv. treatn. Log, red. ReT Noro T Min=0.4, Mode=0.5, Max=0.6
Red. in UV-treatm? Log red. Ruv Noro PV 4.2
Infectivity P - Mioro EBP a=0.04,$=0.055
DALYs per infectiorf DALY/inf Dnoro PV 0.000716
QALYs per infection QALY/inf Qnoro PV 0.0009
Inputs forCampylobacter
Incidence’ INf/10%inhly  lcamp G 0=64.6,p=1.27
Days excreting _ days Dcamp LN P01=13, P99=27, Loc=0
Path. conc. in faeces if inf. Logiopath./g  Ccamp N P01=4, P99=10
Red. lake transp. Bjorka&n Log, red. Reiork camp N p=5. 5,6=0.40, Tr: Min=0
Red. lake transp. Torpsbacken Log red. Rrorp camp N pn=5.6,6=0.38, Tr: Min=0
Red. lake transp. Borstbacken Log red. Reors camp N pM=5.9,6=0.29, Tr: Min=0
Red. in unsatur. Zorle Logicred./m  Ruzmcamp T Min=0.05, Mode=0.5, Max=1
Red. in satur. Zone Logicred./m  Rgmcamp T Min=0.001, Mode=0.05, Max=1
Red. in conv. treatn. Log, red. Ret camp T Min=0.2, Mode=0.25, Max=0.3
Red. in UV-treatm? Log red. Ruv cam PV 5.3
Infectivity P - Mcamp EBP 2=0.024,3=0.011
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DALYs per infection® DALY/inf Dcamp PV 0.00328

QALYs per infection' QALY/inf Qcamo PV 0.0163

Inputs forCryptosporidium
Incidencée INf/10%Inhly o G 0=5.43,3=0.228
Days excreting , days Dcryp LN P01=5, P99=30, Loc=0
Path. conc. in faeces if inf. Logippath./g  Ceryp N P01=7, P99=9
Red. lake transp. Bjérka&n Log, red. Rsiork cryp N p=4.5,6=0.12, Tr: Min=0
Red. lake transp. Torpsbacken Log red. Rrorp cryo N pn=4.6,6=0.10, Tr: Min=0
Red. lake transp. Borstbacken Log red. Reorst crvp N u=4.6¢=0.095, Tr: Min=0
Red. in unsatur. zorle Logic red./m  Ruzm crvp T Min=0.05, Mode=0.5, Max=1
Red. in satur. zorle Logic red./m  Rsym crp T Min=0.001, Mode=0.05, Max=1
Red. in conv. treatn. Log, red. Rer e T Min=0.4, Mode=0.5, Max=0.6
Red. in UV-treatm? Log red. Ruv e PV 3
Infectivity P - Mcryp EBP =0.115,3=0.176
DALYs per infection® DALY/inf Dcryp PV 0.00267
QALYs per infectior! QALY/inf Qe PV 0.0035

a) 2.5 persons (Astrom and Johansson 2015) per omagtewater treatment system.

b) Mead et al. (1999)

c) Wyman et al. (1978)

d) Logiereduction in on-site sewage was estimated usinglatd values for four types of systems, achievid@ %
99 %, 95 %, 50 %, respectively (SEPA 1991, 200232@008b), and the proportions of OWTS types.

e) Personal communication with B.M. Pott at Southere&m Water Supply (Sydvatten)

f)  Westrell et al. (2006)

g) SMHI (2017)

h) Based on yearly incidence data 2006-2016 (PHAS 2Matpvirus andCampylobacter: Best fit using Chi-
SquaredCryptosporidium: Best fit using Kolmogorov-Smirnov. For norovirdscidence was based on per season
incidence and data from 2006-2012 was based oonatilata due to lack of regional estimates.

i) Norovirus: The Min/Median of the range of days giad from Atmar et al. (2008) was chosen as P01/P99
respectivelyCampylobacter andCryptosporidium: Reported triangular Min/Max from Petterson et(2016) was
chosen for PO1/P99 respectively.

j)  Norovirus: From Marshall et al. (2001) as repoiteWestrell 2004)Campylobacter andCryptosporidium:
Reported triangular Min/Max from Petterson et al1@) was chosen for PO1/P99 respectively.

k) Distributions fitted from three years (2005-2007 simnulated daily Log, reduction from the hydrodynamic
modelling. Tr=Truncation

)  Estimation based on expert judgement.

m) Reduction calculated using 10,000 MC iterations usiggoundwater transport model estimating the rethdue
to attachment, inactivation and dilution (Astrémakt2016, Schijven et al. 2006).

n) Norwegian Water BA (2009)

o) Calculated using Equation 7. UV-dose (fluence) vegs400 J/rh The inactivation constank)(and intercept of
the fluence axis (b) were set tak) (0.106/0), (0,293/0) and (0,225/1.087) for norosj Campylobacter and
Cryptosporidium respectively (Hijnen et al. 2006). Not to exceleel éxperimental range (Hijnen et al. 2006), the
maximum Log, reduction was used for norovirus afid/ptosporidium.

p) Norovirus: Teunis et al. (2008Fampylobacter: Teunis et al. (20058 ryptosporidium: Teunis et al. (2002).

g) Norovirus andCryptosporidium: based on a re-analysis from Kemmeren et al. (2@36npylobacter: based on
Havelaar and Melse (2003).

r) Batzetal. (2014)

s) PV=point value, N=Normal distribution, T=trianguldistribution, &=exponential with a normal distribution in the

exponent, G=Gamma distribution, LN=LogNormal distition, EBP=Exact Beta-Poisson distribution.

3.2.2 Water quality modelling

The pathogen concentrations at the raw water ini@kg, pathogens/L) were calculated as:

C

= (CBorst 10 Fowrs*Reors) )+ (CTorp D_O_(ROAIFS+RT0rp) ) CBjorka mO(RONTS+RBjork) )

10



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

whereCgors, Crorp andCgjorka (Pathogens/L) were the pathogen concentrations in the
tributaries;Rowrs (no unit) was the Logy reduction in the OWTSS; afibors, Rrorp aNdRgjork

(no unit) were the Log reduction due to transport in Lake Vomb from thieutary to the

raw water intake. Reduction in the catchment frotIC discharge until entering Lake
Vomb was conservatively assumed to be negligibketduhe longevity of pathogens and the

rapid transport (Sundahl et al. 2008) in the catmm

Hydrodynamic modelling was performed to simulate fiite and transport of pathogens from
the point of entering Lake Vomb from the threeut#ries to the raw water intake. Due to the
linearity of the hydrodynamic model, a constantlleas used to estimate the pathogen

reduction. Decay of the pathogens was calculated as

G=GE™ (3)

whereC; (pathogens/L) was the concentration 8C, (pathogens/L) was the initial
concentrationy (1/day) was the decay rate; ahdas the time step. The value was set to
0.23 forCampylobacter and 0.03 foCryptosporidium and norovirus, based on the estimates
of half-life of pathogens in environment. Féampylobacter, the median half-life was
estimated from various literature sources (CatBliamisio et al. 2000, Cook and Bolster
2007, Hendricks 1971, McGee et al. 2002, Medenah 4997, Nasser et al. 2003, Ottosson
and Stenstrom 2003, Rhodes and Kator 1988, TeraiesgdcFeters 1991). For
Cryptosporidium and norovirus the same half-life was used, es@thas the median half-life
given in literature (Medema et al. 1997, Nassetd.€2003, Ottosson and Stenstrém 2003).
Cryptosporidium was also reduced due to settling in the lakehénMIKE 3 FM, the settling
velocity for Cryptosporidium was specified as 0.03 m/day, which is the settliglgcity
previously suggested for free oocysts (Medema. dt98I8). It was conservatively assumed

that Cryptosporidium oocysts released into the lake were not attaahedrticles.

11
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Comparing the input pathogen concentration at &amitary with the resulting pathogen
concentration at the raw water intake, the dailg;koeduction due to transport in the lake
was calculated. Three year time-series of daily;bogductions were used to estimate the
variability in the daily Logpreduction for the three different transport patfise estimated

Logo reductions for each tributary are presented inélrab

The pathogen concentration in drinking watésy, pathogens/L) was calculated as:
Cow =Chrw o (Re*Re *Rer*R) )

whereRyz (no unit) was the total Log reduction in the unsaturated zoRe; (no unit) was
the total Logo reduction in the saturated zof®;r (no unit) was the Log, reduction by the
conventional treatment at the DWTP; &g (no unit) was the total Log reduction by the
UV-disinfection. The chlorination step was assumetito contribute to the microbial

removal because of a small dose and that chlorawaseused as disinfection agent

The Logo reduction in the unsaturated zoigZ, no unit) was calculated as:

Rz =Rym Ry (5)

whereRyzm (Logio/m) was the Log reduction per meter, adpyz (M) was the depth of the

unsaturated zone.

For Campylobacter andCryptosporidium, the Log, reduction in the saturated zor&4, no

unit) was calculated as:

Ry =Rymly (6)

whereRsm (Logio/m) was the Log reduction per meter in saturated zone, lagdm) was

the length of the saturated zone. For norovirus Libg, reduction in saturated zongsf, no

! Personal communication the Southern Sweden Waigpl$ (Sydvatten).

12



256 unit) was estimated using a groundwater transport m@adiom et al. 2016, Schijven et al.

257  2006).
258 The estimated Lag reductions in conventional treatmeREtSf) are presented in Table 1.

259  The Logo reduction by the UV-disinfectiorR(y, no unit) was described as a first order

260 disinfection model and calculated as:
261 R, =X -b (7)

262 wherex (cm?/mJ) was an inactivation constatit{no unit) was the interception of the fluence

263 axis; and (mJ/cn?) was fluence.

264  3.2.3 Dose-response
265 To estimate the health effects in the form of itiftets due to the pathogens in the drinking

266  water, the pathogen daily dode, pathogens/day) was calculated as.
267 D=G,, 0V (8)

268  whereW (L) was the daily ingested volume of drinking water gapita in Sweden (Westrell
269 etal. 2006). All three reference pathogens wesegasd the Exact Beta-Poisson dose-

270  response function. An Exact Beta-Poisson functeamlze represented by an exponential

271 function with a beta distribution in the expondagi@ation 9); this approach has been reported
272 to be representative in infection studies (Teuhed.€2005, Teunis et al. 2002, Teunis et al.

273 2008).
274 P, =1-e™ 9

275  whereP; (probability) was the daily probability of infection for eacatpogenm (no unit)

276  was the infectivity; an@® was the simulated daily pathogen dose that wasiade

277  The annual probability of infectiof{nua, probability) was calculated as:
13
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365
Pannua =1- 1- Pin (10)
=117 (3- )
A bootstrap technigue was used to sample 365 raiRigvalues for each iteration
calculating the annual probability (Equation 100isTis necessary since the daily probability
of infection is not constant for one yeBganua Was used to calculate the QALY'S IOALYS,

QALYs lost per person per year):

QALYS=P, ., [@ (11)

whereQ (QALYd/infection) was the amount of QALYs reported per infectiondach
pathogen. All infections were assumed to resuQALYs. Pana Was also used to calculate
DALYs per person as suggested by the WHO (Havelaar 2000, Kemmeren et al. 2006,
WHO 2001). The Swedish population age structur2Z0d0© from the European database (EU

2010) was used to characterise the drinking watesumer population.

Three separate probabilities of infecidar the three pathogens were summarised into the

total probability of infectionRannua_tor, probability) calculated as:

Pannua] _tot =1- ( 1= Pannual _noro) I:Q 1- Pannua] _canp) I:G I Pannua] _cryp) (12)

wherePannual_noro, Pannual_camp @NAPannual_cryp (Probabilities) were the annual probabilities of

infection due to norovirusCampylobacter andCryptosporidium respectively.

3.3 Cost-benefit analysis (CBA)
A CBA was performed to compare the economic negatffects (costs) with the positive
effects (benefits) for each alternative. All inptdasthe CBA are presented in Table 2; input

distributions represent both epistemic uncertasrdiled aleatory uncertainties. To enable a

2 This implies that the different events are indefesm. Since pathogens often originate from faecal
contamination, one could argue that the presenoca@fpathogen could increase the probability fergresence
of another, resulting in a positive correlationtthas not been accounted for.
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comparison of the alternatives’ societal profitailthe net present valudliPV) was
calculated and a distributional analysis was peréat for each alternative. TPV (SEK)

was calculated as:

NPV=ZT: (Bt) _ZT: (Ct) (13)

t=0 (l+ I‘)t t=0 (l+ I‘)t

whereB (SEK) andC (SEK) were the benefits and costs for each yekring the time
horizonT (years); r (%) was the discount rate usddwas set to 100 years, representing the

expected life-time of the mitigation alternatives.

The procedure used in this study for taking intcoant the project-specific costs and
benefits, as well as externalities, follows theibasncept of CBA given by e.g. Boardman et

al. (2011), among others. The total annual ben@jts SEK) were calculated as:

Bx =B T Brviramena T By (14)

whereByeath (SEK) were the benefits estimated from reduced negaeadth effects to
drinking water consumer8enironmentat (SEK) were the benefits from reduced nitrogen (N) and
phosphorous (P) discharge to recipient water batliesto increased treatment efficiency; and

Bother (SEK) were other benefits.

Health benefitsBreatn) for A1-A4 were calculated as:

B, = AQALYSIQALY; IDWG (15)

where4QALYs (QALYs) were the QALY's gained per person in year relation to the
reference alternativéALYs A-ref) for each mitigation alternativALYg (SEK/QALY) was
the monetary value per QALY; am@\C (persons) was the number of drinking water
consumers in yedr The value of ALY is further discussed in the sensitivity analysis,
Section 3.4.
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Environmental benefits for A1-A3 (in A4, environntahbenefits were assumed to be zero)

were calculated as:

Boiramea = NCEK +PplEEK, (16)

whereN (kg) was the increased nitrogen remogHKy (SEK/kg) was the monetary value per
kg nitrogen removed®hp (kg) was the increased phosphorus removal; &b (SEK/KQ)

was the monetary value per kg phosphorous removed.

Other benefitsBqe) Wwere not monetised using quantitative measuresiener, to illustrate
the importance of these benefits, an analysis of laoge they need to be to produce a

positive NPV was conducted within the sensitivity analysis.

Investment costs were added to the first year@fQBA. For A1-A3, the investment costs

(Cinvesments, SEK) were calculated as:
Cesmes = G + Courp BPUTIS+Coy e [ONTS+G, . AP (17)

whereCwwre (SEK) was the cost for expanding the WW Ty, (SEK) was the cost per
pump;Pumps (#) was the number of pumps need€g;, wwre (SEK) was the connection cost
per OWTS;OWTSs (#) was the number of OWTS connect&iip,e (SEK/m) was the cost per

pipe meter; andVP (m) was the pipe length for each alternative.
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337 Table 2 Inputsfor the cost-benefit analysis.

Input Unit Abbr. Distr™  Parameters
General input
Time horizon y T PV 100
Discount rate % r PV High value=3.5, Low value=1%
OWTSs connected # OWTSs PV A1=621, A2=1,240, A3=1864, A4=0
Persons per OWTS # Powrs PV 2.5 (as reported in Table 1)
Wastewater pipe length (Af) m WP, T Min=8*10°, Mode=8.8*16, Max=9.5*1F
Wastewater pipe length (A2) m WP, T Min=1.4*10", Mode=1.5*10, Max=1.6*1d
Wastewater pipe length (A3) m WP, T Min=2.8*10%, Mode=3*1d, Max=3.2*1d
Drinking water consumers # DWC PV 330,000
Population increase #lyear Pl PV 2300
Investment cost
Number of pumps requiréd Pumps Pumps PV Al=1, A2=10, A3=20, A4=0
Cost for expanding WWTP (Af) SEK Cwwrp A1 LN P05=5*1F, P95=6*16, Location=0
Cost for expanding WWTP (A%) SEK Cowrp A2 LN P05=10*16, P95=11*16, Location=0
Cost for expanding WWTP (AS)  SEK Cawrp a3 LN P05=1.6*10, P95=1.7*10, Location=0
Cost per pump installatich SEK Crumo N P05=4.5*16, P95=5.5*16, Location=0
Cost per meter pip‘é SEK/m Chripe LN P05=3,150, P95=3,850, Location=0
Cost for installing UV treatnf. SEK Cuv LN P05=5.3*10, P95=5.7*16, Location=0
Cost for connecting to WWTP SEK/OWTS  Ccon wwre PV 1.29%16
Annual costs
Water use per person per day m/ply wuU PV 58.4
Cost per mwater used SEK/n? Cuater PV 26.36
Cost for water servicds SEK/y/ICon  Ccon vear PV 2,792
Cost for OWTS maintenanée SEKl/ly Casudge PV 1,118
Lifetime of an OWTS' y OWTS« PV 25
Cost for re-investing in OWTS SEK Cowrs R PV 1.3*10
Cost for UV treatm. maintenanfe  SEK/y Cuvimaint LN P05=4.2*18, P95=4.4*18, Location=0
Benefits
Benefit/QALY avoided (High) SEK/QALY QALYgy PV 1.22*10
Benefit/QALY avoided (Low}) SEK/QALY QALYs, PV 710
Benefit per kg N avoidefi SEK/N SEKy PV 2291
Benefit per kg P avoidet SEK/N SEKp PV 53.06
Increase, N removal/year (Ai) kg N/y Na1 T Min=3,550, Mode=4,000, Max=4,450
Increase, N removal/year (AQ) kg N/y N o T Min=7,100, Mode=8,000, Max=7,900
Increase, N removallyear (AB) kg N/y N a3 T Min=10,700, Mode=12,000, Max=13,300
Increase P removallyear (A1) kg Ply Phpay T Min=580, Mode=650, Max=720
Increase P removallyear (A2) kg Ply Php > T Min=1,160, Mode=1,300, Max=1,440
Increase P removallyear (A3) kg Ply Php a3 T Min=1,750, Mode=2,000, Max=2,150
338 a) Total wastewater pipe length and cost for expantiegnunicipal WWTP for each alternative was detifrem
339 personal communication with P. Frojd at Sjébo mipaility and by using expert judgements.
340 b) Cost per pump, amount of pumps and the pipe coshptar were based on Swedish literature (Karrmah et
341 2012).
342 c) Cost for installing UV-treatment was based on pestsoommunication with B.M. Pott at Southern SwedeatéW
343 Supply (Sydvatten)
344 d) Based on the cost per litre for medium sized drigkimater treatment plants (Cotton et al. 2001).
345 e) Astrdm and Johansson (2015)
346 f)  Since stormwater is not included, the fee for cating OWTS to the municipal WWTP was reduced (Sjobo
347 Municipality 2016b).
348 g) Sludge removal cost (968 SEK/year) (Sjobo Munidfpa@l016a) and electricity cost (150 SEK/year) @xp
349 judgement).
350 h) Wastewater guide (2016)
351 i)  Connection fee (101,450 SEK) (Sjébo Municipality 80}, application fee (2,550 SEK) (Sjobo Municipalit
352 2016¢), and excavation and plumbing on own prop@%y000 SEK) (expert judgement).
353 i) Svensson et al. (2015)
354 k) SEPA (2008a)
355 ) Based on: 41% non-functioning (zero reduction) OW{S=PA 2004); triangular distributions representing
356 nitrogen (Min=20, Mode=30, Max=40) and phosphor(Ms=60, Mode=70, Max=80) percentage removal in
357 OWTSs (SEPA 2015); point values estimating theogién (70) (SEPA 2017) and phosphorous (96) (SER8Y0
358 percentage removal in WWTP. Triangular distribusiovere derived using MC simulations.
359 m) PV=point value, T=triangular distribution, LN=Loghual distribution, N=Normal distribution
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Annual costsACannua, SEK) for A1-A3 when connected to the municipal WWTRehation
to having an OWTS were calculated as:
ACpvia = Cama wirs ~Cama_owrs (18)

whereCannual wwre (SEK) was the annual cost per property when conneotéaetmunicipal

WWTP; andCanua_owrs (SEK) was the annual cost per property when having\&i's.

The Cannva wwrp Was calculated as:
CATI.H_VWWP:Q/\B[H N\U |:IEPONI'S |:G)‘/\II-‘C'?B-l-C\Om_Yeer m (19)

whereCyaer (SEK/MT) was the cost for water usélJ (m*/plyear) was the water use per
person and yeaPowrs (persons) was the number of persons per OWTS; Q3 Svas the
number of OWTSs connected to the WWTP; @agh vear (SEK/year/OWTS) was the annual

connection fee per OWTS per year.
The Cannua_owrs was calculated as:

C...., [DWTSs
CAnnuaJ _owrs — CS udge [OWTSs+ R()VVT—SL (20)
ife

whereCgudge (SEK/OWTS) was the annual cost for sludge removal per OWaiS/par;Creinv
(SEK) was the cost for re-investing in a new OWTS; @WITS jr (years) was the expected

life time of an OWTS.

For A4, the investment cost was the installatioJ@ftreatment Cyy, SEK), and the annual

cost was the maintenance of the UV treatm€otifaint, SEK).

A distributional analysis was performed by assigrgonsts and benefits to private OWTS

owners, drinking water consumers, or inhabitanggitmis of the catchment of Lake Vomb.
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3.4 Uncertainty and sensitivity analysis

To acknowledge epistemic and aleatory uncertainti€3 simulations were used in the
QMRA and the CBA calculations. The model was didid&o the following compartments:
source characterisation; water quality modellinghen DWTP; dose-response in the QMRA,;
and the CBA. An adaptation of the local sensiti@halysis, which investigates the change in
output by varying one input variable at a time,keg all other input variables constant, as
suggested by Schijven et al. (2013), was usedthifeocompartments with monotonic
behaviour i.e. source characterisation, water tyuadodelling in the DWTP, and the CBA,
the Spearman’s rank correlation analysis was udedlftari and Frey 2005). For the
compartment with non-monotonic behaviour, i.e. d@sponse in QMRA, scatter plots were
used (Frey and Patil 2002). All results from theenainty and sensitivity analysis are

reported in the supplementary material.

For investigating the uncertainties not suitablentwdel using probability distributions,
scenarios were defined. Scenarios were used falitieeent values of a QALY, discount
rate, and the proportion of OWTSs contributionhte total pathogen load. The low and high
values of a QALY were assumed to be 700,000 ar2D]0P0 SEK based on the government
implied willingness to pay for a QALY (Svenssoraét2015). For the discount rate, two
scenarios were used: 1 % or 3.5 %. The SwedishspaahAdministration recommends 3.5
% for infrastructure projects in the traffic sec{6TA 2016); this value is commonly used in
other sectors as well. Since the time horizon wag bnd decisions affect several future
generations, a low discount rate was also usedpatiegen load to Lake Vomb from

OWTSs Lowrs, pathogens/day) was calculated as:

LONl'S = CI'ribu:ary [H:Tribu:ary (21)
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403  The total pathogen loadl{:, pathogens/day) originates from many sources (e.g. WWTP,

404  fertilisation using manure, grazing animals, wifdnaals) and was illustrated as:

405 Loa = Lowrs t Lo (22)

406  whereLqer (pathogen/day) was the load from all other pathogen sourcesceSihe OWTSs
407 load to Lake Vomb in relation to the total pathodmand was unknown, two scenarids)\grs

408 =75 % and.owrs = 50 % oflLsta) Were investigated.

409 To estimate in what range the non-monetised benefia1-A3 would have to be in order to
410 render a positiv&lPV, a calculation of non-monetised benefits to rdaeak-evenNPV>0)

411  was performed.

412 3.5 Software

413  For the source characterisation and CBA calculatitme MC simulations were performed
414  usingMicrosoft Excel, @RIK version 7.5.1. For the drinking water treatmenfgrenance,
415  virus groundwater transport model and the doseeresprelationship, the MC simulations
416  were performed usingnalytica release 4.1.6.30. For the hydrodynamic modellimg model
417  for Lake Vomb was developed usiftiKE 3 FM (MIKE Powered by DHI), which is a

418 deterministic three-dimensional numerical modet Hudves the incompressible Reynolds
419 averaged Navier-Stokes equations invoking the aggans of Boussinesqg and hydrostatic
420 pressure (DHI 2011). The period 2005-2007 was satedlusing the observed

421  hydrometeorological data.

422  Uncertainties were propagated between the differerttel compartments to calculate the

423  probability distributions of the final results ¢fet CBA. Using 10,000 MC iterations, the

424  resulting probability distribution of the output @he model compartment was then used as an
425  input in the next model compartment. The propagatiouncertainties and the combination

426  of methods are illustrated in Figure 3.
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Figure 3 Schematic illustration of how the different methods are combined in the model.

4 Results

All results, unless stated otherwise, are fromsitenario assuming that OWTSs are

contributing 75 % of the total pathogen load to &&omb. The complete results from the

source characterisation (Table S1), dose-respdisd®g S2), CBA (Table S3), and

uncertainty and sensitivity analysis (Tables S4fS@ures S1-S5) are presented in the

supplementary material.

4.1 Cost-benefit analysis

The costs, benefits amdPV for the scenario with a high value (1,220,000 SBK3 QALY

and a discount rate of 3.5 % are presented (Figjufer the %', 50", and 98' percentiles.
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Figure 4. The costs (a), benefits (b) and NPV (c) for the scenario with the high value of a

QALY (1,220,000 SEK) and the discount rate of 3.5 % are presented for the 5™, 50", and 95™

percentiles in million SEK (MSEK).

For A1-A3, the costs would be solely taken by thaer of the OWTS that will be connected
to the WWTP (installation of pipes on their own peay and a connection fee). For A4, the
costs would be solely taken by the drinking watexdpcers initially and eventually by the

drinking water consumers through a higher drinkiager fee.
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The benefits were distributed between the drinkuager consumers (health benefits) and the
inhabitants and visitors of the catchment areaakfel\Vomb (environmental benefits). For
A1-A3, the drinking water consumers received 11®Ff6 and the inhabitants and visitors
received 89 or 82 % of the benefits, using a lowigh valuation of a QALY, respectively.

For A4, the benefits were solely attributed todinieking water consumers.

4.2 Uncertainty and sensitivity analysis

For A1-A3 using 3.5 % discount rate, tRBV sensitivity to the inputs in the CBA were (top
three in descending order): cost per pipe mégpd), wastewater pipe length\p), and
AQALYs (A1-A3). For A4 using 3.5 % discount rate, thBV sensitivity to the inputs in the
CBA were (top three in descending ord@QALYs (A4), cost for installation of UV

treatment Cyy) and cost for maintenance of UV treatmeDiaint)-

The concentration of norovirus in raw wat€xf noro) Was the most sensitive to the following
inputs (top three in descending order): concemtnati faecesq), incidence I(oro), and days
excreting Dnoro). The concentration d@ampylobacter in raw water Crw _camp) Was the most
sensitive to the following inputs (top three in ciexsding order): concentration in faec€s,
Logio reduction in BjorkadnRgjork camp), @and Logo reduction in Torpsbéacke®for, camp)-

The concentration dEryptosporidiumin raw water Crw cryp) Was the most sensitive to the
following inputs (top three in descending ordegncentration in faece€], days excreting

(Dcryp), and incidencel €ryp).

The concentration of norovirus in drinking wat€p{y noro) Was the most sensitive to the
foellowing inputs (top three in descending ordeng;o reduction in saturated zon@st norg),
raw water concentratiotCkw noro), and Logo reduction per meter in unsaturated zone
(Ruzim noro)- The concentrations @ampylobacter (Cpw _camp) andCryptosporidium (Cow cryp)

in drinking water were the most sensitive to tHefeing inputs (top three in descending
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order): Logo reduction per meter in saturated ZoR& (camp aNdRsz crypp), Saturated zone

vertical length (<), and raw water concentratioBr{y camp aNdCrw cryp).

The dose-response relationship between the comatients of pathogens in drinking water
(Cow), infectivity (m), drinking water consumptiot\§) and the probability of infectiorP(y)

was illustrated using scatter plots from the 10,0D simulations.

A scenario-based analysis was performed to anéhgseffects on the findPVs from
uncertainties regarding the QALY valuation, discotate, and the OWTSs contribution to
the total pathogen load. The rank order of th& Bércentiles for th&lPV (A1>A4>A2>A3)
does not change depending on the level of OWTSsibation to the total pathogen load nor
the QALY valuation. However, with a low discountedl %), the rank order changes to

A1>A2>A4>A3.

Benefits that have not yet been monetised anddedun the CBA that might alter the rank
order ofNPV for the alternatives were identified. For alteived A1-A3, non-monetised

benefits are:

* positive health effects for humans from improvedexguality for recreational
activities in Lake Vomb;

» positive health effect for animals (both domestid avild) from improved water
quality in the catchment and in Lake Vomb;

» perceived value for private OWTS owners not beagponsible for treating their
wastewater;

» increased market value of the properties conndotéte municipal water and
wastewater system;

* benefits of removing the possible risk of direch@mination of private wells by

OWTSs;
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» possibility to recycle nutrients when wastewatdraeated at the WWTP;

* reduction of CQemission when sludge transportation trucks daweetl to empty
closed tanks and three compartment septic tanks;

* reduced traffic accidents and related risks sire@v traffic is reduced in the

catchment area.
For alternative A4, non-monetised benefits are:

* less disinfection by-products due to lower dosagehiorination;

* reduced handling and storage of chlorination chalsic

For A1-A3, these additional benefits need to be-8200 SEK or 1800-2400 SEK per OWTS
per year for 1% and 3.5% discount rate, respegtitelgive a positivélPV (50" percentile).

These ranges apply for both the high and low vadoaif a QALY.

5 Discussion

The aim of this study was to present an approacbdmprehensive decision analysis using
CBA of microbial risk mitigation measures in DW&sd including Lake Vomb as a case to
illustrate the assumptions needed and the assdaiat@bilities and uncertainties. Below we
discuss the QMRA, the CBA, the uncertainties, draddverall applicability of the decision

model.

5.1 Quantitative microbial risk assessment

5.1.1 Source characterisation

Pathogen concentration in faeces and the pathogeet®n duration are subject to large
variability. In this study, it was assumed that téchment was large enough to have
pathogens present at all times, evenly distribgeafraphically. However, if a smaller

catchment is to be described, it will be importanaccount for temporal and geographical
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variations of the pathogen prevalence. If persoesrdected, there will be high pathogen
concentrations in the OWTSs effluents, otherwisgelwill be no pathogens present. One
way forward is to combine the data on incidencda\wihary probability density functions.
This would capture the on/off characteristics déations and enable the use of the decision

model on smaller systems, even on a single OWTS.

To acknowledge the ambiguity (a factor of 100 betwvealues) and the lack of information in
the underreporting factor, it was assigned a pahie and not included in the MC
simulations. However, the factor for underreporigmgncertain, and further investigations on
how to describe this input need to be conducted.fabtor for underreporting is important,
since increased underreporting results in a cooretipg increase of the estimation of the

pathogen concentration at the raw water intake.

The estimated pathogen load to Lake Vomb can hdatell. The estimated concentrations of
Cryptosporidiumin the tributaries (0.36-1.4 oocysts/L) in thisdst are in agreement with the
values reported by other studies, e.g. the me@m@f oocysts/L in an Australian river
(Swaffer et al. 2014). The estimated concentratamgd also be validated by monitoring the
local pathogen concentrations in the catchment;gvew this is tedious and expensive.
Instead, based on the factor for underreportingthedncidence of norovirus (since it was the
pathogen causing the main part of the loss of QAL¥e made an estimate of the annual
infections in the drinking water consumer populaticonfirming that the waterborne
infections only represented a small proportionhef tiotal infections calculated from the
incidence. Chosen values and associated probathigitsfbutions should be regarded as a

possible, but not necessarily the optimal, repriagiem of the pathogen source characteristics.

5.1.2 Water quality modelling
The logo reduction during transport in Lake Vomb was estedaising hydrodynamic

modelling encompassing several years of daily addaily variation in
26
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hydrometeorological data. Looking at the bestfihormal distribution was reasonable to use
for describing the variability in pathogen reduntié-uture development of water quality
modelling within the decision model is to includ®lpabilistic modelling. Probabilistic
modelling will further facilitate risk-based modaty approaches, QMRA and holistic water

resource management (Oliver et al. 2016).

The model describing the artificial groundwaterh@ge system was highly simplified. The
pathogen reduction was based on a conceptual rdedefibing the artificial groundwater
infiltration as one system, when in reality there many smaller sub-systems with complex
flow and transport conditions between differentlirdtion ponds and abstraction wells.
Nonetheless, the model is assumed to give a goderstanding of the key processes

affecting the level of reduction in the artificiafiltration.

Local investigations of the barrier efficiency agtDWTP would be preferred. Since it is not
ethical to use active DWSs to directly test theuatidn of pathogens, surrogate organisms
can be used instead. It is also possible to useliire estimates. The Lggeduction of
Cryptosporidium by the UV-disinfection was not allowed to be higtiean 3 Logy, in order

not to interpret results outside of the investigatnge (Hijnen et al. 2006). Although this can
be considered a low reduction given the efficieatyV-disinfection towards
Cryptosporidium, this approach is used in the QMRA-tool for drimkiwater producers in
Sweden. However, the truncation in UV-treatmentsde be further investigated and
thoroughly reviewed. Investigation of altering th¥-dose may also be of importance for

future implementation of the decision model.

5.1.3 Dose-response
The estimated annual probability of infectidhua) was slightly higher than the WHO
guidelines in the current situation (A-ref,"5percentile), while th®ALYs were under the

threshold (A-ref, B percentile), indicating that there is ambiguityetiter the microbial risks
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were acceptable or not. The large uncertainty amdbility described in input probability
distributions should be taken under consideratibeminterpreting the results. To get below
the WHO guideline foPanmu l00king at the 58 percentile, A2, A3 and A4 are the possible
options, while Al almost reaches the threshold ¢inly A4 that meets the guideline level
with respect to the 95percentile. Even though no strict guideline lexebts in Sweden,
drinking water producers should be aware of therdgancy between meeting thALY or
Pannua WHO guideline. The same pathogen concentratiahinking water can meet one

target and miss the other.

Panua Was calculated into to QALY using standard ualties adopted from a study from
the U.S (Batz et al. 2014). It may be argued testilts from the U.S. are not representative
for Swedish settings. Even so, to illustrate théhm@ology, it was assumed that the U.S.
values would be useful. However, further developnoéthe model could use more detailed
health effect quantification and implement localds¢s for estimating the quantity of the
health risk reduction in the risk mitigation altatives. To monetise the health effects, there
are other approaches which can be implementedhetmodel, e.g. information from

previous events, quality of life investigations;.et

5.2 Cost-benefit analysis

None of the mitigation alternative rendered a posiPV. However, theNPV results must

be interpreted using a wider perspective in conttmnavith other results from the CBA, such
as distributional analysis and non-monetised b&ndfrom a socio-economic perspective, it
is important to identify the alternative with theakt negativelPV (Al). In a situation where
decision makers are required to reduce the micraklg they will need to choose an
alternative. Such a situation would occur e.ghéfrée is a guideline or risk level that needs to
be achieved, such as the WHO recommendation ofxaman yearly probability of infection
per person of I®or a maximum DALY of 18 (WHO 2011). If looking at the Bbpercentile
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with 1 % discount rate, both A1 and A2 resultethigherNPVs than A4. Nevertheless, as
noted above, only A4 would achieve the WHO reconuhaéon of thePa,na With a high

degree of certainty (looking at the"dpercentile).

When monetising health benefits, it is importantniake sure that the underlying valuation
study represents the relevant health effects. Toneetisation of health benefits was based on
a governmental implied willingness to pay for a QA{Svensson et al. 2015). The values
used were estimated from a societal perspectethie effects both within the health care
sector (e.g. reduced medical and hospitalisatistsg@nd beyond the health care sector (e.g.

reduced discomfort from being ill and loss of proiilon) were accounted for.

When decision makers choose an alternative, thsgyaaicept the distribution between
beneficiaries and payers associated with the aecigiven though the Kaldor-Hicks
criterior? can be argued, the distribution of the costs amfits will need to be
communicated with stakeholders. Alternative Adhis only alternative when the beneficiary
and the payer are the same stakeholder. In decisading, distributional analysis can be of

importance when applying the polluter pays prireipl

5.3 Uncertainty and sensitivity analysis

The Spearman’s rank correlation is inadequate (E#cet al. 2010) for measuring sensitivity
when analysing complex relationships such as tise-tiesponse relation in QMRA. We have
used scatter plots to illustrate the relationshigisveen drinking water pathogen
concentration, drinking water consumption and ttiedtivity. Future research needs to

investigate more advanced sensitivity analysis odsl{see e.g. Mokhtari and Frey 2005).

% The Kaldor-Hicks criterion, simply put, state thagneficiaries can compensate those that payperience
negative effects. However, the compensation ongdedo be possible and not realized, since itgaet that if
a decision is societally profitable, the costs badefits will eventually even out with regard téfelient
stakeholders.
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Since the total risk level in the drinking wates®m cannot be estimated, it was important to
investigate whether the results change if the OWddBsribution to the total risk is altered.
Results showed that changing the OWTSs contributidhe total pathogen load did not

change the ranking of the alternatives.

After scrutinising the CBA results, decision-makeegd to consider benefits that were
omitted from the monetised analysis. Even thougiNfPVs were negative for the A1-A3
alternatives, all alternatives could render a pesNPV (looking at the 59 percentile) if
these other benefits could be valued in the ran@®@ 2400 SEK per connected OWTS per
year. The value of the benefits when using a 3disdount rate need to be approximately

1000 SEK higher than when using a 1 % discount rate

Some factors vary over time both within a year, mgdence and water flow etc., and over
longer time periods, e.g. population increase, alexthange etc., to mention a few. The
model included a population increase based on ptipalprojections for Sweden in general.
However, the inter-yearly variations have not bimetuded. For further development of the
decision model, methods for including these tempaadations and uncertainties need to be

developed.

5.4 Risk-based decision model

Depending on the type of decision and the locdirggs, other methods than presented in this
paper can be more suitable to combine in the detisiodel. For decisions aiming at
reaching a certain guideline or threshold valueE&A may be preferred, instead of a CBA.
CBA represents a strict anthropocentric and utiitacontext, only accounting for benefits
attributed to human values (Hutton 2001). If demignakers want to include intrinsic values,
they need to apply methods that can consider salcles as well, such as multi-criteria

decision analysis (see e.g. DCLG 2009). In sucHirarteria decision models, the decision
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638  support rendered from the CBA and the QMRA cangsslas input for appropriate criteria.
639  To give some examples, thPV can provide information to the economic dimension,

640 distributional analysis and QALY assessment canigeoinput to the social dimension, and
641  water quality modelling can provide input to thevieonmental dimension in a sustainability

642  assessment, see e.g. Rosén et al. (2015).

643  The focus of this study was to describe the metloggoof comparing microbial risk

644  mitigation measures using CBA in combination witRA to estimate risk levels and the
645  effect of possible mitigation measures. Benefitdgerms of the health risk reduction obtained
646 in each alternative were described in detail. Eonvinental benefits were included using a
647  more simplified approach. However, including theissnmental benefits illustrates a key
648 element of the CBA, i.e. the possibility to incluokber benefits, apart from the target risk
649  reduction. These additional benefits may be of tsuttgl importance and heavily affect the

650 final decision.

651  The decision model incorporates both aleatory gustemic uncertainties in the input
652  probability distributions. To further develop the@del and to provide additional decision
653  support, these uncertainties can be divided. Tepaistion would also facilitate additional

654  decision analyses, e.g. value of information anslys

655 6 Conclusions

656  Results from the case study showed that the atteen® connect the smallest proportion
657 (25 %) of on-site wastewater treatment systembaaiastewater treatment plant (Al) at
658 Lake Vomb was the most societally beneficial. Hogrethe only alternative that would

659  reduce the annual probability of infection to miet WHO guidelines with a high degree of
660  certainty (95' percentile) was installing UV-disinfection (A4h telation to the development

661  of the risk-based decision model, the followingdasions were drawn:
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» The developed decision model is flexible and catabbered to different drinking

water systems and different types of decision @wisl

* To implement the decision model, a multitude ofertainties and variabilities needs
to be addressed. However, the model provides toafelude these variabilities and

uncertainties in a structured manner.

» Through the process of performing the cost-beiaeftysis, aspects important for
decision making that may otherwise easily be owiea or ignored are openly

displayed and assessed.

* The combination of quantitative microbial risk ass®aent and cost-benefit analysis
provides a novel decision model that creates ti@esp and holistic decision support

tool for microbial risk mitigation.

* For improvement of the decision model, we suggesirther develop the valuation
and monetisation of health effects and the propagat variability and uncertainty

between the included methods.
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A decision model for drinking water context, combining QMRA and CBA, was
developed.

Thisflexible model can be tailored to different systems and decision problems.
The microbial risk mitigation measures were compared in a Swedish case-study.
Microbial risk reduction was measured in QALY s and monetised.

This novel decision model provides transparent and holistic decision support.



