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Abstract
A Quantitative Microbial Risk Assessment Associated with Cross-Connections in the
Drinking Water Network in Combination with Hydraulic Modeling
Fatin Alzuhairi

Drinking water companies have the technology and responsibility to deliver safe and high-quality
drinking water to the water distribution systems network (WDN). However, many events within the
WDN, such as cross-connections and backflow, might degrade water quality and pose public health
risks to consumers. Cross-connection and backflow events may occur if there is physical contact
between the external non-potable water source and the drinking water. When the pressure in the external
source is greater than in the WDN, and when there are inadequate cross-connections controls, cross-
connections and backflows may occur. This project aimed to investigate the circumstances that influence
cross-connection and backflow events and estimate the health risk of infection.
    The method used for this study included hydraulic and water quality modeling EPANET to simulate
the fate and transport of pathogens in the WDN during the outbreak. Besides, the quantitative microbial
risk assessment QMRA was used to evaluate the health risks associated with cross-connections and
backflows events due to ingestion of contaminated water. The modeled events included four reference
pathogens (viruses: Norovirus and Rotavirus, bacteria: Campylobacter, and protozoa: Crypto-
sporidium) from four water types (wastewater, greywater, treated wastewater, and treated greywater).
The simulation considered three potential pathogen load risk levels entering WDN: extreme, evaluated,
and endemic.
    The results indicate that the factors that influence pathogen intrusion and consequently the risk of
infection were the duration and intensity of the low-pressure event, the location of the cross-connection,
and the pathogen concentration in water sources. The estimated daily risk of infection from cross-
connection and backflow events generally exceeded the acceptable target level of 10−6 per person per
day for all reference pathogens and modeled events. The exception was for the endemic risk level during
the cross-connections with treated wastewater and greywater, where the risk was 10−7 and 10−10.
    Several measures can be implemented to manage and mitigate the risk of cross-connections, such as
demanding plumbing installation procedures and backflow prevention devices and developing an early
detection system to predict the cross-connection earlier before the outbreak happens to the system, for
instance, by applying a machine learning system.

Keywords: EPANET, QMRA, Water distribution network, Health risk analysis, Cross-connections and
backflow, Low pressure, Water quality, Simulation, Pathogen
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Populärvetenskaplig sammanfattning
En kvantitativ mikrobiell riskbedömning kopplad till korskopplingar i dricksvattennätet
i kombination med hydraulisk modellering
Fatin Alzuhairi

Vattenreningsindustrin har tekniken och ansvaret för att leverera säkert och högkvalitativt dricksvatten
till nätverket för vattendistributionssystem (WDN). Däremot många händelser inom WDN, såsom
korskopplingar och återflöde, kan försämra vattenkvaliteten och utgöra folkhälsorisker för
konsumenterna. Korskoppling och återflödeshändelser kan inträffa om det finns fysisk kontakt mellan
den externa vattenkällan för icke dricksvatten och dricksvattnet. När trycket i den externa källan är högre
än i WDN, och när det finns otillräckliga korskopplingskontroller, kan korskopplingar och återflöden
inträffa. Syftet med detta projekt var att undersöka omständigheterna som påverkar korskopplings- och
återflödeshändelser samt uppskatta hälsorisken för infektion.
    Metoden som användes för denna studie inkluderade hydraulisk och vattenkvalitetsmodellering med
EPANET för att simulera transporten och förekomsten av patogener i WDN under utbrottet. Dessutom
användes kvantitativ mikrobiell riskbedömning (QMRA) för att utvärdera hälsoriskerna i samband med
korskopplingar och återflödeshändelser på grund av intag av förorenat vatten. De modellerade
händelserna inkluderade fyra referenspatogener (virus: Norovirus och Rotavirus; bakterier:
Campylobacter; och protozoer: Cryptosporidium) från fyra vattentyper (avloppsvatten, gråvatten, renat
avloppsvatten och renat gråvatten). Simuleringen beaktade tre potentiella patogenbelastningsrisknivåer
som kommer in i WDN: extrem, utvärderad och endemisk.
     Resultaten tyder på att de faktorer som påverkar patogenavbrott och följaktligen risken för infektion
var lågtryckshändelsens varaktighet och omfattning, platsen för korskopplingen och
patogenkoncentrationen i vattenkällor. Den uppskattade dagliga risken för infektion från korskoppling
och återflödeshändelser översteg i allmänhet den acceptabla målnivån på 10–6 per person och dag för
alla referenspatogener och modellerade händelser. Undantaget var den endemiska risknivån vid
korskopplingarna med renat avloppsvatten och gråvatten, där risken var 10–7 och 10–10.
    Flera åtgärder kan implementeras för att hantera och minska risken för korskopplingar, såsom att
tillämpa krav på installationsprocedurer för VVS och anordningar för att förhindra återflöde samt att
utveckla ett system för tidig upptäckt för att förutsäga korskopplingen tidigare innan utbrottet inträffar
med systemet, till exempel genom att tillämpa ett maskininlärningssystem.

Nyckelord: EPANET, QMRA, vattendistributionsnät, hälsoriskanalys, korskoppling, lågtryck,
vattenkvalitet, simulering, patogen
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1 Introduction
Water is considered safe for drinking purposes when it does not cause any health issues to the consumers.

Contaminated drinking water leads to waterborne disease outbreaks, mainly associated with water

distribution networks (WDNs) (Blokker et al. 2018). WDNs have a high risk of exposure to various

microbial, chemical, and physical issues. Since the WDN is at the end of the water treatment train, the

window of opportunity to detect and mitigate outbreak events is short due to the inadequacy of online

water quality monitoring (Viñas et al. 2018). Also, quantifying the existing risk within the distribution

networks is challenging due to the variety of microbial pathogens and chemical compounds and the

varying response each person will have when exposed to contaminated water (Council et al. 2007).

    Water contamination can occur due to processes within the distribution system that lead to

degradation of water quality or due to the entrance of contaminants from external sources. Among the

issues contributing to drinking water contamination are cross-connections and backflow, pressure

transients, nitrification, microbial growth, permeation and leaching, maintenance and replacement of

water pipes, old infrastructure, corrosion control, and contamination in premise plumbing (Council et

al. 2007). Entrance of contaminants to the distribution networks or water supply can take place via

several pathways: at the source, via the pipe during negative pressure events during pipe break repair

through the air, soil or groundwater, via cross-connections on a consumer's property, or in the

distribution system (McInnis 2004).

    Cross-connection events are considered the main reason for the contamination of WDNs, causing

health issue (disease)outbreaks, followed by contamination events within water pipes and contamination

within storage facilities (Council et al. 2007). Cross-connection and backflow events may allow

contamination(contaminants) to enter the drinking WDN, causing illness or death to humans who

consume polluted water. Within the drinking water distribution network, cross-connections represent

the points where untreated water may contact treated water, providing a pathway for the backflow of

non-drinkable water into drinking water. Backflow events are related to the hydraulic head. Under

normal conditions, the treated drinking water from the treatment plant is delivered to the customer under

pressurized flow in distribution systems. Reduction in pressure may happen due to different

circumstances, such as significant pipe breaks, flushing, pump failure, or emergency firefighting water

drawdown. When the hydraulic head of water outside the distribution network is greater than the head

within the distribution network, the direction of the flow will reverse and backflow into the distribution

system. This reversed flow allows contaminants to be pulled or forced to flow into the distribution

system. Increasing pressure of a non-drinkable source may happen when the distribution networks are

connected to heating/cooling, waste disposal, or industrial manufacturing systems (US EPA, 2001).

    For risk assessment of potential health impact, Quantitative Microbial Risk Assessment (QMRA)

models have been used by water utilities to evaluate and enhance the safety of drinking water by
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identifying the concentration of pathogens. Even with the QMRA assessment, it is still challenging to

assess the health risk from consuming contaminated water because there are many complexities

associated with identifying the source and the change in concentration from the source water, through

treatment plants, and then through the distribution system. The contaminants in the WDN can either

survive from the water source after the treatment in the plants or enter via cross-connections or intrusion

(Hamouda et al. 2016).

1.1 Aims and objectives

The central aim of this study is to assess and analyze the potential microbial public health risk associated

with contamination in drinking water distribution networks due to cross-connection and backflow

events. Tools such as hydraulic modeling coupled with QMRA are used to assess human health risks

resulting from microbial contaminants. The distribution of contaminants is investigated using hydraulic

modeling in EPANET to model the fate and transport of microbial contaminants.

The specific objectives of the thesis are to:

· Investigate how cross-connections and backflow occur and under which circumstances and

situations this can happen.

· Apply a hydraulic simulation model to estimate the transport and fate of contaminant intrusion

in the WDN under cross-connection and backflow conditions from different scenarios.

· Determine the health risks due to contaminant intrusion in WDN using QMRA.

· Review methods adopted to mitigate and prevent cross-connections and backflow incidents, and

thus the microbial risks resulting from events.
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2 Background

2.1 Water quality in the distribution network

Drinking water distribution networks connect the treatment plants to consumers' taps and usually consist

of pipes, valves, storage tanks, pumps, reservoirs, meters, fittings, and other hydraulic components

(Council et al.,2007a). Even though pipes are designed to last for 50–100 years, they provide an average

service life of 200 years; therefore, they may experience a loss in physical integrity, resulting in leaks

(Rodgers & Boczek 2011). The integrity of the distribution system has been divided into three

components: physical, hydraulic, and water quality. Physical integrity represents the capacity to be a

physical barrier to prevent the entrance of external contamination via cross-connections with

undrinkable water pipes or cracks and holes in the pipes. Hydraulic integrity is the capacity to provide

sufficient flow, pressure, and water age that can be affected by pump shutdown and main breaks. Water

quality integrity represents the internal chemical activities inside the pipes, such as the complete decay

of the residual disinfectant, which can worsen drinking water quality. Losing physical and hydraulic

integrity causes contamination events.

    According to the World Health Organization (2014), three significant hazards could contaminate

drinking water in distribution systems: microbial, chemical, and physical hazards. Microorganisms

represent microbial hazards in distribution systems that can survive and grow on pipes and other

surfaces, creating biofilms that represent a potential source of water contamination, increasing the

possibility of waterborne disease outbreaks. Chemical hazards are characterized by residues of unwanted

chemicals coming from water treatment plants as disinfection by-products, chemical materials, or

reactions with pipe materials and through mistakes or breaks in pipes. Physical hazards represent the

effect of contamination on the physical properties of water, for instance, color, odor, and turbidity

(World Health Organization 2014). Cross-connections can cause both microbial and chemical

contamination. Some aspects of water quality that can be evidence of contamination through backflows

from cross-connections could be represented by discolored water, increased turbidity, and off-odors

(World Health Organization 2014).

    Most authorities focus on water quality standards at the treatment plant, assuming that water quality

does not change from the treatment plant until the consumer taps (Council et al. 2007). However, water

quality in the distribution networks can be affected by internal and external events that can worsen the

water quality standards and increase potential public health risks. Internal events that deteriorate the

water quality are corrosion and leaching of pipe materials, growth of biofilms, and nitrifying

microorganisms. While external events that worsen the water quality are represented by contamination

that can access the distribution networks via pipe breaks, leaks, cross-connections, backflow, and

pressure transients. Indication of coliforms in the distribution networks usually suggests the entrance of

external contamination (Council et al. 2007). For instance, fecal coliforms indicate the possible sewage
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mixing with distribution networks and insufficient disinfection treatment, increasing potential health

hazards to people (Ishaq & Ali 2018).

2.2 Cross-connection and backflow events
Contamination of the drinking water due to cross-connection and backflow events is a severe problem;

therefore, it must be identified and avoided. Cross-connection represents the physical contact between

contaminated water and potable water, providing a way to backflow contaminated water into drinking

water. Cross-connections can be direct or indirect. Direct cross-connection means a physical connection

between the drinking water and contaminant source. When the pressure within a contaminated system

exceeds the pressure in the drinking water system, a back-pressure cross-connection occurs. For

example, the connection between the supply line to a non-drinkable system using a pump to circulate

the water represents a hazard because the pump could increase pressure exceeding the supply pressure.

The indirect cross-connections include the under-edge or submerged connections and over-edge

connections. The under-edge or submerged connection is where the drinking-water inlet comes into the

bottom of a container and absorbs contaminated material. An over-edge connection is where the water

supply stops above the flood-level edge of a container but has a pipe connection that creates a possibility

for an under-edge (World Health Organization 2014)

Figure 1. Illustration of the indirect cross-connections. Figure to the right shows  the under-edge or submerged
cross-connection, while figure to the left shows the over-edge cross-connection (World Health Organization 2014).

    Backflow events are associated with the hydraulic head and can be back-pressures or siphonage.

Back-pressures occur when there is an overload of pressure, causing water to flow in the direction

opposite to its normal flow direction. In contrast, siphonage occurs when suction or negative pressure

causes water to flow from a contamination source into the distribution networks (Erickson et al. 2017).

Back-pressure and negative pressures usually are reduced through proper hydraulic design; however,

the hydraulic transient is a challenging to manage. A hydraulic transient is the primary source of negative

pressure problems as it is an elastic wave phenomenon created when a rapid change in flow occurs in a

pipeline system. These changes can be planned or unplanned, such as pump starts and stops, power

outages, accidental valve closures, or pipe breaking. The consequent hydraulic transients can

contaminate the pipeline (McInnis 2004). Pressure transients also occur due to the intermittent water
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supply (IWS), as the water suppliers cannot continuously maintain positive pressure in the drinking

water distribution network. Transient and sustained negative pressures indicate a risk aspect for

microbiological contamination due to the backflow of contaminated water through customer

connections during periods of low or negative pressure (Erickson et al. 2017). Monitoring the negative

or low-pressure events in distribution systems is unusual as most water utilities do not have the devices

to check the pressure frequently. Water pressure can be predicted using the water velocity, as an increase

in velocity causes a decrease in the water pressure. Rapid changes in water velocity cause a significant

reduction in pressure, for instance, turning on water pumps, using fire hydrants for fire control or

distribution system flushing, water main breaks, or other high-demand situations. The pressure

variations depend on the pipe material, system design, and the location of the change in water velocity

(Rodgers & Boczek 2011).

    The hydraulic head in potable WDN during a cross-connection and backflow event contributes to the

volume of the contaminated water that may enter the WDN. Three hydraulic head conditions can reveal

the ratio between contaminated water and potable water. The first condition is when the hydraulic head

of the contaminated water is higher than in the potable water. The contaminated water will enter the

WDN with low dilution ratios between contaminated and potable water (a higher percentage of

contaminated water than potable water). For the second condition, when the hydraulic head in the

contaminated water is equal to the potable water, the cross-connection and backflow are still possible;

however, the dilution ratio is high (the percentage of contaminated water lower than the potable water)

and may differ significantly. In the third condition, when the hydraulic head in the contaminated water

is lower than in the potable water, there will be no intrusion from the contaminated water into the potable

water; instead, the potable water is expected to flow into the contaminated water and act as a hydraulic

barrier. Considering health risk issues could be ignored as the dilution ratio is exceptionally high

(Friedler et al. 2015).

    Cross-connections and backflow events may occur at various locations: the detection of cross-

connection of the distribution center to an industrial water pipe, cross-connection associated with new

feeder pipe installation connected to an industrial water pipe, and cross-connection at a branch during

lead pipe replacement work (World Health Organization 2014). Dual reticulation water supply systems

can introduce cross-connection issues. The mixing between the treated and drinking water varies

depending on the water supply pressure, pipe connection locations, and end-use conditions (McInnis

2004). According to Vinas et al. (2022), various events contributed to the occurrence of cross-

connections and backflows. Cross-connection may occur because of misconnection due to human error

or design failure. Misconnection due to human error includes incorrect connection in house plumbing

between potable and non-portable systems, inappropriate connection during construction of new pipes,

or inappropriate connection during regular maintenance work. In contrast, misconnection due to design

failure includes overflow in the reservoir connected to a non-potable pipe or other design failures. Other

factors such as lack of supervision program, lack of sufficient staff or knowledge about the system, or
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fail sensor detection failure are also important reasons for cross-connection events. On the other hand,

backflow events may occur due to loss of hydraulic head or backflow-prevention device absence or

failure. Loss of hydraulic head causes low pressure in the network that may occur because of pump

failure due to the wrong setting, deficient metering, or deficient control of pump operation (Viñas et al.

2022). Risk of cross-connection increases due to the development of dual distribution systems of potable

and reclaimed water. In the dual system, the reclaimed water (greywater and wastewater) is distributed

back to domestic properties via a distribution system parallel with potable water and used for non-

potable purposes such as toilet flushing or other municipal usages. Treated greywater is classified as

wastewater from bathtubs, showers, bathroom sinks, and clothes washing machines. In

contrast, reclaimed wastewater is classified as water collected from the toilet, dishwasher, and kitchen

sink wastewater generated from municipal or industrial sewage (Fernandes et al. 2007).

2.3 Potential health risks associated with cross-connection
According to the Centers for Disease Control and Prevention in the United States, 57 waterborne disease

outbreaks were documented related to cross-connection events, resulting in more than 9,000 illnesses

from 1981 to 1998. Back-pressure or back-siphonage to a non-potable source was the reason behind

these cross-connection events, and in most events, a sewage system was involved (Craun & Calderon

2001). Waterborne disease outbreaks provide awareness of public health risks linked to contamination

events in distribution systems. Even though the water being discharged from the treatment plant follows

all drinking water quality standards, the risk of re-contamination of water in the distribution network

before it reaches consumer taps can put the consumers' health at risk, such as diarrheal illness.

    Gastrointestinal disease (GII), specifically vomiting and acute gastrointestinal illness (AGI), is one of

the most frequently occurring health outbreak events associated with consuming drinking water of an

inadequate quality that contains bacteria, viruses, and protozoans. According to the study conducted by

Säve-Söderbergh et al. (2017) that investigated the association between gastrointestinal illness and

incidents in WDN, the result indicated a significant correlation between incidents in the WDN and GII

outbreak and that children between 2 and 5 years are at the highest risk. Up to 37 % of GII cases are

caused by pathogen intrusion into WDN from an external source, such as sewage (Säve-Söderbergh et

al. 2017). Cryptosporidium, among other pathogens such as Campylobacter, E. coli, Salmonella,

Norovirus, Rotavirus, and Giardia, is considered the main reason behind GII outbreaks worldwide

caused by consuming inadequate drinking water quality in WDNs (Falk & Odhiambo 2021). Reducing

the risk of waterborne disease outbreaks requires blocking contamination from the distribution system

by maintaining suitable water pressure, maintaining a chlorine residual, maintaining and repairing pipe

systems, and applying cross-connection control programs (Craun & Calderon 2001).
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2.4 Hydraulic/ water quality modeling and QMRA assessment

2.4.1 Hydraulic/ water quality model
Hydraulic modeling coupled with water quality modeling such as the EPANET model can be used to

simulate the distribution of the contaminant by calculating flows and the dispersion of contaminated

water through the distribution networks. The simulation aids in identifying the area downstream that is

exposed to a contamination event (Blokker et al. 2018). The system simulation results can provide the

potential microorganism concentrations for every pipe and node at each simulated time step. This

concentration can be used as a data input for risk assessment calculation for each affected area (pipes

and nodes) in the system for the different events (McInnis 2004). In addition to tracking the distribution

of contaminants from the sources to the consumers, EPANET helps simulate various interactions that

reduce (decay) or increase (growth) the concentration of the contamination within the system. However,

the model cannot determine impacts or health risks linked to the pathogen intrusion; therefore, it is

usually combined with a quantitative microbial risk assessment to make it possible (Falk & Odhiambo

2021).

2.4.2 QMRA
The QMRA framework is generally used to quantify the risk to human health of a potential hazard posed

by pathogens in drinking water. It can determine the probability of infection and the possible illness

cases with the maximum possible limit of illness cases (Falk & Odhiambo 2021). QMRA alone cannot

calculate the fate and the transport of pathogens within WDN. Therefore, combining it with other models

makes it possible to quantify risks associated with the incident in WDN, such as hydraulic models, which

are efficient at simulating pressure and transportation of contamination in WDN (Falk & Odhiambo

2021). Since sampling methods for estimating fecal contamination risk in the distribution networks have

significant underestimation results, a modeling method is essential to assess the immediate

contamination events. These risk assessments could be done by QMRA combined with a hydraulic

network model to simulate the fate and transport of contaminants in the distribution system (Hamouda

et al. 2018).

QMRA framework consists mainly of four steps (Kusumawardhana et al. 2021):

1. identify hazard events and select target pathogens.

2. Assess the exposure scenario by estimating the concentration of pathogen and volume

of water, identifying the exposure route, and calculating the dose of each target

pathogen.

3. Determine the does-response model.

4. Calculate the probability of infection using the estimated dose and dose-response

models corresponding to each target pathogen.
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QMRA uses reference organisms from the different groups of waterborne pathogens (protozoa, bacteria,

and viruses) because measuring the enormous number of pathogens is time-consuming. These reference

organisms have the available data for source water, treatment removal, and dose-response (Hamouda et

al. 2016).

2.4.3 Previous studies
Mena et al. (2008) used QMRA combined with a hydraulic model to determine the likely number of

waterborne Salmonella infections and illnesses caused by drinking water cross-connected with

wastewater during a contamination event in Pineville, Louisiana, in 2000. The results indicate that

infection risks from exposure to Salmonella vary from 10% after only 1-day exposure to approximately

99% for both the 30 and 90-day exposure durations (Mena et al. 2008). Also, Vinas et al. (2022) studied

the deficiencies in drinking water distribution networks in Sweden due to cross-connections that lead to

contamination of the drinking water and pose a significant health risk to consumers. The study provided

a framework for assessing the risk of infection from cross-connection and backflow events using fault

tree analysis methodology combined with hydraulic modeling and QMRA. For the fault tree analysis,

the probability of a contamination event occurring in Swedish networks was determined using the

national cross-connection incident data. The network's contaminant transport was simulated using

hydraulic modeling (EPANET) and the daily risk of infection assessment using QMRA. The study

included three reference pathogens Campylobacter, Norovirus, and Cryptosporidium. The result

indicates that the daily risk of infection from cross-connection and backflow events in Swedish networks

was generally above an acceptable target level of 10−6 for all reference pathogens (Viñas et al., 2022).
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3 Methods
This section describes the hydraulic and water quality modeling procedures and QMRA framework

adopted for this study to assess the health risk of infection due to cross-connection and backflow events.

Hydraulic and water quality modeling EPANET was used to simulate the fate and transport of the

pathogen in the distribution network during the outbreak. Later the concentration of the simulated

pathogen in the WSN was adopted to quantitatively evaluate the health risk impact associated with

outbreak events using the Swedish QMRA tool developed within the Analytica software.

The project was implemented in three phases to achieve the objective of the study:

· Events formulation: the first phase included identifying hazard events, estimating the initial

concentration of pathogens, and calculating the pathogen intrusion rate.

· Hydraulic water quality modeling: the second phase included the hydraulic simulation using

the EPANET model

· QMRA: the last phase included characterization of the health risk related to microbial drinking

water contamination considering hazard identification, exposure assessment, dose-response

analyses, and the daily infection probabilities per contamination event.

3.1 The Events formulation
Based on the literature review, the first phase involved identifying and formulating the contamination

events associated with cross-connection and backflow incidents. For this study, two waterborne

outbreak events in Netherlands and Finland were selected to analyze the health risk outcomes associated

with each event. Each event included the description of the hazard event, estimation of the initial

concentration of the pathogens, and calculation of the intrusion rate introduced into WDN during the

cross-connection event.

3.1.1 Event 1: Cross-connection with raw wastewater

The first event was an extensive gastroenteritis outbreak in Finland due to a cross-connection incident

between drinking water and wastewater (Laine et al. 2011). The incident occurred when a valve in the

wastewater plant connecting the drinking water pipes and wastewater effluent pipes had been opened

during the maintenance work on 28 November 2007 and unintentionally left open. During the same time

of cross-connection, the municipal drinking water system faced technical problems. Consequently, the

drinking water network became contaminated with wastewater and distributed to consumers. Consumers

complained of a bad smell and undesirable taste in tap water; however, the water municipality suggested

the reason behind the problem was harmless deposits loosened from the inner walls of the distribution

networks and discharged during the maintenance work. On 30 November, the number of reported cases
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of diarrhea and vomiting among residents increased; the same day, the health center observed a massive

waterborne gastroenteritis outbreak. An extensive water and pipeline sampling was initiated on the same

day, and the water contamination and its source were identified. Urgent decontamination procedures

were issued, including a boil-water notice, pipeline flushing, and increased water chlorine concentration.

Finally, on 18 February 2008, the precautionary restrictions were withdrawn almost three months after

the incident. According to the flow data, the estimated volume of wastewater that entered the drinking

water and was distributed to the customers was 450 m3. As a result, 1222 residents sought medical care,

and seven pathogens were found in patient samples, according to a database (Laine et al. 2011).

3.1.2 Event 2: Cross-connection with non-potable partially treated greywater
The second event was an outbreak of waterborne gastroenteritis in the Netherlands caused by an

unintentional cross-connection between the drinking water distribution network and non-potable

partially treated greywater distribution network (van Lieverloo et al. 2007). In 2001, in a new housing

estate, drinking water was contaminated with greywater due to human error when the drinking water

system had been connected to the greywater system to flush and clean it after maintenance work. The

cross-connection was not removed after operating the greywater system again. Accidental low pressure

in the potable distribution system caused greywater to flow back into the drinking water pipes.

Consequently, the drinking water was contaminated by pathogens, and on 3 December, possibly two

days after the incident, people complained of a smelly and unusual tap water taste. On 4 December,

water samples were collected at the affected residential area, and on the evening of the next day, a

boiling water notice was issued for the ca. 900 properties. The cross-connection was removed on 6

December, and on the next day, no pathogens were found in the drinking water (van Lieverloo et al.

2007).

3.1.3 Pathogen concentration in the source of contamination
Cross-connection events present groups of pathogens with potentially harmful health impacts, and each

event was characterized by different pathogen concentrations that were compiled from various literature.

According to previous studies reviewed for the possible reference pathogens in wastewater and

greywater on the samples of contaminated water by cross-connection, the result indicated an abnormal

amount of, Norovirus that was responsible for the outbreak in the samples. Cross-connection events

were modeled for various sources of contamination (wastewater, greywater, treated wastewater, and

treated greywater) for four reference pathogens (viruses: Norovirus and Rotavirus; bacteria:

Campylobacter; and protozoa: Cryptosporidium) to evaluate the health risk of infection.

    These events in Finland and Netherland were modeled for both raw waste/greywater and partially

treated waste/greywater, which have different influent pathogen concentrations. For the simulation of

the outbreak event in Finland, previously simulated pathogen concentrations from an epidemiology-

based model were adopted for the simulation of pathogen concentration in the wastewater and greywater
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(Jahne et al. 2017). For the simulation of the outbreak event in the Netherland, previously simulated

log10 reduction targets (LRTs) were adopted to calculate the pathogen concentration in the partially

treated waste/greywater. LRTs represent the microbial risks and treatment requirements associated with

non-potable uses of distributed waters calculated for a 1000 -person residential collection system. Table

1 summarizes the simulated LRTs values for each reference pathogen (Schoen et al. 2018) that was

applied to raw wastewater and greywater concentration obtained from the Jahne et al. (2017) study to

calculate the pathogen concentration on the treated water.
Table 1. log10 pathogen reduction target (LRT) required for non-potable indoor use for both greywater and
wastewater collected locally from a 1000-person collection system.

LRT Norovirus
(genome
copies)

Rotavirus
(FFU)

Cryptosporidium Campylobacter
reference

 (oocysts) (CFU)

wastewater 7/9.8 8.1 6.3 5.5 (Schoen et al. 2018)

Greywater 7.9 6 4.1 3.3 (Schoen et al. 2018)

Table 2 presents the simulated pathogen concentrations in combined greywater and local wastewater

from all sources, including toilets (Jahne et al. 2017). The concentration of partially treated wastewater

and greywater were calculated based on LRT applied to the wastewater and greywater.

Table 2. Pathogen concentrations in combined greywater and local wastewater from all sources: 95th percentile
when occurring (Jahne et al. 2017). The concentration of treated wastewater and greywater were calculated based
on LRT applied to the wastewater and greywater.

Source of Pathogens [log10 per L] concentration
 [No per L]

Greywater 95th%
Campylobacter 3.19 1.55E+03
Cryptosporidium 2.77 5.89E+02
Norovirus 5.73 5.37E+05
Rotavirus 5.41 2.57E+05
 Wastewater 95th%

Campylobacter 5.35 2.24E+05
Cryptosporidium 5.11 1.29E+05
Norovirus 8.21 1.62E+08
Rotavirus 7.98 9.55E+07
 Treated wastewater

Campylobacter -0.15 7.08E-01
Cryptosporidium -1.19 6.46E-02
Norovirus -1.59 2.57E-02
Rotavirus -0.12 7.59E-01
Treated greywater

Campylobacter -0.11 7.76E-01
Cryptosporidium -1.33 4.68E-02
Norovirus -2.17 6.76E-03
Rotavirus -0.59 2.57E-01
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3.1.4 Pathogen intrusion flow rate (Qint) into the WDN
The volume of contaminated water that may enter the system per time is influenced by the intensity and

duration of the negative pressure (McInnis 2004). Therefore, to relate the potential flow rate through the

cross-connection and the pressure gradient acting across it, three levels of the intrusion flow rate were

considered: (1) extreme risk level, (2) elevated risk level, and (3) endemic risk level.

The calculation started by calculating the flow rate in the pipe according to the equation 1 below:

ݓ݈ܨ ݁ݐܽݎ ݅݊ = ݁݅ ܽ݁ݎܽ (2݉) ݁݅ ܺ )ݕݐ݈݅ܿ݁ݒ


)     Equation 1

Table 3: calculation of the flow rate in the pipe where the cross-connection assumed to be occurred.

Velocity (m/s) 3.00E-02
Velocity (m/h) 1.08E+02
Diameter (m) 4.00E-01
Pipe area (m2) 1.26E-01
flow rate in pipe (m3/h) 1.36E+01
flow rate in pipe (L/min) 2.26E+02

Then, the intrusion flow rate (Qint) assumed to intrude into the distribution network for each case, was

calculated using various ratios of that flow rate in the pipe at the cross-connection location.

· Extreme risk level: Qint = 2.26E+01 (10% flow rate of the pipe).

· Elevated risk level: Qint = 2.26E+00 (1%  flow rate of the pipe).

· Endemic risk level: Qint = 2.26E-02 (0.01% flow rate of the pipe).

Lastly, the mass flow (number of pathogens entering WDN per min) was calculated by multiplying the

calculated intrusion rate (Qint) for each risk level and the concentrations of pathogens in contaminated

water presented in table 2, according to equation 2.

ݏݏܽ݉ ) ݓ݈݂ ே


)   = ݓ݈݂ ܳ) ݁ݐܽݎ ) (ݐ݊݅ 


) ݔ ே) ݊݅ݐܽݎݐ݊݁ܿ݊ܿ


) Equation 2

The calculated mass flow (called mass booster in EPANET) was used as the input date for the hydraulic

and water quality modeling presented in table 4 below.
Table 4. Calculated mass flow of pathogens set into EPANET as a mass booster (No/min). It was calculated by
multiplying the intrusion rate of the contaminated water, Qint, and the pathogen concentration in the contaminated
source.

 Extreme risk level Elevated risk level Endemic risk level

Pathogen Mass flow
(No/ min)

Mass flow
(No/ min)

Mass flow
(No/ min)

Greywater

Campylobacter 3.50E+04 3.50E+03 3.50E+01

Cryptosporidium 1.33E+04 1.33E+03 1.33E+01
Norovirus 1.21E+07 1.21E+06 1.21E+04

Rotavirus 5.81E+06 5.81E+05 5.81E+03
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Wastewater

Campylobacter 5.06E+06 5.06E+05 5.06E+03

Cryptosporidium 2.91E+06 2.91E+05 2.91E+03

Norovirus 3.67E+09 3.67E+08 3.67E+06

Rotavirus 2.16E+09 2.16E+08 2.16E+06

Treated wastewater

Campylobacter 1.60E+01 1.60E+00 1.60E-02

Cryptosporidium 1.46E+00 1.46E-01 1.46E-03

Norovirus 5.81E-01 5.81E-02 5.81E-04

Rotavirus 1.71E+01 1.71E+00 1.71E-02

Treated greywater

Campylobacter 1.75E+01 1.75E+00 1.75E-02

Cryptosporidium 1.06E+00 1.06E-01 1.06E-03

Norovirus 1.53E-01 1.53E-02 1.53E-04
Rotavirus 5.81E+00 5.81E-01 5.81E-03

3.2 Hydraulic and water quality modeling procedure
The analysis of the hydraulic and water quality behavior of the water distribution networks was

conducted by using the hydraulic model EPANET. The modeling procedure for this project started with

setting up the project, constructing a network model, setting the properties of network objects, then

formulating the simulation scenarios. After that, the model ran for the hydraulic and water quality

analysis for an extended simulation period.

3.2.1 System description
The study area is a residential area that includes apartment buildings, separate housing, and industry.

The water distribution network for the modeling is designed to serve the area with a daily average flow

of 1466.11 m3/h and was assumed to be supplied from one pumping station from a reservoir and has no

tanks (figure 2). The network structure has around 2.6 km of pipe in 400 mm diameter main pipelines.

The network is composed of 100 nodes, including 80 nodes with base demand ranging between 0.30

and 17.94 m3/h regulated with demand pattern one (Appendix 2); 10 nodes with based demand of 0.17

m3/h and regulated by demand pattern two (appendix3); and ten nodes with based demand ranged

between 58.9 and 202 m3/h regulated with demand patter three (appendix 4). The water velocity in the

distribution system is highly variable, depending on the water demand at each node, and ranges between

0.01 and 3.24 m/s.
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Figure 2. Plan view of water distribution network showing pipes, nodes, reservoir, and location of cross-
connection node marked with a black point.

3.2.2 Simulation scenarios
The hydraulic model was simulated for various scenarios to investigate the critical parameters

contributing to the cross-connection characteristic and estimate the concentration of the pathogens in

the WDN. The parameters investigated were the low-pressure intensity, duration of the low-pressure

event, cross-connection location, and the pathogen concentration in the contaminated water source. All

scenarios were simulated for four reference pathogens and four sources of contamination (wastewater,

greywater, treated wastewater, and treated greywater).

The procedure of modeling considers the following scenarios:

· Cross-connection at location zone 1, simulated for a low-pressure duration of 5 hours under

three operations hydraulic pressure to analyze the contribution of low-pressure intensity.

· Cross-connection at location zone 1, simulated for a low-pressure duration of 1 and 5 hours.

· Cross-connection at location zone 2, simulated for a low-pressure duration of 1 and 5 hours.

In the normal condition, the reservoir head was 65m, indicating the pressure behavior the upstream

system obtained with the usage of pumps. The theoretical hydraulic pressure of the reservoir was

adjusted to 11.30, 20, and 35 m to simulate the variation of operational hydraulic pressure under low-

pressure events (figure 3). The 11.30 m hydraulic head was considered the lowest pressure before the

unbalanced system occurred. The duration of low or negative pressure was set for one and five hours

during peak demand between 11:00 and 16:00.
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Figure 3. Reservoir head pressure pattern for low-pressure events.

3.2.3 Hydraulic modeling

The modeling procedure included setting various parameters in the demand model, demands pattern,

head loss formula, and hydraulic time steps using the assumption of input data for the simulations based

on previous studies. After constructing the network model, the next step in the hydraulic modeling

procedure was to decide the project parameters. EPANET model considers two different modeling water

demands: a demand-driven analysis (DDA) and a pressure-driven analysis (PDA). During (DDA), all

the node demands are always met even if it causes negative pressures in the system, while PDA assumes

that demand varies between 0 and its total value as a power function of nodal pressure. PDA was made

to equal demand of zero when the pressure is below minimum pressure and supplied the fully required

demand when the pressure was above some service pressure. The PDA model was adopted for this

project to make the network more realistic for analyzing and avoid having positive demands at nodes

with negative pressures. The pressures were set for 0 and 20 m for minimum and required pressure,

respectively. For the time demand patterns, different time demand patterns were adopted for each type

of residential area and industry to allow the demands to vary during the days. An extended simulation

period was run to obtain a more realistic distribution network for analyzing operation. Pattern time step,

which makes demands at the nodes vary periodically over a day, was set at 1 hour. Simulation run using

hydraulic time steps for the simulation duration assumed 84 hours with the hydraulic time step of 10

minutes. The reporting time steps were set to 5- minutes reports, and the clock starts time was set to

00:00 (midnight). For the head loss parameter, the Hazen-Williams (W-H) head loss formula was

adopted to compute head loss as a function of flow rate in a pipe.
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3.2.4 Water quality modeling
After setting the hydraulic model parameters, the water quality model simulated the pathogen intrusion

into the distribution network. The pathogens were intruded into the system as a "Mass booster," which

means a constant load (number per time unit) of pathogens was pumped into the distribution network

for the entire contamination period via the node where the cross-connection occurs. In the simulation of

the cross-connection event, the contamination event was assumed to occur during the low pressure

during the first day of the simulation. The hydraulic and water quality simulations were run for 84 hours,

after which the contamination material could be assumed to have left the system. EPANET's water

quality simulator uses a time-based approach to follow the fate of the contamination as they move along

pipes and mix at joints between fixed-length time steps. These water quality time steps usually are

shorter than the hydraulic time step and were assumed to be 1- minute to accommodate the short times

of travel that can occur within pipes.

    The simulation was performed by injecting the pathogen's mass flow (table 4) into the WDN at the

node representing the cross-connection scene to estimate the pathogen concentration in the WDN. For

each cross-connection event (wastewater, greywater, and treated grey/wastewater), the system was

simulated for four pathogens (Campylobacter, Cryptosporidium, Norovirus, and Rotavirus); the result

represents the range of the maximum concentration for different nodes in the system. The highest

concentration of pathogens obtained from the EPANET simulation represents the concentration of the

worst-case scenario in the distribution system. In the next phase, these values were used as input for

quantitative microbial risk assessment.

3.3 QMRA
The method was based on applying the QMRA framework to investigate the effect of contaminated

water on people exposed to contaminated water due to cross-connection events. For this assessment, the

Swedish QMRA tool developed within the Analytica software (Analytica n.d.)was used to calculate the

daily infection probabilities based on the modeling results for different scenarios and followed four steps

as described in section 2.4.2 in the background

3.3.1 Hazard identification

Description of events
This study considered two events where clean drinking water in the distribution network was

accidentally cross connected to a non-potable drinking system. Non-potable drinking system was

simulated for four water types: wastewater, greywater, treated wastewater, and treated greywater in the

distribution network contaminated by different pathogens.

Target Pathogens
The infection risk from each event was simulated for four reference pathogens

(viruses: Norovirus and Rotavirus; bacteria: Campylobacter; and protozoa: Cryptosporidium).
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3.3.2 Exposure Assessment

Concentration of Pathogens
The concentration of the pathogens obtained from the EPANET model represents a listing of pathogen

concentrations for every node in the system at each simulated time step. For the QMRA assessment, the

highest concentration range obtained from each scenario was used as the input for risk of infection

calculations.

Exposure Routes
The exposure pathway considered in this study was through ingestion of contaminated drinking water

due to cross-connections between the clean drinking water system and the non-potable water system.

Exposure Dose

The exposure analysis determines the number of pathogens that enter the human body, and it estimates

the dose in drinking water based on the concentration in the consumed water and the volume of water

being consumed. The dose ingested of the target pathogen estimated for each exposure scenario was

calculated by multiplying the consumed concentration of pathogens times the volume of water ingested.

The consumed concentration is the concentration of pathogens at the tap obtained as output from the

EPANET model. The volume of water ingested was calculated according to the Säve-Söderbergh et al.

(2017) study selected in the QMRA tool. The study estimates that the amount of cold tap water collected

using the traditional methods ranges from 4.5 to 7.0 glasses of water per 24 hours. For statistical

distributions, the daily consumption of cold tap water was best described as a gamma distribution. This

Gamma distribution multiplied by a water glass volume of 200 ml is recommended as the first choice in

the tool (Säve-Söderbergh et al. 2017).

3.3.3 Dose-Response

The dose-response assessment defines the association between the exposure dose to pathogens and the

probability of dangerous effects. The likelihood of infection was estimated by the dose-response model

that considers a dose value. The dose-response is a mathematical model that differs according to the

target pathogens. According to the QMRA Analytica tool, there are two standard models: the

exponential and the beta-Poisson models. Both models can be selected in the tool as higher infectivity

and lower infectivity. For this study, dose-response parameters adopted in the QMRA Analytica tool

were the Beta Poisson model for Campylobacter, Cryptosporidium, and Rotavirus, while the Fractional

Poisson model was used for Norovirus. This model assumes that the human body is either wholly

susceptible or entirely immune to Norovirus.
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3.3.4 Event Risk

Risk characterization quantifies the probability of infected people per contamination event using dose-

response models corresponding to the target pathogen. The daily probability of infection was used to

present the health risk assessment using the QMRA tool. The risk assessment analysis considered a

health target of 10-6 risk of infection per person and day for the exposed population.
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4 Results
This section presents the results of the characteristic of cross-connection during the hydraulic and water

quality simulation, the simulated concentration of pathogen in the water distribution network, and the

daily risk of infection outputs from QMRA.

4.1 Impact of parameters on pathogens in WDN
The characteristics of cross-connection were analyzed by simulating various scenarios to investigate the

impact of the essential parameters on the fate and transport of pathogens in WDN. Parameters that could

potentially contribute to the variation in output include the following: the intensity and duration of the

low/negative pressure event (1-hour and 5-hours), the location of the cross-connection (zone 1 and zone

2), and the source of contamination (wastewater, greywater, treated wastewater). The results were

presented only for Campylobacter during the extreme risk level since other pathogens

(Cryptosporidium, Norovirus, and Rotavirus) and other risk levels (elevated and endemic) showed the

same response to the different parameters. Likewise, the results were represented only for wastewater,

greywater, and treated wastewater and not presented for greywater since the concentration of treated

greywater and treated wastewater were in the same range, so the results were identical for both water

types.

    The effect of the low pressure on the fate and transport of the pathogen in WDN was investigated by

simulating the cross-connection events that occurred at location zone 1(see figure 2) under three low-

pressure operation conditions. It was observed that pathogen concentration in the WDN varies according

to the head pressure of the reservoir supplying the system. As shown in table 4, the highest concentration

was observed during operating the system under extreme low-pressure (11.3 m), and the concentration

decreased significantly as the head pressure increased to 20 m and 35 m. The difference in concentrations

was noticeable between 11.3 and 20 m.
Table 4. The maximum observed Campylobacter concentration in the water distribution network during the
simulation of cross-connection event at location zone 1 for three operating reservoir head pressure conditions and
for three contaminations events (greywater, wastewater, and treated wastewater).

Campylobacter sources 11.3 m head pressure
[No/L]

20 m head pressure
 [No/L]

35 m head pressure
[No/L]

wastewater 4.46E+03 4.18E+02 1.98E+02

greywater 3.08E+01 2.89E+00 1.37E+00

treated wastewater 1.00E-02 1.00E-03 1.00E-04

The contribution of cross-connection location and duration on fate and transport of contamination within

the WDN was illustrated using spatial distributions (figures 5 and 6). The location of cross-connection

directly affects the spread of contamination, especially when the WDN system is a tree design with
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many dead ends. Figure 5 (A, B, and C) shows the spread of Campylobacter during cross-connection

events with wastewater, greywater, and treated wastewater at the location close to reservoir zone 1(see

figure 2). During wastewater and greywater events, contamination with high concentrations spread to

nodes far from cross-connection locations. The same pattern was for the treated wastewater, where the

spreading of the contamination reaches most of the system but with a lower concentration. However,

cross-connection at a location far away from the reservoir at zone 2 shows a different trend where the

spread of contamination reaches the only part of the system close to the cross-connection location, as

can be seen in figure 5 (D, E, and F) for the event with wastewater, greywater, and treated wastewater.

Figure 4. The effect of cross-connection location on the spatial distribution of pathogen in WDN. Figures (A),
(B), and (C) represent Campylobacter concentration during cross-connection events at zone 1with wastewater,
greywater, and treated wastewater, respectively; while figuring (D), (E), and (F) represent cross-connection events
at zone 2 with wastewater greywater and treated greywater, respectively. The areas most affected with high
concentrations are in red. The concentration is above 24 No/L for wastewater and greywater events and above 0.01
No/L for treated wastewater.

Figure 6 shows the result for simulating the cross-connection for two durations, 1 hour and 5 hours for

the event at location zone 1 (see figure 2). The result indicated that different cross-connection durations

contributed mainly to the contamination concentration in the WDN, as duration directly influences the

load of contamination, which means the 5-hours cross-connection duration allows more contamination
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to enter the system than the 1-hour cross-connection duration. During wastewater and greywater events,

the concentration of the contamination increased by 18% for zone 1 and 12% for zone 2. The different

duration also affects the spread of the contamination within the system, especially during the event of

treated wastewater. The pathogen concentration was much lower during the 1-hour cross-connection

than 5 hours, which made the contamination leave the system before reaching farther nodes. While the

effect of cross-connection duration during wastewater and greywater events was not evident in the

spreading of the contamination as pathogen concentration from the sources was too high and contributed

to the spreading.

Figure 5. The effect of cross-connection duration on the spatial distribution of pathogen in WDN. Figure (A), (B),
and (C) represent the concentration of Campylobacter during 5 hours of cross-connection with wastewater,
greywater, and treated greywater, respectively; while figure (D), (E), and (F) represent the concentration of
Campylobacter during 1-hour cross-connection with wastewater, greywater, and treated greywater, respectively.

    The variation of pathogen concentration in the contaminated water source significantly influenced the

spreading and the concentration of the contamination in the WDN. For both duration and location, the

number of the affected nodes and concentration was most significant during wastewater events where
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the pathogen concentration was also high, followed by greywater and then treated wastewater with

limited spreading (Table 5).

Table 5. Concentration distribution and percentage of affected nodes by Campylobacter during cross-connection
events (wastewater, greywater, and treated wastewater) simulated for cross-connection at location zone 1 and zone
2 for the duration of 5 and 1 hours.

4.2 Simulated pathogen concentration in the water distribution network

The estimated concentrations of Campylobacter, Cryptosporidium, Norovirus, and Rotavirus in WDN

obtained from EPANET simulation were summarized in table 6. The obtained concentration results

represent the simulation of the cross-connection events with wastewater, greywater, treated wastewater,

and treated greywater for 5 hours at the location close to the reservoir (zone 1) and intrusion volume

rate of three risk levels (extreme, elevated, and endemic). The presented concentration denotes the

maximum concentration range for different nodes in the system that were applied as uniform (U)

distributions input data (minimum; maximum) for the risks assessment in the QMRA tool.

Table 6. Results from EPANET generated for all cross-connection events presented as concentration ranges
(No/L) for Campylobacter, Cryptosporidium, Norovirus, and Rotavirus.

 Extreme risk cases Elevated risk cases Endemic risk cases

Concentration (No/ L)
Max               min

Concentration (No/ L)
Max               min

Concentration (No/ L)
Max               min

Wastewater
Campylobacter 4.46E+03        3.11E+01 4.46E+02     3.11E+00 4.46E+00       3.11E-02
Cryptosporidium 2.56E+03        1.79E+01 2.56E+02     1.79E+00 2.56E+00       1.79E-02
Norovirus 3.50E+06        2.44E+04 3.50E+05      2.44E+03 3.50E+03        2.44E+01
Rotavirus 1.90E+06         2.19E+05 1.90E+05      2.19E+04 1.90E+03      2.19E+02
Greywater

                                                     Cross-connection zone 1

5 hours 1 hour
affected nodes concentration No/L affected nodes concentration No/L

wastewater 94% 4.46E+03 93% 3.66E+03
greywater 94% 3.08E+01 93% 2.53E+01
treated wastewater 48% 1.00E-02 21% 1.00E-02

                                                     Cross-connection zone 2

5 hours 1 hour
affected nodes concentration No/L affected nodes concentration No/L

wastewater 45% 9.65E+03 46% 8.55E+03
greywater 45% 6.68E+01 46% 5.92E+01
treated wastewater 28% 3.00E-02 22% 3.00E-02
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Campylobacter 3.08E+01        2.33E+00 3.08E+00      2.33E-01 3.08E-02 2.33E-03
Cryptosporidium 1.17E+01 1.14E+00 1.17E+00      1.14E-01 1.17E-02 1.14E-03
Norovirus 1.07E+04        7.54E+01 1.07E+03 7.54E+00 1.07E+01 7.54E-02
Rotavirus 5.12E+03 3.58E+01 5.12E+02 3.58E+00 5.12E+00 3.58E-02
Treated
wastewater
Campylobacter 1.00E-02 1.00E-03 1.00E-05
Cryptosporidium 1.00E-03 1.00E-04 1.00E-06
Norovirus 1.00E-04 1.00E-05 1.00E-07
Rotavirus 2.00E-02 1.00E-02 2.00E-03          1.00E-03 2.00E-05      1.00E-05
Treated
greywater
Campylobacter 2.00E-02         1.00E-02 2.00E-03          1.00E-03 2.00E-05       1.00E-05
Cryptosporidium 1.00E-05 1.00E-06 1.00E-08
Norovirus 1.00E-04 1.00E-05 1.00E-07
Rotavirus 1.00E-03 1.00E-04 1.00E-06

To display the variation of the pathogen concentration in the WDN during a different time, the

concentration of Campylobacter at some of the critical nodes was present in figure 4 during the cross-

connection event with treated wastewater. As seen from the figure, the peak concentration occurs

between 11 and 16 hours during the low-pressure event. The concentration decreases after mixing and

dilution until leaving the system in the consumer tap water.

Figure 6. Time series plot for Campylobacter for selected critical nodes during cross-connection events with
treated wastewater.

4.3 Health risk assessment in QMRA
The 50th and 95th percentile daily probability risk of infection from various cross-connection events

(wastewater, greywater, treated wastewater, and treated greywater) for the three intrusion risk levels

were estimated and are presented in table 7 below. The daily risk was estimated for four pathogens

(Campylobacter, Rotavirus, Norovirus, and Cryptosporidium) during the cross-connection at location

zone 1, lasting for 5 hours.
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Table 7. daily probability of infection for cross-connection event with wastewater presented for 5% and 95%
values for each reference pathogen for three intrusion risk levels (extreme, elevated, and endemic).

Extreme
risk

Elevated
risk

Endemic
risk

5% 95% 5% 95% 5% 95%
wastewater
Campylobacter 5.50E-01 6.20E-01 3.70E-01 4.60E-01 2.90E-02 7.80E-02
Cryptosporidium 9.80E-01 1.00E+00 3.40E-01 7.60E-01 4.10E-03 1.30E-02
Norovirus 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Rotavirus 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

greywater

Campylobacter 1.40E-01 2.30E-01 2.20E-02 6.10E-02 2.60E-04 7.80E-04
Cryptosporidium 2.20E-02 6.20E-02 2.20E-03 6.40E-03 2.20E-05 6.30E-05
Norovirus 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Rotavirus 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.20E-01 9.90E-01

Treated wastewater

Campylobacter 1.70E-04 3.70E-04 1.70E-05 3.70E-05 1.70E-07 3.70E-07
Cryptosporidium 3.80E-06 8.20E-06 3.80E-07 8.20E-07 3.80E-09 8.20E-09
Norovirus 7.10E-05 1.90E-04 6.90E-06 1.90E-05 6.60E-08 1.90E-07
Rotavirus 4.70E-03 2.40E-02 4.20E-04 2.40E-03 4.20E-06 2.30E-05

Treated greywater

Campylobacter 2.60E-04 5.80E-04 2.50E-05 5.80E-05 2.50E-07 5.90E-07
Cryptosporidium 3.80E-07 8.20E-07 3.80E-09 8.20E-09 3.80E-11 8.20E-11
Norovirus 7.10E-05 1.90E-04 6.90E-06 1.90E-05 6.90E-08 1.90E-07
Rotavirus 2.80E-04 1.60E-03 2.80E-05 1.60E-04 2.70E-07 1.50E-06

    As shown in Table 7 above, none of the pathogens generally meet the guideline value of 10-6 infected

per day during the extreme, elevated, and endemic risk levels, except for endemic risk levels during the

treated wastewater and greywater events. Among the calculated daily probability of infection during all

events, the worst cases of daily risk were represented by wastewater and greywater events, followed by

treated wastewater and greywater across all pathogens and risk levels. None of the reference pathogens

meet the acceptable guideline of 10-6 in all risk levels during wastewater and greywater events; however,

only Campylobacter and Cryptosporidium showed acceptable risk during the elevated and endemic risk

levels for the treated wastewater and greywater events. Among all reference pathogens from the various

events and risk levels, Rotavirus had the highest risk during cross-connection events, and risk levels

with all predicted daily probability risks of infection exceeded acceptable guidelines of 10-6. For

Norovirus, the calculated daily risks of cross-connections with wastewaters and greywater also

surpassed the guideline. Yet, during treated wastewater and greywater events, the risk was below the

guideline only during the endemic risk level. Campylobacter indicated a similar risk of infection as

Rotavirus and Norovirus and did not meet the guideline, except for the event of cross-connections with

treated wastewaters greywater during the endemic risk level. The lower risk of infection was presented
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by Cryptosporidium, with a probability of infection below the guideline for the events of cross-

connections with treated wastewaters greywater during both the elevated and endemic risk levels.

    When comparing the behavior of the pathogen from the various events and risk levels, Rotavirus had

the highest risk among all reference pathogens during cross-connection events and risk levels. None of

the predicted daily probability risks of infection met the acceptable guideline. For the event of

wastewater and greywater, the calculated daily probability risks of infection were 1.00 across all risk

levels. Considering the treated wastewater and greywater events, the risk of infection decreased by 2-6

log10 but did not meet the guideline of 10−6 in any events. The next highest was Norovirus; the predicted

daily risks of cross-connections with wastewaters and greywater had the highest risk value of 1.00. The

risk decreased by 4-7 log10 during the cross-connection event of treated wastewater and greywater and

was below guideline only during the endemic risk level. Campylobacter also showed a similar risk of

infection as Rotavirus and Norovirus and did not meet the guideline, except for the event of cross-

connections with treated wastewaters, and greywater met guideline only during the endemic risk level.

The calculated daily risks for cross-connections ranged from 5.50E-01to 5.90E-07. The lowest event

risk was from Cryptosporidium, with a probability of infection below the guideline of 10−6 for the events

of cross-connections with treated wastewaters and greywater for both the elevated and endemic risk

levels. The estimated daily risks for cross-connections ranged from 1 to 8.20E-11.
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5 Discussion

5.1 Daily risk of infection characterization
This study used a hydraulic model combined with the QMRA framework to evaluate the probability

risks of infection posed by cross-connections. The daily probability risks of infection posed by cross-

connections and backflow events from four contaminated water types: wastewater, greywater, treated

wastewater, and treated greywater for three different risk levels, were evaluated using a hydraulic model

combined with the QMRA framework. Various hydraulic scenarios were simulated to investigate the

contribution of different parameters to the fate and transport of the pathogen in the WDN and,

consequently, the daily probability of risk of infection. The hydraulic and water quality modeling

EPANET was employed to investigate the impact of low-pressure intensity and duration, cross-

connection location, and pathogen concentration in water types. The estimated daily risk of infection

from cross-connection and backflow events generally exceeded the acceptable target level of 10−6 per

person per day for all reference pathogens and modeled events. The exception was for the endemic risk

level during the cross-connections with treated wastewater and greywater, where the risk was 10−7 and

10−10.

According to the result, the low-pressure intensity significantly contributes to the observed pathogen

concentration in the WDN, and it increases accordingly as the reservoir head that supplies the system

decreases. This observation agrees with previous studies demonstrating that low-pressure intensity

directly contributes to the intrusion volume of contaminated water entering the WDN during low-

pressure (Falk and Odhiambo, 2021a; World Health Organization, 2014; Teunis et al., 2010). According

to these studies, the lower the reservoir head drop (pressure intensity), the higher the risk of the

contaminated water entering the WDN, thereby, the higher the concentration of contamination.

Similarly, the duration of the low-pressure event had a high impact on the concentration of pathogens

in the WDN, and hence the risk of infection, as it directly influenced the number of pathogens intruding

into the system and the number of affected nodes. During the longer duration of low pressure, the peak

concentration of the pathogen also increases; consequently, the probability of consuming contaminated

water also increases. A previous study conducted by Van Abel et al. (2014) determined that the timing

of water ingestion during contamination events was important when estimating the probability of

infection. The study suggested that the individual is at risk of infection if the water consumption occurs

during the peak concentration while the contaminant plume passes the tap. Also, increasing the number

of times water is consumed per day significantly increases the estimated probability of infection as it

increases the likelihood of coinciding with contaminated drinking (Van Abel et al. 2014). In another

study, a sensitivity analysis conducted by Teunis et al. (2010)  to investigate the most critical parameter

contribution to the risk of infection has been shown that the main driver for the risk of infection is the

duration of the pressure event (Teunis et al. 2010).
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In this study, the location of the cross-connection event undoubtedly impacted the transport of

contamination within the WDN and, subsequently, the number of affected nodes. As the results

illustrate, cross-connection events at locations close to the reservoir had a higher impact than cross-

connection events at a location far away from the reservoir. According to Viñas et al. (2022), recognizing

the network parts with the highest contribution to the infection risks could be used to advise sensor

placement strategies in distribution networks in the future (Viñas et al. 2022) .

Even though the water quality in the distribution network can be degraded, for instance, due to

contamination intrusion, water quality monitoring in the WDN is limited at water treatment plants due

to budget limitations. Although it is evident that the contamination in the distribution network poses a

severe impact on human health,  the applied treatment in the form of residual disinfectant boosters is

usually limited once water enters the WDN and is distributed to the consumers (Mahmoud et al. 2019).

5.2 Uncertainties
The method for estimating infection risks was filled with uncertainties that could be mitigated by better

estimates in future research, such as the estimation of pathogen concentrations in contaminated water

sources, the rate of the intrusion volume during low-pressure events, hydraulic model design, the

durations of cross-connection events, and QMRA input parameters.

The pathogen concentration in the raw wastewater and greywater and the adopted LRT target applied

to achieve treated wastewater and greywater present a significant level of uncertainty. Another

uncertainty can be represented by the calculation intrusion volume rate of the contaminated water. The

project assumed three levels of intrusion volume rate (extreme 10%, elevated 1%, and endemic 0.01%)

to cover the different low-pressure intensities, which ultimately contributed to the contamination volume

rate. This assumption does not consider the exact intrusion volume corresponding to various hydraulic

head events. Another uncertainty can be linked to the accuracy of the hydraulic model design used for

the simulation objective. For example, some nodes had water demand above 300 cubic meters per hour,

representing the water demand consumed for the proposed industrial demand; subsequently, the daily

event risk is overestimated as that amount of water was not for drinking purposes.

Also, the QMRA tool entails many uncertainties to the calculated risk of infection depending on the

input data and the considered parameters based on certain assumptions. Among these assumptions was

the choice of dose-response model (lower and upper dose-repose) when evaluating pathogen response

in the human body. For this study, the lower dose-repose models were adopted to calculate the risk of

infection; however, the calculated risk was increased by 1-log when applying upper dose-repose models

to the Campylobacter and by 2-log when applied upper dose-repose Cryptosporidium; however,

Rotavirus and Norovirus did not show any difference for the two models. Other parameters for

evaluating the dose of pathogens delivered through drinking water were the concentration of pathogens,

the volume of drinking water consumed, and the time of tap water ingestion. The QMRA tool does not

consider the correlation between when an individual ingests tap water and the peak concentration during
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the low-pressure event. Therefore, if the timing of water consumption coincides with peak concentration,

the risk of infection will increase. In this case, the calculated risk of infection by the QMRA tool assumes

that the entire daily amount of consumed water happened during the peak concentration, which is not

accurate, as the peak of the concentration might leave the system within a few hours depending on the

actual demand of the system that can be used for irrigation or filling pool during the summer. Therefore,

the timing and volume of water consumption are essential parameters and should be considered when

estimating the risk of infection.

    This study is limited to evaluating the health risk from fecal contamination in drinking water through

ingesting contaminated water. However, it did not include health risks from opportunistic pathogens

such as Legionella, Staphylococcus, aureus, and other exposure routes, for instance, inhalation during

showering. Furthermore, the simulation of the WDN did not include any mitigation measures during the

outbreak (such as adding chlorination or flushing) even though the usefulness of using these measures

in decreasing the potential contamination risk of infection has been shown in other studies (Blokker et

al., 2018; Yang et al., 2015).

5.3 Mitigation measures

Mitigation measures should focus on keeping adequate pressure conditions in the network since

various studies concluded that low pressure was the most sensitive parameter influencing the daily risk

of infection (Viñas et al. 2022). The lower the pressure in the WDN, the higher the risk of

contaminated water entering the WDN since backflow occurs when the pressure of the contaminated

water surpasses the pressure of the potable water. Therefore, controlling and preventing backflow

events requires identifying and removing the essential factors that increase the risk of these events,

such as removing any physical link or cross-connection between contaminated water and potable

water, installing a backflow prevention device or an air gap, and removing the cause of the negative or

low pressure (World Health Organization 2014). These procedures are critical when potable water

systems are connected to boilers, water chillers, chemical feeders, liquid soap dispensers, sewage

handling equipment, and other non-potable water systems where the risk for backflow or back-

siphonage is high (Craun & Calderon 2001). Moreover, by using conventional water-quality sensors

and machine learning, it has been shown to be possible to detect cross-connection events at an early

phase (Xu et al. 2019
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6 Conclusion
The conclusions from this study can be summarized as follows:

· The combination of hydraulic and water quality modeling EPANET and quantitative microbial

risk assessment (QMRA) framework developed in this report provides a practical risk

assessment tool to evaluate the risks of infection due to distribution network insufficiencies.

· According to the results, the parameters influencing the characteristics of cross-connection and

backflow events were the intensity and duration of the low-pressure event, the location of the

cross-connection, and the pathogen concentration in water sources.

· Longer duration and lower pressure intensity influence the pathogens' fate and transport in the

WDN by increasing the number of pathogens entering the system per time unit.

· The spatial distribution and zoning of high contaminant concentration increased significantly

during the cross-connection events at the location close to the reservoir with wastewater and

greywater.

· Based on the QMRA results, the calculated daily risk of infection generally did not meet the

acceptable guidelines of 10-6 per person per day. None of the pathogens meet the acceptable risk

guideline during the extreme and elevated risk levels. Norovirus and Rotavirus pose the highest

risk of infection for the consumer, with a 100% probability of infection across all events and

risk levels.

· Contamination events with wastewater and greywater had a higher predicted health impact than

treated wastewater and greywater. The risk predicted from treated water differed from negligible

to exceeding the daily health guideline depending on the characteristics of the contamination

event.

· The risk of cross-connections and backflow events can be managed by maintaining adequate

pressure conditions in the distribution network, preventing any physical contact with non-

potable water sources, careful plumbing installation and inspection procedures, and developing

an early detection system.
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Appendices

Appendix 1: pathogen intrusion pattern for 5 hours cross-connection

Appendix 2: pattern 1 residential housing

Appendix 3: pattern 2 industrial use

Appendices 4: pattern 3 shopping center



34

Appendix 5: low- pressure for 1 hour duration

Appendix 6: pathogen intrusion pattern during 1 hours cross-connection
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Appendix 7: time series illustrate the pressure at cross-connection point

Appendix 8: total percent of affected nodes by contamination events

Appendix 9: maximum values of daily probability of infection for three risk level
(extreme, elevated, and endemic risk case) for cross-connection events with wastewater,
greywater, treated wastewater, and treated greywater.

1,00E-11

1,00E-09

1,00E-07

1,00E-05

1,00E-03

1,00E-01

Extreme risk Elveted risk Endemic risk

p
in

f
pr

pb
ab

ili
ty

 o
f i

nf
ec

tio
n

Scenarios

Norovirus Rotavirus Campylobacter Cryptosporidium

5 hours 1 hours

Norovirus Rotaviru
s

Campylobacter Cryptosporidium Norovirus Rotavirus Campylobacter Cryptosporidium

wastewater
94% 94% 94% 94% 93% 93% 93% 93%

 greywater 94% 96% 96% 94% 93% 93% 93% 93%

 treated
wastewater

66% 48% 48% 43% 33% 21% 21%
13%

 treated
greywater

43% 66% 60% 71% 17% 33% 22% 58%







Examensarbete vid Institutionen för geovetenskaper 
ISSN 1650-6553 


	Mall_början
	Baksida
	Mall_början

