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ABSTRACT 

The wastewater system is an important part of our infrastructure as it protects public health 
and the environment. Well-functioning maintenance is essential to sustain the functionality 
of the system. Insufficient maintenance in combination with the complexity of the system 
often results in problems related to water from infiltration and inflow (I/I-water). I/I-water is 
all water in the wastewater sewer system that is not sanitary sewage and can originate from, 
e.g. groundwater, stormwater, and surface water. Common effects of I/I-water are the need 
of additional treatment at the wastewater treatment plants and pumping of water. After large 
rains, basement flooding events and discharge of untreated wastewater into streams and rivers 
are also common. To enable a more efficient management of I/I-water, the problem is 
comprehensively mapped in this thesis. Furthermore, a risk-based framework for decision 
support is presented that emphasises the need of considering economic, social, and 
environmental effects of I/I-water, as well as uncertainty throughout the decision-making 
process. Based on the framework a model is set up to calculate the cost to society from I/I-
water. Important effects of I/I-water are monetised and the present value for a longer time 
horizon is calculated. Further, a case study in central Gothenburg, Sweden, is used to 
illustrate the applicability of the model. It is concluded that a comprehensive model for 
decision support is needed to handle I/I-water in a more sustainable way and that the result 
of this thesis can work as a basis for this. 

Keywords: infiltration and inflow (I/I), wastewater, sewer system, risk management, decision 
support, uncertainty 
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1. INTRODUCTION 

 Background 
Our world is facing serious problems connected to climate change, environmental issues, and 
conflicts. In 2050 around 70% of the world’s population is expected to live in urban areas 
(UNDESA, 2018) and a key challenge is how to provide everyone with sufficient services. 
The wastewater system is an important part of the infrastructure and exists mainly to decrease 
the risk of disease and flooding. In developed areas, the wastewater sewer system is usually 
located underground and consists of pipes, pumps, manholes, and other components. To 
sustain the functionality of the system, continuous maintenance is needed which often 
requires large reinvestments. The pace of the maintenance has, in most countries, including 
Sweden, not been fast enough and reinvestments are lacking behind, creating an enormous 
maintenance debt (Swedish water, 2020). Deterioration of the wastewater system can lead to 
different problems, of which the increase of water from infiltration and inflow (I/I-water) 
(e.g., Bäckman, 1985; USEPA, 1970) is substantial. I/I-water is all water in the wastewater 
sewer system that is not sanitary sewage and can either be stormwater connected to combined 
systems or, e.g. groundwater leaking into the system. The levels of I/I-water vary depending 
on the local conditions but it is not uncommon with wastewater treatment plants (WWTPs) 
that on a yearly scale receive more I/I-water than sanitary sewage (e.g., Hey et al., 2016; Sola 
et al., 2018). I/I-water can lead to various adverse effects such larger volumes to be treated 
at the WWTP, basement flooding, and discharge of untreated wastewater into recipients. 
However, I/I-water can be reduced, e.g., by rehabilitation of pipes or separation of combined 
systems, but the measures are often resource-demanding and do not always lead to the 
expected results (e.g., Sola et al., 2021). Moreover, several legal perspectives have to be taken 
into account performing measures to reduce I/I-water, one being that the outermost parts of 
the wastewater system, which in total make up a substantial share, is privately owned 
(Lundblad & Backö, 2014; NEIWPCC, 2003). In those parts, the water utilities have limited 
responsibility and limited possibilities to perform measures. Moreover, the possibility to 
implement measures to reduce I/I-water is in the European Union affected by the “Weser 
case” (C-461/13 Bund v Germany). This ruling is in accordance with the European Union 
Water Framework Directive (2000/60/EC) and states that any project that would result in a 
deterioration of the quality of the water bodies must be refused (e.g., Paloniitty, 2016; 
Söderasp & Pettersson, 2019). Since the ruling can make projects impossible if only one 
water quality parameter is deteriorated, even though the project is important for society, the 
Weser case has been criticised for being contradictive (Bjällås et al., 2015). When taking 
decisions regarding handling of I/I-water, legal requirements must be fulfilled but also 
balanced against other needs in society and resources put where most beneficial. 
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 Aim and objectives 
The overall aim of this thesis is: 

to develop a framework and model that facilitate risk-based management of water from 
infiltration and inflow to wastewater systems through assessment of its costs to society 

To reach the overall aim, the thesis has the following specific objectives: 

i. to evaluate existing decision support models focused on I/I-water and present a 
framework for risk management and decision support on I/I-water, 

ii. to map effects of and possible measures to manage I/I-water, and 
iii. to develop a model for assessing the cost to society from I/I-water and illustrate its 

applicability by means of a case study where some of the most important effects are 
monetised. 

 Scope of work 
To achieve the overall aim of this thesis a multidisciplinary approach was used. A theoretical 
background (Chapter 2) is presented to establish important concepts and theories for the 
research. For a more extensive literature review on I/I-water and decision support, see Ohlin 
Saletti (2021). In the methodology section (Chapter 3), the concepts presented in the 
theoretical background are connected to the topic of this thesis to reach its objectives. The 
result section (Chapter 4) starts with a presentation of the results from Paper I which includes 
the framework and evaluation of previous decision support models on I/I-water. This is 
followed by results regarding various effects and measures related to I/I-water. The last part 
of the results section includes the outcomes from Paper II, i.e. a model for calculating the 
cost to society from I/I-water. In the final sections the work included in this thesis is discussed 
(Chapter 5) and the conclusions and further work are presented (Chapter 6). 

 Limitations 
The following key limitations of this thesis have been identified and are further elaborated 
on in the discussion section. 

• The presented research is focused on comprehensive decision support on I/I-water 
considering effects on the entire society. Therefore, emphasis is not put on the technical 
details (although parts are summarised in the theoretical background) and several 
simplifications have been made in the developed model. 

• The case study included in Paper II has been performed in a discharge area in 
Gothenburg, Sweden. The case study is used to show the applicability of the model and 
the results are case study specific and dependent on the geographic location.   
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 THEORETICAL BACKGROUND 

This chapter provides a theoretical background introducing important concepts for the 
research. These concepts serve as a basis for the approaches used to develop the 
methodologies presented in this thesis.   

 Wastewater sewer systems  

2.1.1 Conceptual description 
Infrastructure provides our society with essential services and can consist of systems for 
transport, communication, energy, drinkingwater, and wastewater (Kaijser, 1994). The word 
infrasystem is used to include more characteristics of a technical system as it comprises its 
integration with organisations and people that develop, operate, and use the system.  

The wastewater sewer system exists mainly to transport wastewater to avoid disease and 
flooding and is one of our most important infrasystems. In many urban areas the main parts 
of the wastewater sewer system are located underground with components such as pipes, 
valves, manholes, and pumps.  

Two main types of wastewater systems are the separate system and the combined system 
(Figure 1). In the combined system the sanitary sewage is transported in the same pipe as the 
stormwater and in the separate system these flows are separated into two different pipes. 
Nowadays, separate systems are built to a large extent, but combined systems still exist, 
mainly in old and central parts of urban areas.   

 
Figure 1. Schematic overview of a separate and combined wastewater system.  

2.1.2 History 
In order to understand an infrasystem it is, as stated by Blomkvist and Johansson (2016), 
important to be aware of its history. One of the first records of a wastewater system is found 
from the Mesopotamian Empire and later on, during the Roman period advanced sewer 
systems were constructed (Lofrano & Brown, 2010). From the Middle Ages to the industrial 
revolution followed the sanitary dark age and it was not until the recent decades that the 
wastewater sewer system got its current structure in industrialised regions.  



4 

 

To illustrate the recent development of the wastewater system the City of Gothenburg is used 
as an example. Between 1830–1850, approximately 15% of the city’s population died in 
waterborne cholera pandemics (City of Gothenburg, 2013). In 1879 a plan for a large culvert 
leading the wastewater from the city to the river was finished. It was not until 1953 that a 
biologic treatment plant to treat wastewater from a newly exploited area was brought into 
operation. Until 1955 the wastewater system was built as a combined system but from then 
and onward, separate sewer systems were built to a larger extent. A decision on building a 
large WWTP was taken in 1957 and in 1972 the Rya WWTP was taken into operation. Since 
then, more strict regulations about nutrient release into recipients have been implemented 
and the WWTP has been rebuilt and upgraded in steps.  

2.1.3 Technological change 
In this section concepts related to innovation and technical systems are presented. These 
concepts in relation to possible changes in the wastewater system are discussed later in this 
thesis.  

The characteristics of an infrasystem can be described from a technical, geographic, 
economic, and institutional perspective (Kaijser, 1994). How it is organised depends on 
whether the connection between flow and system is weak or strong. A system where the flow 
is led in a pipe or line which it should not deviate from, e.g., the wastewater-, railway or 
electricity system, has a strong connection between flow and system. These can be compared 
to more weakly connected systems like the road-, or postal service system. Implementing a 
strongly connected system usually requires large initial investments and gradual extensions 
are difficult.  

The wastewater system can be seen as a large technical system (LTS) which is a complex 
socio-technical system with a wide geographical spread (e.g., Mayntz & Hughes, 2019). 
When applying an LTS approach, not only the technical system is referred to but also parts 
related to relations and organisational structure. In relation to technical systems and 
technological change Hughes (1992) introduces the concepts of salients and reverse salients 
and states that these can help us understand industrial revolutions. A salient is defined as a 
bulge in an advancing front and can in this context be a more efficient innovation in a system, 
comparable to the engine in an aeroplane system. A reverse salient is the opposite, something 
that lags after the front, e.g. the transmission system in a power system where the system goal 
is expansion to a low cost.   

To describe how technological transitions can appear, a multi-level perspective (MLP) can 
be used (e.g., Geels, 2002). Using this perspective three different levels are described which 
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are technological niches, sociotechnical regimes, and sociotechnical landscape. If a new 
radical innovation is present at the technological niche-level its further success is also 
depending on the developments at the sociotechnical regime-level, regarding, e.g. 
infrastructure, market and policies, and at the sociotechnical landscape-level regarding, e.g. 
environmental problems, economic growth, and war. Destabilisation at the landscape- and 
regime levels can hence facilitate an innovation break-through (e.g., Geels, 2005).   

What design choices that are made, or which dominant design that is established, also play a 
large role in the further development of that technology  since the established design is 
improved and elaborated, and other technologies hence fall behind (e.g., Henderson & Clark, 
1990). This may be a problem, especially if the dominant design is not the most suitable for 
society.  

 Infiltration and inflow to wastewater systems 
An inevitable consequence of having a traditional wastewater system is that I/I-water to 
varying degree also is transported in the sewer system. I/I-water is defined as all water apart 
from sanitary sewage in pipes transporting sanitary sewage and can hence be present in both 
separate and combined systems.  

2.2.1 Sources and components 
Even though some overlaps exist a way to classify I/I-water is by distinguishing if it is coming 
from either infiltration or inflow. Infiltration happens due to damages in the wastewater 
system (e.g., Sola et al., 2018) and is dependent on the status of the system, the hydrogeologic 
conditions, and possible sources of infiltration water (Fenner, 1990) such as leaking drinking 
water, groundwater, or stormwater (Figure 2). 

 
Figure 2. Schematic illustration of sources of infiltration (Ohlin Saletti, 2021).  
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While the contribution of I/I-water from infiltration often is unintentional I/I-water from 
inflow can come from both intentional and unintentional sources (e.g., USEPA, 1970). An 
important intentional source of I/I-water is through the combined system which was designed 
to transport this water to the WWTP. This is a design choice that probably would not have 
been chosen today, however the consequences must still be handled. I/I-water from inflow 
can also originate from unknown connections or from leakage and be either direct or indirect 
(Figure 3).  

 
Figure 3. Sources of inflow divided into intentional connections, unknown connections, and 
leakage. Grey boxes indicate indirect inflow and white boxes indicate direct inflow (Ohlin 
Saletti, 2021). 

Direct or indirect impact of I/I-water also relate to other classifications of I/I-water which 
instead of the source focus on the time it takes for the water to reach the system. A common 
classification is to divide the I/I-water into groundwater infiltration (GWI), rain-induced 
infiltration (RDII), and rain-derived inflow (RDI) (e.g., Staufer et al., 2012). The terms fast 
response  components (FRC), slow response components (SRC), and groundwater induced 
components are also used to classify a rain (e.g., Clementson et al., 2020; Metelka et al., 
1998). FRC often derive from runoff from impermeable surfaces being connected to the 
sewer system and its effect can be measured in hours, while SRC reach the system days after 
a rainfall and usually derive from rain that run off from permeable surfaces (Figure 4). The 
groundwater impact changes more slowly, and the effect can be seen on a yearly or seasonal 
scale.  
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Figure 4. Components of flow to a WWTP. Adapted from Clementson et al. (2020).  

2.2.2 Effects 
Various effects of I/I-water are reported in the literature and a short overview of the most 
commonly described effects are presented here. I/I-water results in more water to the 
wastewater system which requires more energy for pumping and a higher use of chemicals 
at the WWTPs (e.g., USEPA, 1970). Moreover, I/I-water dilutes the sanitary sewage 
resulting in less efficient treatment (e.g., Bäckman, 1985; Diogo et al., 2018). Apart from the 
direct effects of I/I-water, it can indirectly affect the society due to the consumption of labour, 
energy, and costs needed to replace and extend wastewater systems because of I/I-water 
(USEPA, 1970). A wastewater system with no capacity for new connections can also affect 
planned urban development projects.  

Exceeding the capacity of the wastewater system can also lead to other kinds of effects. To 
avoid flooding elsewhere wastewater is sometimes by-passed into recipients (e.g., USEPA, 
2004). This is called combined sewer overflow (CSO) if occurring from a combined system 
and separate sewer overflow (SSO) if occurring from a separate system. Wastewater can also, 
when required, by-pass one or several treatment steps in the WWTP. Since there are 
pollutants such as microbial pathogens, toxics, and trash in the wastewater these also reach 
the receiving water during a CSO, SSO, or by-pass which can have negative environmental 
and health effects. Another possible effect of excessive volumes of wastewater in the system 
is basement flooding events that occur due to backflow into houses after large rains (e.g., 
Bäckman, 1985). Other kinds of urban flooding events can also occur due to I/I-water 
(USEPA, 1970). 
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Many other possible adverse effects of I/I-water are mentioned in the literature, such as 
blockage because of sediment and debris transported by I/I-water (USEPA, 1970), street and 
road damages due to undermining (Karpf & Krebs, 2011; Weil, 1995), and subsidence due 
to lowered groundwater tables (Bäckman, 1985). Positive possible effects of I/I-water are 
less commonly stated in the literature. However, less I/I-water could result in a higher 
methane concentration in the wastewater which can lead to increased greenhouse gas 
emissions (Sun et al., 2015), blockages could be more common due to a decreased frequency 
of self-cleaning velocities (Karpf & Krebs, 2011; Parkinson et al., 2005), and CSOs and SSOs 
would (if still occurring) contain a higher concentration of pollutants. It is also likely that the 
groundwater levels in many cities are controlled by the drainage effect caused by infiltration 
to the wastewater system (Kracht & Gujer, 2006) and that sealing of all pipes hence could 
result in surface flooding (Gustafsson, 2000; Karpf & Krebs, 2011). There is evidence that 
wastewater sewage pipes historically were designed to be leaky to avoid flooding by draining 
the land and lowering the groundwater table (Broadhead et al., 2013). Moreover, the action 
of culverting streams can also have been performed historically to better manage surface 
flooding.  

2.2.3 Detection, localisation, and quantification 
There are many reviews and publications on the different methods to detect, localise, and 
quantify I/I-water. In this thesis the methods have been divided into the categories of sensory 
methods, tracer methods, flow-based methods, models, and digital water as done by Ohlin 
Saletti (2021) (Figure 5).  

 
Figure 5. Categories and examples of methods to detect, localise, and quantify I/I-water 
(Ohlin Saletti, 2021). 
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To detect and localise I/I-water, e.g. by finding leakages into the system or illicit connections, 
sensory methods can be used. A category of the sensory methods are the physical inspection 
methods described by, e.g. Beheshti et al. (2015) and Eiswirth et al. (2000). A common way 
to perform physical inspection is to add smoke or dye to the system to visually observe how 
the pipes are connected (e.g., Bäckman, 1985; Lundblad & Backö, 2012). The most common 
method to inspect wastewater networks is closed-circuit television (CCTV). CCTV is 
described more in detail by Rizzo (2010) and involves filming the surroundings in the 
wastewater system by inserting a camera on a pushrod or installed to a remote controlled 
robot (Tuccillo et al., 2010). Further, an increasingly popular sensory method is distributed 
temperature sensing (DTS), described by, e.g. Hoes et al. (2009). The method involves 
continuous measuring of the temperature of the water using a fibre-optic cable at the bottom 
of the wastewater pipe (Panasiuk et al., 2019). I/I-water can then be detected and localised 
because of the temperature difference between sanitary sewage and I/I-water. Other methods 
that can be categorised as sensory methods are to use infrared sound, ultrasonic methods, and 
ground penetrating radar techniques (e.g., Eiswirth et al., 2000; Tuccillo et al., 2010; 
Wirahadikusumah et al., 1998). 

I/I-water tracer methods aim at monitoring substances that can be detected and observed in 
the wastewater and are described by, e.g. De Bénédittis and Bertrand-Krajewski (2005) and 
Kracht et al. (2008). Pollutant time series methods, or chemical methods, are tracer methods 
where the concentration of a pollutant that is assumed to only be present in sanitary sewage 
and not I/I-water is estimated (Kracht et al., 2008). The share of I/I-water can be obtained by 
calculating its dilution in the wastewater. Examples of pollutants used as tracers are the total 
phosphorous concentration (TOT-P) (e.g., Sola et al., 2018), the chemical oxygen demand 
(COD) (e.g., Bareš et al., 2009; Kracht et al., 2008), the total suspended solids (TSS), and 
ammonium (Uusijärvi, 2013). In the similar stable isotopes methods, or natural tracer 
methods, it is assumed that the inherent components in the wastewater differ depending on 
sources like drinking water and groundwater (Kracht et al., 2007). Differences in stable 
isotopes in the wastewater are then monitored to distinguish how much of the water consists 
of I/I-water.  

Flow-based methods, or statistical methods, are used to quantify I/I-water by studying the 
wastewater volumes and making assumptions regarding, e.g. the drinking water consumption 
and sanitary sewage production. Flow-based methods are described in the literature by, e.g. 
Franz (2007) and Weiss et al. (2002). Two examples of methods are dry weather flow 
(USEPA, 2014) where the flow is measured after a dry period and all the flow is considered 
to consist of sanitary flow and infiltration and moving minimum (e.g., Franz, 2007; Weiss et 
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al., 2002) where the lowest flow to the WWTP during the past 21 days is assumed to only 
consist of sanitary sewage and infiltration. Another example of a flow-based method is the 
water balance method (e.g., Sola et al., 2018) in which the I/I-water volume is assumed to be 
all water reaching the WWTP minus the drinking water consumption of the connected people. 
The water consumption is in this method assumed to be equivalent to the sanitary sewage 
flow.  

Models can be used to quantify I/I-water after being calibrated with measurement points in 
the wastewater system (Karpf & Krebs, 2011) and an overview of I/I-water modelling 
principles is presented by Franz (2007). Hydrological models aim to predict the runoff in a 
catchment area while hydraulic models describe the hydraulic behaviour in a wastewater 
system.  

The umbrella term digital water refers to the digitalisation of the water system which to some 
extent already has started but still has a large potential to transform the water sector in the 
close future (IWA, 2019). In the I/I-water context, a basic step towards a more digital 
operation is using online monitoring. Two examples are using SCADA (Supervisory Control 
And Data Acquisition) systems where data from field sensors are processed and used to take 
action or optimise performance (Upadhyay & Sampalli, 2020) or IoT (Internet of Things), 
where objects are connected and can communicate with each other on the Internet using 
technologies as LPWAN (Low Power Wide Area Network). In literature several publications 
present methods to use SCADA systems to monitor I/I-water (e.g., Davalos et al., 2018; Li 
et al., 2008; Pereira et al., 2019). Examples where IoT technology is used to monitor 
wastewater networks are presented by Drenoyanis et al. (2019) and Ebi et al. (2019). Another 
category of digital water is data processing methods where machine learning and artificial 
intelligence (AI) are two examples (IWA, 2019). A common application of these 
technologies is using the systems to detect defects in sewer pipes in data from CCTV (e.g., 
Huang et al., 2017; Shehab & Moselhi, 2005). Visualisation using virtual reality (VR) or 
augmented reality (AR) technologies can also be used in an I/I-water context. VR technology, 
where the user is put in an artificial environment can be used for scenario based training for 
employees (IWA, 2019) and AR technology, where the real world is mixed with the digital 
world, can be used to give workers “X-ray vision” to localise the pipes during excavation 
(Schall et al., 2009).  
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2.2.4 Measures to reduce and control infiltration and inflow 
The various methods to reduce the effects of I/I-water can be divided into rehabilitation 
methods and methods to control the flow (Figure 6).  

 

Figure 6. Overview of measures to reduce I/I-water or the impacts caused by I/I-water (Ohlin 
Saletti, 2021). 

The structural state and functional efficiency of a sewer system are maintained by performing 
rehabilitation actions (Staufer et al., 2012). Sterling et al. (2009) and Abraham and Gillani 
(1999) present overviews of different rehabilitation methods. Sewer rehabilitation can be 
divided into the three categories maintenance and repair, renovation, and replacement 
(Tomczak & Zielinska, 2017) and the actions are performed either to prevent failure, or more 
commonly, as a reaction to an already occurred failure (Rizzo, 2010). Maintenance and repair 
involve cleaning and point repairing in the sewer system and an example of an efficient and 
cost-effective method is using chemical grouting for point repairs (e.g., Abraham & Gillani, 
1999). The two most common renovation methods are coating and pipe relining (Tomczak 
& Zielinska, 2017). Coating can be done using, e.g. cement mortar coatings or resin coatings 
while relining means improving a pipe’s structural state by inserting a lining (Abraham & 
Gillani, 1999). Two examples of relining methods are sliplining and cured-in-place (CIP) 
lining. Wastewater system replacement can be performed either by using open cut trench 
excavation or trenchless methods (Tomczak & Zielinska, 2017). Open cut trench excavation 
has been used traditionally for replacement but due to its disruptive nature, e.g. due to traffic 
disturbances and the need for disposal of soil it is today usually used only when the pipe is 
seriously in need of a total replacement. Trenchless replacement is usually a more convenient 
choice which can be done, e.g. through pipe bursting where the existing pipe is broken open 
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and a new pipe inserted (e.g., Rameil, 2007). Pipe bursting has a similar result as relining but 
with the difference that pipe bursting does not decrease the diameter of the pipe.  

The effects of I/I-water can also be decreased if flows that are intentionally or unintentionally 
connected to the wastewater or sewer system are redirected or controlled. The addition of I/I-
water in the combined system can be reduced by separation of the system where an additional 
pipe only for stormwater is added leading the stormwater to the recipient, either with or 
without treatment (Brombach et al., 2005). Removing illicit connections is another method to 
reduce the I/I-water to the system, e.g. by disconnecting private stormwater laterals from the 
sewer system. The procedure is explained more in detail by Brown et al. (2004) and requires 
that faulty connections have been localised as well as extensive interaction and cooperation 
with private property owners (Lundblad & Backö, 2014). Daylighting of captured streams is 
another method of redirecting the flows and involves restoring old waterways which have 
been connected to the wastewater or sewer system (e.g., Broadhead et al., 2015; Buchholz et 
al., 2016). Further, instead of being removed, I/I-water can be regulated to avoid effects 
related to peak flows. This is done by using storage facilities which can be located in-line, 
i.e. within the existing system, off-line, i.e. in tanks and basins adjacent to the system, or on-
site, i.e. at the WWTP (USEPA, 2004).  

It should not be assumed that a measure to reduce I/I-water always has the intended effect. 
When it comes to rehabilitation it has been shown that the effect on I/I-water is very limited 
if not all pipes and manholes in an area are rehabilitated (Bäckman, 1985; Lundblad & Backö, 
2014; Sola et al., 2021). Regarding the choice of separation of combined systems, the separate 
system is nowadays usually preferred over the combined and uncritically implemented 
(Brombach et al., 2005). However, it has been shown that the flow characteristic in a separate 
system often is similar as in a combined system even though it theory should contain no rain 
induced I/I-water (Bäckman, 1985). 

 Sustainability and ethical principles 

Sustainable development can be defined in various ways, but one of the most established 
definitions is from the Brundtland report which states that “Sustainable development is 
development that meets the needs of the present without compromising the ability of future 
generations to meet their own needs” (WCED, 1987). A way of reaching sustainable 
development is to fulfil goals related to different dimensions of sustainability. Although 
several additional dimensions have been suggested, e.g. a moral, legal, technical and political 
dimension (e.g., Pawłowski, 2008), the three dimensions of economic, social, and 
environmental or ecological sustainability (Barbier, 1987) are those traditionally used. The 
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economic dimension concerns the distribution of resources between current and future 
generations (Hedenus et al., 2018). Resources can include both finite natural resources (e.g., 
fossil fuels and metals), but also capital created by humans, such as buildings and education. 
Definitions regarding the social dimension of sustainability vary. Often included factors are 
health, well-being, equity, and participation (e.g., Harris, 2009; Torjman, 2000), but some 
argue that these are the goals or means of sustainability. According to this view the social 
dimension should instead include prerequisites to achieve the goals and concern vertical 
relations, e.g. trust between people and horizontal relations, e.g. well-functioning social 
institutions (Hedenus et al., 2018). The environmental dimension includes the conservation 
of nature and landscape, e.g. by avoiding over-exploitation, maintaining biodiversity, and 
creating resilience (e.g., Barbier, 1987; Harris, 2009; Pawłowski, 2008).  

There are different ways of illustrating how the three dimensions of sustainable development 
relate to each other (Figure 7). A common way is using a Venn diagram as done by, e.g. 
Barbier (1987). Sustainability then means maximising the goals of all three dimensions and 
is illustrated by the common space shared by all three circles. In the Bull’s eye model (see 
e.g., Scott Cato, 2012)  it is, on the other hand, illustrated that the boundaries for the economy 
is set by social relationships which in their turn depend on the environment which make up 
the outer border. The two presented models on how the dimensions relate to each other can 
be connected to the concepts of weak and strong sustainability, described by, e.g. Turner et 
al. (1993) and Neumayer (2003). Weak sustainability relates to the Venn diagram and 
assumes perfect substitutability between different forms of capital. Hence, it is possible to 
compensate for the loss of natural capital by introducing man-made capital since it is the sum 
of these capitals that should not decrease over time to reach a sustainable development. 
Strong sustainability is more related to the bull’s eye diagram and claims that it is not possible 
to compensate between the dimensions and to reach a sustainable development neither of the 
capitals should decrease over time.  

 
Figure 7. Two examples of how the three dimensions of sustainable development can be 
related. To the left: Venn-diagram. To the right: bull’s eye diagram. 
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In recent years the definitions of and tools for assessing sustainability have been further 
developed and expanded. An example of this is the sustainable development goals formulated 
by the United Nations (United Nations, 2015). The 17 goals include themes related to, e.g. 
poverty, energy, and peace, and it is acknowledged that different kinds of progress must be 
synchronised to reach sustainable development. Goal number 6: Clean water and sanitation 
and goal number 11: Sustainable cities and communities are the most strongly related to this 
thesis.   

To define what sustainable development is, one must determine who or what has an intrinsic 
value, e.g. only humans (anthropocentrism), also animals, all living things (biocentrism), or 
ecosystems (ecocentrism) (Brennan & Norva, 2021). These views can to different extent 
correlate to other ethical theories. Utilitarian ethics are related to anthropocentrism and it is 
believed that the action that leads to the maximum total happiness of people should be chosen 
(Bentham, 1789; Mill, 1863). Using this perspective, ecosystems do not have intrinsic values 
but should be evaluated based on how they directly and indirectly contribute to human 
welfare, i.e., by ecosystem services. Costanza et al. (1997) listed 17 ecosystem services that 
can be divided into provisioning, regulating, cultural, and supporting services. A 
classification of ecosystem services has been performed by the Common International 
Classification of Ecosystem Services (CICES) (Haines-Young & Potschin, 2018). A different 
ethical theory is the deontological, which is more related to ecocentrism. Moral norms, duty 
and, ethical values here distinguish if an action is good or not and it is hence not related to 
which consequences of the action that arise (Broad, 1930). 

 Risk and decision support 

2.4.1 Risk definitions and uncertainty  
There are many ways to define risk, both in technical and more social-science related contexts 
(Hansson, 2002). A risk should not be confused with a hazard which is a source with the 
potential to cause harm, whereas a risk is the likelihood of harm caused by the hazard (e.g., 
Kaplan & Garrick, 1981).  ISO (2018) presents the risk definition “effect of uncertainty on 
objectives”, but also states that risk usually is expressed in terms of risk sources, potential 
events, consequences, and likelihood. The latter can, from an engineering perspective, be 
derived from the classical risk definition by Kaplan and Garrick (1981) who use the three 
questions “What can go wrong?”, “How likely is it that that will happen?”, and “If it does 
happen, what are the consequences?” as a basis for expressing risk.  

Probability is defined by ISO (2018) as “an extent to which an event is likely to occur” and 
the concept can be interpreted in thee ways (Bedford & Cooke, 2001). The classical 



15 

 

interpretation involves seeing probability as the outcome after repeating an experiment, e.g. 
throwing a dice a limited number of times whereas in the frequentist interpretation it is 
assumed that the experiment can be performed an infinite number of times. The third 
interpretation, the subjective or Bayesian interpretation, in which probability is expressed as 
a degree of belief, is widely used in risk analysis (Bedford & Cooke, 2001). The probability 
is then seen as the sum of a set of possible worlds or a set of possible states of the world and 
this interpretation could be used, e.g. when answering the question “Will it rain tomorrow?”. 
ISO (2018) defines consequence as the “outcome of an event affecting objectives” and states 
that a consequence can have both positive and negative direct or indirect effects.  

Using probability and consequences to quantify risk is widely established in engineering 
contexts  but some argue that the definition should be developed or broadened, e.g. by adding 
a dimension of time (Haimes, 2009) or replacing the probability component with uncertainty 
(Aven, 2010).  

Uncertainty is by Aven (2012) defined as “lack of knowledge about the performance of a 
system (the world), and observable quantities in particular”. Uncertainties can be either 
aleatory, arising from randomness in samples, or epistemic, due to lack of knowledge of the 
system. In risk assessment both types of uncertainties are common, and it is thus important 
to consider them in a suitable manner to obtain a good understanding of the risk. 

2.4.2 Risk management and decision support 
A risk management process is suggested by ISO (2018) (Figure 8) which aims to show how 
risks can be handled in a structured way.  

 

Figure 8. Risk management process adapted from ISO (2018) (Ohlin Saletti, 2021). 

After defining a scope and risk criteria, e.g. to reduce the risk of CSOs or basement flooding 
events to a specific level, a risk assessment is performed which involves identification, 
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analysis, and evaluation of the risks. In the risk analysis step parameters such as risk sources, 
consequences, likelihood, and uncertainties are estimated and then used in the risk evaluation 
step where different decision support methods can be used. The results are compared with 
the risk criteria to see if additional actions to reduce or eliminate the risks should be 
performed. In the risk treatment step these actions are selected and implemented.  

To involve and create understanding among stakeholders, improving the process and define 
clear responsibilities, the steps Communication and Consultation and Monitoring and Review 
take place throughout the process. Additionally Reporting and Recording are performed to 
and document important outcomes. When new information becomes available the process is 
updated and is thus iterative rather than linear.  

A basic structure for decision support is presented by Aven (2012) which suggests that after 
formulating the decision problem or decision alternatives and performing the risk and 
decision analyses, a managerial review and judgement process should be done (Figure 9). 
The review aims to see if a decision can be taken or if the problem should be updated. The 
whole process is governed by stakeholder goals, criteria, and preferences.  

 
Figure 9.  Basic structure of the decision-making process, adapted from (Aven, 2012) (Ohlin 
Saletti, 2021). 

Several different decision support methods can be used for managing risks, e.g. multi-criteria 
decision analysis (MCDA) and cost-benefit analysis (CBA). In a MCDA a complex problem 
is broken into smaller pieces that can be either monetised or not (DCLG, 2009). The different 
alternatives are evaluated using scoring based on identified criteria which are weighted in 
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relation to each other. After combining the weights and scores for each alternative together, 
overall weighted scores are obtained which can be used as a basis for decision support. In a 
MCDA, different effects can be evaluated in relation to each other, e.g. a reduced risk due to 
a specific measure can be evaluated against negative impacts caused by the measure.  

In a CBA all costs and benefits for a project alternative are monetised from a societal 
perspective (Hanley et al., 2009). A reduced risk associated with a project alternative is 
considered a benefit and can be combined with other benefits and costs to achieve the 
particular risk reduction. The Net Present Value (NPV) for each alternative is: 

𝑁𝑁𝑁𝑁𝑁𝑁 = �
𝐵𝐵𝑡𝑡 − 𝐶𝐶𝑡𝑡
(1 + 𝑟𝑟)𝑡𝑡

𝑇𝑇

𝑡𝑡=1

 

where T is the project time including the years t (t=0…T), Bt the benefits for year t, Ct the 
costs for year t, and r  the discount rate.  

To make costs and benefits that arise at different years comparable discounting is performed 
(e.g., Boardman et al., 2017; Johansson & Kriström, 2018). Using a discount rate, the value 
of future costs and benefits are assumed. A discount rate close to zero means that the future 
costs and benefits are valued similar as today whereas a higher discount rate lower the present 
value of the future costs and benefits. It is also possible to let the discount rate decline along 
the project time which can make up for intergenerational inequality (Arrow et al., 2014). 
After calculating a NPV for each project alternative they can be compared and the alternative 
with the highest NPV is considered to be the most preferable.  

In both a MCDA and a CBA, sensitivity analyses should be performed to examine how 
changes in the used parameters and different boundary conditions for the model set-up affect 
the final results.  

 Expert elicitation 

Information needed to perform an analysis is not always easily available, due to the complex 
nature of the problem or since the answer is subjective. In those cases elicitation, defined by 
Dias et al. (2018) as the “facilitation of the quantitative expression of subjective judgements” 
can be used. Expert elicitation is extensively described in literature by, e.g. Cooke (1991), 
O'Hagan et al. (2006), and O’Hagan (2019). Exactly how the elicitation process should be 
performed is debated. However, based on a review of method descriptions,  Jenkinson (2005),  
suggests six steps which most models have in common. The steps are: (1) Background and 
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Preparation, (2) Identify and recruit experts, (3) Motivating the experts, (4) Structuring and 
Decomposition, (5) Probability Training, and (6) The Elicitation.  

Within the elicitation process persons representing different roles should be present, however 
one person can represent more than one role (Jenkinson, 2005). The roles are the decision 
maker or the one that will use the result, the experts that have knowledge about the variables, 
a statistician that can train the experts and validate the results, and a facilitator to lead the 
exercise. The process can follow different protocols whereas The Cooke protocol, The 
SHELF protocol, and the Delphi method are three most applied protocols for elicitation with 
multiple experts (O’Hagan, 2019).  

Disregarding what protocol is used for the elicitation it is essential that biases that can lead 
to systematic errors in the judgement are avoided (see e.g., Montibeller & Winterfeldt, 2018). 
Principles for heuristics and biases have been formulated by Tversky and Kahneman (1974) 
and four important biases to avoid in the elicitation process are anchoring, availability, 
range-frequency, and overconfidence (O’Hagan, 2019). 
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 METHODOLOGY 

This chapter describes the approaches being applied in the thesis and the appended papers.  

 I/I-water and system boundaries 

The I/I-water situation can be analysed using different system perspectives. In an analysis, 
different effects will be included depending on how the system boundaries are set (Figure 
10). Commonly, boundaries are set around the assets of the project owner resulting in a 
financial analysis. In the I/I-water case this can be around the piping system or around the 
WWTP. However, the system boundaries can be extended, e.g. to include the city or be set 
regional or globally. In this thesis a broader system perspective is applied with the aim to 
include all effects of I/I-water which can affect society. 

 
Figure 10. Example of possible system boundaries (1: WWTP, 2: Piping system, 3: City, 4: 
Global) (Paper I). 

Paper I deals with sources, effects, detection and quantification, and measures relating to I/I-
water in general terms. In Paper II, the I/I-water is not divided into sources but in the case 
study the different components of FRC and SRC are at times handled separately. Apart from 
that, the total flow of I/I-water, disregarding the component or source, is considered. 
Regarding effects, four categories of effects are included in the model and monetised in the 
case study. These are effects at the WWTP and effects from pumping, basement flooding 
events, and CSOs. Regarding quantification of I/I-water for the case study in Paper II, data 
from hydraulic models, calibrated using measurement points at the system, are used. The 
models were not set up as part of the research project but are already existing models 
belonging to the City of Gothenburg. Measures to reduce I/I-water are not a part of Paper II. 
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All cost and benefits to society related to I/I-water are in this thesis classified as internal or 
external effects. The internal effects are defined as those affecting the project owner. In this 
thesis, also external effects, which can affect the environment, human health, or other aspects 
are included to provide a calculation of the full expected cost to society. Effects are monetised 
as far as possible given the time and budget constraints of the analysis.  

To further identify effects of I/I-water and measures to reduce I/I-water a workshop was held 
with representatives from the water utility in the City of Gothenburg, the WWTP in the 
Gothenburg region, and researchers. The participants were divided into two groups and asked 
to identify positive, negative, continuous, and temporary effects of I/I-water. The groups then 
presented their effects to each other, and these were compared to effects found in the 
literature. In the next step the participators were asked to discuss and list measures to reduce 
I/I-water. After the workshop the effects and measures were compiled, grouped into 
categories, and sent to the participants. The participants were asked to value the significance 
of each effect, from a Gothenburg context and a socio-economic perspective (1 = no 
significance to 5 = very large significance). They were also asked to evaluate how interesting 
they found each measure to be included in a CBA (1 = not interesting at all to 5 = very 
interesting).  

 Sustainability and ethical principles 

In this thesis the definition of sustainability using the three dimensions (economy, social, and 
environmental) is applied. The dimensions are valued as equally important according to the 
Venn diagram (Figure 7). Moreover, well-being, health, and happiness of people are included 
as factors in the social dimension.  

In Paper I both utilitarian and deontological perspectives for decision support methods are 
acknowledged in relation to the decision support models MCDA and CBA. The approach in 
paper II takes a stand in a CBA perspective and is hence based on a utilitarian and 
anthropocentric perspective.  

 Risk  

Since several of the effects from I/I-water are connected to events which can occur with 
different probability, a risk-based approach is applied in this thesis. The applied risk 
definition is based on an engineering perspective and in accordance with the description by 
Kaplan and Garrick (1981) using events, consequences, and probabilities. Moreover, the 
concept of using uncertainty in accordance with Aven (2010) is applied. 
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An important point is that I/I-water does not constitute a risk in itself but should be considered 
a hazard as it may pose a risk but not always do. Goals relating to I/I-water should therefore 
be set based on the effects and not the hazard. An example of commonly set goals based on 
the hazard are goals related to the yearly share of I/I-water reaching the WWTP. Instead, 
goals should be set relating to the effects of I/I-water, as  previously advocated by, e.g. 
Bäckman et al. (1997) and applied in this thesis. Goals set based on the effects from I/I-water 
can, e.g. relate to a maximum allowed number of CSOs or basement flooding events, or to 
how the WWTP is allowed to be affected of I/I-water. 

The concepts associated with risk correlate to each other in a “risk chain” (Figure 11) which 
is introduced in Paper I. In this risk chain sources of I/I-water, such as groundwater, faulty 
connected stormwater, or water from combined systems, transform to I/I-water which can 
result in effects, such as basement flooding events or CSOs. The consequences of these 
effects in combination with uncertainties corresponding to all previous steps make up the 
risk.  

 
Figure 11. Risk-chain showing the relation of used concepts (Paper I). 

 Uncertainty 

A substantial number of different uncertainties are associated with the different steps in the 
“risk chain” of I/I-water (Figure 11). Concerning the sources there are uncertainties, e.g. 
related to how much, often and for how long it will rain, and if a drinking water pipe is 
leaking. Further, there are uncertainties regarding if these sources will become I/I-water, e.g. 
related to the state of the wastewater system and its leakiness. There are also uncertainties 
connected to if a specific effect, e.g. a CSO, will occur and further if specific consequences 
will happen due to that, e.g. if specific pollutants will affect the ecosystem. Both aleatory and 
epistemic uncertainties are represented, e.g. the variation in the rain intensity and duration 
are aleatory and the uncertainty regarding the status of the system is epistemic.  

To account for the uncertainties associated with I/I-water a probabilistic risk approach 
(Bedford & Cooke, 2001) is applied. Instead of using point values as variables, probability 
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distributions are assigned to perform an uncertainty analysis. Using Monte Carlo simulation 
(see e.g., Metropolis & Ulam, 1949), a large number of iterations can be performed to sample  
values from the probability distributions and conduct repeated calculations (Figure 12). 
Therefore, the final result can be represented by a probability distribution where, e.g., the 
expected value and its uncertainty interval can be obtained. This approach also enables the 
performance of a sensitivity analysis where the contribution of each input variable to the total 
uncertainty is calculated. To evaluate the impact of variables where it is not possible or 
suitable to assign a probability distribution, sensitivity analysis can also be performed as a 
scenario analysis. Scenarios are then set up, e.g. using different discount rates or climate 
factors, and the difference in the final result between the different scenarios is evaluated.  

 

Figure 12. Schematic illustration showing the concept of a Monte Carlo simulation (Paper 
II). 

  Economic analysis 

In Paper II, an economic analysis is performed to calculate the cost for society of I/I-water. 
This analysis is, as mentioned before, based on a CBA perspective although only costs and 
no benefits of I/I-water effects are included. The included costs comprise both internal and 
external costs. The time horizon used is 100 years and to be able to compare and summarise 
costs occurring in different years, discounting is performed (Boardman et al., 2017). The 
present value (PV) is:  

𝑁𝑁𝑁𝑁 = �𝐶𝐶𝑡𝑡  
1

(1 + 𝑟𝑟)𝑡𝑡

𝑇𝑇

𝑡𝑡=0

 

where T is the time horizon including the years t (t=0…T), 𝐶𝐶𝑡𝑡 the cost for year t, and r the 
discount rate.  

In Paper II a discount rate of 3.5% is used in accordance with the  Swedish transport 
administration (2020), but the rates of 1.5% and 6.0% are used in a sensitivity analysis as 
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recommended by Johansson and Kriström (2015). Valuation of the effects of I/I-water is 
performed by monetisation into Swedish kronor (SEK) where 1 SEK corresponds to 
approximately 0,1 EUR (April 2022).  

 The Sheffield Elicitation Framework 

Expert elicitation was performed to obtain input data for the case study in Paper II. The 
elicitation protocol The Sheffield Elicitation Framework (SHELF) was used (Oakley & 
O'Hagan, 2019). This protocol follows a 10-step process (Figure 13) which is an elaboration 
of the common steps presented by Jenkinson (2005).  

 

Figure 13. The steps of an elicitation exercise following the SHELF protocol. Grey 
background (Exercise specification and Expert selection) means that the steps are performed 
before the workshop. Figure adapted from Gosling (2018). 

The steps of the SHELF-protocol are described more in detail, e.g. by Gosling (2018). All 
material needed to perform the elicitation process is available through open access by Oakley 
and O'Hagan (2019).  

During the four different workshops one quantity of interest (QoI) was elicited at a time using 
individual judgements and group judgements. To perform the judgments the tertile, quartile, 
or roulette method can be used and the quartile method was chosen in Paper II. All individual 
judgements were used for fitting probability distributions using free web tools provided by 
Oakley (2022). The experts were then allowed to discuss their distributions before 
performing a group judgement to agree on an aggregation of their views. After fitting this 
joint judgement to a probability distribution, it was discussed and modified until consensus 
was reached. The next QoI was then elicited using the same process with individual and 
group judgements. 
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 RESULTS 

In this chapter, a summary of the key findings in the appended papers of this thesis are 
presented.  

In Figure 14, the included results are related to the different parts of the generic framework 
presented in Paper I. A summary of Paper I is presented in section 4.1. Paper II is focused on 
the calculation of risk- and base costs and the results are presented in section 4.3. In section 
4.2, the results from the workshop about effects and measures related to I/I-water are 
presented and serve as a link between the two papers. 

 
Figure 14. Adjusted framework from Paper I to demonstrate how the results in this thesis 
relate to each other. 



25 

 

  Framework and evaluation of previous models  

A framework was developed based on established theories on risk assessment and decision 
making (e.g., Aven, 2010; Aven, 2012; ISO, 2018). Important aspects of the framework are 
that it is risk-based and that uncertainties are included as well as economic, social, and 
environmental aspects of sustainability. 

Eight published models which focus on I/I-water and decision support were found and 
evaluated based on the important aspects of the framework (Table 1). The result of the 
evaluation showed that only one of the models was risk-based and that two included 
uncertainty to some extent. All models include project internal, economic effects of I/I-water. 
Two of the models also include social and environmental aspects of I/I. The results show that 
from a sustainability perspective there is a need to develop a new model including all aspects 
presented in the framework. 

Table 1. Evaluation of models based on framework.   = Criterion included but not 
monetised. € = Criterion included and monetised. A: Sola et al. (2020), B: Davalos et al. 
(2018), C: Diogo et al. (2018), D: Moskwa et al. (2018), E: Vallin (2016), F: Lee et al. 
(2009), G: King County (2005), H: DeMonsabert and Thornton (1997). 

Evaluation 
criterion 

A B C D E F G H 

Risk-based          
Uncertainty       ()  
Sustainability         
Economic         
   Internal € € €  € € € € 
   External €        
Social €        
Environmental €        

 

  Effects and measures related to I/I-water 

During a workshop, generic effects related I/I-water were identified (Figure 15). The effects 
where then divided into the categories consumption of resources, maintenance, undersized 
facilities, impact on surroundings, dilution, and additional effects. The five effects that the 
participants valued as most significant from a socio-economic perspective (in the Gothenburg 
context) are increased risk of basement flooding events, increased risk of CSOs to sensitive 
recipients, less capacity for new connections, less effective treatment, and more stormwater 
pollutants in sludge at WWTP.  
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Figure 15. Generic effects related to I/I-water identified during a workshop. The five effects 
valued to have the highest significance in a Gothenburg context in bold.  

During a workshop, generic measures to reduce or control I/I-water were identified (Figure 
16).  The measures were then divided into measures before and after I/I-water reaches the 
wastewater system The three measures that the participants valued as most interesting to 
include in a future CBA are relining of the piping system, disconnection of combined 
surfaces, and influencing inhabitants and property owners to connect less stormwater to the 
piping system.  

 
Figure 16. Generic measures to reduce I/I-water identified during a workshop. The three 
effects values to be most interesting to add in a CBA in the Gothenburg context in bold.  
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  Cost to society of I/I-water  

To calculate the cost to society of I/I-water a model was developed in which consequences 
of important effects of I/I-water are monetised. The effects are divided into base effects and 
risks (Figure 17). Base effects, such as increased treatment or pumping, occur continuously 
throughout a year and risks occur occasionally, such as CSOs or basement flooding events, 
and are calculated using the probabilities and consequences of large rains.  

 
Figure 17. Schematic figure showing effects included in Paper II. Base effects occur 
continously thoughout a year whereas risks occur occasionally. The risks are expressed using 
probability of rainfall and cost ofconsequences (Paper II). 

After calculating the yearly costs of each effect, the total PV is calculated for the chosen time 
horizon and discount rate. To account for uncertainties, probability distributions are assigned 
for the input variables.  

The model was shown to be applicable in real world contexts by applying it on a case study 
area in the central parts of Gothenburg.  Included effects were treatment and investment at 
the WWTP, internal and environmental effects due to pumping, environmental effects 
because of CSOs, and restoration and inconvenience due to basement flooding events (Figure 
18). Results from hydraulic modelling and expert elicitation were used to obtain most of the 
needed input variables. Further, Monte Carlo simulations as well as scenario analyses were 
performed as part of the case study to investigate the uncertainties. 
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Figure 18. Overview of effects included in case study (Paper II).  

The result from the case study showed that the median total PV of I/I-water from the area for 
a time horizon of 100 years was 687 million SEK. The PV mostly consisted of costs at the 
WWTP, mainly investments, and costs due to restoration after basement flooding. In Figure 
19 the 10th, 50th, and 90th percentile of the PV for the total cost and the individual effects that 
were monetised are presented.   

 
Figure 19. PV of 10th, 50th, and 90th percentiles for the effects included in the case study 
(Paper II).  

The uncertainty and sensitivity analyses showed that the input variables that were most 
strongly correlated to the total PV mainly were related to the volume of I/I-water and the 
share of basements that can be flooded. Further, it was shown that the discount rate had a 
large impact on the result.  
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 DISCUSSION  
  Development and application of the model  

The theoretical background shows that there exists a vast number of publications about the 
technical aspects regarding identifying and reducing I/I-water. Although technical knowledge 
apparently is available, I/I-water still constitutes a substantial problem in many urban areas. 
This indicates that the I/I-water problems water utilities are facing are not due to lack of 
technical knowledge but to other factors. Uncertainties can be an important aspect since it is 
not always certain that methods that in theory should find or decrease I/I-water function as 
intended in practice. Moreover, it should not be forgotten that the I/I-water problem is of a very 
complex nature in large underground systems that have been built and rebuilt over centuries. It 
is very difficult to keep a complete track of status, flow, and changes everywhere in the system 
and the resources of water utilities are often limited.  

In Paper II, important effects of I/I-water were monetised. However, many more effects exist 
as shown, e.g., in the theoretical background as well as in the result of the workshop about 
measures and effects. Of the five effects valued to have the highest significance during the 
workshop, basement flooding and CSOs were included in the model presented in Paper II. The 
effects regarding less capacity for new connections, less efficient treatment, and decreased 
quality of sludge were not included. These effects are more difficult to monetise, but it may be 
easier to value the cost of the change in these effects depending on which measure that is 
implemented. These effects, among others, are therefore planned to be included in future work 
using CBA to analyse how different measures impact the effects of I/I-water. The result from 
the workshop about effects and measures regarding which measures to be prioritised in a CBA 
will be considered when setting up scenarios combining different measures in this analysis. 
However, there was a limited number of participants in the workshop and all represented 
stakeholders. It might therefore be the case that other measures to reduce I/I-water could be 
identified and included in the planned CBA. 

The results of the case study showed that effects at the WWTP and effects related to restoration 
after basement flooding events resulted in the largest costs in the case study area. It is important 
to note that the result could be different if a different case study area was used which is 
mentioned as a limitation of the thesis. However, the case study’s main purpose is to illustrate 
the use of the developed model and although the results provide interesting insights more effects 
can be added, and the quantification of additional input variables can be supplemented in future 
projects.  

As mentioned also in the limitations, this research, in which this thesis is a first part, focuses on 
developing a comprehensive decision-support method on I/I-water and several simplifications 
are made. An important factor related to this is on what level the I/I-water problems can and 
should be investigated and reduced. It is also important to acknowledge the different sources of 
I/I-water as well as how these sources are affecting the system at their specific location 
depending on the local conditions. At the same time more comprehensive analyses are also 
needed to get an overview and be able to take strategic decisions. The model presented in Paper 



30 

 

II can be used at different levels, both at a local and a larger scale and the result can serve as a 
basis for decision support. After identifying what effects lead to the largest cost for society 
focus can be put on removing the I/I-water that leads to these effects. However, this must be 
balanced against the cost to society of performing the measures, something that will be 
evaluated in the planned CBA. 

Expert elicitation using the SHELF-method was an important data source for quantification of 
input variables for the case study in Paper II. The expert elicitation workshops turned out to be 
very useful to gather data but were also appreciated by the experts and many expressed that the 
SHELF method was new to them and that they were interested in using it in their future work. 
Application of the SHELF method was, however, time demanding which makes it important to 
prioritise which QoI to elicit according to the full SHELF-protocol and which to assess using 
more simple approaches. Choosing the most suitable experts to participate is also important to 
get a representative knowledge base for the quantification.  

  Technological change and ethical perspectives 

The decision support tool that is being developed in this research project will, whether or not it 
is acknowledged, be based on normative assumptions. These assumptions can to a different 
extent relate to established views of sustainability and ethical aspects. Moreover, it is crucial 
what system boundaries are used and consequentially which stakeholders are included. Main 
stakeholders are, e.g. the water utility, the owner of the WWTP, other municipal organisations, 
operators, and the inhabitants of the city. These stakeholders, together with technical and 
sociological parts of the wastewater system are interconnected and connected with other 
systems such as the drinking water system and the waste management system. This makes the 
large technical system (LTS) approach useful for analysing how the system has developed and 
how changes can happen. Various reverse salients can be identified in the wastewater system 
where in a large perspective the piping system can be seen as a one when including also the 
WWTP. Extensive technology development and research have been performed regarding 
treatment processes at WWTPs. However less research has been performed on the piping 
system where the similar technologies are used as when they were invented. Possible reasons 
for the slow technology development may be the difficulties of monitoring the underground 
system and that the strong connection between the flow and the system making it difficult to 
perform gradual changes. 

New investments in the piping system should consider that much of the infrastructure built 
today should last for at least 100 years. It is impossible to know for certain how society and the 
system will develop during this time horizon. Different factors, which can occur on different 
levels if using a multi-level perspective (MLP) may enable a technological change. Alternative 
technologies such as source separation, vacuum systems, and more decentralised systems (e.g., 
Larsen et al., 2013) exist on a niche level and can be enabled due to factors at the socio-technical 
level. These factors can be related to the problem with I/I-water which makes the whole system 
function less efficiently or to the large maintenance debt regarding the piping system, i.e., that 
renovation and maintenance have not been performed in the needed pace. Further, at the 
landscape level the most important transformation pressure is climate change which makes a 
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system change more urgent due to, e.g. more precipitation and higher surface water levels. 
Using the MLP presented by, e.g. Geels (2002) to analyse the wastewater system it is hence not 
impossible that large system changes will take place in the near future. This should not be 
overlooked when taking decisions regarding investments that will affect the system and the 
society for a very long time ahead.  

An important system choice is if the existing combined systems should be replaced with 
separated systems. Building combined systems was a design choice and we must now live with 
its consequences unless large system changes are made which would result in very large 
economic costs to society. But even if disregarding the economic costs, deciding to implement 
a large change in the wastewater system should be accompanied by investigating how the 
process of change should be made in the most sustainable way. We have inherited an imperfect 
system that has grown organically for more than a hundred years. The conversion to a more 
sustainable system may have to be done gradually where some parts at a time are replaced when 
there is a need also for other measures. That is, because changing systems that still function 
could lead to a waste of already spent resources. On the other hand, this incremental change 
might be too slow, and from a deontological perspective it can be argued that it is our duty to 
provide future generations with a better system. The aim is that the models that are presented 
in this thesis and those that are planned to be developed will help answering questions related 
to this dilemma by providing tools for comparing costs and benefits in society related to the 
different alternatives.  
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 CONCLUSIONS 
The following main conclusions are drawn from the work presented in this thesis: 
• In the literature, comprehensive theoretical knowledge about water from infiltration and 

inflow (I/I-water) is reported. Information can, e.g. be found related to methods for 
detection and reduction of I/I-water. The problems related to I/I-water are, however, still 
widespread and extensive in many urban areas.  

• To facilitate the overall handling of I/I-water, a framework for decision support is presented 
based on established approaches for risk management and decision support. The framework 
is risk-based and provides a structured approach for acknowledging uncertainty and the 
three dimensions of sustainability. No such framework has previously been described in the 
literature. 

• The evaluation of previously published decision support models on I/I-water shows that 
none is fully in line with the proposed framework. Hence, there is a need to develop a 
decision support model to fully acknowledge uncertainty and sustainability in line with 
established standards and frameworks for risk management and sustainable development. 

• Due to its characteristics the problem of I/I-water is complex and difficult to analyse. 
Possible effects of I/I-water includes positive and negative effects that can be both internal 
(to the problem owner) and external effects (e.g., environmental and health effects). In 
addition, there are various possible measures to reduce I/I-water which also lead to 
corresponding effects. To acknowledge all effects of I/I-water and possible measures, a 
structured approach for decision support is essential.  

• Applying a CBA approach for decision support, many of the effects of I/I-water can be 
monetised. The presented model supports a more sustainable handling of I/I-water by 
including both internal and external effects, advocating analysis over a long time horizon, 
and letting the uncertainties of input variables be represented by probability distributions. 
By applying the model on a case study area is it shown to be applicable in practice. 
Moreover, expert elicitation is shown to be a valuable method of quantifying input data 
where hard data is lacking or insufficient.  

• The developed model for calculating the costs of I/I-water to society provides a necessary 
input to a full CBA of alternative measures to reduce I/I-water and thereby an improved 
ability for a sound prioritisation of society’s limited resources for wastewater system 
management.   

The following steps are planned as part of the future work within the research project related to 
this thesis: 
• Further extend the risk model by including measures to reduce I/I-water and its 

corresponding effects. After setting up scenarios the option with most benefits to society in 
relation to the costs can be identified using CBA.  

• Simplify and generalise the CBA model to make it more applicable in practice and collect 
data from water utilities regarding costs of I/I-water and I/I-water measures. 

• Evaluate how different system boundaries including different stakeholders and effects will 
affect the result of a CBA.  

• Improve the method of monitoring I/I-water using IoT-meters and data processing.  
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• Develop a model for value of information analysis (VOIA) where the risk of not gathering 
enough data is balanced, using CBA, with the risk of gathering too much data in order to 
select a management option that is cost-efficient.  

• Include aspects that cannot be monetised, applying a more deontological perspective that 
goes beyond the utilitarian perspective of CBA.  

 

 

 

  



34 

 

REFERENCES 
 

Abraham, D. M., & Gillani, S. A. (1999). Innovations in materials for sewer system 
rehabilitation. Tunnelling and Underground Space Technology, 14, 43-56. 
doi:https://doi.org/10.1016/S0886-7798(99)00003-6 

Arrow, K. J., Cropper, M. L., Gollier, C., Groom, B., Heal, G. M., Newell, R. G., . . . 
Weitzman, M. L. (2014). Should governments use a declining discount rate in project 
analysis? Review of Environmental Economics and Policy, 8(2), 145-163. 
doi:https://doi.org/10.1093/reep/reu008 

Aven, T. (2010). On how to define, understand and describe risk. Reliability Engineering & 
System Safety, 95(6), 623-631. doi:https://doi.org/10.1016/j.ress.2010.01.011 

Aven, T. (2012). Foundations of Risk Analysis: Second Edition: John Wiley & Sons.   
Barbier, E. B. (1987). The concept of sustainable economic development. Environmental 

conservation, 14(2), 101-110. doi:https://doi.org/10.1017/S0376892900011449 
Bareš, V., Stránský, D., & Sýkora, P. (2009). Sewer infiltration/inflow: Long-term monitoring 

based on diurnal variation of pollutant mass flux. Water Science and Technology, 
60(1), 1-7. doi:https://doi.org/10.2166/wst.2009.280 

Bedford, T., & Cooke, R. (2001). Probabilistic risk analysis: foundations and methods: 
Cambridge University Press.   

Beheshti, M., Saegrov, S., & Ugarelli, R. (2015). Infiltration/inflow assessment and detection 
in urban sewer system. Vann, 01, 24-34. http://hdl.handle.net/11250/2598406 

Bentham, J. (1789). An introduction to the principles of morals and legislation. Oxford: 
Clarendon Press.  

Bjällås, U., Fröberg, M., & Sundelin, A. (2015). Hur ska EU-domstolens dom i mål C-461/13 
(Weserdomen) tolkas och vad får den för betydelse. Retrieved from 
https://tinyurl.com/4vb7456t 

Blomkvist, P., & Johansson, P. (2016). Systems thinking in industrial dynamics. In A dynamic 
mind. Perspectives on industrial dynamics in honour of Staffan Laestadius (pp. 45-
75). Stockholm: Division of Sustainability and Industrial Dynamics, Department of 
Industrial Economics and Management (INDEK), KTH.https://tinyurl.com/2p9c6kk2 

Boardman, A. E., Greenberg, D. H., Vining, A. R., & Weimer, D. L. (2017). Cost-benefit 
analysis: concepts and practice: Cambridge University Press.   

Brennan, A., & Norva, Y. S. L. (2021). Environmental ethics. In E. N. Zalta (Ed.), The 
Stanford Encyclopedia of Philosophy (Winter 2021 Edition). 

Broad, C. D. (1930). Five types of ethical theory: Kegan Paul, Trench, Trubner & Co Ltd.   
Broadhead, A. T., Horn, R., & Lerner, D. N. (2013). Captured streams and springs in 

combined sewers: A review of the evidence, consequences and opportunities. Water 
Research, 47(13), 4752-4766. doi:https://doi.org/10.1016/j.watres.2013.05.020 

Broadhead, A. T., Horn, R., & Lerner, D. N. (2015). Finding lost streams and springs 
captured in combined sewers: A multiple lines of evidence approach. Water and 
Environment Journal, 29(2), 288-297. doi: https://doi.org/10.1111/wej.12104 

Brombach, H., Weiss, G., & Fuchs, S. (2005). A new database on urban runoff pollution: 
comparison of separate and combined sewer systems. Water Science and Technology, 
51(2), 119-128. doi:https://doi.org/10.2166/wst.2005.0039 

Brown, E., Caraco, C., & Pitt, R. (2004). Illicit discharge detection and elimination: a 
guidance manual for program development and technical assessments U.S. 
Environmental Protection Agency. Retrieved from https://tinyurl.com/4sdrdczc 

Buchholz, T. A., Madary, D. A., Bork, D., & Younos, T. (2016). Stream restoration in urban 
environments: concept, design principles, and case studies of stream daylighting. In T. 

https://doi.org/10.1016/S0886-7798(99)00003-6
https://doi.org/10.1093/reep/reu008
https://doi.org/10.1016/j.ress.2010.01.011
https://doi.org/10.1017/S0376892900011449
https://doi.org/10.2166/wst.2009.280
http://hdl.handle.net/11250/2598406
https://tinyurl.com/4vb7456t
https://tinyurl.com/2p9c6kk2
https://doi.org/10.1016/j.watres.2013.05.020
https://doi.org/10.1111/wej.12104
https://doi.org/10.2166/wst.2005.0039
https://tinyurl.com/4sdrdczc


35 

 

Younos & T. E. Parece (Eds.), Sustainable Water Management in Urban 
Environments (pp. 121-165). Cham: Springer International 
Publishing.https://doi.org/10.1007/978-3-319-29337-0_5 

Bäckman, H. (1985). Infiltration/inflow in separate sewer systems: Some aspects on sources 
and a methodology for localization and quantification of infiltration into sanitary 
sewers caused by leaking storm sewers. (Doctoral dissertation). Chalmers University 
of Technology, Gothenburg. Retrieved from https://tinyurl.com/mryxu5dp  

Bäckman, H., Hellström, B. G., Jaryd, A., & Jonsson, Å. (1997). Läck- och dräneringsvatten i 
spillvattensystem (Measures to minimize the influence of infiltration and drainage in 
sewerage systems) VAV-AB. Retrieved from 
https://vattenbokhandeln.svensktvatten.se/produkt/lack-och-draneringsvatten-i-
spillvattensystem/ 

City of Gothenburg. (2013). Vatten- och avlopps- och avfallshistorik. Retrieved from 
https://tinyurl.com/2p9338c4 

Clementson, I., Alenius, E., & Gustafson, L. (2020). Tillskottsvatten i avloppssystem – nya 
tankar om nyckeltal (Inflow and Infiltration in wastewater systems – new thoughts on 
KPI’s) Svenskt Vatten AB. Retrieved from https://tinyurl.com/2p9xkjtc 

Cooke, R. (1991). Experts in uncertainty: opinion and subjective probability in science: 
Oxford University Press on Demand.   

Costanza, R., d'Arge, R., De Groot, R., Farber, S., Grasso, M., Hannon, B., . . . Paruelo, J. 
(1997). The value of the world's ecosystem services and natural capital. nature, 
387(6630), 253-260. doi:https://doi.org/10.1038/387253a0 

Davalos, P., Humphrey, G., Eagle, S., Roque, R., Bedoya, J., Edwards, D., . . . Dvorak, A. 
(2018). Cost effective infiltration and inflow analysis and remediation efforts in 
Miami-Dade county. Proceedings of the Water Environment Federation 2018(12), 
2994-3023.  

DCLG. (2009). Multi-Criteria Analysis: A Manual Department for Communities and Local 
Government. Retrieved from https://tinyurl.com/yhnbfuju 

De Bénédittis, J., & Bertrand-Krajewski, J.-L. (2005). Measurement of infiltration rates in 
urban sewer systems by use of oxygen isotopes. Water Science and Technology, 52(3), 
229-237. doi:https://doi.org/10.2166/wst.2005.0080 

DeMonsabert, S., & Thornton, P. (1997). A benders decomposition model for sewer 
rehabilitation planning for infiltration and inflow planning. Water Environment 
Research, 69(2), 162-167. doi:https://doi.org/10.2175/106143097X125317 

Dias, L. C., Morton, A., & Quigley, J. (2018). Elicitation: State of the art and science. In 
Elicitation: The Science and Art of Structuring Judgement (pp. 1-14): Springer, 
Cham.https://doi.org/10.1007/978-3-319-65052-4_1 

Diogo, A. F., Barros, L. T., Santos, J., & Temido, J. S. (2018). An effective and 
comprehensive model for optimal rehabilitation of separate sanitary sewer systems. 
Science of the Total Environment, 612, 1042-1057. 
doi:https://doi.org/10.1016/j.scitotenv.2017.08.315 

Drenoyanis, A., Raad, R., Wady, I., & Krogh, C. (2019). Implementation of an IoT based 
radar sensor network for wastewater management. Sensors (Switzerland), 19(2). 
doi:https://doi.org/10.3390/s19020254 

Ebi, C., Schaltegger, F., Rust, A., & Blumensaat, F. (2019). Synchronous LoRa mesh network 
to monitor processes in underground infrastructure. IEEE Access, 7, 57663-57677. 
https://ieeexplore.ieee.org/document/8703036 

https://doi.org/10.1007/978-3-319-29337-0_5
https://tinyurl.com/mryxu5dp
https://vattenbokhandeln.svensktvatten.se/produkt/lack-och-draneringsvatten-i-spillvattensystem/
https://vattenbokhandeln.svensktvatten.se/produkt/lack-och-draneringsvatten-i-spillvattensystem/
https://tinyurl.com/2p9338c4
https://tinyurl.com/2p9xkjtc
https://doi.org/10.1038/387253a0
https://tinyurl.com/yhnbfuju
https://doi.org/10.2166/wst.2005.0080
https://doi.org/10.2175/106143097X125317
https://doi.org/10.1007/978-3-319-65052-4_1
https://doi.org/10.1016/j.scitotenv.2017.08.315
https://doi.org/10.3390/s19020254
https://ieeexplore.ieee.org/document/8703036


36 

 

Eiswirth, M., Heske, C., Hötzl, H., Schneider, T., & Burn, L. S. (2000). Pipe defect 
characterisation by multi-sensor systems. Proceedings of 18th International 
conference of No-Dig (October 2020).  

Fenner, R. A. (1990). Excluding groundwater infiltration into new sewers. Water and 
Environment Journal, 4(6), 544-551. doi:https://doi.org/10.1111/j.1747-
6593.1990.tb01468.x 

Franz, T. (2007). Spatial classification methods for efficient infiltration measurements and 
transfer of measuring results. (Doctoral dissertation). Dresden University of 
Technology, Retrieved from https://tinyurl.com/w95ne9js  

Geels, F. W. (2002). Technological transitions as evolutionary reconfiguration processes: a 
multi-level perspective and a case-study. Research policy, 31(8-9), 1257-1274. 
doi:https://doi.org/10.1016/S0048-7333(02)00062-8 

Geels, F. W. (2005). The dynamics of transitions in socio-technical systems: a multi-level 
analysis of the transition pathway from horse-drawn carriages to automobiles (1860–
1930). Technology analysis & strategic management, 17(4), 445-476. 
doi:https://doi.org/10.1080/09537320500357319 

Gosling, J. P. (2018). SHELF: The Sheffield Elicitation Framework. In L. C. Dias, A. Morton, 
& J. Quigley (Eds.), Elicitation: The Science and Art of Structuring Judgement (pp. 
61-93): Springer, Cham.https://doi.org/10.1007/978-3-319-65052-4_4 

Gustafsson, L.-G. (2000). Alternative drainage schemes for reduction of inflow/infiltration-
prediction and follow-up of effects with the aid of an integrated sewer/aquifer model. 
Paper presented at the 1st International Conference on Urban Drainage via Internet. 
https://tinyurl.com/2p8dscj7 

Haimes, Y. Y. (2009). On the complex definition of risk: a systems-based approach. Risk 
Analysis, 29(12), 1647-1654. doi:https://doi.org/10.1111/j.1539-6924.2009.01310.x 

Haines-Young, R., & Potschin, M. B. (2018). Common International Classification of 
Ecosystem Services (CICES) V5.1 and Guidance on the Application of the Revised 
Structure CICES. Retrieved from https://tinyurl.com/298cprzf 

Hanley, N., Barbier, E. B., & Barbier, E. (2009). Pricing nature: cost-benefit analysis and 
environmental policy: Edward Elgar Publishing.   

Hansson, S. O. (2002). Philosophical perspectives on risk. Paper presented at the Research in 
Ethics and Engineering, Delft University of Technology. 
https://people.kth.se/~soh/PhilPerspRisk-text.pdf 

Harris, J. M. (2009). Basic principles of sustainable development. In Dimensions of 
Sustainable Development - Volume I (pp. 21-41): EOLSS Publishers / UNESCO 

Hedenus, F., Persson, U. M., & Sprei, F. (2018). Sustainable development : nuances and 
perspectives (First edition ed.): Studentlitteratur.   

Henderson, R. M., & Clark, K. B. (1990). Architectural innovation: The reconfiguration of 
existing product technologies and the failure of established firms. Administrative 
science quarterly, 9-30. doi:https://doi.org/10.2307/2393549 

Hey, G., Jönsson, K., & Mattsson, A. (2016). The impact of infiltration and inflow on 
wastewater treatment plants VA-teknik Södra. Retrieved from 
https://vav.griffel.net/filer/C_VA-teknikSodra2016-06.pdf 

Hoes, O. A. C., Schilperoort, R. P. S., Luxemburg, W. M. J., Clemens, F. H. L. R., & de 
Giesen, N. C. V. (2009). Locating illicit connections in storm water sewers using 
fiber-optic distributed temperature sensing. Water Research, 43(20), 5187-5197. 
doi:https://doi.org/10.1016/j.watres.2009.08.020 

Huang, J., Leung, K. E., Verceles, R., Chen, W., Englert, B., & Aliasgari, M. (2017). 
Automated detection of sewer pipe structural defects using machine learning. 

https://doi.org/10.1111/j.1747-6593.1990.tb01468.x
https://doi.org/10.1111/j.1747-6593.1990.tb01468.x
https://tinyurl.com/w95ne9js
https://doi.org/10.1016/S0048-7333(02)00062-8
https://doi.org/10.1080/09537320500357319
https://doi.org/10.1007/978-3-319-65052-4_4
https://tinyurl.com/2p8dscj7
https://doi.org/10.1111/j.1539-6924.2009.01310.x
https://tinyurl.com/298cprzf
https://people.kth.se/%7Esoh/PhilPerspRisk-text.pdf
https://doi.org/10.2307/2393549
https://vav.griffel.net/filer/C_VA-teknikSodra2016-06.pdf
https://doi.org/10.1016/j.watres.2009.08.020


37 

 

Proceedings of the Water Environment Federation Technical Exhibition and 
Conference 2017, WEFTEC 2017, 1, 667-677.  

Hughes, T. P. (1992). The dynamics of technological change: salients, critical problems, and 
industrial revolutions. In G. Dosi, R. Giannetti, & P. A. Toninelli (Eds.), Technology 
and enterprise in a historical perspective. New York: Oxford University Press 

ISO. (2018). Risk management - Guidelines International Organization for Standardization. 
Retrieved from https://www.iso.org/obp/ui/#iso:std:iso:31000:ed-2:v1:en 

IWA. (2019). Digital Water - Industry leaders chart the transformation journey The 
International Water Association. Retrieved from https://iwa-network.org/wp-
content/uploads/2019/06/IWA_2019_Digital_Water_Report.pdf 

Jenkinson, D. (2005). The elicitation of probabilities: A review of the statistical literature. 
https://tinyurl.com/2p994pt5 

Johansson, P.-O., & Kriström, B. (2015). Cost-benefit analysis for project appraisal: 
Cambridge University Press.   

Johansson, P.-O., & Kriström, B. (2018). Cost–Benefit Analysis. Cambridge: Cambridge 
University Press.  https://doi.org/10.1017/9781108660624 

Kaijser, A. (1994). I fädrens spår - Den svenska infrastrukturens historiska framväxt och 
framtida utmaningar. Stockholm: Carlssons Bokförlag.   

Kaplan, S., & Garrick, B. J. (1981). On the quantitative definition of risk. Risk Analysis, 1(1), 
11-27. doi:https://doi.org/10.1111/j.1539-6924.1981.tb01350.x 

Karpf, C., & Krebs, P. (2011). Quantification of groundwater infiltration and surface water 
inflows in urban sewer networks based on a multiple model approach. Water 
Research, 45(10), 3129-3136. doi:https://doi.org/10.1016/j.watres.2011.03.022 

King County. (2005). Benefit/Cost Analysis Report - Regional Infiltration and Inflow Control 
Program. Retrieved from https://tinyurl.com/278mz4sf 

Kracht, O., Gresch, M., & Gujer, W. (2008). Innovative tracer methods for sewer infiltration 
monitoring. Urban Water Journal, 5(3), 173-185. 
doi:https://doi.org/10.1080/15730620802180802 

Kracht, O., Gresch, M., & Gujert, W. (2007). A stable isotope approach for the quantification 
of sewer infiltration. Environ Sci Technol, 41(16), 5839-5845. 
doi:https://doi.org/10.1021/es062960c 

Kracht, O., & Gujer, W. (2006). Tracer based quantification of sewer infiltration: experiences 
using natural isotopes (δ 18O, δ 2H). Paper presented at the 4th Swiss Geoscience 
Meeting, Bern 

Larsen, T., Udert, K., & Lienert, J. (2013). Source separation and decentralization for 
wastewater management: IWA Publishing,.  
https://library.oapen.org/handle/20.500.12657/24364 

Lee, J. H., Baek, C. W., Kim, J. H., Jun, H. D., & Jo, D. J. (2009). Development of a Decision 
Making Support System for Efficient Rehabilitation of Sewer Systems. Water 
Resources Management, 23, 1725-1742. doi:https://doi.org/10.1007/s11269-008-
9349-2 

Li, T., Zhou, Y., Feng, C., & Li, H. (2008). Model analysis of illicit connections flow of 
storm sewer system. Tongji Daxue Xuebao/Journal of Tongji University, 36(9), 1226-
1231.  

Lofrano, G., & Brown, J. (2010). Wastewater management through the ages: A history of 
mankind. Science of the Total Environment, 408(22), 5254-5264. 
doi:https://doi.org/10.1016/j.scitotenv.2010.07.062 

Lundblad, U., & Backö, J. (2012). Undersökningsmetoder för att hitta källor till 
tillskottsvatten (Survey methods for finding sources of additional water) (2012-

https://www.iso.org/obp/ui/#iso:std:iso:31000:ed-2:v1:en
https://iwa-network.org/wp-content/uploads/2019/06/IWA_2019_Digital_Water_Report.pdf
https://iwa-network.org/wp-content/uploads/2019/06/IWA_2019_Digital_Water_Report.pdf
https://tinyurl.com/2p994pt5
https://doi.org/10.1017/9781108660624
https://doi.org/10.1111/j.1539-6924.1981.tb01350.x
https://doi.org/10.1016/j.watres.2011.03.022
https://tinyurl.com/278mz4sf
https://doi.org/10.1080/15730620802180802
https://doi.org/10.1021/es062960c
https://library.oapen.org/handle/20.500.12657/24364
https://doi.org/10.1007/s11269-008-9349-2
https://doi.org/10.1007/s11269-008-9349-2
https://doi.org/10.1016/j.scitotenv.2010.07.062


38 

 

13).Svenskt Vatten AB. Retrieved from https://vav.griffel.net/filer/SVU-
rapport_2012-13.pdf 

Lundblad, U., & Backö, J. (2014). Juridisk och ekonomisk hantering av tillskottsvatten som 
sker till spillvattenförande ledning innanför förbindelsepunkt (Legal and financial 
management of water injections that takes place on the privately owned drains) (2014-
11).Svenskt Vatten AB. Retrieved from https://vav.griffel.net/filer/SVU-
rapport_2014-11.pdf 

Mayntz, R., & Hughes, T. (2019). The development of large technical systems: Routledge.   
Metelka, T., Mucha, A., Zeman, E., Kuby, R., Gustafsson, L., & Mark, O. (1998). Urban 

Drainage Master Planning-long term behavior analysis. Paper presented at the 
Hydroinformatic an Association for Hydro-Environment Engineering and Research 
conference, Copenhagen. https://tinyurl.com/yckv8hce 

Metropolis, N., & Ulam, S. (1949). The Monte Carlo method. Journal of the American 
statistical association, 44(247), 335-341.  

Mill, J. S. (1863). Utilitarianism. Utilitarianism, Liberty, Representative Government, 7-9.  
Montibeller, G., & Winterfeldt, D. v. (2018). Individual and group biases in value and 

uncertainty judgments. In Elicitation: The Science and Art of Structuring Judgement 
(pp. 377-392): Springer, Cham.https://doi.org/10.1007/978-3-319-65052-4_15 

Moskwa, P., Filipovic, J., Latimer, N., & Bainbridge, K. (2018). Eliminating sewer 
infiltration within the region of Halton. NASTT's 2018 No-Dig Show, TM2-T5-03.  

NEIWPCC. (2003). Optimizing operation, maintenance, and rehabilitation of sanitary sewer 
collection systems New England interstate water pollution control comission. 
Retrieved from http://neiwpcc.org/neiwpcc_docs/finalwebomr.pdf 

Neumayer, E. (2003). Weak versus strong sustainability: exploring the limits of two opposing 
paradigms: Edward Elgar Publishing.   

O'Hagan, A., Buck, C. E., Daneshkhah, A., Eiser, J. R., Garthwaite, P. H., Jenkinson, D. J., . . 
. Rakow, T. (2006). Uncertain judgements: eliciting experts' probabilities: Wiley-
Blackwell  

O’Hagan, A. (2019). Expert knowledge elicitation: subjective but scientific. The American 
Statistician, 73(sup1), 69-81. doi:https://doi.org/10.1080/00031305.2018.1518265 

Oakley, J. E. (2022). Expert elicitation. Retrieved from http://www.jeremy-
oakley.staff.shef.ac.uk/project/elicitation/ 

Oakley, J. E., & O'Hagan, A. (2019). SHELF: the Sheffield Elicitation Framework (version 
4). Retrieved from http://tonyohagan.co.uk/shelf/ 

Ohlin Saletti, A. (2021). Infiltration and inflow in wastewater sewer systems - A literature 
review on risk and decision support. Retrieved from https://tinyurl.com/3cp9bw25 

Paloniitty, T. (2016). The Weser Case: Case C-461/13 BUND V GERMANY. Journal of 
Environmental Law, 28(1), 151-158. doi:https://doi.org/10.1093/jel/eqv032 

Panasiuk, O., Hedstrom, A., Langeveld, J., de Haan, C., Liefting, E., Schilperoort, R., & 
Viklander, M. (2019). Using distributed temperature sensing (DTS) for locating and 
characterising infiltration and inflow into foul sewers before, during and after 
snowmelt period. Water, 11(8). doi:https://doi.org/10.3390/w11081529 

Parkinson, J., Schütze, M., & Butler, D. (2005). Modelling the impacts of domestic water 
conservation on the sustain ability of the urban sewerage system. Water and 
Environment Journal, 19(1), 49-56. doi:https://doi.org/10.1111/j.1747-
6593.2005.tb00548.x 

Pawłowski, A. (2008). How many dimensions does sustainable development have? 
Sustainable development, 16(2), 81-90. doi:https://doi.org/10.1002/sd.339 

https://vav.griffel.net/filer/SVU-rapport_2012-13.pdf
https://vav.griffel.net/filer/SVU-rapport_2012-13.pdf
https://vav.griffel.net/filer/SVU-rapport_2014-11.pdf
https://vav.griffel.net/filer/SVU-rapport_2014-11.pdf
https://tinyurl.com/yckv8hce
https://doi.org/10.1007/978-3-319-65052-4_15
http://neiwpcc.org/neiwpcc_docs/finalwebomr.pdf
https://doi.org/10.1080/00031305.2018.1518265
http://www.jeremy-oakley.staff.shef.ac.uk/project/elicitation/
http://www.jeremy-oakley.staff.shef.ac.uk/project/elicitation/
http://tonyohagan.co.uk/shelf/
https://tinyurl.com/3cp9bw25
https://doi.org/10.1093/jel/eqv032
https://doi.org/10.3390/w11081529
https://doi.org/10.1111/j.1747-6593.2005.tb00548.x
https://doi.org/10.1111/j.1747-6593.2005.tb00548.x
https://doi.org/10.1002/sd.339


39 

 

Pereira, A., Pinho, J. L. S., Vieira, J. M. P., Faria, R., & Costa, C. (2019). Improving 
operational management of wastewater systems. A case study. Water Science and 
Technology, 80(1), 173-183. doi:https://doi.org/10.2166/wst.2019.264 

Rameil, M. (2007). Handbook of Pipe Bursting Practice: Vuklan Verlag.   
Rizzo, P. (2010). Water and wastewater pipe nondestructive evaluation and health 

monitoring: A review. Advances in Civil Engineering, 2010. 
doi:https://doi.org/10.1155/2010/818597 

Schall, G., Mendez, E., Kruijff, E., Veas, E., Junghanns, S., Reitinger, B., & Schmalstieg, D. 
(2009). Handheld augmented reality for underground infrastructure visualization. 
Personal and ubiquitous computing, 13(4), 281-291. 
doi:https://doi.org/10.1007/s00779-008-0204-5 

Scott Cato, M. (2012). Green economics: putting the planet and politics back into economics. 
Cambridge Journal of Economics, 36(5), 1033-1049. 
doi:https://doi.org/10.1093/cje/bes022 

Shehab, T., & Moselhi, O. (2005). Automated detection and classification of infiltration in 
sewer pipes. Journal of infrastructure systems, 11(3), 165-171. 
doi:https://doi.org/10.1061/(ASCE)1076-0342(2005)11:3(165) 

Sola, K. J., Bjerkholt, J. T., Lindholm, O. G., & Ratnaweera, H. (2018). Infiltration and 
inflow (I/I) to wastewater systems in Norway, Sweden, Denmark, and Finland. Water, 
10(11). doi:https://doi.org/10.3390/w10111696 

Sola, K. J., Bjerkholt, J. T., Lindholm, O. G., & Ratnaweera, H. (2020). Analysing 
consequences of infiltration and inflow water (I/I-water) using cost-benefit analyses. 
Water Science and Technology. doi:https://doi.org/10.2166/wst.2020.395 

Sola, K. J., Bjerkholt, J. T., Lindholm, O. G., & Ratnaweera, H. (2021). What effect does 
rehabilitation of wastewater pipelines have on the share of infiltration and inflow 
water (I/I-water)? Water, 13(14), 1934. doi:https://doi.org/10.3390/w13141934 

Staufer, P., Scheidegger, A., & Rieckermann, J. (2012). Assessing the performance of sewer 
rehabilitation on the reduction of infiltration and inflow. Water Research, 46(16), 
5185-5196. doi:https://doi.org/10.1016/j.watres.2012.07.001 

Sterling, R., Wang, L., & Morrison, R. (2009). White paper on rehabilitation of wastewater 
collection  and water distribution systems U.S. Environmental Protection Agency. 
Retrieved from https://tinyurl.com/3jr72v3d 

Sun, J., Hu, S., Sharma, K. R., Bustamante, H., & Yuan, Z. (2015). Impact of reduced water 
consumption on sulfide and methane production in rising main sewers. Journal of 
Environmental Management, 154, 307-315. 
doi:https://doi.org/10.1016/j.jenvman.2015.02.041 

Swedish transport administration. (2020). Analysmetod och samhällsekonomiska 
kalkylvärden för transportsektorn: ASEK 7.0. doi:https://tinyurl.com/3889vj3e 

Swedish water. (2020). Investeringsbehov för framtida kostnader för kommunalt vatten och 
avlopp - en analys av investeringsbehov 2020-2040 Swedish Water AB. Retrieved 
from https://tinyurl.com/yeyp64hx 

Söderasp, J., & Pettersson, M. (2019). Before and after the Weser case: legal application of 
the Water Framework Directive environmental objectives in Sweden. Journal of 
Environmental Law, 31(2), 265-290. doi:https://doi.org/10.1093/jel/eqz003 

Tomczak, E., & Zielinska, A. (2017). Example of sewerage system rehabilitation using 
trenchless technology. Ecological Chemistry and Engineering S-Chemia I Inzynieria 
Ekologiczna S, 24(3), 405-416. doi:https://doi.org/10.1515/eces-2017-0027  

Torjman, S. (2000). The social dimension of sustainable development: Citeseer,.  
https://tinyurl.com/4jj3aczm 

https://doi.org/10.2166/wst.2019.264
https://doi.org/10.1155/2010/818597
https://doi.org/10.1007/s00779-008-0204-5
https://doi.org/10.1093/cje/bes022
https://doi.org/10.1061/(ASCE)1076-0342(2005)11:3(165
https://doi.org/10.3390/w10111696
https://doi.org/10.2166/wst.2020.395
https://doi.org/10.3390/w13141934
https://doi.org/10.1016/j.watres.2012.07.001
https://tinyurl.com/3jr72v3d
https://doi.org/10.1016/j.jenvman.2015.02.041
https://tinyurl.com/3889vj3e
https://tinyurl.com/yeyp64hx
https://doi.org/10.1093/jel/eqz003
https://doi.org/10.1515/eces-2017-0027
https://tinyurl.com/4jj3aczm


40 

 

Tuccillo, M. E., Jolley, J., Martel, K., & Boyd, G. (2010). Report on condition assessment 
technology of wastewater collection systems U.S. Environmental Protection Agency. 
Retrieved from https://tinyurl.com/bdx362ys 

Turner, R. K., Turner, R. K., Pearce, D. W., & Bateman, I. (1993). Environmental economics: 
an elementary introduction: Johns Hopkins University Press.   

Tversky, A., & Kahneman, D. (1974). Judgment under uncertainty - heuristics and biases. 
Science, 185(4157), 1124-1131. doi:https://doi.org/10.1126/science.185.4157.1124 

UNDESA. (2018). World urbanization prospects: the 2018 revision. In. New York: United 
Nations  

United Nations. (2015). Resolution adopted by the General Assembly on 25 September 2015 
Retrieved from https://tinyurl.com/2cw9mwp3 

Upadhyay, D., & Sampalli, S. (2020). SCADA (Supervisory Control and Data Acquisition) 
systems: Vulnerability assessment and security recommendations. Computers & 
Security, 89, 101666. doi:https://doi.org/10.1016/j.cose.2019.101666 

USEPA. (1970). Control of Infiltration and Inflow into Sewer Systems (Environmental 
Protection Agency Water Quality Office Ed.). Washington, DC.   

USEPA. (2004). Report to congress, impacts and control of CSOs and SSOs Office of water. 
Retrieved from https://tinyurl.com/s8wts2kj 

USEPA. (2014). Guide for estimating infiltration and inflow U.S. Environmental Protection 
Agency. Retrieved from https://tinyurl.com/m4v66nj9 

Uusijärvi, J. (2013). Reducering av in- och utläckage genom aktiv läcksökning (Reducing 
water loss and infiltration water through leak detection) Swedish Water AB. 
Retrieved from https://vav.griffel.net/filer/SVU-rapport_2013-03.pdf 

Vallin, H. (2016). Utvärdering av multikriterieanalys som verktyg för spatial resursallokering 
av dagvattenåtgärder för tillskottsvatten i spillvattennät (Master's Degree). Uppsala 
University, Retrieved from https://tinyurl.com/yckjh9vy  

WCED. (1987). Report of the World Commission on environment and development: Our 
common future United Nations. Retrieved from https://tinyurl.com/y6jurf6d 

Weil, G. J. (1995). Remote infrared thermal sensing of sewer voids. SPIE 2454, 
Nondestructive Evaluation of Aging Utilities, (12 May 1995). 
doi:https://doi.org/10.1117/12.209367 

Weiss, G., Brombach, H., & Haller, B. (2002). Infiltration and inflow in combined sewer 
systems: long-term analysis. Water Science and Technology, 45(7), 11-19. 
doi:https://doi.org/10.2166/wst.2002.0112 

Wirahadikusumah, R., Abraham, D. M., Iseley, T., & Prasanth, R. K. (1998). Assessment 
technologies for sewer system rehabilitation. Automation in Construction, 7(4), 259-
270. doi:https://doi.org/10.1016/S0926-5805(97)00071-X 

 
  

https://tinyurl.com/bdx362ys
https://doi.org/10.1126/science.185.4157.1124
https://tinyurl.com/2cw9mwp3
https://doi.org/10.1016/j.cose.2019.101666
https://tinyurl.com/s8wts2kj
https://tinyurl.com/m4v66nj9
https://vav.griffel.net/filer/SVU-rapport_2013-03.pdf
https://tinyurl.com/yckjh9vy
https://tinyurl.com/y6jurf6d
https://doi.org/10.1117/12.209367
https://doi.org/10.2166/wst.2002.0112
https://doi.org/10.1016/S0926-5805(97)00071-X


41 

 

PUBLICATIONS 
 


	ABSTRACT
	LIST OF PUBLICATIONS
	AKNOWLEDGEMENTS
	1. INTRODUCTION
	1.1 Background
	1.2 Aim and objectives
	1.3 Scope of work
	1.4 Limitations

	2 THEORETICAL BACKGROUND
	2.1 Wastewater sewer systems
	2.1.1 Conceptual description
	2.1.2 History
	2.1.3 Technological change

	2.2 Infiltration and inflow to wastewater systems
	2.2.1 Sources and components
	2.2.2 Effects
	2.2.3 Detection, localisation, and quantification
	2.2.4 Measures to reduce and control infiltration and inflow

	2.3 Sustainability and ethical principles
	2.4 Risk and decision support
	2.4.1 Risk definitions and uncertainty
	2.4.2 Risk management and decision support

	2.5 Expert elicitation

	3 METHODOLOGY
	3.1 I/I-water and system boundaries
	3.2 Sustainability and ethical principles
	3.3 Risk
	3.4 Uncertainty
	3.5  Economic analysis
	3.6 The Sheffield Elicitation Framework

	4 RESULTS
	4.1  Framework and evaluation of previous models
	4.2  Effects and measures related to I/I-water
	4.3  Cost to society of I/I-water

	5 DISCUSSION
	5.1  Development and application of the model
	5.2  Technological change and ethical perspectives

	6 CONCLUSIONS
	REFERENCES
	PUBLICATIONS

