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Abstract
Hydraulic Modeling and Quantitative Microbial Risk Assessment of Intrusion in Water
Distribution Networks Under Sustained Low-Pressure Situations
Maryam Shakibi

Drinking water systems aim to remove, reduce, and prevent microbial contamination in water by using
multiple barriers from catchments to consumers. Water distribution networks are vulnerable to
contamination from external sources if they lose their physical or hydraulic integrity. The leading cause
of intrusion is losing hydraulic integrity due to low pressure in the water distribution networks. Events
that lead to low pressure in the water distribution networks can result in transient or sustained low
pressure lasting from milliseconds in a transient to hours and days in sustained low-pressure events.
This study studied two sustained low-pressure events with durations of one to five hours, leading to
intrusion in the water distribution network. The first event was the pump shut down, and the second
was the pipe repair. Different durations, start times, and locations were simulated for the pump
shutdown and pipe repair events. Hydraulic and water quality modelling using EPANET 2.2 was used
to simulate low-pressure events and intrusion of microbial contamination in the drinking water
distribution networks. Quantitative microbial risk assessment (QMRA) was used to estimate potential
public health risks using the Swedish QMRA tool. Campylobacter, Norovirus, and Cryptosporidium
were selected as reference pathogens for simulating intrusion transport within the drinking water
network based on their health problem severity, persistence in water supplies, and resistance to chlorine
compound disinfectants. The study area was taken from the virtual network files generated using
HydroGen. This study showed that the volume of intrusion depended on the magnitude but mainly on
the duration of pressure drop. Also, the length of the pipes experiencing pressure drop and the number
of intrusion nodes affected the volume of intrusion. The location and magnitude of maximum nodal
pathogen concentration changed significantly by changing the pump shutdown's start time and location
of pipe repair. Generally, the pump shutdown event affected extended areas with low pressure in the
water distribution network than the pipe repair. The QMRA results showed a considerable infection risk
in all studied pump shutdown scenarios. The pipe repair duration was crucial in increasing or decreasing
the infection probability. The findings of hydraulic modelling and QMRA could benefit the water
managers in deciding mitigation strategies.

Keywords: drinking water distribution network, EPANET, hydraulic modelling, low pressure,
pathogen intrusion, Quantitative Microbial Risk Assessment (QMRA)
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Populärvetenskaplig sammanfattning
Hydraulisk modellering och kvantitativ mikrobiell riskbedömning av inläckage i
vattendistributionsnät under ihållande lågtryckssituationer
Maryam Shakibi

Water distribution networks are a part of drinking water systems which transport water after treatment
to consumers' taps. Contamination of drinking water in water distribution networks has led to several
waterborne disease outbreaks. World Health Organization (WHO) water quality guidance recommends
a  risk-based approach to predict the microbial health hazards in the drinking water from the source to
consumers. Treated water that flows in the distribution network is vulnerable to entry contamination
from external sources like sewage or soil water in specific situations. Intrusion is one reason that leads
to contamination entering water distribution networks. The leading cause of intrusion is low pressure
in the water distribution networks. Quantitative Management Risk Assessment (QMRA) is a risk-based
approach used in this study to predict the risk of microbial infection due to intrusion in water distribution
networks.

This study considered two sustained low-pressure events leading to intrusion in the water
distribution network. It evaluated the effects of these events' duration, start time, and location on
associated health risks for each event. The first event was the pump shut down, and the second was the
pipe repair. The results showed that the duration of low pressure in the network affected the volume of
intrusion to a great extent. Also, the magnitude of pressure drop, the length of the pipes experiencing
pressure drop and the number of intrusion nodes affected the intrusion volume. The location and extent
of contamination changed significantly by changing the pump shutdown's start time and place of pipe
repair. Generally, the pump shutdown event affected extended areas in the water distribution network
than the pipe repair. This study also recommended some mitigation strategies to minimise the microbial
health risks. The most effective method was to maintain the pressure at an adequate level. The findings
of this study could benefit the water managers in water distribution networks.

Nyckelord: distributionsnät för dricksvatten, EPANET, hydraulisk modellering, lågtryck, patogen
inläckage, Kvantitativ mikrobiell riskbedömning (QMRA)
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1.1.Introduction
Drinking-water distribution systems aim to remove, reduce, and prevent microbial contamination in

water by using multiple barriers from catchments to consumers. Specifically, water distribution network

management's responsibility is to prevent pathogens from entering the distribution network from

outside and keep the treated water quality within it until it reaches consumers (Yang et al. 2011).

As a part of water systems, water distribution networks transfer treated water from water treatment

plants to customers’ taps and are vulnerable to contamination from external sources like sewage or soil

water in the case of losing physical or hydraulic integrity (Besner et al. 2011). Physical integrity is

defined as the capacity of the distribution network to act as a physical barrier to prevent external

contamination from entering the network. Hydraulic integrity is the distribution network's capacity to

keep the water flow, pressure, and age at the desired level under all conditions (National Research

Council et al. 2007). The primary key to maintaining hydraulic integrity is keeping the water pressure

within a specific range.

Intrusion is defined as contamination of drinking water caused by a low-pressure event in the water

distribution network (Besner et al. 2011). The leading cause of intrusion is losing hydraulic integrity

due to low pressure in the water distribution network. Low-pressure events lead to losing hydraulic

integrity and can be caused by backflow from cross-connections or contamination intrusion through

pipes cracks or other orifices (Kirmeyer et al. 2001).  Three conditions are essential for the intrusion to

occur: (a) low-pressure gradient, (b) intrusion pathway, and (c) contamination source (Teunis et al.

2010). In Sweden, approximately 80% of drinking water distribution pipes are located in the same

trench as sewage pipes, which increases the risk of contamination intrusion into the drinking water

distribution network (Säve-Söderbergh et al. 2017).

In recent years, awareness about intrusion effects on water quality in low-pressure events has

increased, and mitigation activities like field pressure monitoring and investigating intrusion pathways

have been considered (Besner et al. 2011; Viñas et al. 2019). Intrusion events leading to outbreaks are

rare or probably not well documented, but risk mitigation measures can still be implemented (Yang et

al. 2011). To study the impact of intrusion on public health, information regarding the frequency and

magnitude of events and levels and volumes of microbial contamination intruding into the network is

essential (Besner et al. 2010).

Hydraulic modelling of a water distribution network can assist in simulating low-pressure events,

predicting the lowest pressure in the network and identifying critical locations. Water quality modelling

can be used to estimate the volume of intrusion and simulate the microbial contamination fate and

transport (Besner et al. 2011). Quantitative microbial risk assessment (QMRA) QMRA is a

mathematical framework that evaluates human pathogens' infection risk and estimates potential public
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health risks (World Health Organization 2019). Risk assessment is essential in the World Health

Organization (WHO)’s water quality guidelines (World Health Organization 2020). This study

simulated low pressure, intrusion, and transportation of contamination in water distribution networks

by hydraulic and water quality modelling and estimated the microbial health risks using QMRA.
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2. Aim and objectives
This thesis aims to determine the effects of sustained low-pressure events in water distribution networks

on public health risk.

The following objectives were formulated to achieve the thesis aim:

· Identify the events that lead to low pressure in the network; simulate the low-pressure event;

point out the critical points; estimate the number of pathogens that may intrude into the water

distribution network; simulate contamination intrusion and movement; estimate the pathogen

concentration at critical nodes; assess the health risks of pathogen intrusion in the water

distribution network

· Propose mitigation measures to reduce the consumers' exposure in critical areas

EPANET 2.2 (Application for modelling drinking water distribution networks) was used for

hydraulic modelling and simulating intrusion and pathogen movement in a low-pressure situation

through the water distribution network. Swedish QMRA tool was used for quantitative microbial risk

assessment.
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3. Background

3.1.Intrusion events in water distribution networks

Intrusion causes and microbial contamination pathways

There are different portals for contamination entering a drinking water network: leakage points in the

water pipes, submerged air valves, faulty seals or joints, cross-connections, intrusion due to pipe breaks,

and inadequate sanitary measurement during repairs (Yang et al. 2011). Several factors like the volume

of intrusion, pathogen concentration, network hydraulics, fate and transport of contamination, and

consumer behaviour can affect the intrusion event (Hatam et al. 2019).

In a drinking water distribution network, leaks will generally occur along pipes, and leaking water

pipes below the water table are certainly more vulnerable to intrusion. The groundwater level provides

an external head that may exceed the internal system pressure when a low-pressure event occurs (Besner

et al. 2011). Under low-pressure conditions and submerged underwater, the large orifices in the pipes

will allow for water (instead of air) to be introduced into the pipe, making this a significant entry

pathway if external contamination is present (Besner et al. 2011). Yang et al. (2011) found that the leak

size does not affect the disease risk. An explanation could be that the size of the orifice only affects the

volume of intruded contaminants, where the concentration of pathogens does not affect the infection

risk. Contamination transport within a system mainly relies on water velocity. It negatively relates to

pressure, which indicates that areas with higher consumption rates are more vulnerable to contamination

in the case of pump shutdown (Mahmoud et al. 2019).

Events leading to low pressure in the network

Low-pressure events are categorised into two main groups, sustained and transient events. The duration

of transient low-pressure events is less than 60 seconds, whereas more extended transient events last

until 1000 seconds (20 minutes). A sudden change in water velocity causes transient low-pressure

events. Fluctuations in water velocity occur in all water distribution networks, known as short-duration

events caused by pump shutdown, power outage, rapid opening or closing of the hydrant, and pipe

breaks. The pressure wave can propagate along the distribution network, causing high and low pressure

a long way from the source of the event (Besner et al. 2011; Jones et al. 2014). Transient events may

occur routinely in a distribution network. Pressure transient magnitude and duration depend on the

distribution network and system operation characterisation like a dead-end or looped pipelines, system

topography, pump and valve characteristics, placement of surge control devices, quantities of entrapped

air, and presence of storage tank, and pipe leaks (Yang et al. 2011).

 Sustained low-pressure events have a longer duration than transient events (20 minutes to hours).

They are mostly related to distribution network operation and maintenance activities, caused mainly by

pipe breaks and longer durations of power outages.  Sustained low-pressure events are less frequent

than transient pressure events but have more significant effects (Besner et al. 2011). Depending on
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system characteristics and design, the orifice size, pipe diameter, and pressure, some pipe breaks may

lead to low pressure and water outage. The reasons are: (a) increasing demand in the affected area before

isolation, (b) changes in hydraulic conditions due to isolation (c) increasing demand by flushing the

repaired pipe to clean the pipe after the completion of repair. Significant fire events can result in

sustained low-pressure events (Besner et al. 2011).

Data on frequencies of power failures may be valuable to estimate the frequency of low-pressure

events in distribution networks. However, not all power outages may result in low-pressure events

(Besner et al. 2011). The more extended events are critical to public health as estimated by QMRA and

can be mitigated by boil water advisory strategies (Yang et al. 2011; Hatam et al. 2019). Ageing in

water distribution networks is a problematic issue in developed countries, which leads to increased

leakage and pipes breaks in the system. There is a high probability of pipe breaks within ageing water

distribution networks. Therefore, sustained low-pressure events increase over time (Hatam et al. 2019).

Parameters affecting the magnitude of intrusion

The total volume of intrusion depends on the extent of the area where low pressure occurs, the

magnitude of pressure deficiency, the number and size of orifices in the pipes, the soil interaction, and

the event duration (Besner et al. 2011). Contaminated soil and groundwater surrounding water pipes

may contain a mixture of pathogens (bacteria, protozoa, viruses) from leaking sewer pipes nearby

drinking water pipes. The condition of the sewage system infrastructures, the distance between the

sewer pipes and drinking water pipes, the type of soil, and the degree of soil saturation are likely to

influence the transport and detection of pathogens (Besner et al. 2011). Yang et al. (2011) compared

the contribution from the randomness of individual factors (negative pressure duration, external virus

concentration, node population, volume of intrusion, virus infectivity, and water consumption) to the

variation of norovirus infection risk.

Mahmoud et al. (2019) found a relationship between operating pressure and the minimum time

required for the initial and full intrusion of contamination in the network. The lower operating pressure

resulted in less time for initial and full intrusion. Also, it found that the contamination will not intrude

into the network for the pump shutdown if the water consumption reaches zero. According to this

experimental study, the water flows out of the pipe through the orifices once the pump stops. Then,

water mixes with the outside contamination and is absorbed back into the system depending on the

operating pressure and system design. It also found that the time required for the contamination to reach

a specific node increased by decreasing the operating pressure (Mahmoud et al. 2019).

Several studies found that the duration of a low-pressure event significantly affects the volume of

contamination entering a distribution network (Besner et al. 2011; Yang et al. 2011; Jones et al. 2014;

Hatam et al. 2019). Besner et al. (2011) found that the intrusion flow rate depends on the event duration

than the pressure difference between the outside and inside of a pipe, so mitigation strategies aiming to

limit the period of low pressure would limit potential exposure to contaminated water in distribution
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networks. Yang et al. (2011) found that the negative pressure duration has the most potent effect on the

probability of consuming contaminated water from taps the infection risk. Jones et al. (2014) found that

the volume of intrusion has a strong negative linear relationship with the pressure head in the network,

so for lower pressures, the magnitude of intrusion is higher.

Health issues caused by the intrusion

There have been many waterborne disease outbreaks related to drinking water distribution networks

worldwide. The causes of epidemics are broken pipes, cross-connections, reservoir contamination,

backflows, pipe repairs, low-pressure events due to firefighting activities, and pump shutdowns (Viñas

et al. 2019).

Usually, the microbial effect of contamination entering a drinking water distribution network is

measured by the number of people experiencing gastrointestinal illness (GI) (Viñas et al. 2019).  For an

individual, exposure to contaminated water will depend on the likelihood that this person will open any

tap at the time of contamination in the distribution network. Also, delayed exposure could occur if

pathogenic microorganisms attach to the pipe biofilm, remain protected, grow, and are later released if

hydraulic changes occur. Depending on the pathogens, different water use scenarios (ingestion,

inhalation, or dermal contact) may lead to a person's exposure to contaminated water. In the case of

pathogen intrusion in the distribution network, drinking water ingestion is generally assumed to be the

main contributor to exposure (Besner et al. 2011).

3.2.Hydraulic /water quality modelling and QMRA in water distribution

networks
The critical element for a precise water quality model is accurate hydraulic modelling. The water quality

modelling provides information about water travel times and models the transportation of tracers

through the networks (Blokker et al. 2008). It is possible to estimate the volume of intrusion for short-

duration low-pressure events using surge models (or transient analysis). These models simulate

transient pressure events hydraulically and then calculate the volume of intrusion at locations where the

pipes' external pressure becomes higher than the internal pressure for the duration of the low-pressure

event (Besner et al. 2011). The assumption is that the water withdrawal at nodes in the model is less

than the water demand (Rathi et al. 2016).

Distinct models have been used to study microbial risk assessment in drinking water distribution

networks, i.e., Computational fluid dynamics (CFD) models and risk assessment approaches. Despite

different models' limitations and uncertainties, they are helpful in the estimation and measurement of

risk reduction within the system (Viñas et al. 2019).

 QMRA can help the drinking water distribution utilities analyse risks associated with the networks

and implement appropriate mitigation actions (World Health Organization 2020). Various hazards can

be present in the water and lead to different health problems; some are milder, some are more severe,
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some are acute, some are delayed, and some affect humans within a specific age range (World Health

Organization 2019).

Input data for implementing the QMRA model for estimating associated risks to public health in

low-pressure events should be obtained from the modelling outcomes and the field data (Besner et al.

2010). In addition, each hazard can have multiple health effects. WHO has defined the disability-

adjusted life year (DALY) metric to rank different pathogens' hazards to human health, including

probabilities, severities, and impact duration. DALY allows assigning weights to illnesses that lead

to more severe health problems and comparing the outcomes (World Health Organization 2020).

The final step in a QMRA analysis is to link the results of population exposure to health risk through

dose-response models. A reasonable estimate of risk associated with sustained low-pressure events

needs numerical approaches, which provide a more accurate estimation of nodal ingress volumes,

propagation through the network, and integration of consumers before and after pressure deficiency

(Hatam et al. 2019).

Yang et al. (2011) studied QMRA and performed a sensitivity analysis using different factors

affecting intrusion in transient low-pressure events. The study found that the variation of external

pathogen concentration and leak sizes did not considerably affect infection risk. Parameters affecting

the infection risk were disinfectant residual, duration of the low-pressure event, and the number of

intrusion nodes. The most influential parameter affecting infection risk was the duration of the low-

pressure event.

According to the nature of the potential sources of contamination, intrusion events are most likely

to introduce a mixture of microorganisms. However, fate and transport analysis and subsequent risk

analysis are usually conducted for a single type of pathogenic microorganism at a time as microbial

contaminants have specific reaction kinetics and dose-response relationships. Consequently, this

analysis considers only a subset of the potential pathogens introduced from a source (Besner et al. 2011).

 Hatam et al. (2019) studied the importance of selecting a representative level of contamination for

QMRA in a system, as raw sewage and water surrounding water pipes differ very much in

contamination concentration. For each study, the selection of the pathogen to be modelled should be

made based on (i) the likelihood of finding it, versus other pathogens, in possible sources of

contamination (soil/groundwater/flooded vaults) and (ii) the availability of dose-response and

morbidity data to estimate the risk of infection or illness. Consequently, sewage as an outside source of

contamination is likely to represent a worst-case situation (Besner et al. 2011).

The study by Hatam et al. (2019) investigated that the daily water consumption rate and the number

of ingested water glasses per day from the kitchen taps significantly affect the maximum number of

infected people. Still, it is a lower sensibility from the number of ingested water glasses than the daily

water consumption. Also, the timing of the event affects the assessed infection risk. For instance, if the

infection risk is estimated daily, the event occurrence time can significantly affect the risk value (Hatam
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et al. 2019). According to Hatam et al. (2019) study, using daily risk instead of event risk could be

beneficial for risk management decisions in the case of boil-water advisories.

 As Besner et al. (2010) found, using the transient analysis results for large and complicated

distribution networks should be considered cautiously to avoid overestimation if no field data is

available. The study by Propato & Uber (2004) considers water distribution network design in pathogen

intrusion. The more extensive, branched network has fewer infected zones than the smaller linear one.

Still, a more significant fraction of the population is infected.

3.3.Mitigation strategies for intrusion events
Risk Mitigation strategies could be categorised into two parts: (i) reduce the exposure and (ii) reduce

or eliminate the pathogen concentration at the consumption time or location (Yang et al. 2011).

Reducing exposure practices are more effective for highly infectious pathogens like viruses (Yang et

al. 2011). Mitigation strategies have been studied in several papers (Propato & Uber 2004; Hatam et al.

2019; Mahmoud et al. 2019) and can be summarised as below:

Boil water advisories: In the case of contamination intrusion, boiling the water can be a mitigation

strategy for removing some pathogens like Cryptosporidium (World Health Organization 2020).

Implementing the sectorial boil water advisories is not adequate alone, and simulation of fate and

contamination transport should also be considered (Hatam et al. 2019). Also, it is crucial for strategies

like boil water to be issued and broadcast as quickly as possible (Yang et al. 2011).

System flushing: Flushing can effectively be a mitigation strategy if implemented in time. Large-

scale flushing programs implemented by water utilities could also lead to sustained pressure deficiency

situations. Flushing should occur near the intrusion area and be limited to the impacted area; if flushing

is done far away from the intrusion point, it may increase intrusion spread (Yang et al. 2011). In the

case of pipe breaks in the network, the area may be isolated to repair the cracks, leading to a sustained

low-pressure situation outside the isolated area. Usually, when the system closure lasts for more than

24 hours, water utilities identify low-pressure areas and apply mitigation strategies (Besner et al. 2011).

Maintaining residual disinfectant levels: Disinfection is the final barrier at the water treatment

plant that removes microbial contamination. The efficiency of the residual disinfectants to remove

microorganisms from when they enter the drinking water distribution network to when they reach

consumers' taps depends on many factors affecting the disinfectant concentration and contact time.

These factors are related to distribution network design and operation, intrusion location, intrusion time

and volume, disinfectant decay, and kinetics within the drinking water distribution network (Propato &

Uber 2004). Monitoring the water quality through water quality sensors can assist early warning

systems in protecting the drinking water distribution network from contaminations (Rathi et al. 2016).

In the study by Yang et al. (2011), it was found that in the case of no disinfectant residual in the

system, increasing norovirus concentration does not significantly increase the risk of infection. Thus,

mitigation measures that reduce the external contamination level do not work effectively. Yang et al.
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(2011) found that maintaining the disinfectant residual at a specific level significantly affects the fate

of intruded microbial contamination. Despite this finding, if the desired disinfectant residual is

maintained, ensuring an adequate distance between the water pipes and sewage network will reduce the

risk of pathogen intrusion and the required disinfectant volumes (Yang et al. 2011). Propato & Uber

(2004) investigated the effects of minimum residual disinfectant on the fraction of the affected

population in microbial intrusion events in two different drinking water distribution networks. These

studies conclude that a higher residual disinfectant level decreases infected people's fraction. According

to the Hatam et al. (2019) survey, the number of infected people increases with a higher level of

Cryptosporidium (a kind of microbial pathogen with more resistance to chloramine residual)

concentration. In the study by Yang et al. (2011), it is concluded that due to the high infectivity of

Norovirus, despite removing 95% of the virus by disinfectants, the remaining virus caused infection of

a large portion of people.

In addition, the study by Hatam et al. (2019) compares the effectiveness of free chlorine and

chloramines as residual disinfectants in removing microbial intrusion. The results show that free

chlorine provides higher values of contamination removal than the chloramine in the drinking water

distribution network. In small networks, higher values of free chlorine or booster chlorination could be

a solution to maintain the minimum residual disinfectant in low water demand areas. It should be

considered that Boosting disinfectant may be ineffective if the contamination has reached the

downstream of the disinfectant entry (Yang et al. 2011). Yang et al. (2011) compared the effectiveness

of monochloramine and free chloramine in pathogen removal in the water distribution network. It is

found that maintaining free chloramine at 0.2 mg /L or higher will decrease the risk of infection to

a great extent, which is related to free chloramine's ability to remove highly infectious viruses.

Maintaining the chlorine residual in the case of chlorine-resistant pathogens will not protect the system

after the virus enters the network. For both studies, chloramine did not provide the desired protection

(Yang et al. 2011; Hatam et al. 2019).

 Maintaining the disinfectant residual at the desired level in all areas in big and complicated networks

is challenging. It cannot be considered the only factor for consumers' protection. Other factors like

pathogen characteristics, water quality parameters, intrusion characteristics, and network design should

be regarded (Propato & Uber 2004).

Maintaining adequate pressure: Modelling results have shown (Yang et al. 2011; Mahmoud et al.

2019) that reducing the duration of the low pressure or the number of the intrusion nodes can

significantly decrease the intrusion risk. Therefore pressure management is the most effective way to

control negative pressure transients and mitigate the infection risk due to intrusion. Short periods of low

pressure are not detectable due to several reasons. First, pressure monitoring at high-risk points within

the distribution network is not very common since most pressure monitoring is done at convenient

points like pumps and tanks. Second, pressure deficiency analysis under transient conditions is not

currently done for hydraulic modelling, and transient pressure is not considered in current fire flow
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analysis (Yang et al. 2011). Consequently, contamination intrusion is shallow within a network with

several shutdowns if the system has adequate time to stabilise the pressure (Mahmoud et al. 2019).

Restricting water consumption for drinking purposes: According to the study by Hatam et al.

(2019), limiting drinking water consumption during low-pressure events will decrease the infection rate

to high levels, so educating people will help reduce the health risk of consumers. However, the benefits

of not consuming water during these events are limited as the contamination travels to the high-pressure

areas without adding disinfectants.

Installation of pressure and water quality sensors: Timely response to sustained low-pressure

events is necessary and can be achieved by multiple online pressure and water quality sensors. These

measurements can help determine the duration of boil-water advisories accordingly to reduce the risk

of contamination (Hatam et al. 2019). Online sensors in drinking water distribution networks have two

main functions: (a) assure the quality of water delivered to consumers and (b) detect any sudden

contamination entering the network at the earliest time to minimise the health-related consequences

(Rathi et al. 2016). According to the experiment by Mahmoud et al. (2019), using a high-speed camera

provided a qualitative assessment of intrusion and contamination transport by offering videos of a dye

(food colouring) movement in the studied experimental setup. Also, computational fluid dynamics

(CFD) modelling reasonably estimates contamination transport within the system. A hydraulic

modelling and contamination risk assessment under a pressure deficiency situation was done by Rathi

et al. (2016) to investigate the optimal location of water quality sensors. The study by Rathi et al. (2016)

compared sensor network designs for contamination occurring with equal probability of contamination

in all nodes, equal probability of contamination at critical nodes, and different contamination

probabilities according to the associated quantified risk.

Surge protection and leak detection/repairs: Yang et al. (2011) discussed risk mitigation practices

for public health. It was concluded that surge protection or leak detection/repairs could decrease the

number of intrusion nodes and associated microbial health risks. If the number of intrusion nodes can

be reduced by implementing these methods, the risk of infection would relate to the intrusion location

and the system hydraulics (Yang et al. 2011). This finding can assist in prioritising leak detection, repair

planning, and employing leak detection techniques. Suppose the leak management goal within the water

utility is to reduce the losses. In that case, the areas with high leak volumes should be prioritised, but

considering public health issues, the more vulnerable areas due to low pressure should have higher

priority. As a mitigation strategy, the leaks' size should be crucial in achieving stability in the

disinfectant residual. Large leak sizes will lead the disinfectants to exit the network and, thus, increase

the infection risk (Yang et al. 2011).

Installing temporary distribution networks: Yang et al. (2011) suggested that simultaneously,

hydraulic/surge modelling, pressure monitoring, and transient pressure mitigation are necessary. The

key elements are: (i) to find the causes of transient events, (ii) to find the magnitude, duration, and

location of low pressure within the network (iii) to provide a monitoring plan for transient pressures
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under normal and fire flow conditions. Situations where sustained pressure losses occur are generally

controlled by installing temporary distribution networks (in case of significant construction

work/repair) or applying mitigation strategies (Besner et al. 2011).
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4. Methodology
Implemented steps to achieve the objectives of this study have been described in the aim and objectives

(section 2). It is essential to consider variability and uncertainty in all modelling and risk

characterisation steps. The uncertainty in the outcome risk values is due to the uncertainties in data

collection and assumptions in calculations, modelling processes, and risk estimation parameters. The

point estimates for each variable must be set accurately to reduce the uncertainties. Sensitivity analysis

can determine how the variability and uncertainty in different modelling and risk assessment steps can

affect the estimated risk. This study implemented a sensitivity analysis for considered parameters to

investigate mitigation strategies.

4.1.Formulating events and scenarios
Two events were considered in this study for simulating the sustained low-pressure events in the

drinking water distribution networks, power failure (pump shutdown) and pipe repair. According to the

findings of previous studies, if the duration of low-pressure events is reduced, the risk of intrusion will

decrease (Besner et al. 2011; Yang et al. 2011; Jones et al. 2014; Hatam et al. 2019). This study

evaluated the effects of duration, start time, and location of selected low-pressure events on water

microbial health risks.

Pump shutdown

Pump shutdown can be considered as one of the events leading to low pressure in the drinking water

distribution network. Different scenarios for pump shutdown were:

· Scenario 1: normal condition and pressure (all system components work properly)

· Scenario 2: pump shut down for 1 hour and 5 hours

· Scenario 3: start time of the pump shutdown (at 5:00, 13:00, and 24:00)

Pipe repair

The second event leading to low pressure in the network was assumed to be a pipe repair, which was

simulated by defining simple control statements in EPANET 2.2. The implemented scenarios were as

follows:

· Scenario 4: location of the repair (in the starting, middle, and ending area of the network)

· Scenario 5: repair duration of one and five hours

· Scenario 6: start time of the pipe repair (at 8:00, 13:00, and 18:00)

4.2.Hydraulic modelling
EPANET 2.2 (Rossman 2000) has been selected for hydraulic and water quality simulation. EPANET

is a computer program designed for extended period simulation for hydraulic and water quality

behaviour in drinking water distribution networks. It provides the water flow in each pipe and pressure
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in each node, the water height in each tank, and the concentration of contamination throughout the

network during a simulation period comprised of multiple time steps.

After defining events leading to low pressure, hydraulic modelling was used to identify the nodes

experiencing low pressure in the network. EPANET 2.2 includes both demand-driven (DDA), and

pressure-driven (PDA) approaches (Rossman 2000). The traditional analysis approach of drinking water

distribution networks, demand-driven analysis (DDA), assumes that nodal flows are equal to nodal

demands. The key performance indicator is the water amount the system can supply at different nodes

(Abdy Sayyed et al. 2015). Any node with less than the desired pressure cannot satisfy the required

demand.  Alternatively, the pressure-driven method (PDA) considers the nodal pressure–discharge

demand relationship in the governing system of equations instead of fully satisfied nodal demand in

DDA (Bashi-Azghadi et al. 2018). According to Hatam et al. (2019), the integration of pressure-driven

hydraulic analysis and QMRA should be used to provide an accurate model of the microbial

contaminants' intrusion during sustained low-pressure events. The reason is that the DDA method

cannot precisely estimate intrusion points, contamination mass rate intruded into the water distribution

network, and fate/transport of contamination.  For this study, PDA was selected.

Pipes' characteristics that affect the hydraulics of a drinking water distribution system are start/end

nodes, diameter, length, roughness coefficient (determining head loss), and status (open, close, or

contain check valve) (Rossman 2000). The roughness coefficient can increase considerably with the

pipe's age. In EPANET 2.2, the pipes' head loss due to friction with the pipe's wall can be calculated by

Hazen-Williams, Darcy-Weisbach, or Chezy-Manning formula. Hazen-Williams formula is the most

used in the U.S and can be applied only to water as a liquid (Rossman 2000).

Different usage types within drinking water distribution systems are residential, commercial,

industrial, institutional, municipal, or leakage in the hydraulic modelling. This study assumed the

average daily water consumption per capita to be 150 L (Malm et al. 2015). The hydraulic modelling

took daily time-varying consumer water demand, and outflow at each node entirely depends on nodal

pressure. While EPANET 2.2 can provide different time scales for analyses, a time step of 10 minutes

was considered in this study for hydraulic modelling.

4.3.Water quality modelling
If the internal pressure in the distribution network is maintained higher than the external pressure,

intrusion will never happen (Yang et al. 2011). Therefore, the underground water table level is critical

in the intrusion. There will be no intrusion if the underground water table level becomes lower than the

pipe level. Pathogens that intrude the water distribution network travel with average water velocity in

the network and, in the absence of disinfectants, will reach consumer taps (Propato & Uber 2004).

EPANET 2.2 is designed to predict water quality behaviour within water distribution networks

operating over an extended period (Rossman 2000).  It provides the non-reactive tracer and time-varying

concentration or mass inputs at any node modelling within the water distribution network.  The
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EPANET 2.2 software Source Quality editor defines the quality of source flow entering a distribution

network from a specific node. Source types could be Concentration, Mass Booster, Flow Paced Booster,

or Setpoint Booster. The Mass Booster type is the best for modelling a contamination intrusion

(Rossman 2000) and was chosen in this study.

This study assumed the desired nodal pressure to be more than 20 meters, and pathogens intruded

into the network from nodes with a pressure equal to or less than external pressure in the pipe. The

simulation duration was set to four days to thoroughly study the pathogen's movement in the network.

The time step for water quality modelling was set to be 10 minutes, and interactions between suspended

pathogens and pipe biofilm were ignored.

4.4.Selecting the reference pathogen
Pathogens that lead to GII  due to consuming contaminated water can be categorised into (a) bacteria

(e.g., Campylobacter, pathogenic E. coli, Salmonella); (b) viruses (e.g., Norovirus and Rotavirus);

(c) protozoans (e.g., Cryptosporidium and Giardia). It is not practical, and there is insufficient data

to set performance targets for all pathogens associated with waterborne diseases. It is more applicable

to identify reference pathogens representing a group of pathogens in characterisation and reaction to

different treatment methods. This study selected Campylobacter, Norovirus, and Cryptosporidium as

reference pathogens for simulating intrusion transport within the drinking water network due to their

health problem severity, persistence in water supplies, and resistance to chlorine compound

disinfectants.

The volume of pathogen intrusion in pipes

The number of pathogens intruded into the drinking water distribution network can be estimated by the

volume of intrusion and pathogen concentration in wastewater and soil water. In Sweden, the water

distribution network's pipe leakage rate is 0.035 l/s/km (Malm et al. 2019). in this study, the size of

thetotal  leakage hole  in pipes was calculated from equation 1. This equation assumes that the holes are

circular.

= ∙ ∙ 2 ∙ ∆ (equation 1)

Where  is the total area of all pipes holes on the studied section of the network [m2/km], Qout is

the total volume of leakage [m3/(s∙km)], Cd is a coefficient dependent on the sharpness of the edge of

the hole (standard value 0.6 [-]), and g is the gravitational acceleration [m/s2]. ∆Hnormal (leakage potential

[m]) is the pressure difference inside and outside the pipe during normal operating conditions.  Knowing

the , the volume of intrusion was calculated from equation 2.

= ∙ ∙ 2 ∙ ∆ (equation 2)

In equation 2, Qint is the total volume of intrusion [m3/(s∙km)], and ∆Hint (intrusion potential [m]) is

the pressure difference between the inside and outside of the pipe during a low-pressure event. As the

actual level of the groundwater level was not known, the level of the groundwater was assumed to be
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0.4 m above the centre of the pipe for calculating ∆Hint for the studied area. If the internal pressure in

the distribution network is maintained higher than the external pressure, intrusion will never happen

(Yang et al. 2011). In each event and scenario, the volume of intrusion was calculated for all pipes and

nodes that experienced intrusion. The pathogen intrusion rate was assumed constant during the water

quality simulation.

Here, an example for calculating the volume of intrusion is provided. We need to calculate the area

of the holes in the system. This is done using equation 1.

 (average leakage) was assumed to be 0.035 L/s/km based on data reported in the literature (Malm

et al. 2019). ∆  (normal pressure in the system minus pressure outside of the pipe) can be

calculated based on the simulation results for normal conditions; let’s, for now, assume that the average

pressure in the system during regular operation is 35 m.

= 0.035 ∙ 10
∙

∙ 0.6 ∙ 2 ∙ 9.81 ∙ 35  = 2.23 ∙ 10

Knowing the area of the holes, the volume of intrusion when the pressure inside the pipe is lower

than the pressure outside of the pipe can be calculated using equation 2. Let’s assume that the position

of the groundwater level outside the pipe is 0.4 m and the pressure in the pipe is 0 m. This gives:

∆ = 0.4 − 0 = 0.4 

= 2.23 ∙ 10 ∙ 0.6 ∙ 2 ∙ 9.81 ∙ 0.4 = 3.75 ∙ 10
∙

Thus, if we assume that the conditions of low pressure last for 5 hours and the length of the pipe

experiencing low pressure is 200 m, then the total volume of intrusion will be:

= 3.75 ∙ 10
∙

∙ 5 ∙ 3600 ∙ 200 ∙ 10  = 0.0135 = 13.5 

Under the baseline condition, external pathogen concentration was assumed to be at the maximum

level in the sewage as the worst-case scenario. In reality, the pathogen concentration is much lower due

to several reasons. First, the sewage pipes are not usually near the drinking water pipes. Second, suppose

the sewage pipe is located near the water pipes; the contamination concentration reduces when it comes

out of the sewage pipes due to natural die-off, groundwater dilution, and soil filtration (Yang et al.

2011).

Estimate pathogen concentration at critical nodes

The concentration of Cryptosporidium oocysts in the raw sewage ranges from 0 to 60,000 oocysts/L

worldwide and averages 10-200 oocysts/L (Nasser 2016). This wide range is due to different incidences

of cryptosporidiosis in the community, the socio-economic and hygienic status of the community,

and seasonal variation (Nasser 2016). In Sweden, the maximum concentration of Cryptosporidium in

sewage is 16,000 oocysts/l (Widerström et al. 2014) and is considered the external pathogen

concentration in this study. External pathogen concentration was multiplied by a dilution factor of
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10  to 10    to study the risk sensitivity of this parameter and entered the Swedish QMRA tool as a

point estimate value for raw water. This range of dilution factors resulted in the external pathogen

concentration variation between 160 oocysts/L and 0.016 oocysts/L. The study by  Yang et al.

(2011) considered dilution factors of 10  to 10     for the external pathogen in the intrusion. The

number of intruded pathogens at negative pressure nodes was calculated by considering the

concentration of the pathogen in sewage and the volume of intrusion (equation 3).
=  . (equation 3)

Where  is the total number of pathogens intruded into the pipe from the contaminated

groundwater, and  is the assumed pathogen concentration in the sewage that contaminated

the groundwater surrounding the pipe in the water distribution network.

 was calculated for the duration of each event for all intrusion nodes. Then, it was entered as a

mass booster value in EPANET 2.2. For nodes where water entered from more than one pipe, a sum of

all volume of intrusions was considered.

4.5.Risk analysis
There are four steps for a harmonised QMRA framework: (a) problem formulation, (b) exposure

assessment, (c) health effects assessment, and (d) risk characterisation (World Health Organization

2020).

Problem formulation

The first step in QMRA is defining the purpose and scope of the investigation. This study investigated

consumers' risk of digesting Campylobacter, Norovirus, and Cryptosporidium by drinking water from

taps.  The exposure pathway was through sewage intrusion into the drinking water network in the

case of low-pressure events according to different scenarios in section 4.1 for the studied case

study. The maximum nodal pathogen concentration from the results of water quality modelling for

the Cryptosporidium was entered as a point estimate in the QMRA tool. For Campylobacter and

Norovirus, maximum nodal pathogen concentration was calculated from the ratio of these pathogens to

the Cryptosporidium in sewage (Table 1). The nodes with a demand equal to zero at each hour and

nodes with industrial water demand patterns were excluded from the calculations in QMRA because if

there is no demand or consumption at nodes, there will be no contamination risk.

Table 1.Reference pathogens concentration in sewage.
Pathogen Max concentration in

sewage (No/L)
Ratio to Cryptosporidium Reference

Cryptosporidium 16000 1.000 (Widerström et al.
2014)

Campylobacter 50000 3.125 (Henze 2002)
Norovirus 75330 4.708 (Dienus et al. 2016)
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Exposure assessment

This section defines the magnitude and frequency of exposure to the pathogen intrusion through

intrusion pathways and during low-pressure events. The drinking water consumption was assumed to

be one glass by a person at each node, approximately equal to 0.2 L. The dose is defined as the number

of consumed pathogens equal to intake volume multiplied by the pathogen concentration at withdrawal

(Hatam et al. 2019). Equation 3 explains this formula where D is exposure dose, C is the concentration

of pathogen the consumer is exposed to, and q is the quantity consumed by the consumers.
D= C.q  (equation 4)

Health effects assessment

Dose-response analysis was performed for infection risk by individuals by accidental intrusion under

sustained low-pressure events.  A dose-response application provides studies of a critical relationship

between pathogen exposure and estimated health outcomes (World Health Organization 2020). This

analysis is based on the ‘single hit theory,’ which assumes that each digested microorganism has a

certain probability of overcoming the protection against infection that the host body has and reaches the

point that infection can start. For this, the Beta-Poisson model was considered for estimating the

probability of infection. In this model, ≥ 1  ≤  .

 =1-(1 − )  Beta-Poisson formula

  =1-(1 − )

Where   is a parameter that describes the probability of infection,  is the median infection dose,

and   is the dose (World Health Organization 2020). There are several methods for variability in risk

assessment; the most important ones are point estimates (deterministic) and distribution (stochastic).

The point estimate method uses statistical descriptors of input variables such as arithmetic mean, 5th,

50th, and 95th percentile. The 5th, 50th, and 95th percentile values would be exceeded by 95%, 50%, and

5% of outcomes, respectively.  The distribution method uses the probability density function (PDF) to

thoroughly distribute variability in the risk estimate (World Health Organization 2020). In this study,

the point estimate method was used in the Swedish QMRA tool.  One of the factors that should be

considered in selecting a pathogen as a reference pathogen for QMRA is the availability of data on the

dose relationship in humans and disease burden. For Campylobacter, Norovirus, and Cryptosporidium,

dose-response models are available in the Swedish QMRA tool.

Risk characterisation

Risk characterisation gathers exposure, dose-response, and disease incidence and severity data. The

probability of infection can be estimated as the product of exposure to drinking water and the likelihood

of one organism’s exposure resulting in infection. The risk of illness is calculated by multiplying the

probability of infection by the probability of illness given infection. The Swedish QMRA tool gathered
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data from Swedish studies and provided the values of disease burden parameters for Cryptosporidium,

Campylobacter, Norovirus, and other pathogens.

 A DALY represents the loss of a healthy life year. Each health outcome DALY is calculated from

years lost due to premature death and years of productive life lost due to impaired function due to ill

health (Equation 5).
DALY= YLL+YLD (equation 5)

Where YLL is lost life years, and YLD is years of life with impaired function multiplied by the

weight of severity.

4.6.Study area
The study area was taken from the virtual network files generated using HydroGen. HydroGen includes

a vast library of realistic tested water distribution networks that can be used for simulation and research

purposes (De Corte & Sörensen 2014). The chosen network consisted of 100 nodes, 110 pipes, and two

reservoirs. 98 out of 100 nodes had base demands, and only two nodes were only junctions of pipes.

According to water demand values defined by the network settings and assuming an average of 150

L/day per capita, the designed network supplied water for approximately 240 000 population

equivalents. This network provided a flow of 36 660 /day. Figure 1 illustrates the general layout of

the network.

Figure 1. The general layout of the study area.
The reservoirs each had a total head of 65 m; The entire pipeline length was 2.6 km, and the pipes’

roughness coefficient was assumed 110 for the Hazen Williams formula. All pipes have a diameter of

400 mm except pipes 90 and 100, which are mains transporting water from reservoirs with a diameter

of 900 mm. Three different water demand patterns were defined for network nodes. According to the

daily variations in these patterns, 80 out of 100 nodes were assumed to have a residential water demand

pattern, ten nodes had an industrial water demand pattern, and ten nodes had public places water demand
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pattern. The time step of patterns was set to 5 minutes. Figure 2 shows the 24 hours time patterns for

assumed residential, industrial, and public place water demands.

Figure 2. The 24 hours time patterns for assumed residential, industrial, and public place water demands
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5. Results
Events that lead to low pressure in the water distribution networks can result in transient or sustained

low pressure lasting from milliseconds in a transient low pressure to hours and days in sustained low-

pressure events. This study studied two sustained low-pressure events with durations of one to five

hours that led to intrusion in the network. The first event was the pump shut down, and the second was

the pipe repair. Different durations and start times were simulated for the pump shutdown event. Various

locations, durations, and start times were studied for pipe repair. From the results of water quality

modelling, the maximum nodal Cryptosporidium concentration was selected as a baseline for assessing

microbial infection risk using the Swedish QMRA tool. The following steps were done for the pump

shutdown event hydraulic and water quality modelling:

1. The shutdown duration and start time were defined according to scenarios.

2. The associated time pattern for the reservoir’s head was defined in EPANET 2.2 to simulate

pump shutdown.

3. The intrusion nodes were investigated after hydraulic modelling.

4. The volume of intrusion and concentration were calculated for the event duration.

5. The pathogen concentration was added to the end nodes of the intruded pipes for the event in

water quality modelling.

For the pipe repair event, steps 1 and 2 were replaced by steps 5 and 6 as below:

6. The repair area was identified according to scenarios.

7. The associated simple control statements were defined in EPANET 2.2 to simulate pipe repair.

Other steps were the same as for the pump shutdown event. The control statements were determined

to close the pipes during the repair duration. After finishing the repair, the intruded contamination was

distributed in the network. Water quality modelling and QMRA assessment were done the same way

for the pump shutdown and pipe repair event.

The normal condition was simulated using the hydraulic modelling of the network with the pump

operating. Results showed that all nodes had a pressure of more than 20 m during the simulation period

(between 27.84 m and 50 m). The lowest pressure in the network happened at 18:00. Water quality

modelling and QMRA were not conducted for this scenario as there were no intrusion nodes.

5.1.Pump shutdown with different durations
As in normal conditions, the network experienced the lowest pressure at 18:00; this time was selected

for the pump shutdown start time in this scenario. The pump shutdown simulation was done by reducing

the total head in reservoir B from 65 m to 15 m during the shutdown period by defining a pattern in

EPANET 2.2.  The volume of intrusion and pathogen concentrations for critical nodes were calculated

from equations (2) and (3) for the pipes whose end nodes had negative pressure. Two pump shutdowns

with a start time at 18:00 and durations of one hour and five hours were considered. Tables 2 summarise



21

the hydraulic and water quality modelling, and Table 3 summarises the QMRA assessment results for

all pump shutdown scenarios and the dilution factor of 10 . The complete results for QMRA  are

provided in Appendix 1.
Table 2. Summary of pump shutdown hydraulic and water quality modelling results for Cryptosporidium.

Scenario 1 Scenario 2 Scenario 3

Pump shutdown duration (h) 0 1 5 1 1 1

Pump shutdowns start time - 18:00 5:00 13:00 24:00

Number of intrusion nodes
 (Out of 100) 1

0 50 44-50 44 50 30

Low-pressure start time - 18:00 18:00 5:00 13:00 24:00

Low-pressure finish time - 19:00 23:00 6:00 14:00 1:00

Minimum nodal pressure (m) 27.84 -6.05 -6.05 -5.00 -5.80 -4.41

Time of minimum pressure
occurrence

18:00 18:00 18:00 5:00 13:00 12:00

Intrusion flow rate (
.

) 5.07E-04 4.03E-04 3.61E-04 4.54E-04 2.35E-04 5.07E-04

The volume of intrusion (L)  43.35  216.74  30.81  38.82  21.99

Duration of pathogen existence
in the network (h)

3 12 6 3 7

Time of Highest Crypto
concentration occurrence

19:00 21:00 6:00 14:00 1:00

1 The number of intrusion nodes shows the number of nodes with a pressure that leads to intrusion.
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Table 3. Summary of pump shutdown QMRA results for Cryptosporidium.
Scenario 2 Scenario 3

Pump shutdown duration (h) 1 5 1 1 1

Pump shutdown start time 18:00 5:00 13:00 12:00 AM

Node number with the highest
Crypto concentration

43 23 66 50 43

C (Maximum nodal Crypto
concentration (no/L)

273 529 2305 297 77

Duration of pathogen existence
(h)

3 12 6 3 7

C* (no/L) 0.000273  0.000529  0.002305  0.000297  0.000077

Pinf-daily- 0.05 2.70E-14 1.90E-14 2.50E-13 3.00E-14 2.90E-15

Pinf-daily- 0.5 6.20E-06 1.10E-05 1.00E-04 6.80E-06 1.60E-06

Pinf-daily- 0.95 5.40E-05 1.10E-04 4.60E-04 5.90E-05 1.50E-05

The hydraulic modelling results showed that the start time and duration of low pressure in the

network were the same as for the pump shutdown (Table 2). For both shutdown durations, the lowest

pressure in the network happened at the same node and time and with the same magnitude (node 55,

located in the middle part of the network at 18:00, -6.1 m) (Table 2). The number of intrusion nodes in

the network was also the same for both pump shutdown duration (50 out of 100).  Only at 22:00 (the

last hour of shutdown in the five-hour scenario), the number of intrusion nodes was 44 out of 100 (Table

2). The most significant difference was in the volume of intrusion for different duration of pump

shutdown: for the one-hour shutdown, the volume of intrusion was 43 L, and for the five-hour shutdown,

it was 217 L (Table 2).

Water quality modelling results showed that the time of pathogen existence in the network increased

with the duration of the pump shutdown. Still, the relationship did not seem linear as this value was

three hours for the one-hour shutdown, and for the five-hour shutdown was 12 hours (Table 2). Changes

in the hydraulics parameters, such as daily variations of water demand and velocity in the network,

could affect the duration of pathogen existence. Also, the results showed that the maximum nodal

Cryptosporidium concentration increased with increased shutdown duration (273 no/L for one-hour

compared to 529 no/L for the five-hour shutdown), but the relationship was not linear. The time and

location of the maximum nodal Cryptosporidium concentration occurrence varied for different

shutdown durations. The maximum concentration happened at node 43 at 19:00 for the one-hour pump

shutdown and node 23 at 21:00 for the five-hour pump shutdown (Table 2).

In table 2, the mentioned values for pathogen concentration (C) are taken from results of water

quality modelling and are based on the maximum concentration of Cryptosporidium in the sewage;

maximum nodal pathogen concentration values were multiplied by 10 to 10  as a dilution factor

and entered as a point estimate value for raw water in the Swedish QMRA tool (Table 3). Considering

the guideline of 10  for the daily infection risk (Signor & Ashbolt 2009), only the 5th percentile met

the acceptable criteria. If a person accidentally consumed a glass of water from a tap, the probability of
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infection was 95%  (Table 3). For further investigation, the dilution factor of 10  was also considered

for the one-hour shutdown, but only the 5th percentile satisfied the guideline.

As even the one-hour pump shutdown resulted in high values of infection risk, more extended

durations of pump shutdowns were not considered. Figure 3 shows the contribution and movement plot

for Cryptosporidium for these scenarios.

Figure 3. Contour plot of Cryptosporidium concentration for different times during the simulation for the one-

hour (a,b,c)   and five-hour (d,e,f) pump shutdown started at 18:00.

5.2.Pump shutdown with different start times
In this scenario, a one-hour pump shutdown with different starting times at 5:00, 13:00, and 24:00 was

simulated to compare the results with the previous one-hour shutdown scenario starting at 18:00.

The hydraulic modelling results showed that the duration of low pressure in the network was the

same and equalled the period of pump shutdown (one hour) for all pump shutdown start times. The

number of intrusion nodes was different for different pump shutdown start times. The number of

intrusion nodes for the shutdown started at 05:00 was 44, and for 13:00, 18:00, and 24:00 was 50,50

and 30, respectively (Table 2). Different intrusion nodes in different scenarios could be due to changes

in water demands during the day and, consequently, daily variation in nodal pressure in the network.

The results showed that the number of intrusion nodes was fewer if the shutdown occurred during the
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high-demand hours (13:00, 18:00) than during the low-demand hours of the day (5:00, 24:00). The

lowest pressure occurred at the same node for all pump shutdown start times ( the node with the lowest

pressure in the network in normal conditions) but with a different magnitude: -5, -5.8, -6.1, and -4.4 m

for pump shutdown start times at 5:00, 13:00, 18:00, and 24:00 respectively (Table 2). The variation of

the lowest pressure followed the variation of the number of intrusion nodes and daily pressure in

different scenarios. Also, the intrusion flow rate and volume varied accordingly to different pump

shutdown start times following the daily water demand variations. Intrusion flow rate and volume had

the lowest value for pump shutdown starting at 24:00 (2.35E-4 (
 .

) and 22L) and had the highest value

for pump shut down beginning at 18:00 (5.07E-4 (
 .

) and 43L) (Table 2).

 Water quality modelling showed that the maximum pathogen concentration happened in the

network when the pump shutdown started at 5:00. The lowest pathogen concentration happened when

the shutdown began at 24:00 (Table 3). The duration of pathogen existence in the network was shorter

when the intrusion occurred in high-demand hours and vice versa; for instance, for the shutdown starting

at 24:00, the contamination remained longer than at 5:00, 13:00, and 18:00 (Table 3). Also, for different

shutdown start times, the node that experienced the maximum pathogen concentration was not the same;

for the shutdown start time at 5:00, the highest value of pathogen concentration happened at node 66

with the value of 2305 no/L, and for start time at 13:00, 18:00, and 24:00 it happened at nodes 50, 43,

and 43 with the value of 297, 273, and 77 no/L respectively (Table 3). These values are based on the

assumption of intruding pathogen with a concentration equal to the maximum pathogen concentration

in sewage without considering the dilution factor. Figure 4 shows the contribution and movement plot

for Cryptosporidium for the first three hours after pump shutdown starting at different times.

The QMRA results showed no significant difference with different pump shutdown start times. Even

for the shutdown at 24:00, there was a high risk of microbial infection. QMRA  results showed that the

daily infection risk only for the 5th percentile was acceptable according to the guideline for all the

dilution factors (Table 3). Dilution factor of 10  was also considered for the pump shutdown starting

time at 24:00 as the lowest pathogen concentration scenario, but only the 5th percentile satisfied the

guideline.
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Figure 4. Contour plot of Cryptosporidium for the first three hours after the one-hour pump shutdown started
at (a) 5:00, (b) 13:00, (c) 18:00, and (d) 24:00.



26

5.3.Repairing of the pipes at different locations in the network
For this scenario, pipes number 71 and 12 with lengths of 40 m and 12 m were selected to represent

pipes in the starting area of the network.  Pipes 49 and 75, with 12 and 9 m lengths, were chosen for the

middle area, and pipe number 69, with a length of 54 m, was selected for the network's ending area to

simulate the repair. The location of these pipes is illustrated in figure 5. The start time of the repair was

18:00, and the duration was five hours.

Figure 5. Location of pipes selected for the network's starting (pipes 71 and 12), middle (pipes 49 and 75),

and ending areas (pipe 69) in pipe repair scenarios.

 Tables 4 summarise the hydraulic and water quality modelling, and Table 5 summarises the QMRA

assessment results for all pipe repair scenarios and the dilution factor of 10 . The complete results for

QMRA  are provided in Appendix 2. The hydraulic and water quality modelling results showed that in

the case of the pipe repair at the end of the network, the duration of pathogen existence in the network

was shorter than for the repair at the starting and middle area of the network (5, 5, and 3 hours for the

starting, middle, and ending area of the network, respectively). This occurred even though the number

of intrusion nodes and the total length of intruded pipes was more for the repair in the ending area than

the starting and middle areas. The number of intrusion nodes for the pipe repair in the starting and

middle area of the network was one node, but for the ending area, it was nine (Table 4). The number of

intrusion nodes affected the volume of intrusion to a great extent.  The volume of intrusion was 2.68 L,

2.65 L, and 182 L for repair at the network's starting, middle, and ending areas, respectively (Table 4).

For the repair in the starting area, at the first hour of the pathogen entering the network, 19 out of

100 nodes simultaneously experienced the maximum pathogen concentration value. This number was

10 and 1 out of 100 nodes for the middle and end area, respectively (Table 4). The maximum pathogen

concentration differentiated depending on the repair location; it was the least in the case of pipe repair

in the starting area of the network. The maximum pathogen concentration was 0.66 no/L for starting
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area, 1.13 no/L for the middle area, and 235.13 no/L for the ending area of the network (Table 5). The

reason could be that the water could not circulate in the ending nodes of the network, and the pathogen

aggregated at these nodes. Figure 6 shows the plot of Cryptosporidium contribution at different hours

for repair zones in this scenario. It can be seen that the magnitude of pathogen concentration was much

higher for the repair in the ending area of the network compared to starting and the middle regions.

QMRA results showed different outcomes for different locations of pipe repair (Table 5). As for the

repair in the ending area, the maximum pathogen concentration was much higher than in two other

areas; only the 5th percentile provided acceptable results according to the guideline for all dilution

factors (Table 5). For pipes repair at starting and middle area of the network, the 10 dilution factor

resulted in 50th percentile and 10 dilution factor resulted in 95th percentile acceptable value according

to the guideline.
Table 4. Summary of pipe repair hydraulic and water quality modelling result for Cryptosporidium.

1 The number of intrusion nodes shows the number of nodes with a pressure that leads to intrusion.
2 This means that the minimum pressure occurred at both these hours.
3 This means that the highest Cryptosporidium concentration occurred at these hours.

Scenario 4 Scenario
5

Scenario 6

Repair duration (h) 5 5 5 2 2 2

Location of repair near
reservoir

middle of
network

end of the
network

middle of
network

middle of network

Repair start time 18:00 18:00 8:00 13:00

Number of intrusion nodes (out
of 100)1

1 1 9 1 1 1

Low pressure start time 18:00 18:00 18:00 18:00 8:00 13:00

Low pressure finish time 23:00 23:00 23:00 20:00 10:00 15:00

Minimum nodal pressure (m) 0 -8.89 -12.11 -8.89 -8.88 -8.89

Time of minimum pressure 18:00-
23:002

19:00 20:00 19:00 9:00 14:00

Intrusion flow rate (
.

) 4.E-06 2.E-05 2.E-04 1.E-05 1.E-05 1.E-05

The volume of intrusion (L)  2.68  2.65  182.26  0.85  0.85  0.85

Duration of pathogen existence
in the network (h)

5 5 3 3 3 4

Time of highest Crypto
concentration

3:00 24:00-
25:00-
26:003

0:00 21:00-22:00-
23:00

11:00-
12:00-
13:00

16:00-
17:00

Number of nodes with the
highest Crypto concentration

1 12 1 13 13 13
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Table 5. Summary of pipes repair QMRA results for Cryptosporidium.
Scenario 4 Scenario 5 Scenario 6

Repair duration (h) 5 5 5 2 2 1

Repair start time 18:00 18:00 8:00 13:00

location of repair near
reservoir

middle of
network

end of
network

middle of
network

middle of network

Number of nodes with the
highest Crypto concentration

19-4-0-2-3 10 1 11 13 13

C (Maximum nodal Crypto
concentration (no/L)

0.66 1.13  235 0.1 0.14 0.12

Duration of Crypto in the
network(h)

5 5  3 4 3 4

C* 0.000001 0.00000113  0.000235 0.00000010 0.00000014 0.00000012

Pinf-daily- 0.05 1.10E-16 0.00E+00 1.10E-13 0.00E+00 1.10E-16 0.00E+00

Pinf-daily- 0.5 1.50E-08 3.90E-08 8.70E-06 2.30E-09 5.20E-09 2.60E-09

Pinf-daily- 0.95 1.40E-07 2.30E-07 4.70E-05 2.00E-08 2.80E-08 2.40E-08
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Figure 6. Contour plot of Cryptosporidium for the first three hours after the five hours of the pipe repair in (a)
starting area, (b) middle area, and (c) ending area of the network.

5.4.Repairing of the pipes with different durations
The results of pipe repair for the duration of five hours were studied in the previous section. As the 5-

hour repair scenario resulted in high probabilities of infection, in this scenario, the repair duration

decreased to 2 hours to investigate the effects of pipe repair duration on microbial risk assessment for

pathogen intrusion. The start time of repair was at 18:00, and the repair location was in the middle of

the network at pipes 49 and 75.

After running the hydraulic modelling, it was investigated that the intrusion happened in the same

node (node 51) as for the five hours repair in the middle of the network. Like the pump shutdown event,
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the duration of the event affected the volume of pathogens that intruded into the network to a great

extent. The pathogen remained in the network for five hours in the five-hour repair scenario, but this

duration was four hours for the two-hour repair scenario. The maximum Cryptosporidium concentration

was much less when reducing the repair duration to two hours (0.1 no/L) compared to the five hours of

repair scenario (1.13 no/L).

Reduction of the duration of repair also affected the infection risk. For the QMRA assessment, the

two-hour repair scenario resulted in a much lower infection probability than the five-hour repair. For

the two-hours repair scenario and the dilution factor of 10  the 5th and 50th percentile of results had an

acceptable probability of infection risk, whereas for the 10  and 10  dilution factors, the 95th

percentile provided satisfactory results according to the guideline (Table 5).

5.5.Repairing of the pipes with different start times
This scenario studied the effects of changing the pipe repair starting time on associated microbial risk

assessment for a two-hour repair duration. Two other start times of repair were assumed to be at 8:00

and 13:00, and the repair location was in the middle of the network (pipes numbers 49 and 75).

The hydraulic modelling results showed that the intrusion node and the magnitude of low pressure

were the same for all repair start times (node 51 with a pressure of -8.89 m). Consequently, the intrusion

flow rate and volume were the same for all repair start times. Also, the Cryptosporidium's existence

duration in the network did not vary much and was 3 h, 4 h, and 3 h for the repair start time at 8:00,

13:00, and 18:00, respectively (Table 4). The maximum value of Cryptosporidium concentration was

not much different for the different repair start times: 0.14 no/L, 0.12 no/L, and  0.10 no/L happened in

13, 13, and 11 out of 100 nodes, respectively, for repair start times at 8:00, 13:00, and 18:00 (Table 4).

For all repair start times, the QMRA results were not much different for different repair start times

(Table 5). The reason is that the maximum pathogen concentration was approximately the same for all

repair start times.  For all repair start times, considering the dilution factor of 10  resulted in the

acceptable risk for the 50th percentile; for the 10  and 10  dilution factors, the 95th percentile

provided satisfactory results (Table 5).

5.6.Risk of infection by other pathogens
The infection risk results for Cryptosporidium as a representative of protozoans in sewage were

presented in sections 5.1 to 5.6. Campylobacter and Norovirus were chosen to represent bacteria and

viruses in the intruded water to compare the associated risk for other pathogens. For all scenarios and

dilution factors for pump shutdown event, infection risk for Campylobacter and Norovirus was lower

than for Cryptosporidium. However, only the 5th percentile resulted in an acceptable range according

to guidelines.

For the pipe repair event, the five-hour repair in the ending area of the network resulted in the highest

risk of infection for Cryptosporidium. Campylobacter had the lowest infection risk for all dilution
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factors but was not within the acceptable guidelines for five-hour repair. Norovirus did not result in an

acceptable range of infection risk for all dilution factors in the five-hour pipe repair. Norovirus had a

lower infection risk in the 5th and 95th percentile than Cryptosporidium, but for the 50th percentile,

Cryptosporidium had a lower infection risk than Norovirus. For other scenarios for the pipe repair,

Campylobacter resulted in lower infection risks than the Cryptosporidium and Norovirus.
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6. Discussion
After implementing the hydraulic modelling of sustained low-pressure events in the network, the most

crucial outcome parameter was the volume of intrusion. The water quality modelling estimated the

maximum nodal pathogen concentration was entered as the input data in QMRA to investigate the

associated health risk. In this section, parameters affecting the volume of intrusion, maximum nodal

pathogen concentration, and risk of infection were discussed. Also, the associated sources of

uncertainties were explained. Finally, according to the outcomes of this study, some mitigation

strategies were proposed.

6.1.Volume of intrusion
The volume of intrusion is a crucial parameter representing the magnitude of pathogen intruding into

the water distribution network (Hatam et al. 2019). A higher volume of intrusion results in a higher

pathogen concentration and, consequently, a higher risk of infection. It depends on the magnitude of

the pressure drop but mainly on its duration. Also, the length of the pipes experiencing pressure drop

affects the volume of intrusion. This paper's findings followed the study's conclusion by Besner et al.

(2011) and Yang et al. (2011).

 In this study, the flow rate of intrusion due to low pressure in the network was calculated from

equation (2). In this equation, the intrusion flow rate (Qint) is related to the square root of intrusion

potential (∆Hint). Therefore, the volume of intrusion is connected but not much sensitive to the pressure

difference between the inside and outside of the pipe. The total volume of intrusion was calculated by

multiplying the intrusion flow rate by the duration of intrusion, so the total intrusion is more sensitive

to intrusion duration than the pressure drops. These relations are reflected in the hydraulic modelling

results in both studied events.

The other parameter that affected the volume of intrusion was the number of intrusion nodes. The

results showed that if the number of intrusion nodes increased, the volume of intrusion increased

considerably. It was evident in the pipe repair scenario at different network locations (Table 4). The

relationship could be described by the number of intrusion nodes and the lengths of pipes that had an

intrusion. The volume of intrusion depends on the length of the pipes affected by the intrusion.

6.2. Maximum nodal pathogen concentration
This study considered the maximum nodal pathogen concentration as the entering value in QMRA. The

results showed that the location and magnitude of maximum nodal pathogen concentration changed

significantly by changing the pump shutdown's start time. Variations in water demand, flow rate, and

direction changes could be the reasons for differences in location and magnitude of maximum nodal

pathogen concentration. The maximum pathogen concentration happened when the pump shutdown
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started at 5:00; the most significant part of the intruded pathogen moved to an ending node (node66),

leading to high infection risk. Maximum nodal pathogen concentration was also sensitive to the duration

of the pump shut down, as described in section 6.1.

For the pipe repair scenario, the parameter that affected the maximum nodal pathogen concentration

was the repair location; as for the repair in the ending area of the network, the maximum nodal pathogen

concentration was much higher than the starting and middle area of the network. When pipe repair was

at the network's end, a more significant part was without pressure; consequently, intrusion occurred in

the more substantial portion of the network. When the repair was in the middle or start of the network,

the low pressure affected only the section of the pipe being repaired. It can be concluded that the

maximum nodal pathogen concentration is sensitive to the pathogen movement in the network.

6.3. Risk of infection
Duration, location, and the event start time were the parameters studied to investigate which is more

critical in increasing or decreasing the risk of infection for pump shutdown and pipe repair events as

sustained low-pressure events. Generally, pump shutdown affected more extended areas by low

pressure in the water distribution network than the pipe repair. The QMRA results showed a

considerable risk of infection in all studied scenarios. Previous studies also mentioned high risks of

infection in sustained low-pressure events (Hatam et al. 2019).

In the pipe repair event, a smaller area experienced low pressure than the pump shutdown event, so

the network's volume of intrusion and associated health risks were lower. The repair duration was

crucial in increasing or decreasing the infection probability. The likelihood of disease was lower for the

two-hour repair for all dilution factors than for the five-hour repair. Other studies also mentioned the

duration of the event as the most critical factor in infection risk due to low pressure in the water

distribution network (Teunis et al. 2010). So, for water utility managers, it is essential to minimise the

duration of repairs to reduce the health consequences. The location of repair also affected the infection

risk. For the repairs in the ending area of the network, the pressure drop happened in a significant area

of the network, so the maximum nodal pathogen concentration was high; this could be a point of

attention for water managers when implementing the pipe repairs to consider mitigation strategies. Yang

et al. (2011) also found the location of intrusion and system hydraulics.

6.4.Uncertainties
As a real water distribution network was not accessible, the studied network was chosen from a library

of virtual network files generated using artificial intelligence (HydroGen). Out of 100 nodes, 80 nodes

had a water demand pattern that was assumed to have a residential demand pattern (pattern 1 in figure

2). Ten nodes could be considered an industrial demand pattern, and ten nodes were supposed to have

public areas demand pattern (patterns 2 and 3 in figure 2, respectively). These assumptions were made

according to the daily variation in water demand defined by the HydroGen. The associated water base



34

demand for nodes with a public area pattern was much higher than for nodes with residential and

industrial areas. The time step for change in water demand pattern was another source of uncertainty in

this study, which was assumed to be hourly. The water demand pattern can vary within each hour and

in different locations, mainly residential areas (Besner et al. 2010). In an actual water distribution

network, water demand is realistic and has fewer uncertainties, so the uncertainties in the modelling

would be much lower.

Some areas have more leakage in real networks than others; leakage happens along the pipes.

Depending on the pipe age, material, soil condition, etc., some pipes have more leakage, but these

variations were not considered in this study. In this study, the total size of orifices along pipes was

calculated by equation (1) described in section 4.3.2; the leakage rate was assumed to be 0.035 l/s/km,

similarly for all pipes; which leads to uncertainties in the calculation of the volume of intrusion.  Other

studies also emphasised that defining various orifice sizes is impossible in commercial software

available for hydraulic modelling (Besner et al. 2011). In hydraulic modellings, leak from orifices is

related to nodes, not the pipes (Besner et al. 2011); for this study, intrusion orifices were also not

assigned to pipes but the nodes.

The other uncertainty parameter in calculating the orifice sizes was the assumption of the position

of the underground water level outside the pipe, which was assumed to be 0.4 m for all pipes. The

underground water level varies in different network locations in real water distribution networks. The

groundwater level could also be located under the pipe level; in that case, no intrusion will happen.  The

groundwater level also varies over other times of the year (Besner et al. 2011). This uncertainty in

groundwater level assumption may lead to overestimation in calculating the volume of intrusion.

The concentration of pathogens intruding into the network was calculated from equation 4. It was

calculated based on the assumption value of pathogen concentration outside the pipe. The actual

pathogen concentration is unknown and can have significant variations in sewage, soil water, runoff

water, etc. This study considered the highest value of Cryptosporidium concentration measured in

sewage in Sweden for pathogen concentration entering the network. As it was a high value, it was

multiplied by dilution factors from 10 to 10 as the actual pathogen concentration in the water

outside the pipe is much lower than in sewage. Therefore, the intrusion concentration was also a source

of uncertainty in health risk assessment.

EPANET 2.2 assumes fluid mixing at pipe junctions is complete and instantaneous, so the

concentration of any substance leaving a connection is the flow-weighted sum of the concentrations

from the inflowing pipes (Rossman 2000). On the other hand, computational and experimental studies

have shown that this assumption leads to many errors (Besner et al. 2011).

In exposure assessments, the possibility of drinking a glass of contaminated water (0.2 L) by any

individual at the time of pathogen existence in the network was considered. The volume of consumed

contaminated water is a source of uncertainty; if it increases or decreases, it will affect the risk of

infection considerably. (Hatam et al. 2019) showed that when the volume of ingested contaminated
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water was reduced, it significantly impacted the number of infected people. Also, the maximum nodal

pathogen concentration was considered for the QMRA; this assumption represents the worst-case

scenario, leading to overestimating health risks.

6.5.Mitigation strategies
The findings of hydraulic, water quality and QMRA could benefit the water managers in their decisions

about mitigation strategies. For pump shutdown events, results showed high values in the volume of

intrusion due to the vast affected area of low pressure. Thus, high values of infection risk even for lower

durations of pump shutdown (1h) and different hours of the day. In this case, considering a

compensating mechanism for the low-pressure duration, for instance, an extra pump or reservoir in the

system seems vital. In addition, the start time of the pump shutdown affects the health risk considerably,

as according to different tested times in this study, pump shutdown started at 24:00, resulting in the

lowest value of pathogen and health risks. This finding can be helpful in the case of planned pump

shutdowns to minimise the microbial health consequences of intrusion.

Pipe repair events have lower intrusion and infection risk volumes than pump shutdown events.

Reducing the repair duration can be a helpful mitigation strategy to limit the potential exposure to

contamination. The infection risk was considerably lower than five hours of repair for the two-hour

repair duration. This finding follows the results of Besner et al. (2011) and Hatam et al. (2019). The

start time of the repair did not considerably affect infection risk due to the low values of the pathogen

entering the network in pipe repair events. Reducing the repair duration may not be practical in some

cases. Considering the hydraulic and water quality modelling results in the water distribution network

can help the water managers to predict the volume of intrusion and affected area by the low pressure.

For instance, for the network considered in this study, for the pipes repair at the end of the network, the

health risks were higher than in other areas. As a mitigation strategy has been studied in previous

studies, flushing can reduce the infection risk significantly (Yang et al. 2011), especially for the repairs

in the ending area of networks. In the case of contamination with pathogens with a low resistance to

disinfectants, adding free chlorine as a disinfectant after flushing is needed (National Research Council

et al. 2007). Educating people about the consequences of low pressure in disease risks, implementing

the sectorial boil water advisories, and restricting drinking the water for the duration of pathogen

existence in the water distribution network are also mentioned as potential mitigation measures in the

findings by (Hatam et al. 2019).
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7. Conclusion
This study implemented hydraulic and water modelling using EPANET 2.2 for a water distribution

network generated by a virtual network generator named HydroGen. Pump failure and pipe repair were

considered to simulate sustained low pressure and intrusion in the water distribution. Then, QMRA was

used to predict the microbial infection risk associated with the simulated intrusion. Various scenarios

investigated the effects of duration, start time, location, and external contamination concentration as

dilution factors. All sustained pump shutdown events resulted in high infection risk, indicating the

importance of considering mitigation strategies such as a reserve pump or tank to compensate for low

pressure in the network. The duration of repair is a critical factor in reducing the infection risk. Still,

the repair location is a vital factor affecting the area of low pressure and associated risk. Also, the start

time of the low-pressure event affected the volume of intrusion due to daily pressure variations,

especially for the pump shutdown event. These results can be helpful for water managers to investigate

the magnitude of health risk associated with each sustained low-pressure event and take the appropriate

action to minimise the microbial consequence of intrusion for each event.

 Mitigation strategies including boil water advisories, flushing after the repair, maintaining the

residual disinfectants, and restricting drinking water consumption can reduce or eliminate intruded

pathogens in the water distribution networks. Exposure-reducing mitigation strategies like providing

adequate pressure in the network, providing sufficient distance between water and sewage pipes,

reducing the duration of planned pump shutdown and pipe repair, providing a temporary distribution

network, and leak protection strategies can prevent the pathogen intrusion in water distribution

networks. Considering uncertainties discussed in section 6.4 is vital for water managers to prevent

overestimating and balance between health goals and expanses of mitigation strategies. Selecting the

proper mitigation strategy is the responsibility of the water manager considering health issues using

outcomes of hydraulic and water quality modelling, QMRA, and cost-benefit estimates.
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Appendix 1: Pump shutdown QMRA results for
Cryptosporidium

Scenario 2 Scenario 3

Pump shutdown duration (h) 1 5 1 1 1

Pump shutdown start time 18:00 5:00 13:00 12:00 AM

Node number with the highest
Crypto concentration

43 23 66 50 43

C (Maximum nodal Crypto
concentration (no/L)

273 529 2305 297 77

Duration of pathogen existence
(h)

3 12 6 3 7

C* (no/L) 2.73  5.29 23.05 2.97 0.77

Pinf-daily- 0.05 1.00E-10 4.20E-10 1.20E-08 2.80E-10 3.50E-12

Pinf-daily- 0.5 5.70E-02 1.50E-01 9.20E-01 2.40E-01 1.70E-02

Pinf-daily- 0.95 4.20E-01 5.30E-01 1.00E+00 9.80E-01 1.40E-01

DALY-0.05 2.67E-03 2.67E-03 2.67E-03 2.67E-03 2.67E-03

DALY-0.5 2.67E-03 2.67E-03 2.67E-03 2.67E-03 2.67E-03

DALY-0.95 2.67E-03 2.67E-03 2.67E-03 2.67E-03 2.67E-03

C* (no/L) 0.273  0.529 2.305 0.297 0.077

Pinf-daily- 0.05 4.90E-11 3.80E-11 6.20E-09 8.90E-11 1.30E-12

Pinf-daily- 0.5 6.70E-03 8.60E-03 2.60E-01 2.90E-02 2.50E-03

Pinf-daily- 0.95 5.30E-02 7.30E-02 9.70E-01 3.50E-01 1.50E-02

DALY-0.05 2.69E-03 2.67E-03 2.67E-03 2.67E-03 2.34E-03

DALY-0.5 2.67E-03 2.67E-03 2.67E-03 2.67E-03 2.40E-03

DALY-0.95 2.67E-03 2.67E-03 2.67E-03 2.67E-03 2.45E-03

C* (no/L) 0.027  0.0529 0.2305 0.0297 0.0077

Pinf-daily- 0.05 2.10E-12 4.10E-12 1.50E-12 3.80E-11 4.00E-13

Pinf-daily- 0.5 9.10E-04 1.30E-03 2.50E-02 3.70E-03 1.50E-04

Pinf-daily- 0.95 5.40E-03 7.60E-03 2.70E-01 4.40E-02 1.50E-03

DALY-0.05 1.40E-03 1.72E-03 2.67E-03 2.67E-03 4.69E-04

DALY-0.5 1.49E-03 1.81E-03 2.67E-03 2.67E-03 5.13E-04

DALY-0.95 1.58E-03 1.90E-03 2.67E-03 2.67E-03 5.58E-04

C* (no/L) 0.000273  0.000529  0.002305  0.000297  0.000077

Pinf-daily- 0.05 2.70E-14 1.90E-14 2.50E-13 3.00E-14 2.90E-15

Pinf-daily- 0.5 6.20E-06 1.10E-05 1.00E-04 6.80E-06 1.60E-06

Pinf-daily- 0.95 5.40E-05 1.10E-04 4.60E-04 5.90E-05 1.50E-05

DALY-0.05 1.82E-05 3.50E-05 1.64E-04 2.00E-05 5.64E-06

DALY-0.5 2.00E-05 3.87E-05 1.79E-04 2.20E-05 6.19E-06

DALY-0.95 2.19E-05 4.23E-05 1.94E-04 2.41E-05 6.73E-06
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Appendix 2: Pipe repair QMRA results for
Cryptosporidium

Scenario 4 Scenario 5 Scenario 6

Repair duration (h) 5 5 5 2 2 1

Repair start time 18:00 18:00 8:00 13:00

location of repair near
reservoir

middle of
network

end of
network

middle of
network

middle of network

Number of nodes with the
highest Crypto concentration

19-4-0-2-3 10 1 11 13 13

C (Maximum nodal Crypto
concentration (no/L)

0.66 1.13  235 0.1 0.14 0.12

Duration of Crypto in the
network(h)

5 5  3 4 3 4

C* (no/L) 0.000066 0.000113  0.0235 0.000010 0.000014 0.000012

Pinf-daily- 0.05 6.60E-15 1.10E-14 2.30E-12 8.90E-16 2.50E-15 1.20E-15

Pinf-daily- 0.5 1.50E-06 2.60E-06 5.40E-04 2.70E-07 3.50E-07 2.80E-07

Pinf-daily- 0.95 1.30E-05 2.30E-05 4.70E-03 2.00E-06 2.80E-06 2.40E-06

DALY-0.05 4.46E-06 7.63E-06 1.20E-03 7.13E-07 9.46E-07 8.11E-07

DALY-0.5 4.89E-06 8.37E-06 1.28E-03 7.85E-07 1.05E-06 8.91E-07

DALY-0.95 5.37E-06 9.19E-06 1.37E-03 8.65E-07 1.15E-06 9.77E-07

C* 0.000007 0.0000113  0.00235 0.000001 0.0000014 0.0000012

Pinf-daily- 0.05 4.40E-16 5.00E-15 2.60E-13 4.40E-16 1.10E-16 1.10E-16

Pinf-daily- 0.5 1.70E-07 3.50E-07 8.20E-05 3.70E-08 4.90E-08 2.90E-08

Pinf-daily- 0.95 1.40E-06 2.30E-06 4.70E-04 2.00E-07 2.80E-07 2.40E-07

DALY-0.05 4.82E-07 8.00E-07 1.64E-04 7.27E-08 1.02E-07 8.25E-08

DALY-0.5 5.27E-07 8.78E-07 1.81E-04 7.96E-08 1.11E-07 9.03E-08

DALY-0.95 5.78E-07 9.56E-07 1.98E-04 8.65E-08 1.22E-07 9.91E-08

C* 0.000001 0.00000113  0.000235 0.00000010 0.00000014 0.00000012

Pinf-daily- 0.05 1.10E-16 0.00E+00 1.10E-13 0.00E+00 1.10E-16 0.00E+00

Pinf-daily- 0.5 1.50E-08 3.90E-08 8.70E-06 2.30E-09 5.20E-09 2.60E-09

Pinf-daily- 0.95 1.40E-07 2.30E-07 4.70E-05 2.00E-08 2.80E-08 2.40E-08

DALY-0.05 4.70E-08 8.19E-08 1.70E-05 6.76E-09 1.02E-08 8.05E-09

DALY-0.5 5.20E-08 9.00E-08 1.87E-05 7.42E-09 1.12E-08 8.92E-09

DALY-0.95 5.73E-08 9.84E-08 2.03E-05 8.14E-09 1.21E-08 9.82E-09
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