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Abstract: Infiltration and inflow (I/I) to wastewater systems cause e.g., flooding, pollution,
and the unnecessary use of the limited resources in society. Due to climate change and an in-
creased need for the renewal of piping systems, making the right decisions on how to handle I/Tis
more important than ever. This paper presents a novel framework for risk-based decision support
on I/I based on established theories on risk assessment and decision-making. The framework is
presented on a general level and suggests that uncertainties are included in the decision-making
process, together with criteria representing the economic, social, and environmental dimensions of
sustainability. Published models on I/ and decision support are evaluated based on criteria from the
framework showing that (1) the models rarely include risk-based decision-making or uncertainties in
the analyses and that (2) most models only include project-internal financial aspects, excluding social
and environmental, as well as project-external aspects, of I/I and I/I measures. A need for further
research to develop a more holistic decision support model for I/1 is identified, and it is concluded
that the application of the proposed framework can contribute to more sustainable decisions on how
to handle I/T and provide transparency to the process.

Keywords: infiltration; inflow; I/I; wastewater; decision support; risk assessment

1. Introduction

Wastewater systems transport and treat wastewater to protect our cities, public health,
and the environment. Apart from sanitary sewage, the wastewater system contains infiltra-
tion and inflow water (I/I-water). I/I-water can infiltrate through leaking components in
the wastewater system and originate from e.g., groundwater and leaking drinking-water
distribution networks or enter as rainwater and surface water connected to the system,
see e.g., [1]. Basement flooding, combined sewer overflows (CSOs), capacity problems,
and unnecessary transport and wastewater treatment are among other adverse effects
caused by I/I-water. I/I-water can be reduced by sewer rehabilitation measures,
e.g., relining or chemical grouting, by measures to control the flows, e.g., separating
combined systems or disconnecting private stormwater laterals from the sanitary sewer
system, or by reducing the sources. Measures can also be performed to decrease the adverse
effects of I/I-water after entering the system, e.g., increasing the capacity in the piping
system and in the wastewater treatment plant (WWTP).

Due to challenges like climate change and the aging of existing wastewater systems it
is increasingly important to maintain and renew the systems in an efficient way. As part of
this process there is an enhanced need for decision support when choosing how to handle
I/1. The cause-and-effect chain of I/I consists of numerous components due to the diverse
palette of water sources causing various types of effects that are often not completely
known. Negative effects can be reduced using different kinds of methods, all associated
with uncertainties. Since uncertainty is inherent in many components affecting 1/1, it is
reasonable that these uncertainties are openly addressed, using a risk-based approach for
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supporting decisions on I/I-water reduction. Risk-based approaches have been suggested
in similar contexts, e.g., by Haghighatafshar et al. [2], that argue that the conventional
way of designing urban drainage infrastructure is problematic and do not account for the
complexity of the systems.

The overall aim of this paper is to present a risk-based framework with important
aspects to include in decision-support models for application on I/I to wastewater systems.
The framework is based on established processes for risk assessment and decision support
and aims to evaluate potential risk treatment options using a sustainability approach.
Furthermore, previously published decision-support models on 1/I are evaluated based on
central criteria in the presented framework. It is identified how the models correspond to
the suggested framework, and, based on this, what should be in focus in future studies.

2. Materials and Methods
2.1. Developing the Framework

The terminology and definitions by The International Organization for Standard-
ization (ISO) [3] for the terms risk source, event, consequence, and risk treatment option are
used in the framework presented here. ISO defines risk as an effect of the “uncertainty
of objectives” and further notes that risk is usually expressed in terms of risk sources,
potential events, their consequences, and their likelihood. The risk definition used by
ISO is based on a traditional way of defining risk quantitatively, originally presented in
work by Kaplan and Garrick [4]. This risk definition using events (also called scenarios),
consequences, and likelihood (also called probability) has been developed by many to
capture aspects relevant to different applications. Aven [5] argues that using probabilities
to define risk is too narrow and that important aspects of uncertainty thus are excluded.
The definition Risk = (A, C, U) is therefore suggested by the author, where A represents the
events, C the consequences, and U the uncertainties. This is the risk definition used in the
presented framework.

To account for uncertainties when assessing risk, a probabilistic approach can be
used, see e.g., [6,7]. Instead of assigning deterministic values as input data, probability
distributions are then used to represent possible intervals of the variables. Uncertainties
are usually categorized as either aleatory or epistemic; aleatory uncertainties arise from
randomness in samples, and epistemic uncertainties exist due to the lack of knowledge
of a system. It is suggested that probability distributions are used as input data when-
ever possible when implementing the framework to represent aleatory and epistemic
uncertainties. Uncertainty estimations can be based on both existing hard data and expert
judgments. In situations with available data, relevant probability distributions can be
identified using standard frequentist statistical methods. However, in situations of sparse
data, Bayesian approaches and structured expert elicitation methods are today common
practice, see e.g., [6-8]. Durbach and Stewart [9] provide an overview of methods to model
uncertainties in MCDA.

Uncertainties are present throughout the risk chain of I/ (Figure 1). The risk chain
starts with a source which may lead to events in the form of I/I and effects that result in
corresponding consequences. In turn, the consequences result in the risk that is dependent
on all previous steps in the risk chain.

Uncertainties
AN AN A A

I/l —————  Effects 7 Consequences

Events

Figure 1. Risk chain of I/I illustrating the relationship of components defining risk in the framework.
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If a risk is too high, in accordance with existing objectives, risk criteria, available
resources, and risk treatment options should be considered [3]. Deciding on the most appro-
priate treatment option involves taking various factors into consideration in a decision-
making process. A suggestion of a basic structure for such a process is presented by
Aven [7] (Figure 2). The point of departure is a decision problem and a set of decision alter-
natives. The results of the following risk analyses and decision analyses do not lead directly
to a decision but provide decision support. The results are input to managerial review and
judgement, which result in a decision or a revision of the decision alternatives. Boundary
conditions for the whole decision-support process is set by stakeholder values, consisting
of goals, criteria, and preferences including e.g., legal requirements. The structure of the
presented framework was inspired by the decision-making process described by Aven [7].

Stakeholder values
Goals, criteria, and preferences

Decision problem

Decision alternatives

N\ R N
N Analyses and evaluations . A
N . .
= N Managerial review and S Declsion
~ Risk analysis and decision judgement p
/ analyses y 4
4 7

|

Figure 2. Decision-making process inspired by Aven [7].

Sustainability is commonly defined using the three dimensions of economic, social,
and environmental sustainability, see e.g., [10]. It is argued that a development or action is
not sustainable if it does not include all of these three dimensions. Several of the UN’s sus-
tainable development goals [11], e.g., Number 6: Clean water and sanitation and Number
11: Sustainable cities and communities, are connected to I/1. Hence, a broader perspective
than the commonly used pure financial perspective is needed to include all aspects in
society when assessing /1. Since there are no established risk criteria on acceptable levels
of I/I-water, the reasonable approach was to apply a sustainability perspective. Hence,
the framework was developed based on the condition that economic, social, and environ-
mental effects are equally important to include in the model.

2.2. Ethical Principles and Decision Support Methods

Decision-support methods are tools for aiding decision-making and can be based
on different ethical theories. Consequentialism [12] is based on the ancient phrase and
concept “the result justifies the deed”. This means that an act is considered morally rightful
only depending on the consequences of the act [13]. A common form of consequentialism
is utilitarianism, which is based on the view that the alternative that gives the most
total happiness to people should be chosen, see e.g., [14,15]. Hence, an anthropocentric
perspective is applied, i.e., focus is put on human wellbeing. An example of a decision-
support method based on the utilitarianism is cost-benefit analysis (CBA), which is often
used by governments and private actors [16]. In a CBA, all costs and benefits resulting
from proposed project alternatives are translated into monetary terms. The recommended
alternative is the one where the sum of benefits exceeds the sum of costs the most.

Another ethical theory is the deontological [17], which focuses on duty and ethical
values, rather than consequences [18]. In a sustainability context this means that, from a
deontological perspective, decisions can be based on the duty of e.g., ensuring the wel-
fare of future generations, see e.g., [19], or protecting the intrinsic value of wildlife or
biodiversity [20]. A decision-support method that can be based on deontological the-
ories is multicriteria decision analysis (MCDA). In a MCDA, the decision problem is
divided into smaller parts that are evaluated separately before putting them together again,
see e.g., [21]. Using scoring and weighting an overall picture can be obtained taking
different criteria into consideration.
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The decision-support methods CBA and MCDA can relate to environmental, social,
and economic effects in different ways (Table 1). A CBA should include all the environ-
mental, social, and economic effects to society as a whole (CBA 1 in Table 1), see e.g., [22],
but is sometimes in practice restricted to project internal financial effects (CBA 2 in Table 1).
A MCDA could include financial, social, and environmental criteria (MDCA 1 in Table
1) or use the result from a CBA to provide input to the economic dimension (MDCA 2 in
Table 1). In the last case, monetized environmental (i.e., monetized ecosystem services),
social, and financial effects are considered to be part of the economic dimension, whereas
social and environmental aspects including e.g., intrinsic values not monetized in the CBA
can add other dimensions to the analysis.

Table 1. Examples of how the decision-support methods CBA and MCDA can relate the utilitarian
and deontological ethical theories and to monetized and not-monetized economic, social, and
environmental effects. Blue color represents the included dimensions.

Ethical theory
Utilitarian Deontological
Effects
CBA1 CBA 2 MCDA 1 MCDA 2

Environmental

Monetized Social
Financial

Not Social

monetized Environmental

2.3. Evaluating Models Based on Framework

The evaluation of existing models was limited to models that clearly focus on decision
support in relation to I/1. Based on central elements from the framework, a set of evaluation
criteria were defined (Table 2).

Table 2. Evaluation criteria based on the presented framework.

Evaluation Criteria

Does the model include any quantification of risk using

Risk-based conceptslike probability and consequence?
Uncertainty Are un.ce.:rtair.ltie.s in .input data considered, e.g., by assigning
probability distributions?

Sustainability

Economic
Internal Are any internal economic effects included in the model?
External Are any external economic effects included in the model?

Social Are any social effects included in the model?

Environmental Are any environmental effects included in the model?

Regarding sustainability, it was investigated if a model includes economic inter-
nal, economic external, social and/or environmental aspects and if these are monetized.
A model was considered to include a dimension of sustainability if it includes one aspect
of such kind, e.g., if the model includes one environmental aspect, it was considered to
include environmental sustainability, even though other environmental aspects also exist
and could have been included. Further, to be considered to include an aspect, the aspect
had to be quantitatively or qualitatively included in the model, not just mentioned in
the publication.

Models focusing on decision support and effects or risk treatment options that could
relate to 1/1, e.g., CSOs, rehabilitation, and building blue-green infrastructure were not
included in the main evaluation. This, since there is no clear distinction on if, how,
and to what extent these effects or risk treatment options relate to I/1. Including these mod-
els with a more vague connection to I/1in the main evaluation was therefore considered
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too extensive and outside the scope of this paper. However, some of the additional models
are mentioned in a separate section of the result chapter, and it is discussed how these
relate to the evaluation criteria based on the presented framework. It should be noted that
this review does not try to cover all decision-support models that could relate directly or
indirectly to I/1.

3. Framework

The initial part of the developed framework for decision support (Figure 3) consists of
the identification of goals, criteria, and preferences. In this step, the system boundaries are
set and objectives are determined. In the following risk analysis, the risk of I/1 is estimated
using events and their related consequences and uncertainties. Risk sources have the
potential to trigger events of different magnitudes with some probability that include I/1
and that lead to a sequence of effects that can be economic, social, and/or environmental
and further, to consequences as illustrated in Figure 1. Uncertainties are present throughout
this risk chain, and risk treatment options, or measures, can be implemented at each step
to alter the magnitude of the events or their consequences. Further, the risk treatment
options themselves can also result in effects with corresponding consequences. The steps of
Goal, criteria, and preferences and Risk analysis are presented more in detail below.

Goals, criteria, and preferences
System and problem description

Risk analysis

_I
L}
)
3
'
'
H
H
'
'
:
:
'
-

Risk sources
e.g. groundwater, 2
drinking water, rainwater

GWI, RDI, Rl '

l

Events (A)

Infiltration and inflow R's'f S AU
N ' options
T 1 e.g. rehabilitation,
disconnection,
' adaption, storage

Effects
e.qg. treatment,
transportation,
flooding, CSOs

Uncertainties (U)

Update

Economic, social,
environmental

l

Consequences (C) | !

l A ]

Risk (R)
R=(A,C, V)
Before and after risk treatment option

I

Ly ey —————

|
L]

Managerial

Decision analysis - e
e.g. CBA, MCDA judgement

*

Decision

Figure 3. Suggested framework for risk-based decision support on I/1.
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When the risk of I/] has been estimated, the next step in the framework is to perform
a decision analysis of alternative measures to reduce the risk. This can be done using
different kinds of decision-support methods, e.g., CBA or MCDA. After obtaining a result
from the decision analysis, the framework suggests a managerial review and judgement
process that either leads to a revision of the result or a decision. The process is continuously
updated when new information is available.

3.1. Goals, Criteria, and Preferences

In this initial step of the framework, the system and decision problem are described,
which includes defining the system boundaries as well as deciding on objectives. How
the system boundaries are set affects how I/I will be assessed in the further steps of
the framework e.g., regarding which criteria are selected. A common approach when
working with I/1is to focus either on the perspective of the wastewater piping network,
the WWTP, or sometimes on both combined. However, broader system boundaries can also
be used, including other parts of the society, the city, or even applying a global perspective
(Figure 4). Examples of aspects that could be included or excluded depending on how the
system boundaries are set are effects of I/I-water on private property owners, businesses,
receiving waters, raw water sources, air quality, and global warming. Most important
is to be aware that system boundaries always exist and that the result of an analysis
will be dependent on how they are defined. Proper decision-making thus requires that
system boundaries be carefully considered before a decision is made. From a sustainability
perspective, it is recommended not to choose too narrow system boundaries since this
may result in important events being excluded from the assessment. Moreover, the system
boundaries also affect which stakeholders to include in the decision-making process.

Figure 4. Examples of possible system boundaries (1: WWTP, 2: Piping system, 3: City, 4: Global).

Objectives are based on stakeholder values, legal requirements, and other criteria.
The risks assessed further in the process will be evaluated based on how they affect the
possibility of achieving these objectives. Objectives can aim for different parts of the
risk chain of I/I. If aiming for the volume of I/I-water, an objective can be to decrease
the I/I-water share of the total annual wastewater flow to a certain percentage. On the
other hand, if aiming for the effects caused by I/I-water, an objective can be to not exceed
a certain number of basement flooding events per year. Objectives can also be set up
based on requirements from authorities and could then involve not exceeding a specific
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Example 1: Infiltration of groundwater

pollutant load in a water recipient. Other kinds of objectives could involve the optimization
of the system, e.g., to implement risk treatment options at locations where the benefits
exceed the costs. It is recommended that objectives be set relating rather to the effects
caused by I/I-water than the I/I-water volume itself, see e.g., [23]. This is because it is
not always given that volumes of I/I-water result in a problem, a fact that depends on
the construction of the wastewater system and other factors. Setting objectives relating
solely to the volume of I/I-water and not to its possible related effects can therefore result
in suboptimal prioritizing.

3.2. Risk Analysis

The risk of I/1 is a function of events and their subsequent effects and consequences,
as well as all related uncertainties. Further, the events, effects, and consequences are
interconnected, according to the risk chain (Figure 1). The chain starts with risk sources
in the form of water with the potential to become I/I-water. Such sources are ground-
water, water from leaking drinking-water pipes, rainwater, snowmelt, and surface water.
The components can have different response times and be divided into groundwater in-
filtration (GWI), rain-induced infiltration (RII), and rain-derived inflow (RDI), a common
division of I/I-water flows used by, e.g., Staufer et al. [24]. In case of the occurrence of
I/I-water, various effects may follow, e.g., increased need for pumping and treatment, flood-
ing, or CSOs. Focus is usually put on the negative effects of I/I-water but positive effects
can also arise, e.g., controlled groundwater levels and decreased odor, see e.g., [25,26].

Risk treatment options can be implemented at several locations in the risk chain of
I/1. For example, a treatment option can aim at decreasing a risk source, e.g., by reducing
leakage from drinking-water pipes. In Example 1 in Figure 5, the risk treatment option
rehabilitation is suggested. Since rehabilitation means repairing, renovating, or replacing
malfunctioning components, the risk treatment option is affecting how much water that
can infiltrate the system and is located between the risk source step and infiltration step
in the flowchart. Another treatment option could take place between the I/I step and the
effect step, e.g., by building larger storage capacity to hinder CSOs from occurring. A risk
treatment option can also be aiming to decrease the consequences given that an event has
already occurred, e.g., building basements that can be allowed to occasionally be flooded.

Example 2: Infiltration of leaking drinking water Example 3: inflow of rainwater

including rehabilitation as risk treatment option

* How much

| | Risk source ek |1 Risk source « When, where Risk source
i ] Groundwater :ri;::ed? [ Drinking water and how much  —1— Rainwater
| ? P

i * How much of | i | « How much will will it rain |
i the infiltration is Rehabilitation leak?
E removed after = Will the rain *
] rehabilitation? Events (A) Events (A) result in inflow? Events (A)
i * Whatis the
|- | Infiltration —  status of the Infiltration —_ Inflow
12 1 i 2 pipes? =
= Risk - Pp [— P
] * How good are @+ Will the inflow

2 treatment 2 L} 2
i = €  themodels to HED £  resultinaCso? Effects
i '® Effects option 'g assess the Increased 'E €50 -> pollutants in
i £ = Will the planned Construction work -> L statusofthe transportation of £ receiving waters ->
' 8 construction U || accessibility problems 2 pipes? _wastewoter -> = pollutants in raw
| D workaffect : > traffic jams | D« How much of increased energy =] water -> pollutants in
| accessibility? | the leaking T i + Willthe drinking water
i drinking water increased CO2 llutant
] S pollutant from
E will infiltrate? e the CSO affect
i 1 the raw water?
E = Willinhabitants
| | | Consequence (C) Consequence (C) get sick? Consequence (C)
' | | Economic loss because Inhobitants affected by Inhabitants get sick
i i of lost workhours global warming from drinking water
d 2

Risk (R)
R=(AC )
Before and after risk treatment option
Figure 5. Examples of risk sources, events, and consequences with corresponding uncertainties. In the figure,

the consequences are formulated from a utilitarian perspective, i.e., depending on how humans are affected.

Risk treatment options affect the risk chain and alter the magnitude of the risk. How-
ever, the risk treatment options in themselves also give rise to effects not corresponding
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to the original risk chain of I/I, which is illustrated by the arrow from the risk treatment
option step to the effect step in Figure 3. These effects caused by the risk treatment options
must also be included in the risk assessment. Examples of such effects are construction
costs, emissions from construction works, and accessibility problems when performing
rehabilitation. Positive effects can also arise, e.g., ecosystem benefits after building blue-
green stormwater infrastructure. The effects caused by the risk treatment options can
be project internal or project external. Project-internal effects affect the project owner,
e.g., the construction cost for a sewer department. Project-external effects are caused by the
implementation of the project but do not directly affect the project owner, e.g., emissions
from construction works and accessibility problems.

From a sustainability perspective, it must be recognized that events can result in
economic, social, and environmental effects. In Figure 5, examples of risk chains leading
to different kinds of effects are illustrated. In Example 1, rehabilitation of the pipe system
to decrease the groundwater infiltration results in accessibility problems, which lead to
economic losses due to traffic jams and lost workhours for the inhabitants. In Example 2,
leaking drinking water results in increased transportation and the pumping of wastewater,
leading to an environmental effect of increased CO, emissions. In Example 3, rainwater
results in CSOs, which lead to a social effect due to pollutants in the drinking water.

Uncertainties are present throughout the risk chain of I/I and can relate to various
aspects (see examples of uncertainties in Figure 5). Aleatory uncertainties arise due to
randomness in all transitions from risk sources to consequences in the risk chain but
also from climate and weather changes. When performing risk assessment, regular and
irregular changes in flows should be considered, e.g., daily changes in sanitary flows,
as well as seasonal groundwater changes.

The knowledge of the state of the wastewater system tends to be limited since wastew-
ater networks in general are large and situated underground, as well as difficult to monitor
and reach. Factors that influence the state of the system are age, depth, material, and qual-
ity of the pipes and other components as well as geological surroundings, see e.g., [1,27].
Various methods and technologies exist to detect, localize, and quantify I/I-water including
physical inspection, closed-circuit television (CCTV), tracer methods, flow-based methods,
and sensors, see e.g., [28]. Utilizing these methods may decrease the epistemic uncertain-
ties that arise due to limited knowledge of the system. Epistemic uncertainties may also
arise because of the knowledge gap regarding the efficiency of risk treatment options,
e.g., to what extent I/I-water is removed after a rehabilitation action. All uncertainties in
the model should be represented by probability distributions.

4. Evaluation of Models Based on the Framework
4.1. Models on I/I and Decision Support
Eight models were found that focus on I/I and decision support. These have been

assigned a letter from A to H and are described briefly below. The focus of each model is
summarized in Table 3.

Table 3. Focus of evaluated models. A: Sola et al. [29], B: Davalos et al. [30], C: Diogo et al. [31], D: Moskwa et al. [32],
E: Vallin [33], F: Lee et al. [34], G: King County [35], H: DeMonsabert and Thornton [36].

Level

A B C D E F G H

System System Component One pipe System Component System Component

Infiltration/inflow

Infiltration &
inflow

Infiltration &
inflow

Infiltration &
inflow

Infiltration

Infiltration

Inflow

Infiltration &
inflow

Infiltration

Effects

Transportation/
treatment

Transportation &
treatment

Transportation &
treatment

Transportation &
treatment

Transportation &
treatment

Treatment

Transportation &
treatment

Capacity issues

Constructing new
WWTP

Capital
construction

Increase sewer
system

Temporary effects

Basement

Basement

flooding, CSOs flooding, CSOs
Rehabilitation P P Rehabilitation
Measure (risk treatment option) Upsizing Rehabilitation Rehabilitation Rehabilitation Open stormwater Rehabilitation Upsizing Rehabilitation

Retention

Upsizing

Disconnection

solutions

Disconnection
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Sola et al. [29] presented a model for analyzing the consequences of 1/I-water by
comparing the four measures of full restoration of all wastewater pipes, increasing
pump capacity, using local retention basins, and business as usual in the municipality
of Asker in Norway. In the model, the costs of performing the different measures
including operation costs are compared to the benefits of improved bathing-water
quality and the avoidance of basement flooding.

Davalos et al. [30] presented a model to identify pumping stations in Miami-Dade
County in the United States where it is more efficient to perform rehabilitation mea-
sures than to adapt the system to the I/I-water volumes. The costs of performing
measures to reduce I/I-water based on historical data is compared to savings for not
having to treat and transport the I/I-water, as well as savings for not constructing or
oversizing WWTPs, pipes, or pumping stations due to I/I-water.

Diogo et al. [31] presented a model including two functions to optimize I/I-water
reduction. In the first function, the costs for rehabilitation of each link and node,
as well as costs for the removal of wrongly connected laterals in the sewer system,
are compared to the savings of not having to transport and treat I/I-water. In the
second function, the structural condition for each node and link in the system is
included. By minimizing the functions, it can be determined if each node and link in
the system should be rehabilitated or not, as well as which of the wrongly connected
laterals should be removed. A case study is included using a simplified approach at
three locations in Coimbra, Portugal.

Moskwa et al. [32] presented a model to evaluate four different rehabilitation mea-
sures to reduce infiltration in a large trunk sewer in the region of Halton, California,
United States. Eight different evaluation criteria, e.g., cost, infiltration elimination,
and local availability are set up. For each rehabilitation measure, scores are assigned,
and, after including weighing for the evaluation criteria, a total score for each rehabil-
itation measure can be obtained.

Vallin [33] presented a model aiming to examine the suitability of using multicriteria
analysis for the spatial resource allocation of stormwater solutions in order to reduce
inflow. In the model, all properties and hard surfaces in an area are assigned a
score symbolizing their need for improvement based on the risk of large volumes of
I/I-water, basement flooding, and CSOs. The properties and hard surfaces are merged
into sub-areas and their scores compared to the cost of performing a measure to reduce
the inflow. Hence, the sub-areas where it is most efficient to perform a measure can
be identified. A case study using the model in Bjuras in Sweden is included.

Lee et al. [34] presented a model aiming to facilitate decisions on which order the
wastewater system in subareas should be rehabilitated to minimize I/I-water to the
WWTP during the rehabilitation process. Based on detected defects on each pipe in
the system, the volume of I/I-water in the subareas was estimated. In the following
step, the optimal rehabilitation order was determined. A case study was performed
in Seoul, South Korea.

King County [35] presented a model aiming to identify cost-effective I/I-water re-
duction projects in King County, Washington, United States. The county identi-
fied system improvements that were required to manage the projected future flows.
The costs of these projects were then compared to the cost of performing I/I measures,
e.g., the disconnection of public and private laterals and rehabilitation. In those cases
where the I/ measure in a subarea resulted in reaching the targets and the cost of
performing the measure was below the cost of the conveyance system improvement,
the I/I measure was recommended.

DeMonsabert and Thornton [36] presented a model aiming to find the most effective
method of repair for each defected manhole or pipe in a system. An equation was
set up including possible repairs within the system for each component, as well as
the change of I/I-water and the cost of treating I/I-water. The equation was then
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minimized to determine which method, if any, was most efficient to use for each
component. A case study was carried out in Washington, DC, United States.

The result of the evaluation of the models based on the decision criteria is presented
in Table 4 and further explained below.

Table 4. Evaluation of models based on framework. A: Sola et al. [29], B: Davalos et al. [30],
C: Diogo et al. [31], D: Moskwa et al. [32], E: Vallin [33], F: Lee et al. [34], G: King County [35],
H: DeMonsabert and Thornton [36].

Evaluation Criterion A B C D E F G H
Risk-based v
Uncertainty v )
Sustainability
Economic
Internal € € € v € € € €
External €
Social € v
Environmental € v

v'= Criterion included but not monetized. €= Criterion included and monetized.

Among the models, only Model E uses a risk-based approach. This is done by as-
signing probability and consequence scores to the different effects included in the model.
Model E also includes uncertainty in the analysis by assigning intervals to the data fed
into the model. Method G includes uncertainty to some extent by performing a sensitivity
analysis making some of the initial assumptions more conservative. None of the other
methods include uncertainty in their analyses.

When it comes to the included effects by I/1, most of the models only include internal
economic factors. Models B, C, and H include internal economic effects by using costs
for performing the measures, as well as the cost for treating and transporting 1/I-water.
Models D and G include the internal economic effects by using the cost for performing
the measures. Model F includes the internal economic effects by including the wastewater
treatment cost. Among these models, models B, D, F, G, and H express the internal economic
effects in monetary terms by using the actual financial cost for the measure, transportation,
or treatment. In model C, the costs for the measures are not monetized but are assessed in
a three-point graded scale.

Models A and E differ from the other models by including more effects than the inter-
nal economic. Model A includes both internal and external economic effects. The internal
economic effects are included by using the cost of performing the measures evaluated in the
study as well as operating costs. Further, the external economic effects are included by the
monetization of social and environmental effects. The social effects are represented by the
households’ willingness to pay for avoiding basement flooding. Environmental effects are
represented by the willingness to pay for improved water quality, also including improved
fishing conditions and bathing-water quality. Model E includes internal economic effects
by using the cost for performing the measures. Social effects are included by evaluating
the consequence of basement flooding, considering the number of residents per property.
Environmental effects are considered by including the consequence of CSOs, taking factors
like the ecological and chemical state of the receiving water into account. The social and
environmental effects are not monetized in this model but receive a score depending on
the estimated severity of their consequences.

None of the publications, including the evaluated models, declare what ethical theory
was used as a basis for the analyses. However, the models are considered to be based on a
utilitarian perspective when the option with the highest benefits in relation to the costs is
chosen. In six of the eight evaluated models, these costs and benefits consist only of the
internal financial cost of implementing a measure compared to the internal financial cost of
transporting and treating the I/I-water that would be removed by the measure.
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4.2. Examples of Other Models with a Broader Scope

Many decision-support models related to I/I have been identified in the literature,
but most have a broader scope compared to the focus of this paper. In this section a few
models and how they are related to the presented framework are mentioned.

With regards to general decision-support tools for wastewater systems, an overview
of some models has been presented by Rehan et al. [37]. Additionally, a vast number of
models exists regarding risk-based decision-making for pipe renewal. The risk of failure
is usually estimated by determining the likelihood and consequences of the failure of a
pipe, see e.g., [38,39]. The existing models include, to various extents, economic, social,
and environmental aspects as well as uncertainty. Vladeanu and Matthews [40] provide
an overview, as well as a comparison of some of the models used in trenchless renewal
decision-making.

Korving et al. [41] present a model focusing on decision support and CSOs. The model
is risk-based and presents an approach for the economic optimization of in-sewer storage.
In the model, uncertainties are included, e.g., when it comes to variability in rainfall, sewer
system dimensions, and environmental damage. The environmental cost of CSOs is based
on willingness-to-pay studies. Dusenbury et al. [42] present a model on decision support
regarding implementing green infrastructure in order to reduce CSOs. A scorecard is
developed to evaluate the measures based on various decision criteria. Economic, social,
and environmental aspects are all represented in the categories hydraulic benefit/cost
ratio, co-benefits, feasibility, and sustainability. The model is, however, not risk-based,
and uncertainties are not included. Another example of a model focusing on decision
support, CSOs, and green infrastructure is presented by Alves et al. [43]. This method is
not risk-based and does not include uncertainties.

In their model, Casal-Campos et al. [44] evaluate three gray and three green drainage
strategies using economic, social, and environmental impact categories, e.g., capital cost,
health and aesthetics, and greenhouse gas emissions. They account for uncertainties by
evaluating the drainage strategies in four future scenarios connected to markets, innovation,
austerity, and lifestyles. A similar, developed and more strategic model is presented by
Sadr et al. [45], wherein future green and gray strategies are compared using a MCDA
approach. The compared strategies are evaluated based on their compliance regarding
adaption thresholds for sewer flooding, river flooding, and CSOs and include economic,
social, and environmental aspects. These models are not risk-based but include uncertainty
to some extent.

Additionally, a model by Beheshti and Seegrov [46] compare different strategies for
management for wastewater systems based on sustainability indicators, e.g., greenhouse
gases, treated wastewater, and operation and maintenance expenses per capita. Reduction
of I/I-water is in this model one of the four compared strategies.

Several of the mentioned models fulfill some of the criteria in the presented framework
and contain good approaches of how to handle aspects related to I/I in a decision-making
context. However, to achieve an effective treatment of I/1 a model aiming for the holistic
I/1 problem, as well as including all criteria in the presented framework is recommended.

5. Conclusions

Today’s wastewater systems are enormous infrastructure assets in need of mainte-
nance and development. Due to large costs and finite resources in society, there is a need for
decision support to improve the systems in the most efficient way from a sustainability and
thus also socio-economic perspective. The major conclusions drawn from this study are:

e  This paper presents a novel framework for risk-based decision support for handling
infiltration and inflow (I/I) to wastewater systems based on established concepts,
e.g., definitions by ISO [3], and the decision-making process described by Aven [7].
Fundamental features of the framework are (1) the assessment of the risk of I/I by
taking into account the complete chain from the source of I/1 to the resulting effects
and consequences, using events, consequences, and uncertainties; and (2) taking the
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three dimensions of sustainability, i.e., economic, social, and environmental aspects,
into account.

e  Among the eight published and reviewed existing models on I/I and decision support,
none fully fulfil the evaluation criteria based on the presented framework. Only one
of the models uses a risk-based approach, and two include uncertainties to any extent.
Further, most of the models only include project internal economic effects, excluding
the social and environmental dimensions of sustainability.

e  Future research on implementing the framework, e.g., when performing a CBA or
MCDA, is suggested, as well as a deeper analysis on how the system boundaries
affect the assessed risk of I/1. More research is also needed on the behavior of I/I-
water and potential risk treatment options in the wastewater systems to decrease
epistemic uncertainties.
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