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Executive summary

EXECUTIVE SUMMARY

The increasing practice of water recycling, including or not managed aquifer recharge (MAR),
requires to thoroughly assess the risks posed by it in real systems, not only in laboratory and
column studies.

The present work has been developed in a case study in Sabadell, Spain. For this site, the
treated effluent of the Ripoll River WWTP is discharged into the Ripoll River, thus enhancing
the natural infiltration to the alluvial aquifer. Pumping of the groundwater induces a riverbed
filtration process (RBF), which is one of types of MAR. The recovered water undergoes further
post-treatments, including UV, chlorination and sand filtration. After the post-treatments, the
water is used for park irrigation and street cleaning. This site was part of the RECLAIM
WATER project, supported by the European Commission and devoted to studying MAR and
the use of reclaimed water for it in different locations in Europe, as well as in other countries
outside Europe. For Sabadell case study, named “RISMAR” in the present work, a risk
assessment and a risk management have been developed. In addition, a quantitative microbial
risk assessment (QMRA) has been developed too. QMRA is not as usually applied to recycled
water schemes as it is to drinking water ones, and even less to MAR.

In order to develop the risk assessment, it was necessary to gather data on the site. Most of the
data used to develop the present work were generated in the framework of the RECLAIM
WATER project, and it included not only basic wastewater and surface water regular
parameters and microbiological indicators, but also trace compounds, pathogens and antibiotic
resistance genes. Other data were available from public institutions and previous works.

The main results of the risk assessment indicate that for the uses considered for the final treated
water the risk is low and in some cases medium, with the exception of using the final treated
water as drinking water. Currently, this use it is not in place at the site, and it is not expected to
be in the near future. The QMRA results additionally indicate that cross-connection, swimming
and the immunocompromised population would be in the limit of the acceptable level of risk.
Thus, the immunocompromised population should be considered in risk assessments, as the
risk for them might be much higher than for the rest of the population. The residual risks that
needed to be managed and considered were posed by inorganic compounds, organic
compounds, salinity and mobilization of inorganic compounds from the sediments.

Another important result of the work is that the RBF and subsurface treatment proved to be
very useful in reducing the risks posed by pathogens, nutrients, organic compounds and
particulates. In contraposition, other risks appeared, like the mobilization of inorganic
compounds from the aquifer. Then, these positive results support the request by many authors
of treating MAR as an additional treatment.

Finally, a risk management plan has been developed, integrating the results of the risk
assessment. For this risk management plan, not only the critical control points are identified, as
it is typical for risk managements, but the twelve elements of the framework issued by the
Australian Government (NRMMC-EPHC-NHMRC, 2009) have been assessed and developed,
thus supporting a robust risk management plan. Emphasis is put in corrective and preventive
actions for the system, as well as in defining the critical limits, monitoring program and
sampling points. Besides, validation is given the importance it has in order to ensure a proper
functioning of the system.
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2. INTRODUCTION

2.1. Water in the World: scarcity

Water is one of the essential human needs. In our changing and heavily populated world, that
currently has reached 7 billion inhabitants, water is becoming a precious jewel, unevenly
distributed and more and more scarce, and future projections are even worse. In this difficult
context, alternative water sources are gaining importance, as part of a requested global solution.

Access to safe drinking-water is essential to health, a basic human right and a component of
effective policy for health protection. The importance of water, sanitation and hygiene for
health and development has been reflected in the outcomes of a series of international policy
forums. At the 2000 UN Millennium Summit, world leaders from rich and poor countries alike
committed themselves - at the highest political level - to a set of eight time-bound targets that,
when achieved, would end extreme poverty worldwide by 2015 (United Nations, 2012). Goal
number seven is devoted to “Ensure Environmental Sustainability”, and one of the set targets
inside this goal is “Halve, by 2015, the proportion of the population without sustainable access
to safe drinking water and basic sanitation”. In our world today around 2.5 billion people do
not have access to improved sanitation and some 1.2 billion people do not have access to an
improved source of water.

In addition of working to supply safe drinking water and basic sanitation to the population,
water scarcity requires the use of alternative water sources in order to cope with the demand.
Alternative water resources include:

e Water surpluses.

e Seawater desalination.

¢ Continental saline waters desalination.
e Rainwater and stormwater.

e Condensed/dew water.

e Recycled water/water reuse.

Water reuse has gained importance and is nowadays a great option to increase water resources.
One of the most widely extended uses of recycled water is agricultural irrigation, which helps
to grow more food and reduce the use of potable water and fertilizers, thus contributing to
Millennium Development Goal 1: “Eliminate extreme poverty and hungry” (WHO, 2006b).

Treated wastewater has the advantage of being produced the whole year round. However, this
treated wastewater sometimes needs to be stored in order to be used during high demand
periods or to cope with strong scarcity periods. One good option for storage is to perform a
managed aquifer recharge, which at the same time can improve the water quality. Then,
managed aquifer recharge with treated wastewater is a good opportunity to cope with the
water scarcity in the world.

2.2. Water reuse and reclamation processes

Global water reuse is primarily driven by two main groups of drivers: first, reuse is a response
to an increasing demand for water and limitations on freshwater availability; and second, water
reuse is driven by a desire to take advantage of the economic benefits of wastewater (US EPA,
2012).

The first group of drivers for water reuse is typically found in areas of physical water scarcity,
such as the Middle East and North Africa region, Australia, Singapore, and parts of southern
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Africa. Thus, poor water resources management and climate change may exacerbate conditions
of scarcity in some countries and create conditions of scarcity in others. The creation of
environmental regulations that limit the quantity of water available for human use and set
standards for the quality of the treated effluent has, in turn, promoted greater reuse of existing
water rather than development of new water sources.

Economic considerations are also beginning to drive water reuse in high-resource contexts,
marketing the reuse of reclaimed water as a way of obtaining a partial return on investment for
wastewater treatment. The prospect of water scarcity begins to discourage lower-value uses,
such as agricultural irrigation. Economic benefits associated with formal water reuse projects
are more likely to be achieved over longer timeframes compared to shorter-term gains from
transporting water from distant sources, groundwater mining, and reservoir construction.

2.2.1. Wastewater and reclaimed water reuse

Wastewater reuse has been done since ancient times. The first historical evidence of wastewater
used for irrigation goes back to the Middle and Late Bronze Ages (c.3000-1400 BC) in the
Minoan Civilization (Angelakis and Spyridakis, 1996). Water reuse was already a common
practice in Roman times where water was used several times in the same house. Wastewater
has also been used by the Mediterranean civilizations, for example in the 14th and 15th
centuries in Milan and Valencia, and also in the North European ones, like in Great Britain,
Germany, France, and Poland (Soulié and Tréméa, 1992). The reuse practice was performed
without measures of health control and any treatment process. Later on, wastewater was
directly disposed into the crop fields, in UK and Germany during the sixteenth and seventeenth
centuries (Asano and Levine, 1996). In more recent history, the first large-scale water reuse
projects were developed at the beginning of 1800s when “sewage farms”, a technology
developed in Germany, were expanded to England and to other European countries until the
end of nineteenth century. However, sewage farms were principally operated as disposal sites
aiming to maximize the amount of wastewater applied per surface unit rather than to recycle it
efficiently for crop irrigation (Paranychianakis et al., 2011). Systems to discharge wastewater
into surface water were introduced during the nineteenth century. This led to problems of
biological contamination, cholera and typhoid fever during the period 1840-1850. In London, in
order to correct these problems, wastewater was discharged downstream of the river catchment
area for potable purposes. Gradually, drinking water filtration before use was introduced. The
implementation of planning programs for wastewater use started in the early twentieth century.
The state of California was the first to establish regulations for the reuse of reclaimed water in
1918, "First regulation for use of sewage for irrigation purposes in California" (Paranychianakis
et al., 2011). The pressure on water resources and the benefits of reclaimed water use to crop
yield due to the increased concentrations of nutrients stimulated water recycling for irrigation.
These regulations encouraged water reuse for irrigation of non-edible crops and for crops
cooked before being eaten, while prohibiting the use of raw wastewater for crop irrigation.
Since then, the “California Regulations” have been continuously updated to cover new
applications and to meet the stringent requirements for public health and of the environment.
In 1965 Israel adopted the first water reuse regulations for irrigation, and in 1999 they were
revised by the Israeli Ministry of Health. In 1973 the first guidelines for water reuse were
published by the World Health Organization addressing health criteria and treatment processes
for water reuse applications (WHO, 1973). In 1989 following a meeting in Switzerland the first
revision of the WHO guidelines was published (WHO, 1989). Following the publication of the
“California Regulations” and the WHO recommendations, many countries and states
developed criteria for water reuse that were mainly influenced by these two distinct
philosophies (Paranychianakis et al., 2011).

In the late 90's there has been a growing interest in using reclaimed water worldwide. Many
communities throughout the world are approaching, or have already reached, the limits of their
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available water supplies; water reclamation and reuse have almost become necessary for
conserving and extending available water supplies. Water reuse may also present communities
with an alternate wastewater disposal method as well as provide pollution abatement by
diverting effluent discharge away from sensitive surface waters. Already accepted and
endorsed by the public in many urban and agricultural areas, properly implemented non-
potable reuse projects can help communities meet water demand and supply challenges
without any known significant health risks (US EPA, 2012).

Nowadays, untreated wastewater is widely used in developing countries for irrigation. This
practice entails serious risks for the human health. However, scarcity obliges them to take
action and use any resource possible. In developed countries, untreated wastewater is not used
for irrigation, but it is treated in wastewater treatment plants (WWTPs) and in some cases in
reclamation plants, in order to reuse it for potable or non-potable purposes.

2.2.2. Uses of the reclaimed water

Reclaimed water can be given many different uses. Table 1 gives a summary of possible uses,
and also includes the main limitations that need to be overcome for each use. In the sections
below the most important uses of reclaimed water are discussed.

2.2.2.1. Urban uses

Urban uses include a wide variety of possibilities for reclaimed water use, and usually is
serving large users. In dual distribution systems, the reclaimed water is delivered to customers
through a parallel network of distribution mains separate from the community’s potable water
distribution system, and taking all available measures to avoid cross-connection. In addition, it
is requested to warn consumers of the risks that can be undertaken when reclaimed water is
used for potable purposes. Urban uses are currently performed around the world. Initial
experiences with urban reuse come from California, USA. The city of Pomona started to reuse
water for urban purposes in 1973. In Australia, Mawson Lakes community, in South Australia,
has a dual network system and the reclaimed water is used for many urban uses (NRMMC-
EPHC-AHMC, 2006). In Spain, one example is Sabadell, Catalonia, which is the focus of the
present work. In this case, the final treated water is used for street cleaning and urban park
irrigation. Other examples are: a recreational park in Tarragona province (Alcalde, 2012) and
green areas irrigation in La China, Madrid (Olcina, 2002).

2.22.2.  Agricultural uses

Agricultural utilization of reclaimed water is the most widely extended use. Worldwide, it was
estimated that irrigation water demands exceeded all other categories of water use, and almost
60 percent of all the world’s freshwater withdrawals go towards irrigation uses (US EPA, 2012).
Many reuse experiences in the world, then, are devoted to agricultural use. In fact, agricultural
irrigation is the predominant application for reclaimed water in Europe with 70 % of the reused
volumes devoted to this use (Wintgens and Hochstrat, 2006). The widespread use of reclaimed
water for irrigation comes from the high water demands of this sector. In line with the wide use
of reclaimed water for irrigation, there has been an active production of guidelines and
regulations that refer to this particular water reuse case and it has been extensively studied.

Risk Assessment and Risk Management in MAR and recycled water reuse: The case of Sabadell <27 »




2. Introduction

Table 1 Treated wastewater and reclaimed water uses and limitations (modified from Asano ef al.,
2007; NRMMC-EPHC-AHMC, 2006; Salgot and Angelakis, 2001; US EPA, 2012).

Uses

Limitations

1. Urban uses

1.1. Residential uses: Private gardens irrigation, air conditioning,
toilet flushing.

1.2. Irrigation of open access landscape areas: parks, gardens,
sport fields, golf courses, school yards, graveyards, highway
medians and shoulders, landscaped areas surrounding public
buildings and facilities, etc.

1.3. Street cleaning.

1.4. Fire-fighting systems.

1.5. Commercial uses such as vehicle washing facilities, laundry
facilities, window washing, and mixing water for pesticides,
herbicides, and liquid fertilizers.

1.6. Ornamental landscape uses and decorative water features,
such as fountains, reflecting pools, and waterfalls.

- Legionella in air conditioning

- Pathogens transmission through aerosols
- Corrosion, fouling, particles

- Salinity and infiltration rate

- Implement a piping system separate from
potable water

- Cross-connection with potable water

2. Agricultural uses

2.1. Crop irrigation. Fodder, cereals, seeds, horticulture, fruit
trees, etc.

2.2. Irrigation of pastures for milk or meat animals.
2.3. Aquiculture.

2.4. Irrigation of nurseries and ornamental flowers.

2.5. Production of wood, biofuel, compost.

- Salinity and infiltration rate

- Pathogens transmission through aerosols
- Public acceptance

- Corrosion, fouling, particles

- Pollution of continental waters and
groundwater

- Toxicity for aquatic life, animals or crops

- Toxicity for consumers.

3. Industrial uses

3.1. Process water and cleaning.

3.2. Construction, dust control, concrete production.
3.3. Materials transport.

3.4. Cooling water and heating water.

- Legionella (cooling water)

- Pathogens transmission through aerosols
- Corrosion, fouling, particles, scaling

- Pathogens transmission through aerosols
- Aesthetic (odour)

4. Recreational uses

4.1. Impoundments, lakes, water bodies and streams for
recreational uses.

4.2. Artificial snow.

- Pathogens transmission

- Eutrophication

- Aesthetical (odour)

- Adverse effects on flora and fauna

5. Environmental uses
5.1. Irrigation of forested areas, landscape and green areas.
5.2. Environmental flow maintenance (rivers or streams).

5.3. Enhancement of wetlands and marsh.

- Pathogens transmission

- Eutrophication

- Aesthetical (odour)

- Adverse effects on flora and fauna

6. Managed Aquifer Recharge
6.1. Saltwater intrusion barrier.

6.2. Recovery of aquifer water levels and maintenance of
groundwater depended ecosystems.

6.3. Storage of recycled water for future uses.
6.4. Recycled water quality improvement.
6.5. Dilution of polluted/saline aquifers.

6.6. Ground subsidence control.

6.7. Water transport.

6.8. Ensure water supply.

- Micropollutants introduction into the aquifer.
- Suspended solids, metals, nutrients, nitrate
and pathogens in reclaimed water.

7. Potable reuse

7.1. Direct potable reuse by mixture with potable water supply
or direct connection to water distribution network.

7.2. Indirect
groundwater

potable reuse by mixing with surface and/or

- Pathogens transmission

- Public acceptance and aesthetical.
- Corrosion, fouling, particles

- Micropollutants
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Crop irrigation requires a good amount of water, which can be reclaimed water thus reducing
the stress on potable water use. In developing countries, untreated wastewater is also used for
this purpose due to water scarcity and lack of sanitation. When reusing reclaimed water for
irrigation, it is important to consider (NRMMC-EPHC-AHMC, 2006; US EPA, 2012; WHO,
2006b):

e The crop: some crops can be sensitive to salinity, heavy metals and other pollutants, so
this must be accounted for.

e The soil: some soils can be sensitive to salinity and leaching processes.

e The irrigation type: e.g. sprinklers, drip irrigation, border irrigation. Depending on the
kind of irrigation the risk of disease spread due to pathogenic microorganisms varies.

e The quality of the reclaimed water: depending on the crops irrigated, reclaimed water
irrigation can be restricted. For instance, if the water contains a high concentration of
pathogens, then it is not recommended to be used to irrigate vegetables or crops eaten
raw.

e The public acceptance to reuse reclaimed water for crop irrigation: if the consumer will
not buy the produce, the system is not useful.

The availability of the water: it is necessary to cover high peak demands and to find a way to
store the reclaimed water.

Some well-known water reuse schemes for irrigation purposes in the world are: Dan Region, in
Israel; Tula Valley, Mexico; Virginia pipeline scheme and Bolivar ASR, South Australia,
Australia; Soukra, Tunisia; Beijing, China; California, USA, among others (Hamilton et al., 2007;
Icekson-Tal et al., 2003; Page et al., 2010). Agricultural reuse is also the most commonly found
use in Spain, with reuse schemes present in The Costa Brava, Vitoria, Alicante, Gran Canaria,
Valencia, Almeria and Tenerife (Olcina, 2002), among other implemented.

2.2.2.3. Industrial uses

Industrial use of reclaimed water has increased substantially since the early 1990s.
Traditionally, pulp and paper, textile, and other facilities using reclaimed water for cooling
tower purposes, have been the primary industrial users of reclaimed water. In the recent years,
the industrial use of reclaimed water has been growing in a variety of industries ranging from
electronics to food processing, as well as a broader adoption by the power-generation industry.
These industries use reclaimed water for purposes ranging from process water, boiler feed
water, and cooling tower use to flushing toilets and site irrigation (US EPA, 2012). Some
examples around the world are: Coca-Cola, Frito Lay and Intel, USA; Bokod Power Station,
Hungary; Samsung, South Korea; Holmen paper mill, Madrid; and different companies in
Vitoria, Bilbao and Tarragona, Spain (Blanco et al., 2009; Jiménez and Asano, 2008; Olcina, 2002;
US EPA, 2012). Using the reclaimed water as process water entails more risk in the food
industry. The highly possible introduction of pathogens when using reclaimed water as process
water requests that the reclaimed water used has a high quality standard, with a strict
disinfection process. Using the reclaimed water as cooling water entails a risk associated to the
presence of Legionella, especially in cooling towers.

2.2.2.4. Recreational uses

Uses of reclaimed water for recreational purposes range from landscape impoundments or
water hazards on golf courses to full-scale development of water-based recreational
impoundments. Artificial snow is also another recreational use, less known. Depending on the
degree of contact with the populations, the reclamation treatments will need to be more or less
stringent. Examples around the world for water-oriented recreational activities are: Santee
Lakes Recreation Preserve (Park), San Diego, USA; Bolivar ASR, South Australia, Australia; and
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golf courses in the Mediterranean area (Page et al., 2010; Salgot et al., 2012; US EPA, 2012).
Snowmaking with reclaimed water is being done in the USA, Canada, and Australia (US EPA,
2012). Examples in Australia include Mt Buller resort (Mt Buller Resort, 2012) and Mount
Hotham Resort, both in Victoria (US EPA, 2012). In the USA examples are found in Maine,
Pennsylvania, Arizona and California. Recreational examples in Spain include golf courses
(water hazards filling), located at Bandama, Gran Canaria, Costa Brava, Catalonia, Balearic
Islands and South of Spain, and also Port Aventura park in Tarragona, Catalonia (Alcalde, 2012;
Olcina, 2002; Salgot et al., 2012).

2.2.2.5. Environmental uses

Environmental reuse primarily includes the use of reclaimed water to support wetlands and to
supplemental stream and river flows (US EPA, 2012). Environmental uses are gaining
importance, but not in developing countries where they are not a must. Some examples for
environmental uses are: the Orlando Easterly Wetlands, in Florida, USA; Lake Elsinore,
California; and flow augmentation for Bell Creek in the city of Sequim, Washington (US EPA,
2012). In Spain interesting cases of rivers and wetlands restoration can be described. Some
examples for wetlands are: Aiguamolls de 'Emporda, Costa Brava, Catalonia; Llobregat Delta,
Catalonia; and Albufera Natural Park, Valencia (Olcina, 2002). For rivers restoration, Llobregat,
Besos and Manzanares are good examples. In Sabadell, the object site of the present work, the
treated wastewater is discharged to the Ripoll River for river flow maintenance.

2.2.2.6. Managed Aquifer Recharge uses
Managed aquifer recharge (MAR) will be more in-depth discussed in section 2.2.4.
The purposes of MAR using reclaimed water may be to:
(1) Establish saltwater intrusion barriers in coastal aquifers.
(2) Provide further treatment for future reuse.

(3) Augment potable or non-potable aquifers, recover water levels and maintain
groundwater dependent ecosystems.

(4) Provide storage of reclaimed water for subsequent retrieval and reuse.
(5) Control or prevent ground subsidence.

(6) Dilute saline or polluted aquifers.

(7) Use it as a means of moving water from an area to another.

(8) Ensure water supply.

In case MAR is used as storage, transport and/or quality improvement means, the recovered
water can be given any of the uses explained in this section, including potable use.

MAR has been gaining more and more importance in the recent years; proof of this is the
increase in projects and the last European Commission funded projects “RECLAIM WATER”
and “GABARDINE”. The present work has been developed in the framework of the RECLAIM
WATER project (see section 2.3.3), and Sabadell recycled water scheme was part of it. In
Sabadell, the MAR recycled water scheme uses riverbed filtration as means to recharge the
alluvial aquifer under the Ripoll River. Some of the sites included in the RECLAIM WATER
project have been cited as examples of reuse in the present section 2.2.2. The Orange County
case, in California, USA, is one of the most well-known MAR schemes (US EPA, 2012). In
Catalonia, it is also well-known the case of the Llobregat Delta, where recharge used to be
performed as a barrier against saline intrusion. Other examples of MAR around the world and
in Spain are given in section 2.3.1.
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2.2.2.7. DPotable uses

Direct or indirect potable use of treated wastewater entails a high level of wastewater treatment,
including at least advanced tertiary treatments and disinfection, in order to produce “reclaimed
water”. In the case of direct potable reuse the reclaimed water is directly introduced into the
potable distribution network. There are few experiences in this sense, to cite some: Windhoek,
Namibia; Big Springs, Texas, USA; Cloudcroft, New Mexico, USA (Leverenz et al., 2011). The
main difficulties faced for this direct potable reuse is the high level of treatment required for the
wastewater, and the risks posed to the human health. In fact, current regulations in Spain
(Spanish Official Bulletin, 2007) and in most countries do not consider/accept the direct potable
reuse of reclaimed water. For indirect potable reuse, treated wastewater effluent is discharged
into a natural environmental buffer, such as a stream or aquifer (US EPA, 2012). Well-known
experiences with indirect potable reuse include: Orange County, California, USA; Atlantis,
Cape Town, South Africa; Newater, Singapore; Occoquan County, Virginia, USA;
Wulpen/Torreele, Belgium (Leverenz et al., 2011; Page et al., 2010; US EPA, 2012).

2.2.3. Reclamation processes

Raw wastewater needs to follow at least primary and secondary treatments at the WWTP in
order to be prepared for reclamation processes. These reclamation processes, also known as
tertiary treatments, are mostly intended to reduce the pathogen load still present in the treated
wastewater, as well as the salinity, nutrients, organic compounds, trace elements or any other
hazardous compounds that would need to be eliminated or decreased depending on the final
use of the reclaimed water.

Reclamation processes can be classified in pre-treatments and disinfection treatments. Pre-
treatments are usually performed prior to disinfection, with the objective of reducing the solids,
organic matter and other contaminant loads of the treated wastewater and prepare it for a more
effective disinfection. Disinfection treatments are intended to reduce pathogens concentration,
and, some of them, additionally include a residual disinfectant level that persists in the
reclaimed water. However, the risk of disinfection by-products generation needs to be
considered and reduced as far as possible.

Reclamation technologies, analogously to regular wastewater treatment ones, can be classified
in conventional (intensive) and non-conventional (extensive). The most commonly used
reclamation technologies are (de Koning et al., 2006, Salgot et al., 2002):

e Pre-treatments:
o Physical: sand filters and membranes.
o Physicochemical: dissolved air-flotation, coagulation, flocculation.
o Physical and biological: infiltration-percolation, wetlands, MAR.
¢ Disinfection:
o Physical: ultrafiltration, reverse osmosis, UV radiation.
o Chemical: chlorination, chloramination, ozonation.
o Biological: maturation lagooning, constructed wetlands.

It is also important to consider that, apart from the specific reclamation technologies; selected
secondary treatments can achieve a good effluent quality, enough to reuse the reclaimed water,
as can be the membrane bioreactors. MAR can also be used as a reclamation treatment, and can
be integrated in the whole treatment train for the reclaimed water.
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2.24. Multiple-barrier approach

The multiple-barrier approach is based on the use of more than one barrier to reduce the risks
posed by the different hazards in a process, thus making the process more reliable. The strength
of this approach is that a failure of one barrier may be compensated by effective operation of the
remaining barriers, thus minimizing the likelihood of contaminants passing through the entire
system and being present in sufficient amounts to cause harm to consumers (WHO, 2011).

The multiple-barrier approach is universally recognised as the foundation for ensuring the
production of safe drinking water, and it was posteriorly applied to wastewater treatment and
reclamation processes. No single barrier is effective against all conceivable sources of
contamination, is effective all the time or constantly functions at maximum efficiency. Robust
barriers are those that can handle a relatively wide range of challenges with close to maximum
performance and without suffering major failure. Knowing how many barriers are required to
address the level of potential contamination in individual systems is important. This requires a
thorough understanding of the nature of the challenges and the vulnerabilities of the barriers in
place (NHMRC-NRMMC, 2011; NRMMC-EPHC-AHMC, 2006).

In the case of water reuse, each of the treatments performed to the source water is a barrier that
reduces the risk, but also other kinds of barriers are important and need be considered, as for
instance source protection or end-user restriction barriers.

The multiple-barrier approach is very important in risk management systems, and it has been
developed in section 7.3.1.

2.3. Managed Aquifer Recharge (MAR)

An aquifer is an underground reservoir of water contained by rock or unconsolidated materials
(gravel, sand, silt or clay), from which groundwater can be extracted. Aquifers are recharged
“naturally” or unintentionally by different means, as pointed out in the MAR guidelines
(NRMMC-EPHC-NHMRC, 2009):

e Naturally: rain, rivers, streams, lakes, any superficial water body or other aquifers
water.

e Unintentional recharge enhancement: clearing of deep rooted vegetation
or soil tillage, leakage from water pipes and sewers, irrigation deep seepage, spraying
defoliants, infiltration of run-off from impervious areas.

e Unmanaged recharge (for disposal): stormwater drainage wells and sumps, septic tank
leach fields, mining and industrial water disposal to sumps, floodplain water
harvesting.

In MAR a water source is used to recharge an aquifer under controlled conditions. The aquifer
is used to store surplus water for later use, to improve the water quality or for environmental
benefit (see section 2.2.2.6 for the purposes of MAR). Then, citing the MAR guidelines
(NRMMC-EPHC-NHMRC, 2009): “Managed aquifer recharge is the purposeful recharge of
water to aquifers for subsequent recovery or environmental benefit. It is not a method for waste
disposal.”

2.3.1. The practice: sources of water and types of MAR
Sources of water that can be used to recharge an aquifer can be:
e Rainwater or stormwater.
e Treated wastewater or reclaimed water.

e Surface water, from rivers, streams and lakes.
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Groundwater drawn from other aquifers or drawn remotely from the same aquifer.
Potable water from distribution systems.

Desalinated water.

MAR can be performed by two means: infiltration/percolation through the soil or direct
injection into the aquifer (by constructed wells). Different types of MAR can be differentiated
depending on the system used for recharge. The types of MAR, according to Dillon (2005) and
NRMMC-EPHC-NHMRC (2009), are summarized below and in Figure 1:

Aquifer storage and recovery (ASR): injection of water into a well for storage and
recovery from the same well. A good example is Bolivar ASR, in Adelaide, South
Australia (Ayuso-Gabella et al., 2010; Dillon et al., 2001). Other sites also located in
Australia are Perth, Western Australia; Marruwi, Northern Territory (Dillon et al., 2010);
Paddocks wetland ASR, in Salisbury, South Australia; ASR into hard rock, Melbourne,
Victoria (Dillon, 2009). In the USA ASR is also a common practice for MAR, and many
examples are found in the West and East Coasts (Eaton et al., 2009). In Spain examples
can be found in Esgueva River, Castilla-Leén and Llobregat River, Catalonia (Ortufio,
2011; Queralt, 2009).

Aquifer storage transfer and recovery (ASTR): injection of water into a well for storage
and recovery from a different well, generally to provide additional water treatment
through aquifer passage. A good example is Parafield Gardens, in Salisbury, South
Australia. This case study was part of the RECLAIM WATER project (Dillon et al., 2008).
Examples in Spain include Vergel in Alicante, Comunidad Valenciana and Llobregat
River, Catalonia (de la Orden, 2009).

Bank filtration or riverbank filtration (RBF): extraction of groundwater from a well near
or under a river or lake to induce infiltration from the surface water body thereby
improving and making more consistent the quality of water recovered. By pumping
water from the well, a pressure head difference between the river and the aquifer is
created and it induces the river water to flow through the riverbed towards the
pumping well, that consequently extracts a mixture of groundwater originally present in
the aquifer and bank filtrated surface water from the river. The proportions of both
kinds of water in the extracted water can vary depending on both extraction rate and
river flow (Schmidt et al., 2003). Sabadell, which is the site object of this work, is a good
example in Spain, and it was also part of the RECLAIM WATER project. Also in Spain,
the Llobregat River is an example of RBF (Ortufio, 2011; Queralt, 2009). Another well-
known case study is found in Berlin, Germany, for the lake Tegel (Hoffmann and
Gunkel, 2011), which supplies drinking water to the city.

Dune filtration: infiltration of water from ponds constructed in dunes and extraction
from wells or ponds at lower elevation for water quality improvement and to balance
supply and demand. A case study from the RECLAIM WATER project is
Wulpen/Torreele, in Belgium (Dillon et al., 2008). Examples are also found in the coast
of The Netherlands, e.g. Monster, Katwijt, Scheveningen (NRMMC-EPHC-NHMRC,
2009; Stuyfzand, 2009).

Infiltration galleries are geotechnically-stabilised buried trenches (e.g. with polythene
cells), or slotted pipes in permeable media. They allow infiltration through the
unsaturated zone to an unconfined aquifer. An example is at Floreat Park, Western
Australia, Australia (NRMMC-EPHC-NHMRGC, 2009). In Spain, an example is found in
the Guadalquivir River (de la Orden, 2009).

Infiltration ponds: ponds constructed usually off-stream where surface water is diverted
and allowed to infiltrate (generally through an unsaturated zone) to the underlying
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unconfined aquifer. One example is found on the Burdekin Delta, Queensland, Australia
(NRMMC-EPHC-NHMRC, 2009). In Spain, good examples are the Llobregat River,
Catalonia; Oja River, Castilla La Mancha; Guadix and Verde River, Andalucia (de la
Orden, 2009).

Figure 1 Schematic of types of MAR depending on the recharge means used (extracted from
(NRMMC-EPHC-NHMRC, 2009).
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channels that contain water only after rainfall or snowmelt) to retain water that
infiltrates through the bed, increasing storage in unconfined aquifers. The water is
extracted down-valley. One example is found in Callide Valley, Queensland, Australia

<« 34 PRisk Assessment and Risk Management in MAR and recycled water reuse: The case of Sabadell




2. Introduction

(NRMMC-EPHC-NHMRGC, 2009). In Spain one example is found in Jijona, Comunidad
Valenciana (de la Orden, 2009).

e Rainwater harvesting: roof run-off is diverted into a well or a caisson filled with sand or
gravel and allowed to percolate to the water-table where it is collected by pumping from
a well. Examples are common in Perth, Western Australia (NRMMC-EPHC-NHMRC,
2009).

e Soil aquifer treatment (SAT): treated wastewater is intermittently infiltrated through
infiltration ponds to facilitate nutrient and pathogen removal during passage through
the unsaturated zone for recovery by wells after a certain residence time in the aquifer.
A case study from the RECLAIM WATER project is Shafdan (Dan Region) in Israel
(Dillon et al., 2008). Examples in Spain are in Santiuste and Carracillo, Castilla-Le6n
(Escalante et al., 2009).

e Sand dams: built in ephemeral stream beds in arid areas on low-permeability lithology,
sand dams trap sediment when flow occurs, and following successive floods the sand
dam is raised to create an “aquifer” which can be tapped by wells in dry seasons. An
example is at Kitui, Kenya (NRMMC-EPHC-NHMRC, 2009).

¢ Underground dams: in ephemeral streams where basement highly constrict flows, a
trench is constructed across the streambed keyed to the basement and backfilled with
low permeability material to help retain flood flows in saturated alluvium for stock and
domestic use. Examples are found in northeast Brazil (NRMMC-EPHC-NHMRC, 2009).

e Vadose zone wells or dry wells: they are typically shallow wells in areas with deep
water tables. They allow infiltration of high-quality water through the unsaturated zone
to the unconfined aquifer at depth. Examples are found in Phoenix, USA (NRMMC-
EPHC-NHMRGC, 2009).

e Recharge releases: dams on ephemeral streams are used to retain flood water and uses
may include slow release of water into the streambed downstream to match the capacity
for infiltration into underlying aquifers, thereby significantly enhancing recharge. An
example is Little Para River, South Australia (NRMMC-EPHC-NHMRC, 2009).

2.3.2. Advantages and disadvantages of MAR

One well-known advantage of MAR is that it can be used as a barrier for saline intrusion. In
coastal areas, this saline intrusion is developed easily, thus making the aquifer unsuitable as
source for potable supply or for other uses where high salt levels are can be a problem. Then, a
battery of injection wells can be used to create a hydraulic barrier to control intrusion and
reclaimed water can be used for this purpose. This may allow for additional development of
inland withdrawals or simply the protection of existing withdrawals.

Aquifers provide a natural mechanism for storage of reclaimed water to ensure a consistent
water supply. Irrigation demands of water are often seasonal, requiring either large storage
facilities or disposal of the reclaimed water when demands are low. Suitable sites for surface
storage facilities may not be available, economically feasible, or environmentally acceptable,
and can reduce the land available for crops. Besides, surface storages also have significant
evaporation losses, and may allow for algae blooms and creation of odours. MAR overcomes all
these problems, as water is stored in the aquifer. However, it must be pointed out that if
spreading basins are used, extensive land areas may be needed, which will not be able to be
used for crops.

Another question related to MAR is the quality of the water recharged and recovered. MAR can
be a double-edged sword in this sense. While in many cases MAR improves the quality of the
water recharged, especially when recharge is performed by infiltration/percolation systems,
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sometimes the infiltrated water can worsen its quality while mixing with the aquifer water. This
can be one of the purposes of MAR: dilute brackish and/or polluted aquifers, so the recovered
water will have worse quality than the recharged water but the aquifer water quality will have
been improved, thus giving an ecological value to the recharge. Then, in case the water quality
improves during the aquifer storage time, the treatment achieved in the subsurface
environment may eliminate the need for costly advanced wastewater treatment processes,
which is clearly an advantage. On the other hand, if the aquifer is pristine, the introduction of
reclaimed water can endanger its environmental values and pollute it. The possible effect of
MAR, either positive or negative, in the aquifer water will need to be evaluated at the very
beginning of the project development.

Disadvantages of MAR are the technical and cost requirements for its implementation.
Hydrogeological uncertainties, such as transmissivity, faulting, and aquifer geometry may
reduce the effectiveness of the recharge project in meeting water supply demand. Not all
recharged water may be recoverable due to movement beyond the extraction well capture zone
or mixing with poor-quality groundwater. These disadvantages will be very dependent on the
kind of MAR that is desired or feasible to be implemented.

2.3.3. The RECLAIM WATER project

The 6th Framework Programme project RECLAIM WATER focused on understanding water
recycling via aquifers and quantifying its effects on human health risk (RECLAIM WATER,
2012). The strategic objective of this project was to develop hazard mitigation technologies for
water reclamation providing safe and cost effective routes for artificial groundwater recharge.
The work assessed different treatment applications in terms of behaviour of key microbial and
chemical contaminants. Nine demonstration sites were included in this project (Dillon et al.,
2008), which were: Tula Valley, Mexico; Atlantis, South Africa; Wulpen/Torreele, Belgium;
Nardo, Italy; Gaobeidian, China; Parafield Gardens, Australia; Dan Region, Israel; and Sabadell,
Spain. Newater project, in Singapur, was also included but no experimental work was done for
this site in the RECLAIM WATER project framework. Several sampling campaigns were
performed in the eight sites at different sampling points, always including as a minimum the
source water, the aquifer and the recovered water. A better understanding on MAR practice,
problems, development and necessary pre-treatments and post-treatments was gained.

The present work has been developed in the framework of the RECLAIM WATER project, so
more information will be given in further sections.

2.34. Recovered water reuse

When MAR is performed, water can be recovered after a certain period of time, and can be
reused. MAR has to be considered as another treatment or barrier, by which the water quality
can be improved, thus reducing the pollutants and pathogens presence. Then, all uses
considered in section 2.2.2 can be given to this recovered water. However, it must be considered
that the aquifer can also be a source for other pollutants (e.g. heavy metals) or compounds that
were not present in the recharged water, so quality of the recovered water must be evaluated
and assessed before any reuse purpose.

2.4. Waterborne diseases

Waterborne diseases are caused by ingestion of water that contains enough quantity of a
hazardous component to develop the disease. When waterborne diseases are referred to, they
are commonly associated to pathogenic microorganisms present in the water, although the
presence of pollutants in the water can also trigger a waterborne disease, being cancer the most
common example. Then, in the present section we are going to consider both kinds of
hazardous components regarding waterborne diseases.
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24.1. Pathogens

One of the main hazards that pose obstacles for the implementation of water reuse is the
dissemination of waterborne diseases. Outbreaks due to waterborne diseases are usually
reported for consumption of drinking water or indirect ingestion of polluted water (e.g.
aerosols ingested during a shower). Some of the most well-known waterborne disease
outbreaks were reported in North America, being the most famous ones caused by
Cryptosporidium parvum in USA (MacKenzie et al., 1994) and Campylobacter and enterotoxigenic
E. coli in Canada (Hrudey et al., 2003). These waterborne disease outbreaks were due to the
ingestion of contaminated drinking water. Fewer studies exist reporting the relationship
between reclaimed water or treated wastewater reuse and waterborne diseases. One of the most
important studies is a review by Blumenthal and Peasey (2002), including examples with
treated wastewater, untreated wastewater and excreta use for irrigation and fertilization and
the relation with waterborne diseases in the population. In this study, it is indicated that
guidelines are necessary not only considering that the waterborne diseases are due to crop
consumption but also to contact of irrigators, their families and surrounding populations with
the irrigation water.

In Table 2 there is a list of identified waterborne pathogens and their related illnesses. It is
important to consider that not all the pathogens enlisted will be found everywhere, as there are
cases that are specific of a climatology or region.

It is interesting to analyse the major causes for waterborne disease outbreaks, even though those
were caused by consumption of drinking water, not by reclaimed water, because failures during
the drinking water process treatment can also happen during wastewater treatment. Another
point is to consider that outbreaks caused by waterborne disease or food consumption entail the
excretion of pathogens to wastewater, contributing to increase the concentration of pathogens in
the source water (When wastewater is the source water for reuse).

Table 2 Waterborne pathogens potentially present in wastewater and their related illnesses (Haas et
al., 1999; NHMRC-NRMMC, 2011; Rowe and Abdel-Magid, 1995; WHO, 2011a; Yates and Gerba,
1998).

PATHOGEN ‘ RELATED ILLNESS
Bacteria
Acinetobacter Nosocomial infections, urinary tract infections,

pneumonia, bacteraemia, secondary meningitis,
wound infections

Aeromonas Gastroenteritis, septicaemia, wound infections,
respiratory tract infections

Burkholderia pseudomallei Melioidosis

Campylobacter jejuni, C. coli Gastroenteritis, Guillain-Barré syndrome

Clostridium perfringens Gaseous gangrene

E. coli Enterohaemorrhagic (EHEC), of | Gastroenteritis, diarrhoea that ranges
which well-known serotypes are E. coli | from mild and non-bloody to highly bloody,

0157:H7 and E. coli O111 haemolytic uremic syndrome

E. coli Enteroinvasive (EIEC) Watery and occasionally bloody diarrhoea

E. coli Enteropathogenic (EPEC) Severe, chronic, non-bloody diarrhoea, vomiting
and fever in infants

E. coli Enterotoxigenic (ETEC) Diarrhoea

Helicobacter pylori Chronic gastritis

Klebsiella Invasive infections, pneumonia

Legionella spp. Legionellosis (Legionnaires” disease and Pontiac
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PATHOGEN RELATED ILLNESS
fever)
Leptospira interrogans Leptospirosis

Mycobacterium spp. non-tuberculous

Pulmonary disease, Buruli ulcer, osteomyelitis,
septic arthritis

Mycobacterium avium complex

Respiratory illnesses

Plesiomonas shigelloides

Gastroenteritis

Pseudomonas aeruginosa

Dermal, respiratory, ear and urinary infections,
folliculitis, septicaemia and meningitis after
colonizing damaged sites (wounds, burns, etc.)

Salmonella typhi and Salmonella paratyphi

Typhoid fever/enteric fever

(sustained fever with or without diarrhoea),
gastroenteritis and diarrhoea, bacteraemia or
septicaemia

Other salmonellae

Gastroenteritis, salmonellosis

Shigella spp.

Shigellosis (abdominal cramps, fever and watery
diarrhoea), bacillary dysentery

Staphylococcus aureus

Gastrointestinal disease (enterocolitis), nosocomial
infections (boils, skin sepsis, post-operative wound
infections, enteric infections, septicaemia,
endocarditis, osteomyelitis and pneumonia)

Tsukamurella

Nosocomial infections (chronic lung infection,
necrotizing tenosynovitis with subcutaneous
abscesses, cutaneous and bone infections,
meningitis and peritonitis)

Vibrio cholerae

Gastroenteritis, diarrhoea, cholera (serotypes O1
and 0139), wound infections and bacteraemia

Yersinia enterocolitica

Yersiniosis (acute gastroenteritis with diarrhoea,
fever and abdominal pain)

Viruses

Adenovirus

Gastroenteritis, acute respiratory diseases,
pneumonia, pharyngoconjunctival

fever, cervicitis, urethritis, haemorrhagic cystitis,
epidemic keratoconjunctivitis (shipyard eye),
pharyngoconjunctival fever (swimming pool
conjunctivitis)

Adenovirus (40 and 41)

Gastroenteritis

Astrovirus Gastroenteritis, diarrhoea
Calicivirus Gastroenteritis, diarrhoea
Coxsackievirus Meningitis
Echovirus Meningitis

Mild febrile illness to myocarditis, herpangina,
poliomyelitis,meningoencephalitis, hand-footand-
mouth disease, neonatal multi-organ failure

Enterovirus (types 68 to 71) Meningoencephalitis
Hepatitis A Hepatitis
Hepatitis E Hepatitis

Noroviruses and Sapoviruses

Gastroenteritis, diarrhoea; dehydration and
metabolic acidosis may develop

Poliovirus

Poliomyelitis

Rotavirus

Gastroenteritis
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PATHOGEN RELATED ILLNESS

Small round Virus Gastroenteritis

Protozoa

Acanthamoeba spp. Meningoencephalitis, dermal infection, mental
disorders, bronchopneumonia

Balantidium coli Balantidiasis (dysentery), colitis, diarrhoea

Blastocystis Diarrhoea

Cryptosporidium parvum Cryptosporidiosis, diarrhoea

Cyclospora cayetanensis Diarrhoea

Entamoeba histolytica Dysentery, colitis, diarrhoea

Giardia intestinalis Giardiasis, diarrhoea

Microsporidia Chronic diarrhoea, dehydration

Naegleria fowleri Amoebic meningoencephalitis

Toxoplasma gondii Toxoplasmosis (neurological disorders,

pneumonia; during pregnancy can cause
spontaneous abortion, stillbirth or fetal

abnormality)

Helminths

Ancylostoma duodenale Anaemia, gastroenteritis

Ascaris lumbricoides Ascariasis (gastroenteritis), Loeffler’s syndrome

Dracunculus medinensis Dracunculiasis

Fasciola spp. Fasciolasis (that can entail liver enlargement,
obstructive jaundice, cholelithiasis, hepatic lesions,
fibrosis and chronic inflammation of the bile
ducts).

Schistosoma spp. Schistosomiasis (Katayama fever), bloody
diarrhoea, bilharzial dysentery

Taenia spp Taeniasis

Trichuris trichiura Tricuriosis

24.2. Chemical compounds

In terms of waterborne diseases, the short-term risk usually considers only the microbiological
water quality that it is, in fact, the most important risk when recycling water (Toze, 2006). This
is because using the treated wastewater for potable purposes is not an extended practice, and in
many countries it is still prohibited. However, it must be also considered that the long-term
health risks are usually associated to chemical compounds that can be potentially toxic.
Industry, agricultural production and homes are sources of numerous chemical compounds
that might pose a risk for the human health if water is recycled, especially for those uses in
which there might be direct contact or accidental ingestion (US EPA, 2012; WHO, 2011a).
Chemical compounds can have an adverse effect much more important in the environment than
in the human health depending on the type and concentrations found (Alcalde, 2012; NRMMC-
EPHC-AHMC, 2006; US EPA, 2012). Groups of chemical compounds and their main effects are
given below:

e Organic compounds that can be easily degraded (e.g. proteins, carbohydrates...):
oxygen concentration decrease in aquatic ecosystems, gaseous compounds generation
(odour).

e Organic compounds difficult to be degraded (e.g. grease, phenols, cellulose, lignin...):
high COD/BOD, oxygen concentration decrease in aquatic ecosystems.
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e Nutrients (nitrogen, phosphorus and carbon): eutrophication, algae blooms, oxygen
concentration decrease in aquatic ecosystems, plant toxicity, biodiversity loss.

e Salinity related compounds (e.g. sodium, chloride, sulphate...): salinity (harmful for
crops and soils).

¢ Inorganic compounds (micronutrients: e.g. boron, calcium, copper...): plant toxicity.

e Heavy metals (e.g. cadmium, chromium, lead.): flora and fauna toxicity (by
accumulation).

e Micropollutants (e.g. pesticides, PhACs, EDC...): carcinogenic and teratogenic effects,
bioaccumulation, flora and fauna toxicity (by accumulation).

In the recent years, there has been a growing interest in the detection of micropollutants in
wastewater and reclaimed water. The concept of “micropollutants” encloses organic and
inorganic compounds that can be harmful for the human health and are detected in very low
concentrations. In the case of inorganic compounds, it is usually heavy metals what are
considered/called micropollutants, as they are those that can be more harmful for the human
health and that are usually found in very low concentrations. For organic compounds, a wide
variety of them are referred: pharmaceutically active compounds, personal care products,
endocrine disruptors, disinfection by-products, pesticides, volatile organic compounds and
many other. All of them can be harmful for the human health, and can cause waterborne
diseases. In addition, many of these compounds are considered to be carcinogenic. Detailed
compilations for micropollutants can be found in the Australian Drinking Water Guidelines
(NHMRC-NRMMC, 2011), the Australian Guidelines for Water Recycling Phase 1 (NRMMC-
EPHC-AHMC, 2006), the Australian Guidelines for Water Recycling Phase 2 (NRMMC-EPHC-
AHMC, 2008), the WHO Drinking Water Guidelines (DWG) (WHO, 2011a) and the New
Zealand Drinking Water Guidelines (NZ DWG) (NZMOH, 2005).

2.5. Risk assessment
2.5.1. Basic principles

NRC (1983) defines risk assessment as follows: “We use risk assessment to mean the
characterization of the potential adverse health effects on human under given exposures to
environmental hazards. Risk assessment include several elements: description of the potential
health effects based on an evaluation of results of epidemiologic, clinical, toxicological, and
environmental research; extrapolation from those results to predict the type and estimate the
extent of health effects on human under given conditions of exposure; judgments as to the
number and characteristics of persons exposed at various intensities and durations; and
summary judgments on the existence and overall magnitude of the public-health problem. Risk
assessment also includes characterization of the uncertainties inherent in the process of
inferring risk”.

In a holistic approach, Haimes (2004) states three risk assessment questions:
¢ What can go wrong?
e What is the likelihood that it would go wrong?
¢ What are the consequences?
The same author quotes the criteria for “good” risk analysis:
e Comprehensive.

e Adherent to evidence.
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e Logically sound.

e Practical.

e Open to evaluation.

e Based on explicit assumptions and premises.
e Compatible with institutions.

e Conducive to learning.

e Attuned to risk communication.

e Innovative.

More in relation with wastewater reclamation and reuse, Asano et al. (2007) define risk
assessment as “the qualitative or quantitative characterization and estimation of potential
adverse health effects associated with exposure of individuals or populations to hazardous
materials and situations”.

Haimes (2004) and Asano et al. (2007) widely developed the four major steps set by NRC (1983),
and Haimes (2004) added an “additional” 5t step:

1. Hazard/risk identification: Characterises the inherent adverse effects (toxicity/
carcinogenicity) of an agent, e.g. causes cancer, birth defects, poisoning, etc. Hazard
identification establishes whether exposure to a chemical or microbiological agent can
cause harm and is generally based on primary data from human epidemiological studies
and animal toxicological studies. Once a health hazard has been identified, the
remainder of the process encompasses the description of the properties of the hazardous
agent, and the identification of both acute and chronic health effects.

2. Dose response assessment and risk modelling, quantification and measurement:
Characterises the relationship between the dose of a hazardous agent (i.e. the amount of
the substance taken into the body through inhalation, ingestion and dermal contact) and
incidence of an adverse effect in the exposed population.

3. Exposure assessment and risk evaluation: Measures or estimates the intensity, frequency
and duration of human contact with a hazardous agent. To determine exposure, it is
necessary to combine an estimation of the hazardous agent concentration with
demographic or behavioural descriptions of the exposed population.

4. Risk characterization and risk acceptance and avoidance: Provides an indication of the
incidence of the health effect under the conditions of exposure described in the exposure
assessment and the identified dose-response relationship.

5. Risk management: At this point, it is necessary to define the Critical Control Points
(CCP) that are to be prevented and monitored in the system. Usually, the risk
management is separated from the assessment, but in fact, it is part of it (NHMRC-
NRMMC, 2011; NRMMC-EPHC-AHMC, 2006).

2.5.2. Deterministic versus probabilistic risk assessments

The risk assessment can be undertaken in either a deterministic or probabilistic way. In a
deterministic risk assessment, all inputs in the model are point estimates, e.g. mean value or 95t
percentile. However, the data can present a wide range of values that are not taken into
consideration when dealing with a point estimate. This leads to a high uncertainty in the output
result, which will also be a point estimate. To reduce this uncertainty associated with the use of
point estimates, a probabilistic risk assessment must be undertaken.
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Nowadays, probabilistic risk assessments are more and more used, although its use entails
difficulties: it is more complex and requires more data and to adjust the data to a distribution.
In any case, a probabilistic approach is preferred when performing microbial risk assessments.
For chemical risk assessments it can also be used.

2.5.3. QMRA

Quantitative microbial risk assessment (QMRA) is the application of principles of risk
assessment to estimate the consequences from a planned or actual exposure to infectious
microorganisms. QMRA aims at numerically quantifying health risks, usually as the probability
of infection or illness to consumers, according to Haas et al. (1999). In performing a QMRA, the
best available information to understand the potential effects from a microbial exposure needs
to be used. Usually the information available is incomplete, thus it is necessary to evaluate the
potential error involved in the QMRA. The results of the risk assessment will guide the next
steps to mitigate and control the risks.

Broadly, QMRA has previously been adapted to assess water supply system performance and
integrity (e.g. Crabtree et al., 1997; Glicker and Edwards, 1991; Teunis et al., 1997), theoretically
es