1 SUPPLEMENTARY MATERIAL—QMRA

The gained health effects from the implemented UF membranes were estimated using three reference
pathogens; Campylobacter (bacteria), Norovirus (virus) and Cryptosporidium (protozoa). Detailed information
about the used input variables data can be seen in Table 1, below, and the estimated probability of occurrence
for each event is illustrated in Figure B & Figure C.

1.1 RAw WATER SOURCE CHARACTERISATION

1.1.1 Stora Neden

The intake concentrations of pathogens at the DWTP from a release of pathogens to the lake, Stora Neden was
calculated as:

Wsource
CITLSN = V 100WTS X (1 - TGW)

where Cpy,, was the DWTP’s intake concentration of pathogens (# L) during the duration of a pathogen release
to the lake Stora Neden, wg,,ce Was the average daily pathogen load per day (# day?) from the released source,
V was the volume of Stora Neden in which the load is mixed, OWTS was the OWTSs Log-removal, and Ry, was
the groundwater ratio at the DWTP. Note that OWTS was only included for the calculations for the intake
concentration of pathogens released from the lake’s surrounding OWTSs, i.e. the baseline risk.

The run time from the north part of the lake to the DWTP’s raw water intake has been calculated to
approximately six hours by VIVAB, which indicates that the probability of a contaminant being completely mixed
in the lake is low. Given that no hydrodynamic model was used to calculate the spread of a pathogen release, as
there were no known models of the lake at the time of writing this paper, the expected dilution volume in the
lake is unknown. The dilution volume has instead been estimated using lake’s measured thermocline depth and
likely area of spread.

The lakes dilution volume (V) was estimated as a beta PERT-distribution with a maximum value of 61 100 000
m?3 (the volume of Stora Neden), a P95-value of the area of the lake multiplied with the thermocline depth, a
P50-value of the area of the anticipated contaminant path (marked in Figure A) multiplied with the thermocline
depth and a minimum value of zero m3.

A sensitivity analysis, calculating the impact of the dilution volume on the result for each volume above, showed
that the dilution volume in the lake has a relatively small impact on the results, compared to other uncertainties
in models input variables why the above assumption has been considered sufficient even though no
hydrodynamic modelling was conducted.

Similarly the decay of pathogens has not been included in this model because of the short runtime in the lake
mentioned above (giving very little time for any deterioration to occur [1]) and that the retention time of a
contaminant in the lake is currently unknown, it may be years or it may flush out very fast.

The expected load of the OWTSs was estimated to last for the duration of an infected person’s pathogenic
excretion, for each respective pathogen and was calculated via Equation 1 and Equation 2:

_ CFaecal X Mpgeces X U X 1 Eq_ 1
Wowrs = 365
[ =ixUXxXP Eq.2

where w5 Was the average daily load of pathogens (# d!) released from the OWTSs per year, Crgecq; Was the
faecal concentration of pathogens (# g1) given an infection, Mpgeces Was a person’s daily production of faeces



(g ptd?), t was the expected number of days a person would excrete pathogens, I was the expected nhumber of
infected people per year living within the catchment area of Stora Neden, i was the pathogens’ geometric mean
of incidence per person per year in the district of Halland, U was the underreporting factor for each respective
pathogen’s incident data, as only a small portion of the actual infections are likely to be reported in the medical
databases [2] and P was the number of people connected to the OWTSs in connection to the raw water source’.
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Figure A Map over the lake Stora Neden. Note that only the houses within the grey catchment area was assumed to have
OWTSs discharging wastewater to the lake

1 Based on the expected number of houses with OWTSs in connection to the raw water source area and the expected number
of people per household in the municipality of Varberg.



The pathogen load from a manure transport, driving into the lake, was calculated via Equation 3 & 4:

Wranure Transport = Cmanure X Vmanure Eq' 3
N
— Eq.4
Cmanure - Z Ccattlei X p;i X rcattlei q
n=i

where Wygnyre rransport Was the load of pathogens (# d?) released from an accidental crash of manure
transport, Cranure Was the released manure’s concentration of pathogens (# L), V,,qnure Was the released
volume of manure (L d?), i was the type of cattle, N is the total number of manure types, Ceattie; Was the
concentration of pathogens in the cattle type’s manure given an infection, p; was the pathogen’s (i.e.
cryptosporidium’s) prevalence among the said type of cattle and ¢4, Was the ratio of the cattle type in the
mixed manure, i.e. juvenile or adult cows

The resulting concentration in the drinking water from a large manure spill has been assumed to last for a full
year, all though it’s just a single event. This is due to the unknown retention time of pathogen in the lake and
cryptosporidium’s low decay rate.

1.1.2 Ragnhilds Kalla

The resulting intake concentration of pathogens at the DWTP, given a release of pathogens to the aquifer’s area
was estimated via Equation 5:

Csource Eq. 5
Cinpie = Tp-w+s X Tew a

where Cp,,, Was the DWTP’s intake concentration of pathogens (# L) from the aquifer Ragnhilds Killa during
the duration of the contaminant release, Csyyce IS the source’s released concentration of pathogens (#L1), Uis
the Log-removal of the aquifer’s unsaturated zone and S is the Log-removal of the aquifer’s saturated zone. Note
that Cy, is calculated based on concentration rather than load of pathogens, as the estimations of the aquifer’s
saturated Log-removal includes the contaminant dilution in the groundwater flow. Furthermore, to illustrate
that the sewage pipe is likely in near, or in direct, contact with the aquifer’s saturated zone; the unsaturated
zone is excluded for the events associated with a sewage pipe-burst.

The expected concentration of pathogens in the manure tank is assumed to be same as for the manure spillage.

The concentration of pathogens in the wastewater from a pipe-burst, given an infectious load, was assessed via
Equation 6:

Wyipe—
Co — pipe—burst Eq.6
Pipe—burstny. Q

OWTS

where Cpipe_burstlnflls the daily sewage concentration of pathogens given an infectious load, Wi _pys¢ is the

load from the number of infected households (h;) connected to the leaking sewage pipe, calculated as Wyt
(Eg. 1), and Quurs is the OWTSs sewage flow (I d), based on the connected peoples’ combined wastewater
production; assumed to be equal the to the drinking water consumption.



1.2 TREATMENT CHAIN

The expected concentration of pathogens being distributed, before (Cpy,,, ) and after (CDWAfter) the

installation of the UF membranes, given one of the mentioned events, was calculated via Equation 7 and
Equation 8:

Cin E

_ q.7

CDWP”'W " 10Brs+Buvzso)

c _ Cin Eq. 8
DW agter 10(Brs+ Buvaoo + Bur)

where C;,, is the DWTP’s intake raw water concentration of pathogens, i.e. any of the above source characterised
concentrations, B is the log-removal of the different treatment barriers, RS is the rapid sand filter, UV is the UV
radiation and UF is the UF membranes. Note that the UV strength was increased from 250 Jm™ to 400 Jm™ for
the current treatment and that chloramine was excluded from the treatment chain, as its main purpose is to
hinder the regrowth of pathogens rather than inactivating them [3].

The log-removal of the rapid sand filters were based on the findings of Smeets, et al. [4], albeit somewhat
modified to better fit with the standards of SWWA [5]; stating that the removal efficiency of the rapid sand filter
should be considered as poor. Hence the minimum log-removal was set to zero for all pathogens and the
maximal removal efficiency was limited to the mean elimination capacity of the sand filters in the study.

The UV-inactivation capacity is based on the results of Hijnen, et al. [6], where the log-removal was assumed to
the maximum removal efficiency for the assessed UV strength. Furthermore, an additional hazardous event, or
rather an internal vulnerability was also assessed looking into the impact of a possibly dysfunctional UV barrier
during similar circumstances of a baseline event. The probability of failure for the UV light was assumed to be
equal to that of the UF membranes, i.e. 0.5 % [7].

The UF membranes’ log-removal was assigned with respect to a conservative approach to not overestimate their
benefits. It was based on data from the manufacturer, X-Flow [8], the operational routines at Kvarnagarden
DWTP and the QVIRA-model by Astrém, et al. [9], where the minimum separation efficiency was assigned for all
pathogens as a sharp cut-off value. Uncertainties were disregarded, as the log-removal of the UF is solely based
on its pore-size. Hence, events linked to a barrier’s availability, which could affect other treatment steps, e.g.
power failure, would not decrease the UF’s removal efficiency but rather the water flow. The only viable
inclusion of a UF failure would be a membrane breakdown. Yet this was considered too unlikely, given the
operational routines at Kvarnagarden DWTP, to be included from a practical sense.

1.3 RISk CHARACTERISATION

The expected number of infections (I;) from each respective pathogen, for each event, was calculated by
multiplying the total number of drinking water consumers with the annual probability of infection (Pi;,f annuai),
calculated via Equations 9-12.

By using an Exact Beta-Poisson function, applied using Monte Carlo simulations and an exponential function with
a beta distribution in the exponent, the P; for each respective event was calculated via Equations 9-11 [10]:

Ppp=1—e""%P Eq.9

D = Cow X Vo Eq. 10



V = eNormal (10) Eg. 11

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, D is the simulated daily pathogen dose, where Cpw is the
pathogen concentration in the distributed drinking water, and Vp,,, is the estimated exposure volume; based on
a Log-normal distribution with a mean value u and a standard deviation o. From these equations, one can then
estimate a pathogen’s annual probability of infection, Piy annuai , Via Equation 12:

Pinf annuar =1 — a- Pinf)d Eq. 12
where d is the expected number of days per year that the set dose, D, will be present in the drinking water. In

addition, the Py, annua for each pathogen, n, can also be combined for all investigated pathogens to give a total
annual probability of infection, Prytq ing, @s shown in Equation 13:

N
Protar inf = 1- l_[(l - Piannnual)n Eq.13
n



Table S1 Detailed information regarding the input variables data for the quantitative microbial risk assessment.

. . Pathogen Distribution
Section Input Variable Symbol a A B C Source
Type Type
H hold ted to OWTS at .
ousenolds connected to @ - - - 50 - - Lantmateriet [11]
Stora Neten
People per household - - Triangular 1.0 2.0 7.0 SCB [12]
Camp. Ext Value 9.910* 1.310* -
Incid
neidence per person i Noro. Ext Value 3310 1.510% - Folkhalsomyndigheten [13]
per year
Cryp. Uniform 0 3.810% -
Camp. 17 Haagsma, et al. [14]
Underreporting factor U Noro. - 67 - - Lindqvist, et al. [15]
Cryp. 67 Lindgvist, et al. [15]
Camp. 4 6 10 Petterson, et al. [16] ¢
Faecal pathogen concentration Triangular
Raw Water P & 1 ¢ ! Craecal Noro. angu 5 8 11 Based on various authors ¢
(#g?) (Log1o)
Source Char.
Cryp. 6 7 9
Endemic Risk |
Faecal production .
(@ E’l d) Mpgecal - Triangular 200 800 1000 Fine and Fordtran [17]
Camp. Triangular 15 34 42 Petterson, et al. [16] ©
Duration of pathogen excretion t Noro. 14 29 45 Petterson, et al. [18]
(days)
Cryp. 5 10 30 Petterson, et al. [16] €
Volume Stora Neden
. v - - 61.110° - - SMHI [19]
(m?)
Area Stor? Neden i 2.9 10 i i SMHI [19]
(m?)
Area of anticipated
contaminant path - 1.3108 - - Assumed

(m?)



Pathogen

Distribution

Section Input Variable Symbol Type Type ® A B C Source
Stratification depth Stora Neden . County Administative Board of
- Uniform 7 9 -
Raw Water (m) Halland [20]
Source Char.
Log removal OWTS 0] All Triangular 1.0 2.0 3.0 USEPA [21]
Endemic Risk
Groundwater ratio rew - Triangular 15% 20% 25% VIVAB [22]
Manure pathogen concentration of
juvenile cattle Ceattley,, Cryp. Log-normal 38155 22500 Ferguson and Kay [23]
(#g™)
Manure pathogen concentration of
adult cattle Ceattieng, Cryp. Log-normal 3830 46 Ferguson and Kay [23]
(#g™)
Mean pathogen prevalence in 20% Ferguson and Kay [23]
juvenile cattle Pruv ? 8 Y
Mean pathogen prevalence in 0
juvenile cattle Padul 15% Ferguson and Kay [23]
Raw Water Cattle ratio (Juvenile:Adult) r - Beta (Alt) 10 20% 0;1 Assumed
Source Char. ) .
Volume of manure transport (L) Vianure - Triangular 1.010% 2.010* 3.010* Harrigan [24]
Risk Events
Household connected to broken h 1 Assumed
OWTS at Ragnhilds Kélla t
Wast t ducti
astewater production ; ; Uniform 160 200 ; SWWA [25]
(Lp™d)
Camp. 0.9 4.4 8.4
Ho, et al. [26]
Log-removal unsaturated zone u Noro. Triangular 0.6 3.1 5.9 .
Astrom, Pettersson and Pott [9]
Cryp. 0.9 4.4 8.4
Camp. 1 2.2 33
Sinton [27]
Log-removal saturated zone S Noro. Triangular 2.9 3.2 4 I
Astrom, Pettersson and Pott [9] ©
Cryp. 1 2.2 3.3



Distribution
Section Input Variable Symbol Pathogen a A B C Source
Type Type
Camp. 0 0.1 0.6
. . . Smeets, Rietveld, Hijnen,
Rapid sand filter RS Noro. Triangular 0 0.1 0.8 .
Medema and Stenstrom [4]
Cryp. 0 0 1.8
Camp. - 5,3 - -
Hijnen, Beerendonk and Medema
Treatment UV (250 m?) UV250 Noro. ; 2,6 ; ; )
Chain [6]
Log-Removal Cryp. i 3 i i
Camp. - 5,3 - _
Hijnen, Beerendonk and Medema
UV (400 m3) uv400 Noro. - 4,2 - - 6]
Cryp. - 3 - -
UF (20 nm) UF Al = 4 = = X-Flow [8]
Camp. 0.024 0.011 - Teunis, et al. [28]
Infectivity r Noro. Beta 0.04 0.055 - Teunis, et al. [29]
Risk Character. Cryp. 0.115 0.176 - Teunis, et al. [30]
Unboiled drinki t
s A v - Log-normal -0.299 0.570 - Westrell, et al. [31]
consumption
Drinking Water Consumers - - - 62755 - - SCB [12]
Duration until detection of event © .
(d d All Triangular 1 7 14 Assumed
Camp. - 1,65 102 - -
Lost QALY per infection AQALY Noro. - 910* - - Batz, et al. [32]
Cryp. - 3,510°3 - -
a) -=single value (A), Triangular (A = min; B = mode ; C = max), Ext Value (A = a; B = B), Uniform (A = min; B = max), , Log-normal (A = mean; B = StDev), Beta (A = a; B = B), Beta (Alt) (A

=a; B =P50; C = min; max)

b) @Risk fitted distribution, using Akaike Information Criterion (AIC)

c) Various authors = Chan, et al. [33]; Atmar, et al. [34]; Petterson, Stenstrom and Ottoson [18]; Newman, et al. [35]; and Teunis, et al. [36]
d) Using the virus transport model, where ground water flows were based on information from SGU [37] and the outtake flow recorded by Sweco [38]
e) Events which may not be detected straight away were the pipe-burst of an OWTS nearby Ragnhilds Kélla and the leakage from the manure tank at Ragnhilds Kélla
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Figure B Event tree analysis for the hazardous event of a manure transport driving into the lake Stora Neden.



Ragnhilds Killa

Failure Contaminant Total Previos #Lost Current #Lost
Reaching Aquifer Probability QALYS QALYS
Yes 0,10 0,98% 3.87TE-07 3.87E-11
10%
Yes 0,10
10%
Manure Tank No
No
Failure Given Infection Contaminant Total Previos #Lost Current #Lost
Reaching Aquifer  Probability QALYS QALYS
Yes 05 0,002% 6,55E-03 3.92E-06
50%
Yes 0.4%
No
Yes 10%
1%
Sewage Pipe Burst No
No

Figure C Event tree analysis for the different hazardous events connected to microbial pollution of Kvarnagdrden DWTP
from Ragnhilds Kdlla
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