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Summary
The need for renewal of sewer systems will increase in coming decades. However, efficient and effective rehabilitation involves substantial planning challenges. These challenges are due to the typically
limited degree of documentation of existing infrastructure, variability of input data and deterioration
processes, lack of knowledge on the current and indeed future structural condition of sewer systems
and unpredictable external influences. Planning challenges are even more pronounced in small utilities
as (i) the rehabilitation demand will increase more markedly and (ii) informational, personal and financial planning resources are typically more restricted. Furthermore, it is necessary to make the planning process transparent as a wide range of stakeholders is involved and affected by the planning decisions.
The aim of the present study was to develop and identify methodologies for sewer deterioration modelling and hydraulic design that improve (strategic) rehabilitation planning. At the same time the importance of factors affecting the outcome of rehabilitation, including a range of uncertainties, were
identified.
Estimating the aging behavior of sewer systems is difficult due to the frequently encountered discrepancy between common model structures and data. Existing sewer condition records serving as calibration data are often affected by changes, or even discarded in connection with rehabilitation measures
realized in the past. This explains, for instance, the fact that condition records of pipes that have been
replaced in the past are no longer available. Consequently, the remaining data no longer exclusively
represent the deterioration of pipes but also reflect the (condition improving) rehabilitation of the network. Rehabilitation exerts a selective effect on the pipe population as fast aging pipes are, as a rule,
rehabilitated at a lower age. Naively calibrating a deterioration model with such data consequently
results in overestimated sewer lifespans. We therefore combined a sewer deterioration model with a
rehabilitation model corresponding to the processes reflected by the data. We used Bayesian inference
to fully exploit the available information and to overcome problems with parameter identifiability.
The combined deterioration and rehabilitation model effectively compensates for the distorting effect
of rehabilitation reflected by the data. The identifiability of the model is, however, limited and is only
possible when considering prior knowledge. Bayesian inference consequently constitutes a very attractive methodology in the domain of sewer deterioration modelling as it copes with the limited informational content of the data and because prior knowledge is available.
Beside the structural aging of sewers, rehabilitation is determined by hydraulic aspects. Current hydraulic design practices have been questioned due to anthropogenic impacts on extreme precipitation
iii
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properties and, consequently, on the hydraulic performance of sewer systems. We applied stochastic
downscaling to refine the precipitation output of multiple climate models to address this impact, including its prediction uncertainty. The data and methodologies applied represent our best knowledge
on current and future (extreme) precipitation properties. This information was then used in long-term
hydraulic simulations to quantify the performance of selected sewer systems under current and future
climatic conditions. The stochastic precipitation data was also used to specifically consider the uncertainties encountered in designing sewer systems.
The methodology developed for deterioration modelling and hydraulic design and their combined
application was demonstrated in a case study. At the same time we explored different factors influencing sewer rehabilitation as well as the outcomes of various rehabilitation strategies in terms of costs,
conditions and hydraulic performance under different socio-economic conditions. Multi-criteria decision analysis (MCDA) was applied to identify well-accepted rehabilitation strategies for given preferences of stakeholders.
The impact of climate change and inherent uncertainties were found to be insignificant in the Swiss
case studies investigated and the 40-year horizon considered. Significant uncertainty in the extreme
precipitation properties arises because we can only observe a ‘random’ realization of the precipitation.
This is due of the relatively ‘short’ observation periods of typically 30-40 years.
Rehabilitation needs primarily arise from structural deficits and to a lesser extent from hydraulic deficits in the - typical for Switzerland - hydraulically robust sewer networks investigated. However, to
attain a higher hydraulic reliability under consideration of these uncertainties relevant extra costs may
arise. This is particularly the case if the hydraulic rehabilitation is planned to be completed within a
few decades as many pipes would have to be replaced which are still in good structural condition. The
results constitute a valuable basis for the revision of current design practice, ensuring a greater hydraulic robustness of sewer systems.
The results show that the overall conditions, particularly of the small, “young” aged networks, are
distinctly dynamic, non-intuitive and strongly influenced by external factors. This underlines the usefulness of sewer deterioration models and consideration of different scenarios in sewer rehabilitation
planning as well as the need for regularly re-evaluating rehabilitation strategies.
The most extensive rehabilitation strategies turned out to be the most accepted ones as a result of the
MCDA. The decision support obtained by MCDA is, however, supposedly affected by significant
biases in the preferences elicited. This is probably due to the failure to provide adequate attributes
comprehensible for stakeholders on the basis of the technical and partly probabilistic predictions.
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Zusammenfassung
Der Erneuerungsbedarf von Kanalisationen wird in den nächsten Jahren vielerorts ansteigen. Eine
effiziente und effektive Umsetzung dieses Bedarfs beinhaltet jedoch substanzielle planerische Herausforderungen. Diese sind begründet in limitiertem Dokumentationsgrad bestehender Infrastruktur, Variabilität von Eingangsgrössen und Alterungsprozessen, fehlendem Wissen über den heutigen und
zukünftigen baulichen Zustand der Infrastruktur, sowie in hohem Masse unbekannten äusseren Einflussfaktoren. Insbesondere kleine Kanalnetzbetreiber sind von diesen Herausforderungen betroffen,
da im ländlichen Raum oftmals (i) der Erneuerungsbedarf ausgeprägter ansteigen wird und (ii) dessen
Planung informationell, personell wie finanziell noch stärkeren Einschränkungen unterliegt. Weiterhin
gilt es entsprechende Planungen transparent zu gestalten, da ein breites Spektrum an Akteuren an Entscheidungen beteiligt und betroffen ist.
Ziel der vorliegenden Arbeit war es methodische Ansätze zur Kanalalterungsprognose und hydraulischen Bemessung aufzuzeigen, welche die (strategische) Erneuerungsplanung verbessern. Durch die
praktische Anwendung konnte darüber hinaus aufgezeigt werden, welche Faktoren, insbesondere verschiedene Unsicherheitsquellen, bei der Erneuerungsplanung von Bedeutung sind.
Die Schätzung des physischen Alterungsverhalten von Kanalnetzen ist eine Herausforderung, da in
vielen Fällen eine Diskrepanz zwischen Modellstruktur und Daten besteht. Vorhandene Kanalzustandsdaten aus denen sich der Alterungsprozess eines Netzes grundsätzlich ableiten liesse, sind oftmals beeinflusst von Datenmutationen in Verbindung mit umgesetzten Erneuerungsmassnahmen. Dies
führt etwa dazu, dass keine Zustandsdaten mehr von Leitungen vorliegen, welche in der Vergangenheit ersetzt worden sind. Damit repräsentieren die Daten nicht mehr nur den Alterungsprozess alleine
sondern auch die der Alterung entgegengesetzte Erneuerung. Erneuerungen haben dabei einen selektiven Effekt auf die Kanalleitungspopulation indem schnellalternde Leitungen entsprechend früher
erneuert werden. Wird ein reines Alterungsmodell unbefangen mit solchen Daten kalibriert, kann die
Lebensdauer der Leitungen stark überschätzt werden. Konsequenterweise haben wir ein Kanalalterungsmodell kombiniert mit einem Erneuerungsmodell entsprechend den durch die Daten repräsentierten Prozesse Alterung und Erneuerung. Um die Identifizierbarkeit dieses kombinierten Modells zu
erreichen, verwendeten wir Bayes’sche Inferenz zur Einbeziehung von Vorwissen.
Durch das kombinierte Alterungs- und Erneuerungsmodell können realistische Alterungsprognosen
gemacht werden indem es den verzerrenden Effekt der selektiv wirkenden Erneuerung auf die Daten
effektiv kompensiert. Die Identifizierbarkeit dieses Modells ist allerdings nur unter Einbeziehung von
Vorwissen etwa durch Bays’sche Inferenz möglich. Generell stellt Bayes’sche Inferenz ein attraktives
Werkzeug für die Schätzung von Alterungsparametern dar, da typischerweise der Informationsgehalt
der Daten einerseits begrenzt ist, andererseits (subjektives) Vorwissen jedoch vorhanden ist.
v
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Der Rehabilitationsbedarf wird neben der physischen Alterung der Systeme auch bestimmt durch deren hydraulischen Leistungsfähigkeit. Bisherige hydraulische Bemessungspraktiken wurden in der
Vergangenheit aufgrund menschlich bedingter Einflüsse auf die Eigenschaften von Starkniederschlag
in Frage gestellt. Um diesen Einfluss sowie die damit verbundene Prognoseunsicherheit auf das hydraulische Leistungsvermögen von Kanalnetzen zu untersuchen verwendeten wir Prognosen von verschiedenen Klimamodellen, welche mit Hilfe von stochastischen Regenmodellen in ihrer räumlichen
wie zeitlichen Auflösung verfeinert wurden. Die verwendeten Daten und Methoden spiegeln dabei
bestes Wissen in Bezug auf heutigen und zukünftigen Extremniederschlag wieder. Diese Regeninformation wurde anschliessend in hydraulischen Langzeitsimulationen verwendet um das Überstauverhalten ausgewählter Kanalnetze unter heutigen und zukünftigen klimatischen Bedingungen zu quantifizieren. Ausserdem wurden die stochastischen Regendaten unter spezifischer Berücksichtigung von
Unsicherheiten zur Planung von hydraulischer Rehabilitation von Kanalnetzen benutzt.
Die erarbeitete Methodik zur Alterungsprognose und hydraulischen Bemessung wurde kombiniert in
einem Fallbeispiel angewendet. Somit wurde deren (kombinierte) Anwendbarkeit aufgezeigt als auch
die Folgen verschiedenster Strategien zur baulichen und hydraulischen Erneuerung auf Zustand, Leistung und Kosten der Systeme unter verschiedenen sozio-ökonomischen Bedingungen. Mit Hilfe von
multikriterieller Entscheidungsanalyse (MCDA) wurde schliesslich die Akzeptanz der Strategien unter
gegebenen Präferenzen von relevanten Akteuren bestimmt.
Der Einfluss des Klimawandels und der Klimaprognose anhaftenden Unsicherheit haben sich in unserem schweizerischen Anwendungsfall und betrachteten Zeithorizont von 40 Jahren als relativ unbedeutend erwiesen. Bedeutende Unsicherheit haftet den relevanten extremen Niederschlagseigenschaften an von denen nur eine ‚zufällige Stichprobe‘ vorliegt. Diese ist bedingt durch die relativ „kurzen“
Beobachtungsdauern von hochaufgelösten Extremereignissen von typischerweise 30-40 Jahren.
Der Erneuerungsbedarf wird in erster Linie durch bauliche und weniger durch hydraulische Defizite
bestimmt in den untersuchten, für die Schweiz typischen, hydraulisch robusten Netzen. Allerdings
führt die höhere hydraulische Robustheit der Netze, erzielt durch Berücksichtigung der Unsicherheit
von Starkniederschlag, zu relevanten Mehrkosten bei der hydraulischen Rehabilitation. Diese sind
umso ausgeprägter je zeitnäher die hydraulische Rehabilitation abgeschlossen sein soll, da mehr Leitungen in noch gutem baulichen Zustand ersetzt werden müssten. Die Ergebnisse stellen insgesamt
eine Diskussionsgrundlage für eine Überarbeitung der Bemessungspraxis dar, welche eine grössere
hydraulische Zuverlässigkeit der Systeme sicherstellt.
Die Resultate zeigen, dass der Gesamtzustand der kleinen, insbesondere der noch recht „jungen“ Netzen ausgesprochen dynamisch verläuft, stark durch äussere Randbedingungen beeinflusst wird und
schwer absehbar ist. Dies unterstreicht sowohl die Nützlichkeit von Alterungsmodellen und Betrachvi
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tung verschiedener Szenarien bei der Planung als auch die Notwendigkeit Erneuerungsstrategien regelmässig zu überprüfen.
Die multikriterielle Entscheidungsanalyse ergab, dass ausgesprochen extensive Rehabilitationsstrategien die höchste Akzeptanz besitzen. Allerdings ist die Entscheidungsanalyse vermeintlich stark beeinflusst von Verzerrungen in den eruierten Präferenzen. Dies ist wahrscheinlich begründet in der
Unzulänglichkeit geeignete, verständliche Attribute zu beschreiben auf Basis der technischen und teils
probabilistischen Prognosen.
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1 Introduction
1.1 Backlog in sewer rehabilitation planning
OECD countries have a unique wastewater infrastructure, which is vital for human welfare and pollution control. In Switzerland, the replacement value of the publicly owned wastewater infrastructure is
estimated at 6035 US$ per capita1, of which the main part (5100 US$ per capita1) is associated with
the sewer networks (Maurer and Herlyn, 2006). Maurer and Herlyn (2006) conclude that the
rehabilitation demand of Swiss sewer networks will increase in the medium term, based on a rough
analysis of physical network conditions. A similar trend should be expected for other OECD countries
(e.g. Burn et al., 2007; Cashman and Ashley, 2008). However, it is widely reported that proactive
sewer asset management2 and rehabilitation strategies which strive to efficiently maintain service
levels in the future are not yet in place (e.g. Alegre, 2010; Alegre et al., 2013; Allbee, 2005; Burn et
al., 2007; Causey, 2005; Selvakumar and Tafuri, 2012). Sewer asset management involves various
internal drivers such as the deterioration of sewers (Burn et al., 2010) and external pressures related to
socio-economic development and the climate system (Milly et al., 2008) affecting the rehabilitation
demand. At the same time sewer asset management faces multiple objectives underlined by the need
for sustainable development of urban water services (Ashley et al., 2008; Marlow et al., 2010). This
has raised the demand for comprehensive decision support tools to identify suitable maintenance and
rehabilitation stategies (Alegre et al., 2013; Allbee, 2005; Ashley et al., 2008; Causey, 2005;
Selvakumar and Tafuri, 2012). On the one hand, the backlog in implementing far-sighted, pro-active
sewer asset management is due to the lack of suitable planning tools and/ or basic information on
existing sewer asset data. On the other hand, the financial and personnel resources vital to sufficiently
establish the demanding multidisciplinary know-how and informational basis required to apply
potential planning tools are often missing (Maurer et al., 2012). This is something which has been
clearly encountered in small and medium-sized utilities (Alegre, 2010; Chaix and Schweizer, 2008).
In Switzerland, urban drainage is primarily provided by small utilities in the form of municipalities
serving fewer than 10’000 capita (Maurer and Herlyn, 2006). Sewer asset management is currently
attended to with the aid of the mandatory planning procedure GEP, “General urban drainage plan”
(Genereller Entwässerungsplan) (VSA, 1989). This procedure involves assessment of the sewer
networks’ condition and rehabilitation requirement based on inspections at an interval of ca. 15 years,
1

The replacement costs are converted from CHF to US$ using Purchasing Power Parities (PPP) (1.00 US$ corresponds to 1.44 CHF (World Bank, 2015)) and normalized by the number of inhabitants in Switzerland in 2006
(BFS, 2007).

Burn et al. (2007) define asset management as a discipline that combines “[…] management, financial, engineering and other practices applied to physical assets with the objective of providing the
required levels of service to customers, communities, and the environment at acceptable levels of risk
and in the most efficient manner”.
2
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and gives recommendations on system adaptions for the medium- and long-term. However, this
approach does not include long-term planning instruments which take into consideration the
uncertainty and dynamics of external drivers as well as sewer deterioration in the future.

1.2 Decision support in sewer rehabilitation planning
Comprehensive research projects have been elaborated, contributing to the development of modelling
tools and guidance relevant for structured sewer asset management, including sewer rehabilitation
planning. The general outcome and focus of these projects are briefly summarized in the following.
Within CARE-S (Saegrov, 2005), a range of planning tools and concepts were developed, comprising
e.g. sewer deterioration models and models predicting the consequences of rehabilitation alternatives
(rehabilitation models). However, CARE-S did not result in any publicly available tools. AWARE-P
seeks to overcome this gap by improving and impementing deterioration and rehabilitation modelling
tools into user-friendly, freely available packages while promoting their application by means of
standard planning procedures, training and numerous instances of collaboration with practitioners
(Alegre et al., 2013; Leitão et al., 2015). However, both CARE-S and AWARE-P do not explicitly
account for planning uncertainty. This issue is dealt with by the Dance 4 Water project, which
dynamically explores the robustness3 of a broad range of potential adaption options, including
transitions to decentralized sewer systems under socio-economic and climate change (Bach et al.,
2013, Urich et al., 2013, Urich and Rauch, 2014). The project accounts for various interactions of the
urban water infrastructure with the urban and societal environment, and has a focus on cities.
However, it neglects the deterioration of existing sewers, which determines the opportunities for and
costs of system transitions.
Various efforts have been undertaken to derive relevant precipitation data from climate models to address the anticipated climate change impact on sewer system performance. An overview can be found
in (Willems et al., 2012). Recent projects have contributed greatly to improve the spatio-temporal
modelling of precipitation on scales relevant for addressing climate variability in urban hydrology
(Paschalis, 2013; Sørup, 2014), including a systematic quantification of uncertainties in precipitation
extremes (Sunyer, 2014) and attempts to integrate climate change effects and uncertainty in sewer
system design (Zhou, 2012). However, the methodologies developed have not been integrated into a
sewer rehabilitation planning procedure simultaneously accounting for climate change impacts and
sewer deterioration.

3

In the context of this thesis, a robust planning alternative is defined as being well-performing, efficient and
little sensitive to uncertain internal processes of the system and external forcing, though not necessarily optimally performing under certain, possible conditions.
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The present PhD thesis is embedded in the SWIP project (Hoffmann et al., 2014), which aims to
improve current planning processes of water supply and wastewater infrastructure based on existing
planning instruments (e.g. GEP) in Switzerland. Special focus is given to the following aspects:
(i)

Development of deterioration models for sewers and water mains coping with small-sized
(truncated) datasets and datasets of which historical condition records have been discarded.

(ii)

Consideration of future socio-economic dynamics, climate variability and uncertainty
throughout the planning process.

(iii)

Sustainable development and integration of stakeholder values.

The developed methodologies allow the (uncertain) consequences of potential planning strategies and
their acceptance by stakeholders to be predicted (Scholten et al., 2014; Scholten et al., 2015). Special
attention is also given to small utilities where the planning is clearly impeded by limited informational,
personnel and financial resources (Maurer et al., 2012). At the same time, it can be expected that
future rehabilitation demands will be even more pronounced in the small, still young aged sewer
networks. Informational limitations, i.e. small and incomplete asset datat sets, substantially hamper the
calibration of deterioration models (Le Gat, 2009; Scheidegger et al., 2011; Scheidegger and Maurer,
2012) and are therefore explicitly addressed in the development of novel deterioration models
(Scheidegger et al., 2013). The main objective of the present PhD project was to improve
rehabilitation planning by (i) a novel deterioration model concept coping with specific limitations in
the calibration data, (ii) an analysis of vital uncertainties in sewer system design associated with
external factors as well as (iii) exploring the outcome and opportunities of a rehabilitation approach
that integrates sewer deterioration, precipitation and hydraulic modelling into a scenario and decision
analysis framework. The individual research scopes of the PhD project are outlined in the remaining
part of this section.

1.2.1 Sewer deterioration modelling
The physical condition of sewers affects the service level provided by urban drainage systems. Leaking sewers may provoke contamination of the groundwater (Rutsch et al., 2008) and flooding and hygienic hazards may emerge because of collapsing or malfunctioning pipes (Saegrov, 2005). The (future) rehabilitation demand is therefore strongly determined by the physical condition of the sewers.
Sewer deterioration is a slow process driven by various, hardly identifiable processes (Tran, 2007).
Due to the virtually random behaviour of pipe deterioration, the intensity of pipe deterioration typically strongly varies within individual and across different sewer systems. The high inertia and variability
of pipe deterioration makes it difficult to foresee rehabilitation needs based on sewer inspection data
alone. Sewer deterioration models have therefore been developed to overcome this difficulty and are
3
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one key tool supporting sewer rehabilitation planning (Burn et al., 2010; Causey, 2005). Deterioration
models allow potential rehabilitation strategies with respect to costs and performance indicators, such
as given in (Matos et al., 2003), to be assessed. Rehabilitation strategies can be defined by e.g. budget
constraints or a desired minimum structural network condition. Potential strategies can be evaluated
based on pipe conditions incrementally projected by the deterioration model as realistically as possible. In every time step, rehabilitation is virtually realized according to the strategy, and costs as well as
performance indicators are derived from the realized rehabilitation and the conditions predicted.
Deterioration models are calibrated on the basis of observed condition data of the sewer network of
interest to (implicitly) account for local factors influencing pipe deterioration such as soil properties
and pipe construction habits. In a strategic planning context, mainly the progression of the overall
network condition determines future investment needs. In this case, “[…]all deterioration processes
can be lumped together as a function of age so that less detailed data is required” (Scheidegger et al.,
2013). In contrast, pipe specific-predictions are useful for planning concrete mid-term rehabilitation
projects. Generally, similar model structures can be applied for both purposes. More detailed data and
refined model structures are, however, required for pipe-specific predictions that specifically account
for influencing factors such as pipe material.
The shortcomings of model calibration are often attributed both to the absence of pipe-specific data
required by the model applied and to small-sized data samples (e.g. Ana and Bauwens, 2010;
Scheidegger and Maurer, 2012). In a strategic planning context it may be sufficient to rely on data
representing at least a (sufficiently large) subset of the network that fulfils the data requirements. Assuming that the subset of data is representative for the whole network may still be a reasonable choice
in many cases. However, to overcome the lack of data by simply excluding a part of the network data
from the analysis does not hold if the following properties inhere in the data of networks that underwent substantial rehabilitation in the past:
(i)

Condition records of pipes that were replaced by new ones in the past have been discarded
from the asset data base.

(ii)

The condition of (some) pipes has been improved by repair and renovation in the past. Condition ratings from the time before the realized rehabilitation measures are no longer available as
these were overwritten by new ones reflecting the (improved) condition after rehabilitation.

Scheidegger et al. (2011) demonstrated that naively calibrating pure deterioration models to data lacking this kind of historical information leads to a substantial underestimation of pipe deterioration and,
consequently, an overestimation of the sewers’ physical life-span. This is caused by (a) the selective
effect of pipe rehabilitation on the pipe population, implying that rapidly deteriorating pipes tend to be
rehabilitated earlier in combination with (b) typical data management habits that consequently discard
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the historical data of the rehabilitated pipes. Consequently, the remaining data reflects the combined
process of deterioration and rehabilitation. In further consequence, we developed a model structure
that accounts for both of the processes deterioration and rehabilitation.
In other cases, appropriate though small-sized data is present. Kleiner (2001) proposed to derive
deterioration parameters from expert elicitations if the parameters cannot be inferred from the (small)
data sets available. Bayesian statistics allow for the systematic combination of prior knowledge with
data in inferences and consequently for full exploition of the available information. Therefore,
Bayesian inference appears to be an obvious choice in situations of limited model identifiability and
where at least some (subjective) knowledge and data is available. We consequently explored the
potential of Bayesian inference in our work.

1.2.2 Hydraulic sewer system assessment and design
Sewer systems are designed to remove sewage and drain stormwater in order to limit flooding. Sewer
rehabilitation should therefore include restoration of the systems’ hydraulic performance. Beside the
physical deterioration of sewers and improper design this may become necessary due to changes in
precipitation properties, urban land use affecting runoff coefficients and demands on the hydraulic
service level. Hydraulic design should consequently rely on these factors.
Current sewer system design typically relies on observed historical precipitation information considered to be representative for the location of the sewer network considered. This practice neglects various, possibly relevant uncertainties and errors associated with the following factors:
(i)

Climate variability4

(ii)

Great variability of sub-daily and sub-hourly precipitation intensities. Therefore, the relevant
extreme precipitation properties are only roughly reflected by the available historical precipitation series typically covering an observation period of only 30-40 years. It is therefore impossible to reliably predict the fulfilment of a hydraulic service level based on historical precipitation data; see also Supplementary Material SM.C, Chapter 1 for an illustration.

Various efforts have been undertaken to address issue (i); see (Willems et al., 2012) for an overview.
They consist in different downscaling methods applied to the coarse-scaled predictions of physical
climate models with the aim of spatial and temporal refinement of the data as needed for sewer system
design. In particular, stochastic downscaling methods have received increasing attention due to their

4

According to IPCC (2013), “Climate variability refers to variations in the mean state and other statistics […]
of the climate on all spatial and temporal scales beyond that of individual weather events. Variability may be
due to natural internal processes within the climate system (internal variability), or to variations in natural or
anthropogenic external forcing (external variability)”
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general ability to reproduce extreme events (Wilby et al., 2002). Using, moreover, predictions of a
climate model ensemble allows climate model uncertainty or the prediction uncertainty of climate
variability to be addressed (Knutti, 2008; Räisänen, 2007). Due to the stochastic nature of stochastic
downscaling and their computational efficiency, large ensembles of precipitation series of arbitrary
length can be generated. This appealing property allows the uncertainty associated with issue (ii) to be
addressed. Consequently, the stochastic precipitation data enables us to identify key uncertainties associated with climate forcing affecting the hydraulic assessment of sewer systems. This would constitute a valuable basis for discussions on altering current design practice to specifically consider uncertainty and to achieve a higher hydraulic robustness of the systems.

1.2.3 Decision analysis and scenario planning
The individual decision support tools should be embedded in a decision-making framework guiding
the decision process from the initial problem framing to selecting and implementing a specific alternative (Gregory et al., 2012). In the multi-stakeholder context of sewer rehabilitation, such a framework
should cope with multiple stakeholder preferences (Keeney, 1982; Lienert et al., 2013; Scholten,
2013). Scholten et al. (2014) and Schuwirth et al. (2012) recommend using multi-criteria decisions
analysis (MCDA) based on multi-attribute value and utility theory (MAVT/ MAUT) (e.g. Eisenführ et
al., 2010) to integrate stakeholder preferences. They attribute their choice to the following properties
of MAVT/ MAUT: “(i) foundation on axioms of rational choice, (ii) explicit handling of prediction
uncertainty and stakeholder risk attitudes, (iii) ability to process many alternatives without increased
elicitation effort and (iv) possibility to include new alternatives at any stage of the decision procedure” (Scholten et al., 2014). We consequently developed a generic decision framework for sustainable wastewater infrastructure planning that is compatible with MAVT and MAUT. This framework
includes a formulation of (a) objectives of the planning subject as well as (b) attributes suitable to be
used for measuring how well the objectives are attained by the planning options considered.
The outcomes of far-sighted strategic asset management are further affected by the external forcing of
future socio-economic dynamics. Socio-economic dynamics underlie uncertainty at such a low
knowledge level that their quantification in statistical terms is hindered (Walker et al., 2003). Scenario
planning has therefore been proposed and applied in strategic water infrastructure planning
(Dominguez et al., 2011; Störmer et al., 2008) and combined with a decision analysis (Scholten et al.,
2014, 2015). Scenarios are plausible descriptions of how external forcing of a system may develop in
future (Walker et al., 2003). We applied scenario planning to explore the robustness of various rehabilitation strategies under different futures in combination with multi-criteria decision analysis (MCDA).
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1.3 General goals and research questions
The goal of the PhD was to provide new methodologies and explore existing methods that contribute
to overcome the planning backlog while taking account of the specific needs of small utilities. Specifically, we focused on tools for predicting sewer deterioration and the hydraulic assessment and design
of sewer systems. By applying these methods to real cases, fundamental understanding was gained
regarding the role of different factors and, in particular, uncertainties affecting sewer rehabilitation
planning. The present work depicts the difficult task of combining engineering model outputs with
(subjective) stakeholder preferences to identify suitable rehabilitation strategies.
The general research questions of the project can be summarized as follows:


What is a suitable model structure for predicting sewer deterioration if the available condition
data is affected by the discard of historical information on pipe conditions? (Chapter 3)



How can we overcome limited identifiability of deterioration model parameters? What is the
potential of Bayesian inference to address this issue? (Chapter 3, 5).



What are the key uncertainties associated with the precipitation data and scenarios affecting
sewer system performance and design? What is the role of the anthropogenic climate impact?
(Chapter 4). What are the extra costs for achieving higher hydraulic robustness under consideration of vital uncertainties? (Chapter 5)



What is the potential of integrating various cutting edge modelling tools to improve strategic
sewer rehabilitation planning? What are the most important factors influencing the planning?
What is the outcome of various potential rehabilitation strategies, ranging from no rehabilitation
at all to particular extensive strategies (under consideration of stakeholder preferences)? (Chapter 5)



What is the potential of using MCDA in sewer rehabilitation planning? (Chapter 5)

1.4 Practical relevance
The following key aspects treated in the thesis have practical relevance:
(i)

In our experience, existent sewer deterioration models can neither be used for many small nor
even large utilities in Switzerland. We assume that this issue is widely encountered also in
other OECD countries. The novel sewer deterioration model concept developed (Chapter 3) as
well as the Bayesian inference approach proposed (Chapter 3 and 5) have great potential to
enhance the applicability of sewer deterioration models in strategic asset management. This
7

Introduction
__________________________________________________________________________________
would lead to a more quantitative, specific asset management approach urgently needed in
Switzerland and abroad in light of large reinvestment requirements highlighted in Section 1.1.
(ii)

The quantification of uncertainties in hydraulic predictions associated with external forcing of
the climate system and the socio-economic environment raises awareness among practitioners
about the importance of specific sources of uncertainty in sewer system design and rehabilitation (Chapter 4 and 5). It also highlights how sewer systems can be designed in the absence of
precise information (Chapter 5). If these aspects are taken up by practitioners, future urban
drainage design would be based upon a more specific consideration of costs and risks. This is
a fortiori relevant because the increasing sewer rehabilitation demand arising from structural
deficits provides a great opportunity for adaptions to increase the hydraulic robustness of sewer systems.

(iii)

There is an increasing demand for stakeholder participation in wastewater infrastructure planning. However, in this domain little know-how and experience among practitioners and scientists is currently available on effective stakeholder involvement. The thesis demonstrates in a
case study how a decision making process can be structured (Chapter 2). Both the opportunities and pitfalls in integrating engineering modelling tools into a decision making framework
accounting for stakeholder values are highlighted (Chapter 5). This example includes valuable
information for utilities and consultants since such actors will only invest in this expensive
approach (or individual elements of this approach) and the concomitant know-how if these are
useful.

1.5 Thesis outline
Chapter 2

Structured decision-making for sustainable water infrastructure planning and four

future scenarios
The decision making problem involved in water infrastructure planning is structured. This includes (i)
a description of the case study area considered in the thesis, (ii) a clarification of the decision context,
(iii) a formulation of objectives associated with wastewater services, (iv) a development of planning
options and (v) an elaboration of socio-economic scenarios. This framework is used in the case studies
employed in Chapter 4 and 5.
Chapter 3

Sewer deterioration modeling with condition data lacking historical records

The likelihood function of a sewer deterioration model is combined with a probabilistic rehabilitation
model. This nested model structure copes with condition data reflecting the combined effect of pipe
deterioration and rehabilitation. Bayesian inference is used to overcome identifiability problems. The
8
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model is tested to synthetic and real sewer condition data and the model’s sensitivity to the specification of the prior is explored. The principle model approach is flexible and the individual model components can be replaced by other (more complex) ones. In this way the scope of model application can
be extended from strategic to tactical planning.
Chapter 4

Importance of anthropogenic climate impact, sampling error and urban development

in sewer system design
Different models for stochastic downscaling of climate model predictions are used and assessed in
their ability to reproduce observed precipitation properties. The best performing model is applied to
generate an ensemble of realizations representing possible precipitation series within the periods 19812010 and 2036-2065. For this, and to address climate model uncertainty, predictions from a climate
model ensemble are used. These datasets are used as input for hydrodynamic long-term simulations to
assess the hydraulic performance of three real sewer systems under different future scenarios and hydraulic designs. Different key uncertainties inherent in the precipitation data affecting the hydraulic
predictions are highlighted, including the anthropogenic climate impact and the influence of socioeconomic scenarios. The results obtained are a valuable basis for discussions on sewer system design
practices to specifically account for key uncertainties in the input data.
Chapter 5

Strategic sewer rehabilitation planning under conditions of climatic and socio-

economic change
The methods developed and implemented in Chapter 3 and 4 for predicting sewer deterioration and
hydraulic sewer system performance are applied in combination to calculate the outcome of a wide
range of potential rehabilitation options. The technical decision support tools are complemented by the
structured decision making and scenario planning framework elaborated in Chapter 2. The potential
and deficits of the applied tools are highlighted.
Chapter 6

General discussion

Strengths and weaknesses of the methodologies developed and explored in this PhD project are summarized and discussed.
Chapter 7

General conclusions

Chapter 8

Outlook - Future research and development needs are highlighted.

Supplementary Material

Supporting information to Chapters 2-5 is given in the Supplementary

Material A-D, respectively, in the appendix of the thesis.
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Abstract

Water supply and wastewater infrastructures are vital for human wellbeing and envi-

ronmental protection; they adhere to the highest standards, are expensive and long-lived. Because they
are also aging, substantial planning is required. Climate and socio-economic change create large planning uncertainties and simple projections of past developments are no longer adequate. This paper
presents the initial phases of a structured decision-making (SDM) procedure which is designed to increase the sustainability of water infrastructure planning and includes various stakeholders in an exemplary Swiss case study. We evaluate the SDM approach critically based on stakeholder feedback,
give general recommendations and provide ample material to make it applicable to other settings. We
carried out 27 interviews and two stakeholder workshops. We identified important objectives for water
infrastructure planning, including all three sustainability pillars and their respective attributes (indicators, benchmarks) to measure how well the objectives are achieved. We then created strategic decision
alternatives, including ‘‘business-as-usual’’ upgrades of the central water supply and wastewater system as well as semi- to fully decentralized alternatives. To tackle future uncertainty, we developed
four socio-demographic scenarios. We used these to test the robustness of decision alternatives in a
later Multi-Attribute Utility Theory analysis. Additionally, we contribute to the topical discussion of
combining scenario planning with multi-criteria decision analysis and demonstrate how various scenarios can stimulate creativity when generating decision alternatives. Their internal consistency is
ensured by rigorously specifying them using a strategy generation table. Our SDM procedure can be
adapted to inform decisions about sustainable water infrastructures in other contexts.

Keywords

Decision-making, Scenario planning, Stakeholder participation, Structuring, Water

infrastructure, Water management

2.1 Introduction
2.1.1 Structured decision-making
Decision-making for environmental management is complex. It typically affects various actors and
requires difficult trade-offs across many environmental and socio-economic objectives. If future gen15
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erations are affected, long time spans need to be considered. Multi-criteria decision analysis (MCDA)
provides a useful framework for making better-informed, more sustainable and participatory decisions
(e.g., Belton and Stewart 2003; Clemen and Reilly 2001; Eisenführ et al. 2010; Keeney 1992; Keeney
and Raiffa 1976). There are numerous examples of environmental applications (reviewed in Huang et
al. 2011; Linkov and Moberg 2012).
To support the choice between decision alternatives, mathematical models can be applied that integrate the decision makers’ (subjective) preferences for outcomes with the (objective) performance of
the various alternatives with respect to a set of previously determined objectives. However, as nicely
outlined in a book by Gregory et al. (2012a), it often suffices to structure the decision together with the
stakeholders to clarify the trade-offs and find an agreement between the parties. This structuring process may then––but need not––be followed by a formal MCDA, whereby modelling and expert
knowledge used to predict outcomes are combined with stakeholder preferences.
In this paper, we focus on the first three steps of structured decision-making (SDM; Gregory et al.
2012a) that are crucial in any decision, but are often neglected (e.g., Belton and Stewart 2003). The
following steps are usually carried out (see textbooks, e.g., Belton and Stewart 2003; Clemen and
Reilly 2001; Eisenführ et al. 2010; Gregory et al. 2012a; Keeney 1992; Keeney and Raiffa 1976): (1)
clarify the decision context; (2) define objectives and attributes; (3) develop alternatives; (4) estimate
consequences; (5) evaluate trade-offs and select alternatives (this is a combination of the decision
makers’ subjective preferences with the objective consequences of the alternatives); and (6) implement, monitor and review. Many applications of MCDA focus on estimating the consequences of decision alternatives (step 4) and evaluating the trade-offs to select best alternatives (step 5), while the
initial structuring steps (1–3) are treated rather superficially. However, setting up the decision problem
in a sound way is absolutely crucial and may have a much larger effect on the result (in step 5) than
the quantitative steps (4 and 5). In an early survey, Tilanus et al. (1983) found that the most frequent
reason for the failure of operational research interventions is the mismatch between the problem and
the model used (cited in Belton and Stewart 2003; also see Gregory et al. 2012a). For example, if decision makers receive good support, a much larger number of fundamental objectives are generated (step
2) than if they have to rely on own ideas (e.g., Bond et al. 2008, 2010). The decision alternatives (step
3) are often assumed to ‘‘just be there’’, without considering innovative solutions. This is a consequence of the frequently encountered bias of anchoring on the status quo and adhering to narrow conventions (e.g., Daily et al. 2000; Nutt 2004). Gregory et al. (2012a) argue that good decision-making
does not always require quantitative modeling, but that structuring the decision in compliance with
sound theory helps to discipline thinking and make decisions more transparent. In this paper, we,
therefore, focus on the initial problem structuring steps one to three, exemplified with a case study
application.
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A linear additive value model is often used to calculate an overall value for each alternative (step 5)
based on a weighted sum of the alternatives’ consequences for each attribute (following multi-attribute
value or utility theory, e.g., Belton and Stewart 2003; Eisenführ et al. 2010; Gregory et al. 2012a;
Keeney and Raiffa 1976). All models require attributes (indicators) that make the objectives measurable, a prediction to quantify how well each alternative fulfills the objectives, and preference information from decision makers. Each attribute then receives an importance weighting and a value function transforms attribute levels to a neutral scale between 0 and 1. Alternatives that achieve the highest
values5 are proposed and discussed with the decision makers.

2.1.2 Combining scenario planning with MCDA
Water infrastructures are long-lived, with average pipe lifespans of water supply and sewerage of
some 80 years (Martin 2009). It is thus especially important to consider intergenerational equity,
which is a core aspect of sustainable development6 (WCED 1987; for a conceptual discussion see
Wuelser et al. 2012). For such time ranges, the future is ‘‘deeply uncertain’’7 and it is impossible to
use probabilistic models (e.g., Walker et al. 2010). However, most MCDA methods are deterministic
and the uncertainties are often internal (epistemic uncertainty or imprecision; reviewed in Stewart et
al. 2013; also see Reichert et al. 2014)8.
Scenario building is a tool used to systematically explore the future without trying to predict it (e.g.,
Ringland 2002; Schnaars 1987; Schoemaker 1995). Early examples come from business strategy formation (e.g., the famous Shell example: Wack 1985). There are also numerous environmental applications (e.g., Peterson et al. 2003; Swart et al. 2004), including strategic planning for urban water infra-

5

Formally, the linear additive value model is: v(a) 

m

 w v (a ) where: 𝑣(𝑎) = total value of alternative 𝑎,
i 1

i

i

i

𝑎(𝑖) = attribute level of alternative 𝑎 for attribute 𝑖, 𝑣𝑖 (𝑎𝑖 ) = value for attribute 𝑖 of alternative 𝑎, 𝑤𝑖 = weights
(or scaling constants) of attribute 𝑖 , and sum of 𝑤𝑖 equals 1.
6
‘‘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, p. 43).
7
‘‘Level 3 uncertainty represents deep uncertainty about the mechanisms and functional relationships being
studied. We know neither the functional relationships nor the statistical properties, and there is little scientific
basis for placing believable probabilities on scenarios. In the case of uncertainty about the future, Level 3 uncertainty is often captured in the form of a wide range of plausible scenarios. Level 4 uncertainty implies the deepest level of recognized uncertainty; in this case, we only know that we do not know’’ (Walker et al. 2010, p.
918).
8
Stewart et al. (2013, pp. 683–684) distinguish ‘‘internal uncertainty’’ from ‘‘external driving forces’’. Internal
uncertainties concern e.g. the imprecision of measurements; probability frameworks can deal with these. Stewart
et al. (2013) also classify epistemic uncertainty as internal uncertainty. In epistemic interpretations, probabilities
can be used to quantify human (expert) knowledge or belief concerning the probability of something occurring.
How to conceptually deal with uncertainties in environmental management with a specific focus on MCDA is
discussed by Reichert et al. (2014). In contrast, external uncertainties may much more strongly affect the outcome of decisions we make today. These uncertainties (e.g. future climate, demographic or economic development) can often be better captured by the scenario approach.
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structures (Dominguez et al. 2011; Lienert et al. 2006; Störmer et al. 2009; Truffer et al. 2010; review
in: Dong et al. 2013).
Recently, researchers started combining scenario planning with MCDA. This combination is not trivial, because it adds an additional dimension to the already highly complex MCDA analyses. One problem is how to include stakeholder preferences. If it is assumed that these preferences differ for different scenarios, a value function for each decision-maker must be constructed for each scenario (e.g.,
Karvetski et al. 2009, 2011; Lambert et al. 2012; Montibeller et al. 2006; Stewart et al. 2013), so that
the elicitation process becomes more laborious (Ram and Montibeller 2013; Ram et al. 2011). Practicable shortcuts would be eliciting shifts in the relative importance of certain value function components compared to a baseline value function (e.g., Karvetski et al. 2009, 2011; Lambert et al. 2012).
Stewart et al. (2013) propose aggregating across scenarios by introducing ‘‘metacriteria’’, but this
approach remains to be tested in practice.

2.1.3 Water infrastructure planning
Water supply and wastewater disposal infrastructures are crucial for the provision of clean water and
water for firefighting, urban hygiene, protection against flooding and water pollution control. In many
OECD countries, the infrastructures meet the highest standards and are expensive; the replacement
values of the public wastewater system (excluding household connections) are typically between US$
2,600 and 4,800 per person (Maurer et al. 2005). The annual investment need in OECD countries in
the water sector is approximately 0.75 % of GDP (Cashman and Ashley 2008), which translates into
US$ 300,000 million annually (OECD 2012). Despite their success in the industrialized world, centralized infrastructure systems are increasingly criticized for their lack of sustainability (e.g., using clean
water to flush toilets, loss of nutrients, e.g., phosphate that could be recycled). A central system with
extensive underground pipe networks and large treatment plants is also very inflexible. Decentralized
options for water supply and wastewater disposal are gaining increasing momentum in the engineering
community (e.g., Guest et al. 2009; Larsen et al. 2009, 2012; Libralato et al. 2012).
Despite long service lives, infrastructures are often planned with mid-term projections (<25 years)
from past developments. This approach is deficient by not accounting for future developments. Due to
climate change, we can expect severe droughts and more frequent heavy storms in Central Europe
(e.g., Kysely et al. 2011). Thus, sewers may have increasing difficulty in reliably draining storm water,
resulting in more combined sewer overflows polluting rivers and lakes, and in more urban floods (e.g.,
Arnbjerg-Nielsen and Fleischer 2009; Butler et al. 2007; Patz et al. 2008). Socio-demographic and
economic pressures add to planning uncertainty––‘‘the challenge is daunting’’ (Milly et al. 2008).
We know only few applications of MCDA in urban water infrastructure planning for OECD countries.
Most MCDA projects in the water sector concern water policy and water resource management (e.g.,
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Hämäläinen et al. 2001; Reichert et al. 2007). The same applies to infrastructures, for which water
resource management, including hydroelectric power schemes, is often considered (e.g., Eder et al.
1997; Kodikara et al. 2010), but rarely urban drinking and wastewater management (see review by
Hajkowicz and Collins 2007 and an early example by Keeney et al. 1996). From the water engineering
sector, there is growing interest in comparing different infrastructure options using ‘‘indicators’’, usually with life cycle analysis (LCA) (Balkema et al. 2001; Lundie et al. 2004; Palme et al. 2005). The
indicators cover environmental and social criteria such as ‘‘acceptance’’ (of phosphorus products from
sewage), ‘‘reliability of service’’ and ‘‘working conditions’’ (Palme et al. 2005). In one case, nonconventional decentralized options were evaluated, but they were based on purely environmental indicators (Lundie et al. 2004). However, sustainability indicators remain an ‘‘elusive concept’’ (Ashley et
al. 2008). To our knowledge, the development of a comprehensive objectives hierarchy based on multi-attribute value theory (MAVT; e.g., Belton and Stewart 2003; Eisenführ et al. 2010; Keeney 1992;
Keeney and Raiffa 1976) for use in a full MCDA analysis and accounting for long-term changes is
new in the field.
Many municipalities in Switzerland are facing the challenges described above. They need to rehabilitate and plan their long-lived water infrastructures so that they meet today’s as well as tomorrow’s
societal and sustainability demands. To mirror research with real stakeholders, we identified a suitable
case study that allowed us to structure the project including different types of stakeholders and different methods for participation. We identified the ‘‘Mönchaltorfer Aa’’ region near Zurich as suitable
(and willing to participate). It comprises four smaller communities with about 24,200 inhabitants, extensive agriculture as well as urban development pressure from Zurich. The nearby Lake Greifensee is
an important recreational and nature protection area. It is one of the few Swiss lakes still affected by
eutrophication stemming from wastewater discharges and agriculture (AWEL 2003, 2006). In summer, there is a danger of fish kills due to oxygen depletion in deeper water layers and high temperatures in surface layers (AWEL 2003). The discharge from wastewater treatment plants (WWTPs) into
smaller rivers upstream of Lake Greifensee results in inadequate river water quality, including elevated concentrations of micro-pollutants (AWEL 2006). The project presented here focused on developing instruments for decision support rather than on elaborating specific recommendations for action.
We aimed to provide a procedural tool for ‘‘Sustainable Water Infrastructure Planning’’ (SWIP 2013)
that enhances planning efficiency, can cope with uncertainty and is well accepted.

2.1.4 Objectives of this paper
The aim is to present and critically discuss the initial SDM structuring and decision-making steps one
to three based on Gregory et al. (2012a) and on stakeholder feedback. This discussion aims to find out
good practices and to give guidance on how to carry out an SDM process in a real case. As an illustration, we use a complex real example of water infrastructure planning in Switzerland. We include a
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broad range of stakeholders and develop a comprehensive set of decision objectives, diverse alternatives and four future scenarios. Although it was developed in a local stakeholder process, we set up
our SDM framework so that it can be adapted to water infrastructure decisions in other countries.

2.2 SDM process and application in the Swiss case
Below, we describe each initial problem structuring step (1–3) of the SDM process from a general
point of view and then illustrate how we applied this to the Swiss case study. We thus guide through
clarifying the decision context and selecting stakeholders (step 1), defining the objectives and attributes with interviews and workshops (step 2), and generating decision alternatives (step 3). As an additional step, we present the development of future scenarios.

2.2.1 Step (1): clarify the decision context
General procedure to clarify the decision context
In the first step of the SDM process, the decision context, scope and boundaries of the decision problem are clarified. A good framework to guide environmental management choices includes not only
scientific and practical insights about ecological aspects, monetary values, but also the values and
judgments of different stakeholders. The SDM approach seeks to disentangle these aspects and raises
the following questions (Gregory et al. 2012a, p. 8): ‘‘(1) What is the decision (or series of decisions)
to be made, by whom and when? (2) What is the range of alternatives and objectives that can be considered (without details at this stage)? (3) What kind of decision is it and how could it usefully be
structured? What kinds of analytical tools will be needed? What level and kind of consultation is appropriate?’’
A useful approach here may be ‘‘decision sketching’’, as illustrated with examples from environmental management by Gregory et al. (2012a). Means-ends networks, preliminary objectives hierarchies,
consequence tables, influence diagrams or decision trees are suggested for structuring (also see
Clemen and Reilly 2001; Eisenführ et al. 2010).
This step also involves deciding who should participate. The SDM process is designed for groups of
five to twenty-five people who work intensively on a complex problem (Gregory et al. 2012a). A decision sketch can also help to identify stakeholders. After clarifying which environmental and societal
endpoints are affected by the decision alternatives, one can ask: ‘‘Who will care about these outcomes?’’ However, Gregory et al. (2012a) provide little guidance on ways of choosing these participants.
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Procedure applied in the SWIP application example
The aim of our project was to find a case that is suitable to tackle the research questions, rather than
solving a one-off environmental decision problem. The study region ‘‘Mönchaltorfer Aa’’ well addressed many required aspects (several communities involved, water quality problems, data availability) and allowed us to collaborate with other scientific projects. Here, we drew the boundaries based
on the willingness of communities to participate in our research project. In our application, we placed
much more emphasis on selecting stakeholders than is usually reported in the SDM literature. To identify those who play a role in water infrastructure planning or who could be affected by it, we carried
out a stakeholder and social network analysis (Lienert et al. 2013). We found that over 40 actors were
involved, with a clear dominance of local and engineering actors. The network analysis confirmed the
hypothesis of a strongly fragmented water sector, namely between water supply and wastewater (and
others), and between decision-making levels9. We used this work to select the workshop participants
and interview partners in the paper presented here. Besides obvious stakeholders such as the local
planning engineers and municipalities, representatives who were perceived to be less important were
also included, such as the cantonal and national authorities (for details see Lienert et al. 2013).

2.2.2 Step (2): define objectives and attributes
General procedure to create the objectives hierarchy
Objectives define ‘‘what matters’’ in the decision, and attributes (performance measures/indicators)
make them operational (Gregory et al. 2012a). Objectives can be organized hierarchically and provide
a framework for transparently comparing the performance of alternatives. It is crucial that the decision
makers (in our example the selected local, cantonal and national stakeholders) understand and accept
the objectives and attributes and also that specific rules are followed: the objectives should comprehensively cover the decision, be fundamental, concise and sensitive, i.e. they should help to distinguish between alternatives (e.g., if costs are the same in all alternatives, ‘‘low costs’’ are not suitably
sensitive). They should be understandable, simple, non-ambiguous, non-redundant and preferentially
independent (for the additive model; e.g., Belton and Stewart 2003; Eisenführ et al. 2010; Gregory et
al. 2012a; Keeney and Raiffa 1976).
Although people usually have a good idea about what is important to them, it is not trivial to generate
good objectives for environmental decisions. Creativity techniques, such as brainstorming a wish list,
or considering shortcomings or new perspectives, can help (Clemen and Reilly 2001). Based on environmental case study examples, Gregory et al. (2012a) recommend five steps (also see Keeney 1992;
Keeney and Raiffa 1976): (1) brainstorm, (2) separate means from ends, (3) separate ‘‘process’’ or

9

These include local practitioners (engineers or operating staff of treatment plants), representatives from administration and politics from the municipalities, the region (e.g. cantonal agency for waste, water, energy and air)
and at national level (e.g. environmental protection agency; associations of water professionals).
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‘‘strategic’’ from ‘‘fundamental’’ objectives, (4) build hierarchy and (5) test the usefulness of the objectives. It is crucial to avoid ‘‘means’’ objectives, which are important only to achieve a more fundamental objective. Means-ends networks can be used here (nicely illustrated in Clemen and Reilly 2001
and Gregory et al. 2012a). If much is known, a top-down creation of the objectives hierarchy is recommended; it helps to ask: ‘‘What do you mean by that?’’ for a more detailed description of an objective (Clemen and Reilly 2001). If little is known, users are advised to move from lower to higher levels of the hierarchy.
To quantify objectives, attributes are needed (Belton and Stewart 2003; Eisenführ et al. 2010; Gregory
et al. 2012a). ‘‘Natural’’ attributes (e.g., $, hours) are clearly preferable to ‘‘proxy’’ ones, which operationalize objectives only indirectly. However, the latter often cannot be avoided in environmental
management (e.g., using ‘‘area’’ to measure ‘‘species abundance’’). Constructed attributes such as
seven-point Likert scales (Likert 1932), known from psychological questionnaires, may also be useful
for environmental decisions (Gregory et al. 2012a). However, expert judgments are rarely unambiguous. It is thus recommended to combine numerical scales with narrative descriptions (‘‘defined impact
scales’’).

Procedure applied in the SWIP application example
In our application, the objectives’ hierarchy was generated in a multi-step, iterative procedure. This
comprised a desktop analysis to create a preliminary objectives hierarchy (top-down approach), faceto-face interviews with stakeholders and a stakeholder workshop. Our aim was to generate a generic
hierarchy also applicable to other cases of water infrastructure planning.
The preliminary objectives’ hierarchy set up by the project team was based on engineering requirements. ‘‘Good water supply’’ includes the uninterrupted provision of drinking water in high quality
and quantity and water for firefighting. Objectives of the wastewater system include ‘‘urban hygiene’’
and the ‘‘protection of water bodies’’ as stipulated in environmental laws. We included ‘‘low costs’’
and ‘‘intergenerational equity’’ to cover all pillars of sustainability. More details are given in supplementary material A (SM.A).
Face-to-face interviews: We discussed these objectives in the 27 face-to-face interviews for the stakeholder and network analysis (Lienert et al. 2013). We then described the purpose of the objectives (to
help choose between ten infrastructure decision alternatives) and their properties (see above). First, the
interviewees freely stated which objectives they found appropriate, and only then did we show our
own highest-level objectives. We assigned their objectives to ours and asked whether they agreed or if
a new top-level objective was required. In this way, we worked through all branches of the hierarchy.
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To select objectives, we asked for an importance classification10. We also asked for ideas about attributes and for general feedback11. We categorized the answers and calculated the number of comments
in each category.
Five of the six fundamental objectives at the highest hierarchical level were perceived as essential or
important by nearly everyone involved (see Supplementary Material A (SM.A)). Some additional objectives were proposed. Most were already covered under a different title or were means objectives.
For example, ‘‘good state of infrastructure’’ is a means objective to achieve, e.g., ‘‘safe water supply
and wastewater disposal’’. Several suggestions included trade-offs that will be calculated in the
MCDA (e.g., ‘‘optimized cost-benefits’’). We also considered ‘‘transparency’’ to be covered by the
SDM procedure. We decided that ‘‘protection of floodplains’’ is outside our systems boundary, but
included the new objective ‘‘high quality of management and operations’’ in the revised hierarchy. We
later discussed the objectives vigorously in the project team and developed a larger hierarchy.
Stakeholder workshops: In our application example, we carried out two stakeholder workshops in the
study region in April and May 2011 (5 h each). The first was a scenario workshop (see below); in the
second, we created alternatives (see below) and discussed the objectives. This second workshop had
20 participants, identified by the stakeholder analysis, including representatives from different municipalities, sectors, institutions and companies at local, cantonal and national level. We presented the
objectives hierarchy and the requirements for ‘‘good’’ objectives. These were familiar to most participants, thanks to the previous interview. They systematically worked through the hierarchy and discussed in pairs which objectives they found really fundamental or which were missing. We collected
their notes and discussed the objectives in the plenum. Each participant was asked to assign points to
the three objectives perceived as the least relevant. At the end of the workshop, we asked for feedback.
No objectives could be deleted based on the workshop discussions (see SM.A); we had hoped that we
could reduce the large hierarchy to a smaller, more manageable set. Objectives describing the classic
infrastructure system (‘‘safe drinking water supply’’, ‘‘safe wastewater disposal’’) were almost undisputed. Most of the discussion focused on objectives characterizing decentralized water supply and
wastewater treatment alternatives. For water supply, these were ‘‘household water of good quality’’
(lower quality than drinking water for washing, etc.; Figure 2.1) and ‘‘water for firefighting’’, which
in Switzerland is combined with the drinking water supply. For ‘‘low costs’’, the total annual costs
were seen as most important, unlike ‘‘low cost fluctuations’’ and ‘‘easy fundraising’’, which we deleted later. The objectives of ‘‘high social acceptance’’ and ‘‘intergenerational equity’’ were most
10

Essential objectives (without this objective I cannot judge whether a fundamental objective has been reached),
important (without this it is difficult…) and nice to have (attainment of the fundamental objective can be judged
without this).
11
Specific questions: ‘‘What would be next step and who should do it?’’/‘‘What are your expectations, fears or
hopes w.r.t. our project and Eawag?’’ (Eawag is our research institute, i.e. the Swiss Federal Institute of Aquatic
Science and Technology)/‘‘Do you have general feedback, also concerning the interview or recommendations?’’.
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strongly questioned. Nevertheless, we kept most of the questioned objectives because neither the plenary discussion nor the distribution of points provided a clear justification to do so otherwise (see
SM.A). We also found it important to include all pillars of sustainable development (Wuelser et al.
2012), and we kept some objectives that were necessary to distinguish between alternatives (e.g.,
‘‘flexible system adaptation’’ and ‘‘low time demand for end users’’).
Final objectives hierarchy and attributes: After the workshop, the project team again revised the objectives and attributes. We decided for which attributes we could generate the predictions for each
alternative ourselves (results of dimensioning and engineering models in SWIP, know-how, literature)
and which required other expert information. For these, we asked one to four experts to define an adequate attribute, the worst- and best-possible values and the attribute levels of our decision alternatives
(Table 2.1). If their judgments differed strongly, we increased the ranges, namely for ‘‘high codetermination of citizens’’ (two experts with different estimates). For ‘‘flexible system adaptation’’,
judged by four engineers, we calculated the average and standard deviations. Alternatives with more
than 10 % deviation were discussed and the point of view defended (similar to a group Delphi; Schulz
and Renn 2009). A final score was then assigned by the group, with larger interval ranges to depict
higher uncertainty or variance.
The fundamental objectives of the final hierarchy are given in Figure 2.1 and the attributes in Table
2.1 (for details including ranges, narrative descriptions and status quo, see SM.A). The objectives’
hierarchy and attributes were constructed to analyze the case study, but also to be applicable to other
cases; i.e., we consider them to be as exhaustive as practically possible. To make the work on our
SWIP project manageable, we split the water supply and wastewater system (three PhD students and
one postdoc work on the project), but collaborated closely to come up with a holistic hierarchy.

2.2.3 Future scenarios
Creating future scenarios are not part of standard SDM procedures. We introduced this step because a
main aim of our project is to develop a decision procedure that can cope with uncertainty. We adapted
four Swiss development scenarios from an earlier National Research Program (NRP 54;
www.nfp54.ch) to our local case in the first stakeholder workshop in April 2011, following Truffer et
al. (2010). We invited 22 members of the four communities, but not from the national and cantonal
level, because we felt that local people should adapt the scenarios to their specific case. The exclusion
of senior administrators also helped to create a comfortable workshop feeling. The 15 participants
came from all four communities; they represented both water sectors and different roles (i.e. with a
political or technical-engineering focus). First, we presented the SWIP study and scenario planning: to
create a picture of the future that is internally consistent and plausible, but not necessarily desirable or
probable, the scenario descriptions are based on key factors that may differ in each future world (e.g.,
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Schnaars 1987). The scenarios were depicted to the year 2050. They were discussed and adapted to the
local case in three groups in which we ensured an equal distribution of perspectives. The specifications
were based on a variation of eight factors relevant to water infrastructures. The scenarios were visualized, presented and discussed in the plenum (see SM.A). Finally, participants gave feedback in the
plenum concerning: ‘‘Which development would I be happy about?’’ and ‘‘What did I learn?’’
Three future scenarios were created in the workshop to characterize plausible socio-economic conditions in the ‘‘Mönchaltorfer Aa’’ region near Zurich in the year 2050. The ‘‘Boomtown Zurich Oberland’’ (‘‘Boom’’) scenario was based on massive population growth and high prosperity. ‘‘Doom’’
depicted a difficult situation for Switzerland and Europe in the global world, with a slight population
decline and few resources for the water sector. ‘‘Quality of life’’ assumed qualitative growth and emphasized sustainable development (see Table 2.2 and SM.A)). The ‘‘status quo’’ scenario was not
developed in the workshop; it is essentially a longterm projection of the current situation (i.e., current
population, finances, etc.).
These scenarios provided valuable input, but needed further processing. For the ‘‘Boom’’ scenario
with massive population growth (eight times the current population by 2050), the workshop participants presented spatial planning ideas (see SM.A). We later carried out quantitative and simplified
spatial planning with two other NRP 61 projects, namely iWaQa (2013) and AGWAM (2013), to ensure better correspondence with likely urban expansion in Switzerland12. We also modified the water
demand (water usage/person/day)13.

12

We based the planning on Swiss standards, preserving agricultural land and forests. We used typical building
features in dense areas of Swiss cities (Zurich, Geneva), with up to 10-storey houses, and allocated these to areas
earmarked for urban development in the current spatial plans of the study region. We added additional building
sites for the Boom scenario and increased the population to 200,000 without ‘‘building’’ skyscrapers.
13

The predictions for water demand are a function of scenario and alternative (e.g. water saving by using
rain water or urine-separating toilets). Halving the water demand in the Doom scenario as defined in the
workshop, for example, still translates into high water provision for the utilities, since there will likely be
large water losses caused by low maintenance (leaky pipes).
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Figure 2.1: Final objectives hierarchy as used in the SWIP project for water infrastructure decisions in the case
study area of Mönchaltorfer Aa. The objectives hierarchy is transferable to other cases. Objectives without shading are used for the entire network, objectives with blue shading only apply to the water supply infrastructures
(DW = drinking water), and objectives with yellow shading only to the wastewater infrastructures (WW =
wastewater). After the colon, the short name(s) of the respective attributes are given. CSOs = combined sewer
overflows (discharge of mixed rain and wastewater to water bodies with only basic or no treatment).
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Table 2.1: Attribute description to measure how well an objective is achieved
Name

Attribute

Units

Description

[% realization]

Each year, some parts of the water supply and WW system reach the end of their lifespan. If these parts are
not rehabilitated (i.e. repaired, renovated or replaced), negative effects on the performance and reliability of
the WW system are likely to occur. Rehabilitation includes repairing damaged parts, renovation and thus an
extension of the lifespan of assets (renewal), and their replacement.

Intergenerational equity
rehab

% Realization of the
rehabilitation demand

adapt

Flexibility of technical [% flexibility]
extension or deconstruction of infrastructure

Centralized systems (e.g. WW discharged in a single sewer network that reaches a central WWTP) are
strongly connected and thus show strong path dependencies. Decentralized systems (e.g. water for households from rain and treated on-site) are often more flexible. In case of major changes, large adaptions of
central systems are required, while decentralized systems may require merely specific assets to be addressed.

Protection of water and other resources: Surface water
chem

% Reference points in [% > 0.6]
catchment that fulfill
water quality target
(nutrients, micropollutants, value > 0.6)

Micropollutants and nutrients can have unwanted effects (e.g. eutrophication). Each indicator is classified into
a quality class at each reference point (Bundi et al. 2000; FOEN 2010; http://www.modul-stufen-konzept.ch).
To aggregate all indicators, we use MCDA: the quality classes ("bad", "unsatisfactory", "moderate", "good",
"very good") are translated to a neutral value (0 – 1) and aggregated to a value for that reference point
(Langhans and Reichert 2011; Langhans et al. 2013; Schuwirth et al. 2012). For the catchment, we give the %
reference points that fulfill the requirements (value >0.6).

hydr

% Reference points in [% yes]
catchment that fulfill
VSA guidelines for
stormwater handling

If too much rain water is discharged, a river may suffer hydraulic stress (turbulence, e.g. fish eggs in plants
are washed out). The guidelines of the Association of Swiss WW and Water Protection Experts (VSA 2002)
are based on the ratio between the amounts of water coming from the river and from the discharged rain. We
give the % reference points in the catchment that fulfill the VSA guideline.

Protection of water and other resources: GW
gwhh

% Water abstraction /
GW recharge

[%]

The GW resources in the case study are continuously replenished by percolation of rain water through the
upper soil strata (GW recharge). But GW is also abstracted, e.g. as raw water for water supply. If the abstraction exceeds the GW recharge, seasonal or permanent drawdown of the GW table is possible. Sealing of the
soil surface, especially in urban areas, further reduces recharge.

exfiltrsew

Water quality class (of 5 classes
nutrients)

Pollutants can reach GW from the WW system. The probability of contamination increases when the condition
of the sewers worsens (e.g. many cracks). This attribute is based on expert estimates about the condition of
the sewers, the % WW that infiltrates into the GW, the recharge rate of the GW and the nutrient indicators
used for the "good chemical state of the watercourse".

exfiltrstruct Water quality class (of 5 classes
biocides)

Infiltration of rain from impervious areas (e.g. roofs, streets, parking lots) increases the risk of contaminating
GW with pollutants. For example, biocides are contained in building materials (to limit plant growth). The
probability of contamination increases if more rain water is infiltrated via infiltration structures, if the pollutants
are not retained as expected or if the infiltration structure is not built properly. As indicators we use biocides.

Protection of water and other resources: Efficient use of resources
phosph

% Recovery of phosphate from WW

[% P recovery]

WW contains nutrients, e.g. nitrogen and phosphorus. Many nutrients are mainly contained in human urine
(not feces); e.g. about 80% of nitrogen and 50% of excreted phosphorus (e.g. Larsen et al. 2009, 2012). We
use recovery of phosphate as an indicator, because nitrogen is available in large amounts in nature. Phosphate is vital as a fertilizer for agriculture, but is limited to phosphate mines that will be exhausted at some
point.

econs

Net energy consumption for water / WW
treatment and
transport

DW: [kWh /
m3]
WW: [kWh /
p / yr]

In the technical DW and WW system, electrical energy is needed for e.g. treatment installations (aeration) and
pumping. The amount depends on e.g. the amount of water, treatment options and operating conditions. The
generation of electrical energy consumes natural and depletable resources (fossil fuels), which can emit
greenhouse gases. However, energy can also be recovered from the WW system.

Good supply with water: DW: Good quality
aes_dw

Days / year with
esthetic impairment
e.g. taste, smell, etc.

[d / yr]

Occurring separately or together, smell, taste, discoloration and turbidity lead to esthetic impairment of DW.
The esthetic water quality depends on the raw water composition and technical installations, i.e. the mode and
quality of raw water purification, dimensioning of pipes and reservoirs (stagnation), plus the condition and
maintenance of the distribution system (e.g. sediments, corrosion, microbial contamination).

faecal_dw

Days / year with
hygienic concerns
(hygiene indicators)

[d / yr]

According to the legal requirements, DW should be free of any hygienically unsafe organisms. However, their
occurrence is not impossible, due to factors such as inadequate treatment, long stagnation of water in the
supply mains and service connections, improper or inadequate cleaning of equipment or contamination from
improperly connected pipes.

cells_dw

Changes in total (cell
count as indicator of
bacterial re-growth)

[log]

Cell counts are an indicator of the amount of microorganisms in the water and thus help to monitor microbial
regrowth in the supply network (changes in cell concentration). Most occurring (active) cells are harmless. A
distinction between active and inactivated cells, e.g. after disinfection, is not possible. Although low cell counts
are generally preferable to high ones, the absolute number of cells is not a direct indicator of water quality
because each system has its own equilibrium concentration of cells.

no3_dw

Anorganic substances [mg / L]
(nitrate concentration)

Nitrate is not toxic to humans in natural concentrations, but is regulated because of toxic (nitrite) or carcinogenic byproducts (nitrosamines). In Switzerland, the DW threshold value (40 mg / L) and the Water Pollution
Control Ordinance ("Gewässerschutzverordnung") require 25 mg / L, mainly because of ecological concerns.

pest_dw

Pesticides (sum of

The sum of pesticides is an indicator of the overall burden of chemicals used in agriculture and in settlements.

[μg / L]
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Name

bta_dw

Attribute

Units

Description

pesticide concentration)

To avoid adverse effects on human health and the environment, the Swiss DW directive states a maximum
threshold concentration of 0.5 μg / L for the sum of pesticides and 0.1 μg / L for individual substances.

Micropollutants (indica- [ng / L]
tor: benzotriazole)

Benzotriazole is an indicator of the overall burden of micropollutants in DW. It is used in coolants, for corrosion
protection and de-icing. It is not removed by most standard treatment processes and is one of the most
ubiquitous environmental micropollutants in Switzerland. Recommendations for discharge threshold concentrations from WWTP exist (120 µg / L for single; 30 µg / L for chronic discharges), but thresholds of toxicological concern in DW are under discussion.

Good supply with water: DW: High quantity
vol_dw

Days per year with
water quantity limitations

[d / yr]

Of the water used in households, DW quality is strictly necessary for drinking, cooking, washing of food or
dish-washing by hand, etc. The proportion of DW in the kitchen of a Swiss household is estimated at 15%. A
limitation occurs if the dimensioning of the system or the climatic conditions do not allow for more than the
average annual demand to be drawn, i.e. coverage of peak demand cannot be ensured.

Good supply with water: DW: High reliability
ci_dw

Criticality index (criti- –
cality of affected pipe x
probability of outage /
total criticality of all
pipes)

Criticality is a dimensionless index between 0 and 1 which describes how many supply interruptions of what
degree are to be expected due to technical system failure(s). An index is assigned to each water pipe: it
describes how critical this line is for the functioning of the system. The larger the diameter, the greater the
potential damage and the number of people who are affected by supply interruptions and thus the higher the
index for this pipe.

Good supply with water: Household water
Same objectives and
attributes as "DW"

Household water is that part of the water used in the household for anything except potable use. This covers
personal hygiene, toilet flushing, clothes washing, house-cleaning, etc.

Good supply with water: Water for firefighting
vol_ffw

Available water for
firefighting in new
housing areas

ci_ffw

Same as for "Drinking
and Household water"

[L / min]

The current requirements of the Cantonal Building Insurance for firefighting protection assume that 1,500 to
3,600 L / min of water are needed during 30–100 minutes (firefighting reserve in central water reservoir) to
extinguish a fire, depending on the type of building and its use. Compliance with other rules on the maximum
distance to the nearest fire hydrant and a minimum pressure of 3.5 bar in the distribution system are accounted for in the alternative designs.

Safe WW disposal: Hygienic drainage and discharge
illn

% Of total population
getting infected once
per year

[% / yr]

WW contains pathogens (bacteria, viruses) which may infect people and cause illness. Gastrointestinal
infections can lead to stomach disorders, diarrhea or vomiting. Direct contact with WW is possible if professionals or others who maintain private decentralized treatment plants do not follow precautionary measures. It
is also possible when the sewer system is overloaded and WW floods e.g. into cellars.

cso

Number of combined
sewer overflows
(CSOs) per year per
receiving water

[no. / yr /
receiving
water]

Combined sewer systems carry WW and storm water in the same pipeline(s); it is treated in WWTP. If the
system is overloaded under heavy rain, the mixed WW is released directly to receiving waters without or only
basic treatment (= CSO). If people go swimming or bathing in rivers or lakes after heavy rain with CSOs, they
risk becoming infected with pathogens from WW, which may cause illness.

Safe WW disposal: High reliability of drainage system
failure

Weighted (by pipe
[no. / yr /
If sewers break down or are blocked, rain and WW are no longer effectively drained away from houses and
diameter) no. pipe
1000 people] streets. Damaged sewers may collapse; if they are not well maintained, they may get blocked (e.g. plant roots,
collapses, blockages /
debris). Rain and WW that spill into streets or houses, or overflow parking lots may be a nuisance, can disturb
year / 1000 inhabitants
traffic and business or can damage private or communal property.

service

Weighted (by city
[no. / yr]
center, inhabitants)
number of incidents of
insufficient drainage
capacity / year

Even well-maintained urban drainage systems are not designed to provide undisturbed drainage during
extreme rainfall. Combined sewage and storm water are then forced out onto surfaces via manholes or enter
cellars. Flooding is a nuisance, can disturb traffic and business or damage property. An incident of insufficient
drainage capacity that affects a bigger area and historic town centers with mixed living and commercial zones
is given a higher weight.

High social acceptance
auton

% of the water coming [%]
from the region Mönchaltorfer Aa

Access to their own water and water rights are important for some users. Water that is withdrawn by the water
suppliers in the case study region or its immediate neighbors in the same geographical basin (Uster, Maur,
Wetzikon) is classified as water from the region. Water from Lake Zürich is classified as from outside the
region.

efqm

% Score of EFQM
Excellence Model

[%]

The EFQM Excellence Model (formerly European Foundation for Quality Management) is the most popular
quality tool in Europe, used by more than 30,000 organizations to improve performance. It is used by firms for
(self) assessment, an exercise in which an organization is graded against a detailed set of nine criteria.

voice

Degree (percent) of co- [%]
determination

Co-determination defines how and how much citizens can take part in the decision-making for water infrastructure planning. It depends upon three factors: 1.) organizational structure of WW system and its legal
form, 2.) geographic extent of community and WW disposal utility, and 3.) financial strategy.

time

Necessary time for
[h / person / In conventional central water supply and WWTP, professionals are responsible for the operation of the system
operation and mainte- yr]
and carry out all the maintenance. End users do not have to invest any time. If treatment options are installed
nance by end user
in households, at least one person in the house has to do some maintenance or contact an expert or hotline in
case of malfunctions.

28

Structured decision-making for sustainable water infrastructure planning and four future scenarios
__________________________________________________________________________________
Name

Attribute

Units

area

Additional area demand on private
property per end user

[m2

collab

Number of infra–
structure sectors that
collaborate in planning
and construction

Description

/ person] Decentral water or WW treatment units are installed directly at the end-users’ location. For this, they must
provide space on their private property (e.g. in the cellar or garden). For example, low-tech decentralized
options for WW are constructed wetlands, where the sewage water is led into a planted field.
Different infrastructures share underground facilities: transportation, gas supply, energy supply with district
heating, telecommunications, DW supply and WW disposal. The higher the number of suppliers who collaborate when they are planning measures to open the underground, the less unnecessary road and construction
works are expected, with their respective consequences such as construction sites, noise and traffic congestion.

Low costs
costcap

Annual cost / person in DW: [% / p / The total costs for water supply and WW infrastructures include running costs (operation, maintenance) and
% (DW) / CHF (WW) of yr]; WW:
capital costs (investments, depreciation) for treatment plants and pipe systems; or for decentralized units. The
mean taxable income [CHF / p / yr] costs are discounted with the help of a discount rate ("projected") to the end of the time horizon, until 2050.

costchange Mean annual linear
DW: [% / p / Generally, large increases of the costs from one year to the next are unfavorable, because either high
increase of costs in % yr]; WW:
amounts of capital are required or because large credits are needed to unfavorable interest rates. We consid(DW) / in CHF (WW) / [CHF / p / yr] er the average increase of the annual costs in % (DW system) or in CHF (WW) per person and year.
person / year until
2050

For each fundamental objective (bold), we give the short name (see Figure 2.1), units and describe the corresponding attribute(s). Details concerning the calculations, ranges and status quo are given in Supplementary
Material A (SM.A).

WWTP wastewater treatment plant, DW drinking water, WW wastewater, GW groundwater, CSOs combined
sewer overflows

29

Structured decision-making for sustainable water infrastructure planning and four future scenarios
__________________________________________________________________________________
Table 2.2: Summary of four future scenarios for the year 2050
Scenario

General characteristics

Water sector

Status Quo
(as 2010)

24,200 inhabitants in 4 rural communities(a) near Zürich
Extensive agriculture
Urban growth pressure
Lake for leisure activities, nature protection zones
Eutrophication problems

Fragmented water governance: 3 WWTP, several water suppliers
High quality of DW
Water usage ca. 215 liter/ person/ d (including small businesses; only
household water: 135 liter/ person/ d) (b)
Insufficient water quality in rivers receiving WW; contains micro- and other
pollutants

(A) Boomtown Highly prosperous region
Zürich Ober- 200,000 inhabitants
land
Dense urban development
Lake Greifensee is nature protection zone
New transportation axes (magnetic levitation train)

High-tech water treatment, new technologies (on-site)
Overall increased water demand, but lower per person usage (c)
DW quality like today’s
WW quality higher than today (remove micropollutants)

(B) Doom

High DW demand (c) (162 liter/ person/ day household use; -25% WW
discharge)
Very bad state of infrastructures
Population uses own sources (bottled water, rain water)
Increasing environmental effects due to low WW treatment
Deficient urban drainage; climate change effects (flooding)

Switzerland and Europe lose attractiveness, globally
Strong financial pressure on water infrastructures
Slight population decline
Strong urban sprawl
Decline of industries
Communities have to collaborate

(C) Quality of Highly prosperous region
Higher DW quality
life
Moderate population growth (<5% / y, until 2050 ca. Lower water demand per person (c)
+20% = 29,000)
Public network, rain retention basins, advanced treatment ponds
Only 5% new building areas
Very high quality standards for WW treatment
Good financial situation
Nutrient reuse from WW
High environmental and health awareness

For details, see Supplementary Material A (SM.A)
WWTP wastewater treatment plant, DW drinking water, WW wastewater
a

The communities are: Egg, Gossau, Grüningen, and Mönchaltorf.

b

215 liter water usage/ person/ day based on average water consumption for households and small businesses

from 2008–2011 in case study communities. In the alternatives, we based our consumption estimations in households on statistical data from Switzerland and Austria (see attribute description in Supplementary Material A
(SM.A)).
c

Although some groups defined the exact water amount per person and day for their scenario, we did not use

these, because water usage also depends on the alternatives and because we based later calculations on different
assumptions for the “Doom” scenario (see Methods).

2.2.4 Step (3): develop alternatives
General procedure to develop alternatives
In simple decision problems, one often starts with defined alternatives; the SDM procedure then aims
at choosing the best, but environmental management situations are not usually simple. The alternatives
are often complex sets of actions that need to be created. The focus of SDM is then ‘‘all about the
development of creative alternatives that are responsive to the defined objectives’’ (Gregory et al.
2012a). Good alternatives should be complete, comparable and value-focused (i.e., address key as-
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pects), fully specified, internally coherent and distinct. Three basic steps are recommended: (1) brainstorm management responses, (2) organize these into fully specified alternatives and (3) refine them
iteratively (Gregory et al. 2012a). We also recommend Eisenführ et al. (2010), Keeney (1992) and
especially Clemen and Reilly (2001) for creativity techniques. These include idea checklists, Osborn’s
73 idea-spurring questions (Osborn 1963), strategy generation tables (Howard 1988), metaphorical
thinking and many more approaches.
‘‘Morphological forced connection’’ is a creativity technique in which various factors characterizing a
problem are brainstormed (e.g., financial strategy) and various specifications are listed under each
factor (e.g., constant budget, progressive budget, …; Clemen and Reilly 2001). Combinations and
permutations are then tried out. A ‘‘strategy generation table’’ (Howard 1988) is a more rigorous variant, in which each decision alternative (=strategy) consists of exactly one chosen specification for each
factor, which are combined. It is a good framework for easily screening all imaginable combinations
for useful candidates. Examples come from business problems or a NASA space-exploration mission
(see Clemen and Reilly 2001 and references therein). Strategy generation tables are especially well
suited for environmental management problems (e.g., Gregory et al. 2012a, b).

Procedure applied in the SWIP application example
In our application example, we used a strategy generation table to create alternatives in the second
stakeholder workshop in May 2011. We used the four socio-economic scenarios from the first workshop as a background. Note that this was not necessary for the MCDA, since we analyzed the performance of all alternatives for all scenarios; it was just a way to stimulate creativity. We prepared the
strategy generation table beforehand (see SM.A). The 17 factors, which consisted of various specifications, concerned the organizational structure, geographic extent, financial strategy, construction and
operation of the infrastructure and system technology for wastewater and drinking water. The 20 participants were split into four mixed groups and assigned to a specific scenario. Each of them created at
least two strategic alternatives by choosing a plausible specification for each factor. These backbones
were used by the project team to develop detailed and internally consistent alternatives (for feedback,
see Sect. 2.2.2). Ten strategic decision alternatives were created in the stakeholder workshop (Table
2.3). These were combinations of various technical infrastructure options (e.g., central vs. decentralized treatment), maintenance and rehabilitation strategies (e.g., continuous replacement vs. no rehabilitation) and management aspects (e.g., public vs. privatized organizational forms). After the workshop,
we specified the alternatives and ensured internal coherence. We had to create some new factors to
distinguish between alternatives: these specified the detailed water and wastewater treatment technologies and several characteristics regarding organizational activities and quality enablers to assess the
‘‘% score of EFQM Excellence Model’’ attribute (Table 2.1). Narratives for each alternative based on
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the stakeholders’ inputs and the factor specifications are given in SM.A. We also developed some
additional variants, especially based on the status quo.

2.2.5 Feedback about the SDM procedure
We collected stakeholder feedback at each step of the SDM procedure and used this to critically analyze the main advantages and disadvantages of each step and to give recommendations (see Table 2.4;
and SM.A for detail).
Table 2.3: Summary of strategic decision alternatives (see Supplementary Material A (SM.A))
No.

Alternative name

Description

A1a

Centralized, privatization, high environmental protection

Private firm provides full centralized service for entire region; service as today but with micropollutant removal at WWTP (high environmental protection)

A1b

Centralized, IKA

As A1a, but provider is intercommunal agency (IKA)

A2

Centralized, IKA, rain-stored

Intercommunal agency (IKA) provides full centralized service, but rain is stored for firefighting

A3

Fully decentralized

Fully decentralized system in the responsibility of households with collection of rain water,
bottled water from supermarket, and re-use of graywater

A4

Decaying infrastructure, decentralized Mixed responsibilities with minimal community service; decaying central infrastructures in core
in outskirts
area, decentralized in outskirts; drinking water with POU (a) systems, or bottled water

A5

Decaying infrastructure everywhere

Community provides minimal service; cheap decentralized infrastructure in responsibility of
households (as in outskirts of A4)

A6

Maximal collaboration, centralized

Maximal collaboration in a cooperative that provides full centralized service; micropollutant
removal at WWTP; strong focus on storm water retention

A7

Mixed responsibility, fully decentralized with onsite treatment

Cooperative and private responsibility; full decentralization; re-use of treated rainwater at POE
(b); on-site wastewater treatment; nutrient recovery for agriculture; storm water retention as A6.

A8a

Status quo with storm water retention Status quo with storm water retention

A8b–A8f Status quo technical variants

Status quo is modeled with different technical variants

A9

Consumers choose private contractor that seek revenue maximization; fully centralized system; minimal repairs only upon urgent need for action

Centralized, privatization, minimal
maintenance

WWTP wastewater treatment plant
a

POU Point of use treatment in households to achieve drinking water quality; can be done, e.g., on the tabletop

or under the sink
b

POE Point of entry (e.g., water treated close to where it enters household; at entry point from centralized water

system or after water storage tank)

2.3 Discussions
In this paper, we developed a thorough participatory procedure to support infrastructure planning processes in the water sector. Based on a real case study in Switzerland, we demonstrated how the initial
steps of SDM (Gregory et al. 2012a) can be carried out. Below, we compare our application with the
general SDM procedure. We discuss the main advantages and disadvantages (see Table 2.4 and details
in SM.A) before drawing conclusions.
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Table 2.4: Summary of recommendations for the steps of the SDM process, including advantages and disadvantages, based on own experience and stakeholder feedback
Step Recommendation

Advantage

Disadvantage

1. Clarify decision context
1.1

Case study selection and delimitation of system boundaries




 Choose “real problem”, i.e. SH need a solution
 Clearly define interactions (type, number, length); look
for support by important SH (as mediators)
 Strong commitment of researchers
SH selection; clarify decision problem with SH

1.2

 Stratified sampling (e.g. vertical axis: from local to national/ horizontal: engineering, administration, politics)
 Face-to-face interviews (e.g. who plays role, is affected,
interactions, interests, objectives)
(specific: treat SH w. respect/ guideline/ creativity/ feedback/ simple language/ avoid scientific terms)
 SH selection with short questionnaire (Email, phone,
internet survey): Who is important/ affected? Interests?
 SH selection with snowball sampling: Who else should
we include? Who has very different view?
 Ask for SH expectations (e.g. what is next step/ by
whom? Expectations/ hopes/ fears/ recommendations?)
 Clear communication/ information material about type of
results and which expectations are/ are not met
2. Define objectives and attributes
2.1

2.2

2.3

 Set up objectives on desktop by research team, e.g.
based on engineering requirements/ sustainability goals
 Face-to-face interviews; e.g. first open question (“what is
fundamental?”); then consolidate w. existing objectives
 Generate/ discuss/ consolidate objectives in workshop
(e.g. brainstorming or present objectives from 2.1; discuss w. neighbor; discuss in plenum to seek consensus;
use moderation methods to reduce number)

 High willingness of SH to participate  Case study ≠ scientific project
 Increase willingness to participate  Lower flexibility to adapt to changes
 Better knowledge of case study
 Mediators can be difficult to identify
 High time demand
 Ensures broad coverage of SH
 Good representation of different
perspectives
 In-depth knowledge about SH (e.g.
interests, problems, interactions)
 Much faster procedure
 Broader (representative) coverage
 Include specific knowledge of SH
 Include extreme perspectives
 Clarification: often SH expect practical outcomes (e.g. tool)
 Avoids later disappointment if SH
expect other outcomes
 Objectives comply with methodol.
requirements (a)/ state-of-the-art
 Avoids priming effects
 Focus on ideas/ objectives of SH
 Ideally, reflection of all opinions
 Better understand other SH opinions
 Bilateral gives voice to shy SH
 Ideally, focus on fundamental obj.

 Less obvious SH might be missed
out
 Very time consuming (costly)
 Unrepresentative sample
 Loss of in-depth knowledge
 Staying very close to initially chosen
SH: all belong to same system
 Asking may lead to disappointment
if expectations are not met
 Risk of disappointing SH at the start
of the project
 Loss of local SH knowledge
 Objectives may not meet SH needs
 Risk: too many/ diverging objectives
 Risk: ignore methodol. requirem. (a)
 Risk: objectives cannot be deleted
 Risk: no shared opinion
 Risk: ignore methodol. requirem. (a)
 Risk: lose control (moderation!)

General recommendations for objectives and attributes (b)

 Understandability: Use attributes common in field
(weighting by all SH; elicit value function from experts)
 Missing or irrelevant objectives: Generate objectives
with intensive SH interaction (see 2.1, 2.2 above)
 Attribute ranges: define generalizable attributes; use
relative numbers (absolute numbers for case study example; elicitation: avoid "range effect" bias)
 Preferential independence: try to fulfill; check validity
("do preferences depend on levels of other attributes?").
 Minimum criteria: some SH insist on minimal requirements, e.g. laws; discuss implication with SH
Develop future scenarios
 Capture future uncertainty w.r.t. socio-economic development with snap-shot images. Must be very well prepared and moderated; convey that it is real science!

 Based on scientific evidence
 Generalizable to other cases
 If SH regards objective as irrelevant:
give weight of zero
 Allows for up- or down-scaling in
other case studies

 Technical/ natural-scientific attributes difficult for non-expert SH
 Missing objectives cannot be added
later; test sensitivity to this objective
 Large ranges may be unrealistic
 Relative numbers may be less
tangible/ more difficult to understand
 If this holds: simple additive aggre-  If not given: more complex models
gation model may be used
needed (e.g. multiplicative)
 Easy implementation in MCDA with  Strong implications: exclusion of all
minimum aggregation model
alternatives not meeting minimum
 Highly stimulating, very creative, fun  Risk: not dealing with real problems
 Creates team feeling; raises interest  Only limited participants possible
 Invites thinking broadly about future  Risk that things get out of control

3. Identify and create decision alternatives (c)
 SH workshop using creativity technique; e.g. create
storylines of alternatives with scenarios as background
 Combine creativity (above) with rigorous technique; e.g.
strategy generation table (with/ without SH participation)

 Alternatives are relevant to SH
 Alternatives are not well worked-out:
require further processing for MCDA
 Reduces anchoring on status quo
 All important elements are covered  Not very creative; tedious work
 Internal consistency of alternatives  Rather time-consuming procedure

See remarks on the next page
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For details, see Supplementary Material A (SM.A)
SH stakeholders
a

Objectives should comprehensively cover the decision, be fundamental, complete, concise, sensitive (distin-

guish between alternatives), non-ambiguous, understandable, simple, non-redundant and be preferentially independent (to allow for an additive value model). Based on feedback from later MCDA interviews for preference
elicitation, not all requirements were met for all SH; see Supplementary Material A (SM.A)
b

Based on feedback mentioned ina

c

Feedback concerning hypothetical alternatives and trade-off questions required in MCDA preference elicita-

tion, see Supplementary Material A (SM.A)

2.3.1 Step (1): clarify the decision context
In environmental management, a single solution is commonly sought to a pressing problem. However,
other decision types might also be pursued, such as ‘‘linked choices’’ or a ranking of risks (Gregory et
al. 2012a). Decisions will sometimes be repeated and an efficient, defensible decision system needs to
be established. The SDM framework developed here to support sustainable water infrastructure planning (SWIP 2014) belongs to this type. The SWIP approach must be transferable to other cases and
accepted by the stakeholders involved. This is why we stressed the first structuring steps of the SDM
process so much.
Selecting stakeholders is tricky even with the systematic approach that we followed. Gregory et al.
(2012a) also acknowledge that it can be surprisingly difficult to identify the decision makers. Even in
one-off governmental (environmental) decisions, stakeholders other than the official representatives
may have to be involved. It is usually unclear whether the participants of the SDM process (Gregory et
al. 2012a suggest five to twenty-five people) represent society in general at all well; these are often
people with strong interests in the outcomes. We think that the general SDM process of Gregory et al.
(2012a) can benefit from integrating tools for systematic stakeholder selection to ensure good representation. We exemplified this in our SWIP project with a detailed stakeholder and social network
analysis (see Lienert et al. 2013 and references therein). This was based on 27 face-to-face interviews
that lasted 2–4 h each. In our case, therefore, stakeholder characterization was linked to extensive effort, which absorbed over a year of the work of a PhD student (to set up interview guidelines, find
suitable participants, organize, carry out and transcribe interviews and analyze data). In most practiceoriented SDM applications, we think that a short questionnaire among actors will suffice to ensure
a fair representation of different perspectives (see Table 2.4; details in SM.A). However, this still entails more effort than proposed by Gregory et al. (2012a).
Selecting the case study in research projects is typically driven by scientific considerations and less by
the need to solve a real-world problem (Renner et al. 2013). Although this also applied to our SWIP
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example, it is problematic because it can hinder later collaboration with stakeholders (see Table 2.4
and SM.A). In our case, we invested considerable time to convince stakeholders to collaborate. We
had to rely on their goodwill to give us access to data or to participate in interviews after regular working hours. We, therefore, strongly recommend choosing a ‘‘real problem’’ as an application, also in
scientific projects. To increase the willingness to participate, we recommend defining the type, number
and length of interactions. Moreover, the expectations of stakeholders often differ from what science
can typically offer (e.g., Lang et al. 2012; Renner et al. 2013). For example, some of our interview
partners expected a simple decision tool for infrastructure planning, which we cannot develop as part
of this project (Table 2.4). To avoid disappointment, it is essential to ask about expectations and communicate the results that can or cannot be provided from the start.

2.3.2 Step (2): define objectives and attributes
In the SWIP example, it was extremely time-intensive to generate the objectives hierarchy. In the first
desktop top-down procedure (Clemen and Reilly 2001), the objectives were discussed in the monthly
meetings of the scientific project team and intermittently processed during a year. The main advantage
of this top-down approach is that we are sure that the objectives meet the engineering as well as SDM
requirements, i.e. invalid objectives are avoided and there is no double counting (see Sect. 2.2; Table
2.4 and details in SM.A).
We judge our approach to consider individual stakeholder perspectives in faceto- face interviews as
highly beneficial (see Sect. 2.2, also concerning time requirement). Personal viewpoints can then be
included on an equal footing with consensus opinions. Priming effects can be avoided using open
questions. Interviews are not commonly used to generate objectives. Creative brainstormingtype
stakeholder workshops, as recommended by Gregory et al. (2012a), are usually described in the literature. The advantage of workshops is that fast agreement is possible (in our case 5 h for the workshop
plus a few days preparation). Structuring tools can support the workshop and visualization with, e.g.,
means-ends networks is recommended (also see Clemen and Reilly 2001 and Sect. 2.2). However,
workshops risk missing fundamental aspects because of a premature consensus (the famous ‘‘groupthink’’ phenomenon’’––Janis 1972; 1982; see, e.g., review by Kerr and Tindale (2004)).
The generation of good attributes applicable to other cases again took up several months of intermittent PhD student work. We had to use some ‘‘proxy attributes’’, which are preferably avoided (see
Sect. 2.2), but often found ‘‘natural attributes’’ based on engineering considerations. The integration
of environmental and societal objectives with traditional technical and economic indicators is a recent
development in engineering (e.g., Ashley et al. 2008; Balkema et al. 2001; Lundie et al. 2004; Palme
et al. 2005). We hope to contribute to it by presenting our attributes in detail (see Table 2.1 and details
in SM.A). We additionally focused on the formal requirements for objectives according to decision
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theory, which may have been less familiar to engineering approaches, such as LCA. To make the
proxy as well as the natural attributes more tangible, we combined them with narratives relating to the
status quo and the best- and worst-possible cases (see SM.A), as recommended by (Gregory et al.
2012a). This was especially useful for the later elicitation of stakeholder preferences for the MCDA
(Scholten et al. 2014b; Zheng et al. 2014). We generalized the attributes wherever possible; e.g., the
attribute of ‘‘good chemical state of watercourses’’ was set up together with the iWaQa project (2013)
and covers the worst- and best-possible general case of water quality indicators (Schuwirth et al.
2012). Similarly, ‘‘recovery of nutrients’’ from wastewater covers the whole range from 0 (as today)
to 100 % (e.g., urine source separation and fecal collection; Larsen et al. 2009, 2012).
The aim of the SWIP project to build a comprehensive, generalizable objectives hierarchy contrasts
with the condition of conciseness (e.g., Belton and Stewart 2003; Clemen and Reilly 2001; Eisenführ
et al. 2010; Gregory et al. 2012a; Keeney 1992; Keeney and Raiffa 1976). Gregory et al. (2012a) propose using only six to ten objectives, because people cannot keep track of more. If more seem necessary, the objectives can be grouped into sub-objectives. We did this and built objectives hierarchy with
only six top-level objectives (Figure 2.1). Gregory et al. (2012a) further recommend context-specific
rather than universal-usage objectives. The SWIP objectives hierarchy proposed here (Table 2.1) is a
compromise, since the aim is to support different, but specific decisions in water infrastructure planning rather than general water management decisions. We encourage the use of our SWIP objectives
hierarchy, but advise others to carefully discuss the exclusion of objectives that are irrelevant to their
specific application. Moreover, the attribute ranges (see SM.A) need to be adapted to other alternatives
and system boundaries. If natural attributes are available in cases where we used proxies, these should
be chosen instead.

2.3.3 Future scenarios
Scenario planning (e.g., Ringland 2002; Schnaars 1987; Schoemaker 1995) is not a standard part of
MCDA or SDM, but is recommended by Gregory et al. (2012a) to structure situations where it is difficult to assign probabilities. We found the combination of SDM with scenario planning highly fruitful.
In our case study, the scenario workshop was the event that was the most fun for stakeholders. For
example, one participant stated that: ‘‘It’s great to step back from daily routine, question the current
system and let your imagination run freely to think about the world in 2050’’. We made similar observations in other scenario workshops (Lienert et al. 2006; Störmer et al. 2009; Truffer et al. 2010). We
recommend stimulating workshops to get people ‘‘on board’’ and create a good project feeling. A risk
of having fun is to imply that the project does not deal seriously with the stakeholder’s problems (see
Table 2.4 and SM.A). So it is important to moderate workshops carefully. Workshops can host only
few participants, but have the advantage of generating results quickly. In our case, we invested a few
days in preparing the 5-h workshop. However, the PhD students needed around another 4–5 weeks to
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specify the Boom scenario in particular, which needed extensive ‘‘building’’ of new infrastructure.
This was necessary for the following MCDA, but is not required if SDM is used only for structuring.
Scenario planning has recently entered the MCDA literature. This tool is designed to capture substantial external (scenario) uncertainties for strategic decision-making. In our project, we followed Goodwin and Wright (2001), who assume that the decision makers’ preferences do not change with respect
to different futures. Hence, each stakeholder’s preferences are elicited only once for the MCDA, instead of once for each scenario (e.g., Karvetski et al. 2009, 2011; Lambert et al. 2012; Montibeller et
al. 2006; Ram and Montibeller 2013; Ram et al. 2011; Stewart et al. 2013). We argue that we have to
make decisions (about water infrastructures) today. These are grounded in the given state of the world,
our subjective preferences and our ideas about the future. The preferences of each stakeholder include
a subjective view about current conditions and a likely future. We emphasize that these individual
future views are not captured by the scenarios: they do not contain a prediction14 of what will happen,
nor of the stakeholder’s implicit beliefs15. If we use consistent preferences, we must ensure that the
range of each attribute spans the entire possible (but uncertain) outcome for all scenarios (e.g., Stewart
et al. 2013; ranges see SM.A). Thus, MCDA modeling efforts increase because we estimate the performance of each alternative for each attribute with respect to all four scenarios.

2.3.4 Step (3): develop alternatives
There are many ways to creatively generate alternatives (see Sect. 2.4). In our application, we combined a desktop approach with a stakeholder workshop. This ensured that stakeholders understand our
methods in that alternatives are relevant to them and that they are subsequently better accepted (Gregory et al. 2012a). It also avoids overlooking issues obvious to local practitioners. We also found the
combination of the ‘‘strategy generation table’’ (Gregory et al. 2012b; Howard 1988) with scenarios
as background to be highly effective. In decision-making, there is a very strong tendency to anchor on
status quo alternatives (Nutt 2004). We thus expected stakeholders to create conventional infrastructure alternatives under ‘‘Status Quo’’, while the ‘‘Boom’’ scenario triggered high-tech on-site solutions and the ‘‘Doom’’ scenario cheap and simple alternatives (see SM.A). The strategy generation
table then forced participants to rigorously cover the main elements, thus contributing to the basic
requirements of the alternatives, i.e. internal consistency, completeness and comparability (e.g., Gregory et al. 2012a; Keeney and Raiffa 1976). The strategy generation table addresses this well, but has
the drawback of involving tedious work. We thus recommend generating storylines in a creative
stakeholder process, but letting the project team provide the factor specifications (see Table 2.4 and
14

‘‘Second, scenario analysis usually tries to identify a set of possible futures, each of whose occurrence is plausible but not assured. This combination of offering more than one forecast, and offering it in form of a narrative,
is deemed by advocates to be a more reasonable approach than trying to predict (to four significant decimal places) what will happen in the future’’ (Schnaars 1987, p. 106).
15

The sum of the probabilities for the realization of the scenarios is not 1 but can be anywhere between 0 and 1.
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SM.A). The time demand was similar to the scenario workshop: preparation took a few days, but the
PhD students invested 3–5 weeks thereafter to specify the detailed alternatives for the MCDA. A further advantage of the strategy generation table is that it allows for fast screening of all imaginable
strategies (Clemen and Reilly 2001). Thus, it is possible to check whether each cell in the table is reflected in an alternative. This was mostly the case in our SWIP example (SM.A). It is recommended to
iteratively improve or create new alternatives in SDM processes (Gregory et al. 2012a). An important
advantage of MAUT (contrary to outranking procedures) is that alternatives can easily be added later
(e.g., Keeney and Raiffa 1976). Moreover, in our SWIP application, feedback from later MCDA interviews indicated that some stakeholders had difficulties in formulating preferences about unconventional alternatives (e.g., fully decentralized wastewater disposal; e.g., Guest et al. 2009; Larsen et al.
2009, 2012; Libralato et al. 2012). Gregory et al. (2012a) discuss the opposite problem, namely that
stakeholders suggest alternatives which experienced environmental managers know to be unfeasible.
They recommend including all proposed alternatives and using iteration in the SDM workshops to
check how well they perform. We followed this recommendation in our example and included all alternatives in the later MCDA. However, in the later interviews for preference elicitation, we explained
the reasons for including unconventional alternatives; e.g., to provide general insights that go beyond
the daily problems covered by the case study (Scholten et al. 2014b; Zheng et al. 2014).

2.4 Conclusions and outlook
From the initial SDM structuring steps (Gregory et al. 2012a) applied to the SWIP case study, we can
learn that the fundamental objectives of ‘‘good water supply’’ and ‘‘safe water disposal’’ (Figure 2.1)
were undisputed among the stakeholders. Feedback from interviews and workshops indicates that ‘‘intergenerational equity’’ and ‘‘high social acceptance’’ seem less important. Alternatives involving
privatization or mergers (A1, A2; Table 2.3) perform especially well with respect to the ‘‘high quality
of management and operations’’ and could help overcome deficiencies due to the current fragmentation of the Swiss water sector (Dominguez et al. 2011; Lienert et al. 2013). Thus, the conventional
solution (A8) may dominate alternatives A1 or A2. Negative aspects of decentralized solutions (time
and area demand for end users; e.g., A3, A4, A5, A7) are also characterized by objectives of ‘‘high
social acceptance’’; if these are not important, they could perform well. On the other hand, a positive
aspect of decentralized alternatives is their flexibility: if ‘‘intergenerational equity’’ is unimportant,
flexibility has little positive effect. Thus, we cannot conclusively dismiss decentralized alternatives at
this stage, especially since their performance also depends on the scenario. A further analysis must
follow the initial structuring phase.
In our case, we combine the SDM framework with more quantitative MAUT analyses (e.g., Belton
and Stewart 2003; Eisenführ et al. 2010; Keeney and Raiffa 1976). Models are developed in our SWIP
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project that predict the performance and decay of water supply and wastewater systems (Egger et al.
2013; Scheidegger et al. 2011, 2013; Scholten et al. 2013, 2014a). We elicited stakeholder preferences
in second interviews (weights, single-attribute value functions, aggregation schemes, risk attitudes)
and are currently carrying out MAUT analyses (Scholten et al. 2014b; Zheng et al. 2014). In this way,
we hope to identify one or several robust alternatives that perform well for most stakeholders in all
future scenarios.
Adding a formal MCDA to the SDM structuring process is one option. Obviously, our thorough SDM
procedure comprising ‘‘only’’ the initial steps is lengthy and expensive. In many cases, it may suffice
to explore important issues by relying on elements of our work, which is why we present more details
in SM.A. For example, our objectives hierarchy (Figure 2.1) and our strategic decision alternatives
(Table 2.3) could be adapted in further analyses. New alternatives can easily be created with the strategy generation table (SM.A). An engineering firm might estimate the performance of the decision
alternatives on the basis of our attributes (Table 2.1). Once this information is available, more resources may be put into the most promising alternatives.
We strongly encourage environmental managers to consider the SDM approach (Gregory et al. 2012a).
Setting up difficult decision problems along the initial SDM steps will help them to better structure
their case. We are convinced that it will prove to be highly useful to carefully think about: (1) delimiting the problem and defining stakeholders, (2) discussing what one actually wants to achieve, and (3)
coming up with creative ideas of how these objectives can be achieved. We regard this as useful even
if no quantitative MCDA evaluation follows to support decisionmaking, but for instance a scientific
risk assessment or a cost-benefit analysis. Structuring the decision along the proposed lines will help
to avoid overlooking important stakes and uncertainties, will clarify the nature of the trade-offs that
have to be made, and will open-up thinking to allow for more imaginative and better defensible solutions. We hope to contribute to MCDA, but also to real decision-making with this work. Hopefully, we
can provide some guidance to engineers or community planners who are confronted with the ‘‘daunting challenge’’ (Milly et al. 2008)––in the face of an increasingly uncertain future––of finding sustainable solutions for safe water supplies and wastewater disposal, which are of vital importance to us all.
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Abstract

Accurate predictions of future conditions of sewer systems are needed for efficient

rehabilitation planning. For this purpose, a range of sewer deterioration models has been proposed
which can be improved by calibration with observed sewer condition data. However, if datasets lack
historical records, calibration requires a combination of deterioration and sewer rehabilitation models,
as the current state of the sewer network reflects the combined effect of both processes. Otherwise,
physical sewer lifespans are overestimated as pipes in poor condition that were rehabilitated are no
longer represented in the dataset. We therefore propose the combination of a sewer deterioration model with a simple rehabilitation model which can be calibrated with datasets lacking historical information. We use Bayesian inference for parameter estimation due to the limited information content of
the data and limited identifiability of the model parameters. A sensitivity analysis gives an insight into
the model’s robustness against the uncertainty of the prior. The analysis reveals that the model results
are principally sensitive to the means of the priors of specific model parameters, which should therefore be elicited with care. The importance sampling technique applied for the sensitivity analysis permitted efficient implementation for regional sensitivity analysis with reasonable computational outlay.
Application of the combined model with both simulated and real data shows that it effectively compensates for the bias induced by a lack of historical data. Thus, the novel approach makes it possible to
calibrate sewer pipe deterioration models even when historical condition records are lacking. Since at
least some prior knowledge of the model parameters is available, the strength of Bayesian inference is
particularly evident in the case of small datasets.

Keywords: Deterioration model, rehabilitation model, data management, survival selection bias, likelihood, Bayesian inference
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Nomenclature
a

Unit used for year

t

Pipe age

k

Age of pipe k at the last available inspection

Dk

Age of pipe k when the dataset used for inference was lastly updated

Rk

Age of pipe k when rehabilitation started

i = 1,, m

Index of condition states (1=best, m= worst)

ck

Condition state (CS) of pipe k observed at its age 

C (t )

Condition state of a pipe at its age t

Ti

(Random) pipe age at transition from CS

ti

Realization of

T0 ,t 0

Pipe age at construction

S i t 

Survival function, probability that a pipe section of age t is in CS i or better

i

Rate of pipe replacement rehabilitation ( a 1 ) if a pipe is in condition state i

θ

Parameter vector of the likelihood functions L1 (θ) and L2 (θ)

j

Hyperparameter, mean of the prior of  j

j

Hyperparameter, standard deviation of the prior of  j

N

Number of pipes of a sewer network with condition records used for model parameter inference

N exp

Number of pipes built per year

Pi reh

Probability that a pipe in CS

i to CS i  1

Ti

i is rehabilitated within one year

3.1 Introduction
Reliable forecasts of sewer network conditions facilitate proactive, far-sighted sewer asset management which in turn furthers an optimal balance between (future) expenses and system performance.
Generally, sewer pipe conditions are related to different aspects of system performance. They constitute potential health and environmental hazards as a result of leaking pipes (Rutsch et al., 2008) as
well as flooding and other hazards due to collapsing and malfunctioning pipes (Saegrov, 2005).
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Hence, given a specific, desired service level, knowledge about future sewer pipe conditions allows
strategies for maintenance, surveillance and rehabilitation of sewers to be adjusted (Kleiner, 2001),
and better estimates to be made for future operational and investment costs.
A wide range of models has been developed aiming to predict pipe deterioration. An overview of deterioration models differing in their mathematical approaches, requirements on data and mode of calibration is given by Kleiner and Rajani (2001), Rajani and Kleiner (2001) and Tran (2007). Tran (2007)
classifies sewer deterioration models into (i) deterministic, (ii) artificial intelligence and (iii) statistical
types, while Ana and Bauwens (2010) and Tran (2007) conclude that statistical models relying on a
probabilistic relationship between model input and output data are the most feasible and most frequently applied approaches. This is basically due to the complexity of the processes responsible for
sewer deterioration and the impossibility of making sufficient mechanistic parameters available over
time and space. The most basic data needed to describe deterioration are condition records and corresponding pipe ages. Other explanatory variables, such as diameter, laying depth, etc., may also be
relevant (Ana et al., 2009; Müller, 2002).
Unsuccessful model calibration is often attributed to a lack of suitable data for this task as discussed in
Ana and Bauwens (2010) and Schmidt (2009). If datasets lack historical records, they represent the
combined effect of deterioration and rehabilitation. Consequently, model calibration requires the use
of a model that accounts for all of these processes. It was demonstrated by Scheidegger et al. (2011)
that naively calibrating a deterioration model on the basis of such data leads to a significant overestimation of physical lifespans. Datasets without historical records are common in practice because operators are primarily interested in the current state of the sewer network and are unaware of the usefulness of data about its deterioration history. Lack of the following information hinders the calibration of
sewer deterioration models:
(i)

Condition records of sewer pipes which have been replaced by new ones. The corresponding
records are discarded from the database and replaced by the new information.

(ii)

(Condition ratings of renovated or repaired sewer pipes from the time before such action. The
repaired or renovated pipes are reassessed. On the basis of this reassessment, the condition rating prior to repair or renovation is overwritten by a new (and usually better) condition rating.
Thus, certain records must be excluded from the analysis.

(iii)

The renovation or repair of a pipe is not recorded. The pipe is consequently assigned a better
state in the subsequent condition assessment.

When a sewer deterioration model is calibrated without accounting for rehabilitation, cases (i) and (ii)
lead to a ‘survival selection bias’, since pipe rehabilitation depends on the pipe condition so that slow49
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aging pipes are overrepresented in the dataset. The data actually available suggests longer physical
lifespans. Case (iii) causes a bias simply because the condition of a pipe was improved without recording the improvement. To our experience, sewer systems which underwent extensive rehabilitation in
the past are in very good overall condition including older parts of the system. The datasets comprise
often very few records of pipes in poor condition. This indicates that the sewer population is affected
by the selective effect of rehabilitation. In the present paper, we address the lack of historical data
according to cases (i) and (ii). Similar issues have been addressed in the context of failure prediction in
water supply networks (Le Gat, 2009; Scheidegger et al., 2013). However, the proposed approaches
are not readily transferable to the modeling of sewer pipe deterioration based on condition states.
We introduce a likelihood function for parameter estimation which takes account of the fact that the
observations used for inference refer exclusively to pipes which have not been rehabilitated in the past.
To derive this likelihood function, we combine a sewer deterioration model with a rehabilitation model. This allows us to derive probabilities of current states affected both by deterioration and rehabilitation. Generally, our principal approach could be applied to describe deterioration of other infrastructure if conditions are measured on an ordinal scale.
To account for the poor identifiability of such a combined model, we apply Bayesian inference for
parameter estimation, which allows us to combine the data with prior knowledge of model parameters.
This enables us to benefit from datasets despite their limited information content.
In this paper we focus on the systematic error created by the lack of historical data. For the sake of
simplicity we ignore explanatory variables in our model. These improve model predictions for specific
pipe cohorts (Ana et al., 2009). Neglecting explanatory variables may cause a bias for individual pipes
but not on average for the whole pipe population. However, an extension of the model with explanatory variables can easily be implemented. The effect of input data uncertainty has been discussed elsewhere (Scheidegger and Maurer, 2012).
The remaining parts of this paper are organized as follows: the general concept of the combined deterioration - rehabilitation model is introduced in Section 3.2. In Section 3.3, an example is given with
specific distribution assumptions. In Section 3.4, the model behavior is analyzed. Model results from
applications with real data are presented in Section 3.5. Finally, we discuss the potential of our approach and give an outlook on further research needs on this topic.

3.2 Model description
In this section, a general formulation of the combined sewer deterioration and rehabilitation model is
proposed. We use a statistical deterioration model due the probabilistic nature of pipe deterioration.
The combined model is designed to be calibrated by using only the last available observed condition
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states of sewer pipes which have not been rehabilitated so far. After calibration, the deterioration model can be used on its own for predicting future deterioration of the sewer pipes as it would happen
without further rehabilitation.
The condition of a pipe is described by an ordinal condition rating with m condition states (CS).
These condition ratings are usually determined on the basis of closed circuit television (CCTV) surveys (DIN EN 13508-1, 2013) and a coding system such as specified in DIN EN 13508-2 (2011). New
pipes are always assumed to be in the best CS, C  1 . We denote the pipe age when the transition
from CS i  1 to CS i  1 occurs as Ti and define the age at construction as T0  t 0  0 . The random
variable Ti , 1  i  m  1 , is characterized by the probability density function pi (t i | t1 ,..., t i 1 , θ) that is
parameterized with the parameters included in
these probability density functions for all

θ . The deterioration model is completely defined by

i and the parameter values θ . Figure 3.1 illustrates the rele-

vant variables for the deterioration of a sewer pipe over the course of its lifespan introduced in Sections 3.2 and 3.3.
To infer the parameters statistically, a likelihood function for the observed variables has to be formulated. This function is the probability of observing the data, given a model and its parameters. As the
model is completely defined by the probability density functions of the random variables

Ti , such a

likelihood function can be derived from these densities. This will be done for the condition states at a
given time in Section 3.2.1 for the case where all historical data for parameter inference is available or
where no rehabilitation has taken place so far. We refer to this likelihood as the unconditioned likelihood function. In Section 3.2.2, this function is extended by a rehabilitation model to make it suitable
for inference with data when historical condition records are lacking. We call this likelihood conditioned likelihood function.
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Figure 3.1: Time line of a deteriorating sewer pipe section introducing relevant variables of the proposed sewer
deterioration model. The ages

t i are realizations of the random variable Ti .

3.2.1 Unconditioned likelihood function
Since only snapshot observations of pipe conditions are available, the ages Ti are not observable. The
CS of a pipe at age t is C (t ) . If a pipe is inspected at age

 , the data consists of the observed CS,

c . Therefore the likelihood for a single pipe k must be formulated as the probability

P(C ( k )  ck | θ) . Assuming that each pipe deteriorates independently of others, the joint likelihood L1 (θ) of all

N pipes becomes:

N

L1 (θ)   P(C ( k )  ck | θ)

(1)

k 1

In the following, we derive the likelihood for a single pipe. The index k and the parameter vector

θ

are then discarded if they do not have to be addressed explicitly.
We derive the probability P(C ( )  c ) by integrating the joint probability density p(t1 ,..., t m1 | θ) of
the transition ages Ti , 1  i  m  1 ,

p(t1 ,..., t m1 | θ)  p1 (t1 | θ) p2 (t 2 | t1 , θ)... pm1 (t m1 | t1 ,..., t m2 , θ)

(2)

over adequate sets of transition ages. We distinguish three cases, depending on whether the pipe at age



is in (1) the best condition state 1 , (2) a condition state between 1 and

tion state m :
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C ( )  1 : As T1   the following applies:

(1)



P(C ( )  1)  P(T1   )   p1 (t1 )dt1

(3)



C ( )  i and 1  i  m : As Ti 1    Ti we can write:

(2)

P(C ( )  i,1  i  m)  P(Ti 1    Ti )




  ... 
0

(3)



 p (t )... p
1

1

i 1

(4)

(t i 1 | t1 ,..., t i 2 ) pi (t i | t1 ,..., t i 1 )dt i dt i 1 ...dt1

ti  2 

In case of C ( )  m the following applies:
m 1

P(C ( )  m)  P(Tm1   )  1   P(C ( )  i)

(5)

i 1

3.2.2 Conditioned likelihood function
For parameter inference, we are restricted to exclusively using the condition data of pipes

k , k  1...N which have not been rehabilitated before having reached age Dk . Dk is the age of a pipe

k at which the asset dataset was lastly updated (in the following, the pipe index k is again discarded
wherever possible). Sewer pipe rehabilitation is not independent of the CS. We therefore need to condition the likelihood introduced in the previous section by the fact that condition records used for in-

D , that is
P(C ( )  c | NR( D), θ) . (The event that a pipe has not been rehabilitated before reaching age D is

ference refer exclusively to pipes which have not been rehabilitated before their age

abbreviated by NR ( D) ). According to Eq. (1), the joint likelihood L2 (θ) of all

N pipes becomes:

N

L2 (θ)   P(C ( k )  ck | NR( Dk ), θ)
k 1

(6)

We rewrite the conditional probability P(C ( )  c | NR( D), θ) using Bayes' theorem. This yields
probabilities which permit easier interpretation:
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P(C ( )  c | NR(D), θ) 

P( NR(D) | C ( )  c , θ)  P(C ( )  c | θ)
m

 P( NR(D) | C ( )  j, θ)  P(C ( )  j | θ)

(7)

j 1

P( NR( D) | C ( )  c , θ) is the probability that a pipe has not been rehabilitated before D given
C ( )  c and θ . A model is required for this probability which we term the rehabilitation model.
One possible rehabilitation model is introduced in Section 3.3.3. The probability P(C ( )  c | θ) is
the likelihood as described by Eq. (1).

3.3 Model example for three condition states
3.3.1 Model assumptions
In the following, an example of the model is described on the basis of the principles introduced in the
previous chapter.
For this example, the following assumptions are made:
(i)

Three condition states are used ( m  3 )

(ii)

T1 is Weibull distributed with the parameters shape 

 t 
p1 (t1 )   1 
  
(iii)

and scale  :

 1


e ( t /  )

(8)

1

The time span T2  T1 a pipe spends in CS 2 does not depend on the age of the pipe and is
further assumed to be exponentially distributed. Given these assumptions, T2 for given t1 is
exponentially distributed as well with the single parameter scale  :

p 2 (t 2 | t1 ) 

1



e (( t t ) /  )
2

1

(9)

(iv)

Rk  T0

(v)

The applied replacement model introduced in Section 3.3.3 is parameterized by age-invariant,

is the age of pipe k at which rehabilitation was established.

condition-state-dependent rehabilitation rates
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We would like to emphasize that we consider the combination of the processes deterioration and rehabilitation in a single model designed to improve the prediction of sewer pipe deterioration as the main
innovation of our approach, and not the individual models themselves. Various stochastic deterioration
models exist which describe the (random) variable

Ti

(Baur and Herz, 2002; Micevski et al., 2002;

Mishalani and Madanat, 2002). They mainly differ in the distribution of

Ti

and may comprise further

features such as the consideration of additional factors such as the pipe diameter and material. The
suggested combinations of Weibull and exponential distributions have been used successfully to describe stepwise survival processes as done by (Mailhot et al., 2000) for modeling subsequent breaks of
water supply pipes. We abstained from using a simpler approach such as age or time invariant transition probabilities. These are not appropriate to describe the aging of sewer pipes as discussed in Trujillo Alvarez (1995). This increases the mathematical efforts, but results in an applicable model.
Our principal concept is flexible, and individual aspects of the combined model as suggested above
can therefore be altered or substituted by other models in case they prove to be more suitable for a
given case.

3.3.2 Unconditioned likelihood function
Having framed the model as outlined above, we can now specify the equations needed to calculate the
unconditioned likelihood according to Eq. (1) with the parameters θ  ( ,  ,  )T , which in turn is
required to calculate the conditioned likelihood specified by Eq. (6).
The probability P(C ( )  c | θ) is calculated using Eqs. (3-5) and Eqs. (8-9) (the parameter vector

θ

is discarded):




P(C ( )  1)  P(T1   )   p1 (t1 )dt1  e  ( /  )


(10)



P(C ( )  2)  P(T1    T2 )  0 p1 (t1 )  p2 (t 2 | t1 )dt2 dt1
 1

t 
   1  e t /   (( t ) /  ) dt1
0  




1

(11)

1

P(C ( )  3)  1  P(C ( )  1)  P(C( )  2)

(12)
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3.3.3 Conditioned likelihood function
The equations derived in Section 3.3.2 and the rehabilitation model proposed below enables us to calculate the conditioned likelihood L2 (θ) according to Eq. (6) with the extended parameter vector

θ  ( ,  ,  , 1 , 2 , 3 )T .

Rehabilitation model
Pipe rehabilitation depends on various factors such as (i) condition state (ii) pipe age, (iii) lack of hydraulic capacity, (iv) coordinated rehabilitation projects involving other infrastructure than sewers and
(v) budget restraints. However, we assume a simple model describing rehabilitation exclusively dependent on the CS which we suppose being the major driver for rehabilitation. Further factors could be
included but would be intricate to identify based on the available information. Specifically, this model
describes the CS-dependent probability Pi

reh

that a pipe is rehabilitated within one year once rehabili-

tation started. We further assume that this probability is age-invariant. From this probability we derive
a constant rehabilitation rate

i for each CS i using the following equation:

i   log1  Pi reh a 1

(13)

Formally, the rehabilitation model describes the functional survival of the pipes, i.e. the probability
that a pipe with age t has not been rehabilitated. Therefore, the rehabilitation rate can be interpreted
as a hazard rate. In a first step, we consider the probability P( NR( ) | C ( )  c , θ) that a pipe
has not been rehabilitated before age

 given C ( )  c and θ . This probability depends on the

pipe ages Ti at which transitions occurred, and on
the rehabilitation rate

 (t )

0


 (t | T1 , T2 , R) =  1
2
3

for this pipe at age t ,

 . If we knew the ages {T1 , T2 } , we could specify

0  t   as:

tR
t  R , t  T1
t  R , T1  t  T2

(14)

t  R , T2  t

The probability P( NR( ) |  , T1 , T2 , R, θ 4:6 ) that a pipe has not been rehabilitated before

 , (ii) the ages {T1 , T2 } , (iii) R and (iv) θ 4:6  1 , 2 , 3 T can then be calculated:
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P( NR( ) |  , T1 , T2 , R, θ 4:6 )  e

 R  ( t |T1 ,T2 , R ) dt

1


e  (  R )


e  (  R )

  ( t  R )   ( t )
 e

e  (  R )

  ( t  R )   ( t )
 e
e  ( t  R ) ( t t ) ( t

1

2

1

1

2

1

3

2

1

3

3

2

1

1

2

2

2

2)

 R
R    T1
T1  R    T2
R  T1    T2
T1  T2  R  
T1  R  T2  
R  T1  T2  

(15)

Since the ages {T1 , T2 } are unknown and only C ( ) is given, we must multiply Eq. (15) by Eq. (2),
the joint probability density of the ages Ti and integrate between the bounds of integration given in
Table 3.1 for specific observed CS C ( )  c . To condition on C ( )  c we divide by

P(C ( )  c ) or respective the joint probability p(t1 , t 2 | θ) , see Eqs.(2, 8-9), integrated between the
bounds given in Table 3.1. This yields P( NR( τ ) | C( )  c τ , , R, θ) :
t1o t 2o

P( NR( τ ) | C( )  c τ , , R, θ) 

  P( NR( τ ) |  , T1 , T2 , R, θ 4:6 ) p(t1 , t2 , θ)dt2 dt1

t1u t 2u

t1o t 2o

(16)

  p(t1 , t2 , θ)dt2 dt1

t1u t 2u

Table 3.1: Bounds of integration for

c  {1,2,3} to be used for the integrals of Eq. (16).

c

t1u

t1o

t 2u

t 2o

1





t1



2

0







3

0



t1



In the case of

R   , this probability is independent of C ( ) and we can write:

P( NR( ) | R   , θ)  1
In the case of

(17)

R   and Cobs,  1 , we obtain the following expression:
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P( NR( ) | C ( )  1, R   , θ)  e   (  R )

(18)

1

R   and i  2,3, we need further to consider that the transition(s) from CS i  1 to CS i have

If

R , see Eq. (15). The distinction between

taken place either before or after a pipe has reached age

these cases is made in the numerators of Eq. (19-20) below. For example, the first summand in the
numerator of Eq. (19) gives the joint probability P( NR( τ ), C( )  2 |  , R   , T1  R, θ) that a pipe
has not been rehabilitated before reaching age

 , and C ( )  2 given that the first transition occurred

R or before. Similarly, the second summand gives the same probability
given that the first transition occurred when the pipe section reached age R or later.
when the pipe reached age

R

P( NR( ) | C ( )  2, R   , θ) 

 e

2   R 

0

 

p(t1 , t 2 | θ)dt2 dt1    e  t  R   t  p(t1 , t 2 | θ)dt2 dt1
1 1

2

1

R

 

(19)

  p(t1 , t2 | θ)dt2 dt1
0

P( NR( ) | C ( )  3, R   , θ)
RR

R

3



 

e    R    p(t1 , t 2 | θ)dt2 dt1    e  ( t  R ) ( t ) p(t1 , t 2 | θ)dt2 dt1    e  ( t  R ) ( t t ) ( t ) p(t1 , t 2 | θ)dt2 dt1
2

0 t1

2

3

2

1

0 R

1

2

2

1

3

2

R t1

 

(20)

  p(t1 , t 2 | θ)dt2 dt1
0 t1

So far, we have described the probability that a pipe was not rehabilitated before age

 given the ob-

served CS at that age. However, replacement of pipes and hence discarding of further pipe records
may continue beyond pipe age

 until the pipes reach age D . Thus, we need to consider the proba-

bility P( NR( D) | C ( )  c , θ) that a pipe was not rehabilitated before age

D given that

C ( )  c and θ . To accommodate this fact, we assume that  (t )   ( ), t   . This assumption
implies that decisions on pipe rehabilitation are made on the basis of the observed condition state c .
Thus, possible changes in condition states taking place at ages

t ,   t  D do not affect the proba-

bility of pipe rehabilitation. This assumption allows us to calculate the probability that a pipe was not
rehabilitated in the interval between age

 and D by the following expression (The event that a pipe

has not been rehabilitated in the interval between age  and

D is abbreviated by NRI ( , D) ):

1
RD


    ( t ) dt
P( NRI( , D) | C ( )  c , , R, D, θ)  e
 e  ( D  R )   R  D
    ( t ) dt


 e  ( D  )
R 
e
D

i

i

R

D

(21)

i

i

Finally, we calculate the probability P( NR( D) | C ( )  c , , R, D, θ) by multiplying Eqs. (17-20)
by Eq. (21) respectively, which leads to the following general expression:
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P( NR(D) | C ( )  c , , R, D, θ)
 P( NR( ) | C ( )  c , , R, θ)  P( NRI( , D) | C ( )  c , , R, D, θ)

Further formulations of Eq. (22) for

(22)

R   and c  2,3 are given by Eqs. (A.1–A.2) in the Ap-

pendix.

3.3.4 Model calibration
To estimate the model parameters, we use Bayesian inference (Bolstad, 2007; Congdon, 2006; Gelman
et al., 2004). This enables us to include additional (prior) knowledge and therefore handle datasets of
limited size and strength that lead to poor model identifiability with frequentist inference methods.
Prior knowledge may be obtained by eliciting experts or from the results of previous studies. As
Bayesian inference allows sequential updating of the posterior when new data becomes available, posteriors from precedent inferences are an optimal choice for the prior.
Prior knowledge is described by a probability density function of the parameters θ . Generally, we
assume that the prior for these parameters is distributed independently.
As there is no analytical form of the posterior distribution, numerical Monte Carlo Markov Chain
techniques are applied for inference. These techniques enable us to take samples from the posterior.
Statistical properties of the posterior distribution are then approximated from these samples. We used
the algorithm of Vihola (2012) and the respective implementation by Scheidegger (2012) in R (R Core
Team, 2012).

3.4 Model behavior analysis using synthetic data
In this section we analyze the model behavior to gain an understanding of the identifiability of the
model parameters using synthetic data from the network condition simulator (NetCoS) (Scheidegger et
al., 2011) (Section 3.4.1). We further address the sensitivity of the model with respect to changes in
the specification of the prior (Section 3.4.2).

3.4.1 Model test using NetCoS
NetCoS can be used to benchmark different deterioration models under specific data management
strategies that result in different data availabilities. We did this with the proposed model and considered replacement as the exclusive rehabilitation measure. This does not provide a ‘proof’ of model
goodness for real case applications which may involve highly variable deterioration and rehabilitation
processes. However, it enables us to analyze the identifiability of the model.
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A synthetic dataset of a sewer network is generated by NetCoS using the parameters listed in Table
3.2. The first sewer pipes were installed 100 years ago and the network has been extended by N exp  20
pipes annually up to the present. The simulation resulted in 2000 ‘active’ sewer pipes at the end of the
simulation period and 1253 replaced pipes within the simulated period. Pipe replacement was introduced 73 years after the first pipes were laid.
Only data of the ‘active’ sewer pipes are used for the inference, i.e. all replaced pipes are discarded
from the dataset. The priors of the parameters

θ are independently log-normally distributed with

means Μ and standard deviations Σ , see Table 3.2. The derivation of the prior of
the first paragraph of Section 3.5.2. The prior of

θ 4:6

θ1:3

is outlined in

is derived from similar data of a real sewer net-

work as outlined in the second paragraph of Section 3.5.2.

Μ and standard
θ  ( ,  ,  , 1 , 2 , 3 )T . The

Table 3.2: Predefined parameter set used by NetCoS for data generation, as well as means
deviations

Σ

of the prior of the log-normally distributed model parameters

predefined values used for data generation correspond to the mode of the prior.

Predefined values used
for data generation

j

Μj

Σj

3.1

1

3.69

1.31

β

56.8

2

60.3

12.2

μ

15.6

3

23.6

13.3

λ1

0.011

4

0.016

0.008

λ2

0.068

5

0.095

0.048

λ3

0.160

6

0.224

0.112

-

-

Parameter

Nexp

20

The results of the inferences are shown in Figure 3.2. The reduction of the variance of the parameter
distribution between the prior and posterior reflects the knowledge gained from the inference. The
poor identifiability of 1 is reflected by the almost identical shapes of the prior and posterior marginals. This can be explained by the low importance of the parameter, as discussed in Section 3.4.2.
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Figure 3.1: Prior (dashed lines) and posterior (solid lines) marginal distributions of the model parameters

θ.

The vertical lines indicate the predefined parameter values used for data generation with NetCoS.

Figure 3.3 shows distinct correlations between the model parameters  , 2 ;  , 3 and  , 3 . The correlations suggest that faster deterioration of the pipes can be compensated by higher rehabilitation
activity with regard to pipes in CS 2 and 3. Further insight into the importance and correlation of the
parameters is gained by the sensitivity analysis discussed in Section 3.4.2.
In Figure 3.4, the results of the inference are showed as survival functions expressing the probability
of a pipe being in a certain condition depending on its age. In the case of m condition states, the
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probability that a pipe is in CS C (t )  i is described by the survival function Si (t ), i  1...( m  1) , see
Eqs. A.3 and A.4 in the Appendix. On average, the model can identify the survival function parameters, as indicated by the almost identical predefined and estimated mean survival functions shown in
Figure 3.4. The results also indicate that considerably larger uncertainties are associated with S 2 (t )
compared to S1 (t ) . This fact can be explained by (i) the rather uncertain prior of
portance of 3 and (iii) the correlation between 3 and

 ,(ii) the great im-

.

In the Supplementary Material (SM.B), results are provided from simulations using the same data but
the unconditioned likelihood according to Eq. (1). These results illustrate the underestimation of pipe
deterioration if the rehabilitation process is neglected.

Figure 3.2: Scatter plot matrix of parameters sampled from the posterior by MCMC. All combinations of twodimensional marginal distributions are given illustrating the correlations between the parameters. Warm colors
denote regions of high probability density.
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Figure 3.3: Predefined and estimated survival functions. The conditioned likelihood was used for inference. The
gray shaded areas indicate the predefined survival functions based on the parameters in Table 3.2 used for data
generation in NetCoS. The solid lines are the means of the estimated survival functions, and the dashed lines are
the 10 % and 90 % quantiles based on the posterior distribution of

θ . Good convergence is obtained if the con-

ditioned likelihood is used.

3.4.2 Model sensitivity to the prior
A common way of obtaining priors is to elicit them from experts (O'Hagan et al., 2006). Eliciting
probability distributions is demanding and may be biased for a range of reasons (Tversky and
Kahneman, 1974). There is also concern about the problem of specifying probability distributions
precisely based on subjective beliefs (Rinderknecht et al., 2012). Given the evidence of the uncertainty
of our prior and its insufficient description, we are concerned about the sensitivity of model outputs to
the specification of prior probability distributions. Specifically, we are interested in identifying the
most influential parameters specifying the location and variances of the prior distributions on model
predictions. That indicates the parameters for which prior elicitation is critical.

Methods
Prior knowledge of the model parameters

θ is described by (independent) probability distributions

with mean Μ and standard deviation Σ . The goal is to analyze the change in model output resulting
from a change in the hyperparameters Μ and Σ . Having specified adequate ranges for Μ and Σ ,
we draw a sample of them, assuming that they are independent and uniformly distributed. Each sample
represents one possible prior. We perform inferences with each of the generated priors in combination
with one specific dataset and the likelihood as specified by Eq. (6), resulting in posterior distributions
each associated with one prior. We calculate the specified model outputs from each of the posterior
distributions. This yields samples of influencing parameters and model outputs.
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We use variance-based techniques for regional sensitivity analysis (Saltelli et al., 2000) to explore the
impact of changes in Μ and Σ on the model output derived from the properties of the posteriors.
Different smoothing algorithms exist, allowing variance-based sensitivity coefficients to be estimated
on the basis of samples of influencing parameters and corresponding model outputs (Gasser et al.,
1991; Seifert and Gasser, 1996, 2000). We used Kernel Regression Smoothing with an Adaptive Plugin Bandwidth algorithm implemented by Herrmann and Maechler (2011) in the statistics and graphics
language and environment R (R Core Team, 2012).
Using MCMC for inference is computationally demanding even for small datasets. To overcome this
limitation, we apply importance sampling to extend the MCMC-based results for one prior to the others (Robert and Casella, 2010). This permits us to efficiently approximate posterior distributions for
extensive realizations of priors on the basis of one or a few samples drawn from posteriors by MCMC
with different priors. We calculate the effective sample size (ESS) for every posterior distribution generated by importance sampling (Robert and Casella, 2010). The ESS is a useful measure for examining
the worth of the samples generated by this technique. In cases of unacceptably low ESS, the respective
samples were substituted by samples generated by MCMC.
As the model output, we focus on the ages at which 50% of the pipes are transferred from CS 1 to 2
and 2 to 3 , respectively. Another relevant property is the standard deviation of the pipe ages at these
transitions. As the inference yields the distribution of θ , the model output also has a distribution.
Therefore, we consider the mean and the standard deviation of
(i)

the age at which 50% of the pipes pass from CS 1 to CS 2 (median pipe age when CS changes from 1 to 2 )

(ii)

the age at which 50% of the pipes pass from CS 2 to CS 3 (median pipe age when CS changes from 2 to 3 ).

We further consider the mean of
(iii)

the standard deviation of the pipe age when CS changes from 1 to 2

(iv)

the standard deviation of the pipe age when CS changes from 2 to 3 .

Results
The sensitivity analysis is performed by using the same synthetic dataset used in the analysis discussed
in Section 3.4.1. We refer our analysis to the prior specified in Table 3.2.
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The possible variations of the hyperparameters Μ and Σ are defined by the ranges shown in Table
3.3, which correspond to a deviation of +/- 50 % from the hyperparameters specifying the given prior.
Our analysis is based on 10,000 randomly sampled priors, given that Μ and Σ are independently
and uniformly distributed within the intervals.
Table 3.3: Lower and upper limits
Parameter
α

β

μ

λ1
λ2
λ3

a, b of the hyperparameters Μ

and

Σ . See also Table 3.2.

Hyperparameter

Lower limit a

Upper limit b

1
1
2
2
3
3
4
4
5
5
6
6

1.84

5.53

0.65

1.96

30.2

90.5

6.12

18.4

11.8

35.4

6.66

20.0

0.008

0.023

0.004

0.012

0.048

0.142

0.024

0.071

0.111

0.335

0.056

0.168

The results in terms of relative sensitivity coefficients relating to the model outcomes specified above
are summarized in Table 3.4. In general, high sensitivity coefficients associated with specific hyperparameters reflect either (i) high importance of the corresponding parameters, (ii) low identifiability of
the corresponding parameters, or (iii) a combination of both. In turn, low sensitivity coefficients indicate low importance and/ or good identifiability. From the results shown in Table 3.4 we can see that
the hyperparameters defining the locations of the model parameters  ,  , 2 and 3 have relative
sensitivities higher than 0.1 and can be labeled as important. Furthermore, the standard deviation of
the median pipe ages when CS changes from 1 to 2 is also sensitive to the standard deviation of the
prior of 2 ( S 5 ), and similarly, the standard deviation of the median pipe age when CS changes from

2 to 3 is sensitive to the standard deviation of the prior of 3 ( S 6 ). From this sensitivity analysis we
can conclude that prior knowledge of the means of the model parameters  ,  , 2 and 3 as well as
the standard deviations of 2 and 3 have a decisive influence on the outcome of the parameter inference. All other hyperparameters are of minor sensitivity and importance.
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Table 3.4: Relative sensitivities of model results to the hyperparameters

Μ

and

Σ

of the prior distributions of the model parameters θ  ( ,  ,  , 1 , 2 , 3 ) . Relative
T

sensitivities >0.1 are highlighted.
Relative sensitivities
α

Model result

β

μ

λ1

λ2

λ3

1

1

2

2

3

3

4

4

5

5

6

6

Mean of the median pipe age when
CS changes from 1 to 2

0.003

0.001

0.362

0.040

0.067

0.010

0.004

0.002

0.247

0.029

0.049

0.001

Standard deviation of the median
pipe age when CS changes from 1 to
2

0.017

0.003

0.087

0.001

0.002

0.008

0.006

0.056

0.138

0.155

0.073

0.065

Mean standard deviation of the pipe
age when CS changes from 1 to 2

0.027

0.005

0.333

0.045

0.085

0.013

0.003

0.002

0.194

0.024

0.060

0.001

Mean of the median pipe age when
CS changes from 2 to 3

0.008

0.001

0.315

0.035

0.216

0.034

0.002

0.001

0.096

0.011

0.113

0.001

Standard deviation of the median
pipe age when CS changes from 2 to
3

0.019

0.004

0.110

0.002

0.012

0.042

0.004

0.018

0.052

0.037

0.350

0.132

Mean standard deviation of the pipe
age when CS changes from 2 to 3

0.017

0.003

0.245

0.029

0.312

0.050

0.001

0.001

0.029

0.003

0.147

0.001

66

Sewer deterioration modeling with condition data lacking historical records
__________________________________________________________________________________

3.5 Model application
3.5.1 Data
The data for the practical application discussed in the present chapter derives from a utility in which
systematic, extensive rehabilitation of the sewer network was introduced in the mid-eighties and has
continued to the present. We used a subset of the data comprising more than 6700 pipes made of spun
concrete with diameters of 800 mm or less. For this group of pipes, only replacement was applied as a
rehabilitation measure. The utility aims to replace pipes which are in CS 2 and

3 due to their struc-

tural deficits within few years. Condition records of sewer pipes replaced in the past are no longer
available. Pipe conditions are rated according to VSA (2007) which is based on DIN EN 752 (2008).
The rating system comprises five condition levels assessed on the basis of CCTV records (DIN EN
13508-1, 2013) as specified in DIN EN 13508-2 (2011). We aggregated pipes in the two best and two
worst condition classes to one condition class respectively. This was done (i) to avoid identifiability
problems, and (ii) due to the intricate prior elicitation which becomes more demanding as more condition states are considered. The age and condition distributions shown in Figure 3.5 indicate a very
good overall condition of the sewer network, including older parts. This is due to the extensive rehabilitation.

3.5.2 Prior elicitation of model parameter distributions
Prior knowledge of the parameters θ1:3   ,  ,   defining the aging behavior were elicited from
T

seven engineers with expertise in the assessment of sewer conditions and rehabilitation (Arreaza
Bauer, 2011). The methodologies for expert elicitation and aggregation of several expert opinions to
one (inter-subjective) prior were used as applied by Scholten et al. (2013) for water supply mains.
Specifically, partial pooling (Gelman and Hill, 2009) was used for aggregation. The prior distributions
of θ1:3 are based on elicited 5, 25, 50, 75 and 95 % quantiles of T1 and T2 of concrete sewer pipes
irrespective of any further pipe characteristics and influencing factors such as construction period,
diameter, traffic load, etc. Results from the individual interviews are shown in Figure B.1 in the Appendix and further described by Arreaza Bauer (2011). The prior parameters are assumed to be independently log-normal distributed with mean Μ 1:3 and standard deviations Σ1:3 . We selected lognormal distributions to describe the priors as the parameters θ1:3 cannot be negative. The values for

Μ1:3 and Σ1:3 gained by elicitation and subsequent aggregation of the individual expert estimates
correspond to those used in the simulations discussed in Section 3.4.1, see Table 3.2.
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Figure 3.4: Condition and age distributions in absolute and relative fractions of the real case dataset used for
inference. Pipe conditions are rated according to VSA (2007), which comprises five condition classes. The two
best and two worst condition classes are aggregated to CS 1 and CS 3, respectively.

While using rather generic (inter-subjective) prior knowledge about sewer pipe deterioration, we formulated priors for the parameters θ 4:6  1 , 2 , 3  based on information from the utility of the
T

sewer network considered here. According to statements by employees of the utility, the rehabilitation
activity was approximately constant in the period from the mid-eighties until the present. Given this
evidence, we used data from current rehabilitation planning indicating which sewer pipes will be replaced within a planning horizon of five years. Table 3.5 shows the numbers and percentages of sewer
pipes in CS

i which will be or have been replaced in this five-year planning period. The respective

averaged percentages can be formulated as rehabilitation rates i using Eq. (14) and setting the percentages equal to the probability Pi

reh

that a pipe in CS

i is rehabilitated within one year. Since θ 4:6

are zero or positive, we assume the parameters to be independently log-normally distributed with
means Μ 4:6 and standard deviations Σ 4:6 . Since we have no reliable evidence for the uncertainty of

θ 4:6 , we further assume that Σ 4:6  Μ 4:6 / 2 . The values obtained for θ 4:6 based on the numbers given
in Table 3.5 can be considered as our best knowledge and hence as the most probable values. We
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therefore set these values equal to the modes of the log-normally distributed priors of the parameters

θ 4:6 and derive from these the means Μ 4:6 and standard deviations Σ 4:6 . The derived values for Μ 4:6
and Σ 4:6 are included in Table 3.5.
Table 3.5: Total numbers of pipes in CS i  1,2,3 , percentages of pipes in CS i  1,2,3 to be replaced within
the planning period from 2011 to 2015 and hyperparameters

CS

total number
of pipes

Μ 4:6 and Σ 4:6 .

Percentages of pipes to be replaced (%)

Hyperparameters

2011

2012

2013

2014

2015

Mean

j

j

j

1

6383

0.3

0.4

0.5

0.6

0.3

0.4

4

5.70∙10-3

2.85∙10-3

2

334

3.0

0.9

3.0

4.2

0.3

2.3

5

3.22∙10-2

1.61∙10-2

3

4

50.0

0.0

0.0

0.0

0.0

10.0

6

0.15

7.36∙10-2

3.5.3 Results of the inference
Figure 3.6 shows both inferred survival functions and the mean of the survival functions as suggested
by the prior. The estimated survival functions suggest a shorter residence time in CS 2 but a longer
total physical lifespan (defined here as the age a pipe at transition to CS 3) compared to the prior. The
resulting median physical lifespan of approximately 95 years appears to be realistic, knowing that
strict quality control procedures are in place in this utility. Again, S 2 (t ) is much more uncertain than

S1 (t ) for the possible reasons already discussed in Section 3.4.1. The figure illustrates further the estimated mean probability that a pipe with age t is not replaced. This survival function represents the
functional survival of the pipes.
Figure 3.7 shows prior and posterior marginal distributions of the model parameters. The low identifiability of λ1 is also apparent here. The locations of both posterior marginal distributions of λ2 and λ3
are clearly shifted towards larger values. As it reveals from Table 3.5, only 5.0 % of the pipes are currently in CS 2 and 0.06 % are in CS 3 . Thus, rather high replacement rates λ2 and λ3 do not necessarily imply that an unrealistically large number of pipes has been replaced. We admit that the prior of

λ3

is derived on the basis of very few records. It can be expected that more pipes, particular pipes in

CS 3 , are replaced until 2015 than indicated by Table 3.5 if further pipes are observed to be in CS 3
in this period. This would explain that the posteriors suggest higher rehabilitation rates than the priors.
To show the relevance of considering pipe rehabilitation, we also performed an inference with the
unconditioned likelihood function according to Eq. (1). Figure 3.8 shows the corresponding estimated
survival functions together with the mean of the survival functions as described by the prior. The ef69
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fect of ignoring pipe rehabilitation is evident, as we obtain a completely unrealistic median physical
lifespan of approximately 440 years. The difference between Figure 3.6 and Figure 3.8 reflects the
substantial rehabilitation carried out by the utility in the past. As a consequence only a relatively small
number of pipes is in CS 2 and even less in CS 3 . Rehabilitation leads to a selection effect on pipes
(the worse the condition of a pipe the more likely is its replacement) so that slow-aging pipes are overrepresented in the data. The fact that rehabilitation depends on the CS is further reflected by a more
distinct bias of S 2 (t ) compared to S1 (t ) . This is confirmed by the results obtained from the analysis
with NetCoS, see Supplementary Material B (SM.B).

Figure 3.5: Mean of the prior and estimated survival functions. The conditioned likelihood was used for inference. The gray shaded areas indicate the mean of the survival functions described by the prior. The black solid
lines are the means of the estimated survival functions and the dashed lines are the 10% and 90% quantiles based
on the posterior distribution of

θ . The white line describes the mean probability that a pipe with certain age is

not rehabilitated based on the posterior distribution of
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Figure 3.6: Prior (dashed lines) and posterior (solid lines) marginal distributions of the model parameters

θ.
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Figure 3.7: Mean of the prior and estimated survival functions. The unconditioned likelihood was used for inference. The gray shaded areas indicate the means of the survival functions described by the prior. The solid lines
are the means of the estimated survival functions and the dashed lines are the 10% and 90% quantiles based on
the posterior distribution of

θ . The estimated physical lifespan is unrealistically high.

3.6 Discussion
We introduced a sewer deterioration model to deal with missing historical records of sewer conditions.
We approached the problem by conditioning the likelihood on the fact that we only use condition data
from pipes that have not been rehabilitated. A rehabilitation model was needed to calculate the conditioned likelihood. We applied Bayesian inference to identify the model. Our results show that the proposed deterioration model copes satisfactorily with a lack of historical records of sewer conditions.
We will discuss the results and the limitations of our model in more detail below.

3.6.1 Explicit consideration of past rehabilitation
In practice, the availability of asset data is often less than optimal, and historical records of maintenance and rehabilitation are very often missing. We consequently developed our model to deal with
two important shortcomings: (i) lack of historical data and (ii) small datasets. When rehabilitation is
not considered adequately, the lack of historical data leads to a systematic overestimation of sewer life
spans, as previously reported (Scheidegger et al., 2011; Schmidt, 2009). In this article, we show that
this bias can be removed by combining the deterioration model with a rehabilitation model, and that
parameters can be estimated when combining prior information with data via Bayesian inference. Two
examples are used to demonstrate these points.
In the first example, we applied the proposed model to a well-defined synthetic dataset generated on
the basis of the same underlying models for deterioration and rehabilitation of the sewer network as
were used for the inference. Very good compliance is obtained between the estimated survival functions and the predefined ones used for data generation. We would stress that other models that do not
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consider rehabilitation failed to reproduce the original parameter values for this idealized data generated by NetCoS as revealed by Scheidegger et al. (2011).
We further applied the model to data of a real sewer network which underwent extensive rehabilitation
in recent decades. Without considering these rehabilitations in the model, the data suggests extremely
long and unrealistic physical life spans. However, the proposed model effectively compensates for the
bias, resulting in realistically estimated life spans.

3.6.2 Model identifiability and limitations
We did not succeed in estimating the model parameters by frequentist inference, e.g. by maximizing
the likelihood. The main reason is that the available datasets do not contain enough information to
estimate the rehabilitation rates independently of the parameters defining the deterioration. Thus, a
Bayesian approach to include prior knowledge is needed for parameter inference. The use of expert
knowledge on pipe deterioration has already been proposed by Herz (1995) and Kleiner (2001) in the
case of scarce data and information availability. In this sense, we used an approach which allows us to
exploit the best available (expert) information and to update this knowledge by inferences from data.
In order to estimate the quantitative influence of the prior on the parameter inference, we performed a
sensitivity analysis and identified the most influential hyperparameters. Knowledge about the importance of the hyperparameters may be useful when elaborating a concept for eliciting prior
knowledge. Elicitation and quantification of prior knowledge was outside the scope of this paper and
may be found in O'Hagan et al. (2006), Rinderknecht et al. (2011, 2012) and Scholten et al. (2013).
We assume that the deterioration of sewer pipes does not differ fundamentally between similar sewer
networks in similar regions. Thus, prior knowledge based on different expert opinions or datasets appears meaningful. However, we have experienced that the rehabilitation strategy may differ substantially between different utilities. Prior knowledge of rehabilitation thus needs to be acquired carefully
for each individual case.
By analyzing the model with the aid of synthetic data, we gained important insights into its behavior.
However, the synthetic data probably do not reflect the variability of real data. So the results do not
necessarily imply that the model will perform well in real life. Nevertheless, the model shows promising performance when applied to real data lacking historical records. Even though we recognized a
considerable shift in the location of the posteriors of model parameters defining the rehabilitation rates
in relation to the priors, the available data gives no indication of possible deficits in the model structure.
We implemented a very simple rehabilitation model, assuming age-invariant and exclusively condition-dependent rehabilitation rates. In reality, it is probable that the rehabilitation strategy and hence
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the rehabilitation rates vary over time. It is important to keep in mind that the model does not aim to
identify past rehabilitation but to determine deterioration as accurately as possible from the available
information. However, the rehabilitation model could be substituted by a more complex model if useful. Further insight into the deficits of the model structure may be gained by using NetCoS and introducing variability to the user-defined processes deterioration and rehabilitation driving the data generator. This would allow the supposed variability of real data to be emulated. Similarly, exceptional real
cases comprising both extensive rehabilitation in the past and historical data may extend our
knowledge of the model behavior. In this case, the results could be compared by using (i) the unconditioned likelihood (of the deterioration model alone) in combination with the dataset including the historical records, and (ii) the conditioned likelihood (of the combined deterioration-rehabilitation model)
and the data without historical records.
The proposed deterioration model may also be substituted by another one or extended by a range of
additional features. These could include the incorporation of additional factors influencing deterioration, and consideration of more than one observed condition state per sewer line, allowing more accurate predictions and considerably extending its application.

3.7 Conclusions


If datasets lack historical records, sewer life spans are overestimated if the applied model does
not account for the combined effect of deterioration and rehabilitation. The proposed combined
deterioration and rehabilitation model effectively compensates for the bias in estimated life
span.



The inclusion of prior knowledge is a necessity due to the limited information in the data and
therefore the limited identifiability of the model parameters. Since at least some prior
knowledge is available, the strength of Bayesian inference is obvious, in particular in the case of
small datasets.



The analysis of model sensitivity to the prior revealed that the inference results are mainly influenced by the means and only partly by the standard deviations of the priors of four out of six
model parameters. This result can facilitate the knowledge elicitation process from experts,
since the elicitation of parameter uncertainty is more challenging than merely eliciting its mean.



The applied importance sampling technique for sensitivity analysis permitted an efficient implementation of regional sensitivity analysis with reasonable computational demand.



The approach presented here is flexible and allows individual aspects to be substituted and extended. Consideration of (i) more than three condition classes, (ii) two or more subsequently ob-
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served condition states per sewer pipe, and (iii) additional factors influencing pipe deterioration
such as pipe material and diameter may be relevant to a broader range of applications.
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Appendix A: Equations
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Appendix B: Figures

Figure B.1: . Quantiles of pipe ages

T1 and T2 for concrete pipes elicited from seven experts. The quantiles

were partly elicited as single values and partly as ranges, see Arreaza Bauer (2011) and Scholten et al. (2013). In
one case, only

T1 was elicited (second graph). In some cases, T2 is smaller or equal to T1 , T2  T1 . This is due

to the difficulty of expressing quantities in form of quantiles and to neglecting a consistency check in the interview protocol to ensure that

T2  T1 .
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Abstract

Urban drainage design relying on observed precipitation series neglects the uncertain-

ties associated with current and indeed future climate variability. Urban drainage design is further
affected by the large stochastic variability of precipitation extremes and sampling errors arising from
the short observation periods of extreme precipitation. Stochastic downscaling addresses anthropogenic climate impact by allowing relevant precipitation characteristics to be derived from local observations and an ensemble of climate models. This multi-climate model approach seeks to reflect the uncertainties in the data due to structural errors of the climate models. An ensemble of outcomes from
stochastic downscaling allows for addressing the sampling uncertainty. These uncertainties are clearly
reflected in the precipitation-runoff predictions of three urban drainage systems. They were mostly due
to the sampling uncertainty. The contribution of climate model uncertainty was found to be of minor
importance. Under the applied greenhouse gas emission scenario (A1B) and within the period 20362065, the potential for urban flooding in our Swiss case study is slightly reduced on average compared
to the reference period 1981-2010. Scenario planning was applied to consider urban development associated with future socio-economic factors affecting urban drainage. The impact of scenario uncertainty was to a large extent found to be case-specific, thus emphasizing the need for scenario planning
in every individual case. The results represent a valuable basis for discussions of new drainage design
standards aiming specifically to include considerations of uncertainty.

Keywords: Urban drainage, urban flooding, climate change, sampling error, downscaling, scenario
planning
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Nomenclature
𝑎

Unit for year

𝑛𝑚𝑎𝑥

acceptable maximum number of times the critical reference water level is exceeded at
a manhole during the precipitation-runoff simulation period

𝑁𝑖

number of flooding events (exceeding of the critical reference water level) at manhole
𝑖 during the precipitation-runoff simulation period

𝑉𝑖

mean volume overloaded to the surface per flooding event at manhole 𝑖 during the
precipitation-runoff simulation period

𝑋

percentage (%) of manholes of a sewer network at which 𝑛 > 𝑛𝑚𝑎𝑥 flooding events
(exceeding of the critical reference water level) occur

𝑌

total water volume discharged from the sewer network to the ground surface during
the precipitation-runoff simulation period

𝑜

index used for the variables 𝑁, 𝑉, 𝑋, 𝑌. It indicates that the considered variable derives
from a precipitation-runoff simulation for which an observed precipitation series was
used as input

𝑠𝑟

index used for the variables 𝑁, 𝑉, 𝑋, 𝑌. It indicates that the considered variable derives from precipitation-runoff simulations for which an ensemble of stochastic precipitation series from the reference period 1981-2010 was used as input

𝑠𝑓

index used for the variables 𝑁, 𝑉, 𝑋, 𝑌. It indicates that the considered variable derives
from precipitation-runoff simulations for which an ensemble of stochastic precipitation series from the future period 2036-2065 was used as input

4.1 Introduction
4.1.1 Sampling uncertainty in designing urban drainage
Sewer systems are designed to remove sewage and drain stormwater in order to limit flooding. As it is
not realistic to provide protection from every rainstorm, the probability that flooding will occur is limited by an acceptable level (e.g. DIN EN 752, 2008). National standards recommend maximum permissible frequencies of exceeding critical reference water levels at every manhole (e.g. DWA, 2006,
IDA Spildevandskomiteen, 2005). DWA (2006) suggests using one historical high-resolution pointprecipitation series representative for the location of the sewer system as the input for precipitationrunoff simulations to predict the relevant exceeding frequencies. As opposed to design storms, historical precipitation series allow the intra-storm variability to be addressed. Today, high-resolution precipitation series are typically available with durations of 30-40 years. However, by definition, only very
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rare precipitation events induce critical runoff events in more or less well-designed drainage systems.
We must consider these precipitation events as highly random due to the large variability of sub-daily
precipitation intensities. Therefore, the available series are just single random samples of precipitation
series under the climatic conditions prevailing during the observation. In consequence of this short
observation periods, exceeding frequencies derived from hydraulic calculations with such short series
must be considered as very uncertain estimates of the true exceeding rates even under a stationary
climate. We denote the variance in the estimates of system performance which would arise from using
different random samples of ‘short’ precipitation series under a stationary climate as the sampling
uncertainty.

4.1.2 Impact of climate variability
According to IPCC (2013), “Climate variability refers to variations in the mean state and other statistics […] of the climate on all spatial and temporal scales beyond that of individual weather events.
Variability may be due to natural internal processes within the climate system (internal variability), or
to variations in natural or anthropogenic external forcing (external variability)”. Sewer system design relying on precipitation observed in the past implicitly assumes uncertainties due to climate variability to be negligible. However, the very probable anthropogenic impact on the climate system has
strengthened the claim to abandon the assumption of a stationary climate (Milly et al., 2008) and to
move to design specifications accounting for uncertainties associated to climate variability and its
projection (Fatichi et al., 2012). Questioning current design practice is also very timely in view of the
growing demand for sewer rehabilitation (Maurer and Herlyn, 2006).

4.1.3 Describing precipitation under climate variability
It is a challenge to derive relevant precipitation data from climate models. A wide range of global climate models (GCMs) predict key climate variables with fairly coarse temporal and spatial resolution.
Combinations of dynamic and stochastic downscaling techniques have been used (e.g. Onof and
Arnbjerg-Nielsen, 2009) to extract the fine-resolution data needed for urban drainage simulations. In a
first step, dynamic downscaling is performed by feeding the output from GCMs into a regional climate
model (RCM) with the capability to refine the spatial scale of the data. Various stochastic downscaling
techniques have been developed (e.g. Fowler et al., 2007) for the further temporal refinement of the
RCM output and transfer to the spatial point-scale. Together, these nested models allow the impact of
climate variability on sewer system performance with regard to flooding to be addressed. Other
downscaling techniques such as weather typing or regression-based methods were found to be inadequate for this purpose due to their inability to reproduce extreme events (Wilby et al., 2002).
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4.1.4 Uncertainties
The application of these methods to generate high-resolution precipitation data reflecting climate variability implies additional uncertainties which need to be accounted for. Together, the uncertainties
associated to climate variability and its prediction are diverse and can be grouped into (i) the emission
scenario uncertainty, (ii) GCM uncertainties, (iii) downscaling uncertainty, and (iv) internal climate
variability (Tebaldi and Knutti, 2007; Wilby and Harris, 2006). Since sewer system design relies on
extreme precipitation observed within a short period, it is subject to sampling uncertainty. Sewer system design is further challenged by the uncertainty of future urban development. Thus the future runoff coefficient might change due to increased population densities. In the following we briefly discuss
the relevant input uncertainties and approaches to address them in sewer system design.

Uncertainties associated to climate variability and its prediction:
(i) Emission scenario uncertainty: The contributions of different sources of uncertainty to the overall
uncertainty vary over the prediction lead time and depend on the climate variable of interest as well as
on the temporal scale (Cox and Stephenson, 2007). Hawkins and Sutton (2011) and Prein et al. (2011)
conclude that with regard to precipitation the emission scenario uncertainty is negligible for prediction
lead times of 40 years and less.
(ii) Climate model uncertainty: This is clearly seen as one dominating factor for the overall uncertainty of climate projections (Hawkins and Sutton, 2011; Räisänen, 2007). Knutti (2008) and Räisänen
(2007) suggest using the output from an ensemble of climate models as a probabilistic climate projection to account for climate model uncertainty.
(iii) Downscaling uncertainty: Further uncertainty is introduced by the downscaling techniques themselves. For dynamic downscaling, a multi-RCM approach can be applied analogously to the proposed
multi-GCM approach. This was done by Fowler and Ekström (2009), who found that the RCM uncertainty is significant with regard to precipitation extremes. We consequently assign the dynamic
downscaling uncertainty to the combined GCM / RCM uncertainty described by the variability of the
multiple output from GCM / RCM model chain ensembles. For stochastic downscaling, the uncertainty quantification is elusive due to the limited number of adequate techniques for downscaling extreme
events at fine temporal and spatial scales (Maraun et al., 2010; Sunyer et al., 2012). For this reason we
neglect the stochastic downscaling uncertainty even though it may be of major significance regarding
extreme precipitation (Hundecha and Bárdossy, 2008).
(iv) Internal climate variability: This uncertainty derives from the high sensitivity of the climate system to initial conditions which can never been reproduced perfectly. This is considered to be another
key source of uncertainty, in particular when considering time horizons within the next few decades
(Cox and Stephenson, 2007; Hawkins and Sutton, 2011). This uncertainty could be reflected by
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running climate models with different initial conditions. In order to avoid the large computational
expenses associated with this approach, internal climate variability could alternatively be reproduced
by multiple realizations of stochastic downscaling. However, the ability of stochastic precipitation
models to reproduce internal variability on an inter-annual scale is typically limited (Wilks and Wilby,
1999). This ability has been enhanced by Fatichi et al. (2011) by explicitly accounting for precipitation
inter-annual variability in the model structure.

Sampling uncertainty
As opposed to the aleatory uncertainty of climate variability as defined by IPCC (2013), the sampling
uncertainty is of epistemic nature as it is reducible by additional information (Refsgaard et al., 2013;
Walker et al. 2003); see also Section 1 in Supplementary Material C (SM.C) for an illustration. The
stochastic downscaling methodology gives us the possibility to generate precipitation series of arbitrary length. Consequently, we are able to reduce the sampling error in sewer system design by using
long stochastic precipitation series instead of short observed ones under the following assumptions:
(i)

The stochastic downscaling model reproduces all statistical properties of precipitation correctly including those of extreme events.

(ii)

The precipitation process is stationary on the yearly timescale (if inter-annual climate variability is not explicitly considered by the stochastic downscaling model).

(iii)

The sampling error incurred when estimating the statistics used for calibration of the stochastic downscaling model from the observed precipitation series is negligible (see Section 4.2.1
for details on calibrating the stochastic downscaling model).

And in further consequence, the methodology allows us to quantify the sampling uncertainty associated with a short observed series by using multiple realizations of stochastic series of same length as the
observed one.

Our approach to address vital sources of input uncertainties in urban drainage design:
We will consequently neglect the uncertainties of the emission scenarios (by applying only one scenario) and from stochastic downscaling. The climate model and dynamic downscaling uncertainty will be
handled by using results from an ensemble of GCM-RCM models, sampling uncertainty will be addressed by multiple realizations of stochastic precipitation series with the same length as the available
observed one. However, we acknowledge that we do not consider internal climate variability beyond
an intra-annual scale by our applied approach. Thus we assume a stationary climate on inter-annual
scales except for anthropogenic impacts. We apply scenario planning to capture urban development
affected by socio-economic uncertainty. Scenario planning has been proposed and applied in water
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infrastructure planning, e.g. by Dominguez et al. (2011), Scholten et al. (2014) and Störmer et al.
(2008) to handle this type of scenario uncertainty (Walker et al., 2010). Scenarios provide quantitative
descriptions of plausible futures allowing us to systematically explore the future without attempting to
predict the likelihood of its realization (Schnaars, 1987).

4.1.5 Goals
The impact of climate change on sewer system performance with regard to flooding is addressed by
Arnbjerg-Nielsen and Fleischer (2009), Mark et al., (2008), Olsson et al. (2013), Olsson et al. (2009),
Ryu et al. (2013), Semadeni-Davies et al. (2008) and Willems (2013a); see also Willems et al. (2012)
for a comprehensive review.
However, to our knowledge, no analysis exists which takes systematic account of the key uncertainties
associated with (i) the anthropogenic climate impact, (ii) climate models, (iii) sampling and (iv) urban
development affecting the hydraulic assessment of urban drainage systems. Our goal is to identify the
importance of these uncertainties with respect to stormwater drainage performance with a view to
avoid flooding and hence to provide a basis for sewer system design. Consequently, we consider a
time horizon of 40 years representing a typical planning horizon for urban drainage for which projections of socio-economic changes affecting urban development are still feasible. We present probability
distributions of sewer system performance for current and future situations based on design guidelines
which are currently widely applied in practice. We derive these probability distributions from longterm runoff simulations with hydrodynamic sewer models using multiple realizations of stochastic
precipitation series downscaled from a GCM-RCM ensemble output as the model input. The consequences of urban flooding could be assessed in more detail by coupling hydrodynamic sewer models
with 2-D surface runoff models. We refrained from this option due the large computational expenses
associated with 2-D surface runoff modelling. However, the significance of our results will not be
limited by the use of the rather simple performance indicators (such as critical water level exceeding
frequencies) derivable from simulations with sole sewer models.
The results constitute a valuable basis for discussions on altering current design practice specifically to
consider uncertainty. As examples, we selected two sewer systems of two smaller municipalities for
which a scenario planning framework has been elaborated (Lienert et al., 2014). A third sewer system
was analyzed in its current state. Our focus is on quantifying the uncertainties associated with scenarios, sampling, anthropogenic climate impact and its prediction. We consequently refrain from considering the precipitation-runoff model uncertainty and other model input errors such as those caused by
measuring errors and inadequate spatial precipitation resolution.
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4.2 Material and methods
4.2.1 Precipitation data
Observed precipitation data
The weather station of Wädenswil, Switzerland, is run by the Swiss Federal Office of Meteorology
and Climatology (MeteoSwiss) and includes automatic precipitation measurement. It measures the
precipitation at a specific point with a time resolution of 10 minutes by means of a rain gauge (Precipitation Sensor 15188, Lambrecht, Göttingen, Germany). The station is 7-15 km away from the investigated sewer networks denoted by N1, N2 and N3. Data from this station was considered as most representative for the locations of these networks due to the similarity of mean total annual precipitation
depths and topography. Data from 1981 to 2010 was used in this study.

Climate model ensemble precipitation data
Precipitation data with a daily time resolution obtained from ten different combinations of GCM and
RCM from the ENSEMBLE project (van der Linden and Mitchell, 2009) were used to derive changes
in statistical precipitation properties as a consequence of anthropogenic climate impact. Data from the
period 1981-2010 were used, which corresponds to the observation period of the measured precipitation series. This period represents the reference period to which any changes under future climatic
conditions are related. We considered the A1B greenhouse gas emission scenario (Nakicenovic and
Swart, 2000) to address anthropogenic climate impact. This is in line with a comprehensive case study
framework for the long-term planning of urban water infrastructures (Lienert et al., 2014) in which this
study was embedded. The end of the planning horizon specified in this framework is the year 2050.
Therefore, data were extracted from the future period 2036-2065, as this period is centred around the
year 2050. The ten selected GCM-RCM model combinations are given in Table 4.1 (see also CH2011
(2011) and van der Linden and Mitchell (2009)). This selection is the same as that made by CH2011
(2011) for the development of climate scenarios at MeteoSwiss weather stations. The exclusion of
some model chains is made due to the following restrictions: (i) HadCM3Q16 driven model chains
and the model chain DMI-ARPEGE-HIRHAM produce overshooting of daily climate change signals
at some Swiss weather stations (Bosshard et al., 2011), (ii) the length of the simulation period (not all
ENSEMBLE model chains provide predictions until 2065), (iii) not all model chains provided data at
daily resolution when our analysis was conducted. Although these model chains are not independent
(see Table 4.1), we treated their output equally for the sake of simplicity.
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Table 4.1: Utilized model chains taken from the ENSEMBLE project (van der Linden and Mitchell, 2009).
Institution

Global climate model
(GCM)

Regional climate model
(RCM)

SMHI

BCM

RCA

ETHZ

HadCM3Q0

CCLM

Met Office

HadCM3Q0

HadRM3Q0

SMHI

HadCM3Q3

RCA

MPI

ECHAM5

REMO

DMI

ECHAM5

HIRHAM

KNMI

ECHAM5

RACMO

SMHI

ECHAM5

RCA

ICTP

ECHAM5

REGCM3

CNRM

ARPEGE

ALADIN

Stochastic downscaling
Paschalis et al. (2014) suggest combining two different classes of stochastic precipitation models
“across the range of temporal scales where they perform best”. An External Model is used to simulate
point precipitation on a daily timescale. An Internal Model is used to disaggregate the output of the
External Model to fine temporal scales; see Figure 4.1 for illustration. We followed this approach and
evaluated different combinations of External and Internal Models in order to find the best one for the
selected weather station.
As External Models, two widely applied Poisson cluster models (Rodriguez-Iturbe et al., 1987, Onof
et al., 2000) were chosen for the generation of point precipitation on a daily basis. These are a six parameter version of the Neyman Scott Rectangular Pulses (NSRP) model (Cowpertwait, 1998, Fatichi
et al., 2011) and the modified Bartlett Lewis Rectangular Pulses (MBLRP) model (Rodriguez-Iturbe et
al., 1988). The parameters of the Poisson cluster models were fitted to observed precipitation statistics
on a monthly basis to capture inter-monthly variability and over time scales of 1, 6, 12, 24, 48 and 72
h. These statistics are the mean, standard deviation and the lag-one autocorrelation of the precipitation
as well as the probability of zero precipitation. Additionally, the skewness of precipitation is used to
calibrate the NSRP model. The calibration of both the NSRP and the MBLRP models was performed
using the procedure proposed by (Cowpertwait, 2006). The minimization problem of this procedure
was solved numerically by the multi-start downhill simplex algorithm described by Burton et al.
(2008) and modified by Paschalis et al. (2014). Further details on the calibration procedure of the
Poisson cluster models can be found in Paschalis (2013) and Paschalis et al. (2014).
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For the disaggregation of the outputs of the External Models to the 10 minute scale, three disaggregation models (Internal Models) with increasing complexity were used, all belonging to the class of multiplicative random cascades (MRC) (Veneziano and Langousis, 2010). These are the canonical MRC
beta-lognormal model (MRC beta-lognormal) (Over, 1995) and two micro-canonical MRC models
developed by Rupp et al. (2009), referred to as MRC III and IV. As opposed to the MRC betalognormal, MRC III and IV depend on the temporal aggregation scale and precipitation intensity.
MRC IV is similar to MRC III, although with a more pronounced dependency on precipitation intensity. These models were calibrated to observed precipitation on a monthly basis and over time scales of
10 ∙ 2𝑛 min, 𝑛 = 0, … 7. The procedure applied to calibrate the MRC beta-lognormal model is given in
Over (1995). The applied calibration schemes for the MRC III and IV are described in Paschalis et al.
(2014) and Rupp et al. (2009).
An overview over all combinations of External and Internal Models is given in Table 4.2. The best
performing combination during the reference period at the weather station of Wädenswil turned out to
be the NSRP-MRC IV model combination; see Section 4.3.1 for details.

Figure 4.1: Schematic illustration of nesting Poisson cluster models (External Model) and disaggregation models
(Internal Model) (adopted from Paschalis et al. (2014)).
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Table 4.2: Utilized combinations of two Poission cluster precipitation models (External Models) with three disaggregation models (Internal Models). The combination finally selected for generation of precipitation data used
in the hydraulic analysis is highlighted by bold letters.
External Model

Internal model

NSRP

MRC beta-lognormal

NSRP

MRC III

NSRP

MRC IV

MBLRP

MRC beta-lognormal

MBLRP

MRC III

MBLRP

MRC IV

The precipitation modelling approach based on nested stochastic precipitation models outlined so far
is generally able to reproduce important properties of the observed precipitation on a fine temporal
scale and for the spatial point scale. A methodology is needed which allows the altered (statistical)
properties of precipitation to be accounted for as predicted by the GCM-RCM model chains on the
coarse scale. This was done by using factors describing the change-defining ratios between the statistics of interest predicted by the GCM-RCM model chains for the future period and the reference period as similarly applied by e.g. Fatichi (2010) and Kilsby et al. (2007). We denote Sobs a statistical
property of the observed precipitation and Sfut a corresponding statistical property at the same temporal
and spatial point scale in the future period. Sfut can be calculated using a change factor cf (Kilsby et al.,
2007):
𝑆𝑓𝑢𝑡 = 𝑐𝑓 ∙ 𝑆𝑜𝑏𝑠
The change factor derives from the following equation
𝑐𝑓 =

𝑆𝑓𝑢𝑡
𝑆𝑜𝑏𝑠

=

𝑆𝐶𝑀,𝑓𝑢𝑡
𝑆𝐶𝑀,𝑟𝑒𝑓

,

where SCM,fut and SCM,ref denote the corresponding statistical property on the coarse spatial scale predicted by a climate model for the future and reference period respectively. Scaling precipitation point
statistics proportionally to predicted changes in spatial statistics implies the assumption that the ratios
of spatial to point statistics remain invariant under climate change. Change factors are derived from
the daily climate model outputs for precipitation means, variances, skewnesses and probabilities of
zero precipitation at timescales of 24, 48 and 72 h. Additional change factors are considered for precipitation means and variances as well as the probabilities of zero precipitation at timescales of 1, 6
and 12 h. These factors were derived by extrapolating the scaling properties of the concerning statistics at daily and larger timescales to the sub-daily scales. The change factors are only applied to recalibrate the external NSRP model on the basis of the altered statistical properties. Change factors
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were not applied to the internal MRC IV model as the climate models do not provide the precipitation
statistics at fine temporal scales which would be needed to modify the MRC IV model parameters.
This implies the assumption of invariant scaling properties across daily and sub-daily timescales under
a changing climate.
With each of the nested Poisson cluster-MRC-models, we generated 100 realizations of precipitation
over the reference period 1981-2010. The models were assessed by evaluating their ability to reproduce the statistics used for calibrating the Poisson cluster models. This was done on a monthly basis
and across time scales of 10 min, 1 h and 24 h. Moreover, their ability to reproduce precipitation extremes was considered. The NSRP-MRC IV model, identified as the best performing model, was used
to generate the input for the precipitation-runoff simulations for both the reference and future period.
To reflect the climate of the future period we assembled another ten parameterizations of the NSRP
model. This was done by applying factors of change derived from each of the ten ENSEMBLE model
chains to the parameters of the NSRP-model. We then generated 100 realizations of precipitation series using each of these ten model parameter sets. Hence, each of the in total 1000 generated series
represents one possible realization of precipitation within the future period 2036-2065.

4.2.2 Future scenarios
We considered three real sewer networks denoted by N1, N2 and N3 as cases for assessing the uncertainty in hydraulic performance due to the uncertain model input. Details of these networks are given
in Section 4.2.3. We applied scenario planning to N1 and N2. Future socio-economic scenarios for the
case study area (comprising in total four communities) which includes N1 and N2 were elaborated on
the basis of national scenarios for the built environment (Perlik et al., 2008). These scenarios were
extrapolated and downscaled to the case study-scale in a workshop with local stakeholders for the
period 2011-2050; see also Lienert et al. (2014) for details. Relevant scenarios in this study are those
with constant or increasing populations and (impervious) urban areas: Status Quo (SQ), Qualitative
Growth (QG) and Boom. Scenario SQ corresponds to the current state without any changes in the future. Scenario QG involves an exponential population growth at a constant rate of 0.0046 a-1 until
2050. Due to this growth, all undeveloped areas already set aside for development today will be developed; see Section 4.2.3 for details. The Boom scenario implies a constant population growth rate of
0.053 a-1 until 2050. After developing undeveloped areas as in scenario QG, specific existing developed areas will be more densely developed, and finally areas outside existing building zones will be
developed. These areas were automatically identified by a model quantifying the proneness of an undeveloped area to be developed over time as a function of weighted distances to existing infrastructure
such as settlements, railway stations, highway connections, roads and highways. Forests, surface waters, nature and groundwater protection areas, etc. were excluded as potential future urban areas. Different types of building zones with rather high population density derived from the cities of Zurich and
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Winterthur were then assigned manually to the projected development areas. We also appointed some
existing urban areas with potential for renovation and densification as foreseen by the Boom scenario.

4.2.3 Sewer networks and urban areas
The general features of the sewer networks N1, N2 and N3 are given in Table 4.3. The population data
and the total impervious areas associated to N1, N2 and N3 under all scenarios are given in Table 4.4.
The layouts of N1 and N2 are shown in Figure 4.2. They also show current urban areas and those developed within and outside existing building zones in the QG and Boom scenarios. We followed and
extrapolated the existing strategies of the municipalities for draining new development areas within
existing building zones. These strategies define the type of system (combined or separate system) and
the connection points to existing drainage systems or receiving waters. We designed realistic (combined, storm and sanitary) sewer pipes for areas larger than single properties which are connected to
existing systems; see Figure 4.2. We refrained from designing new storm sewer pipes which drain
directly to receiving waters as they do not affect the existing systems. In Figure 4.2, areas developed
outside current building zones under the Boom scenario are indicated by cross hatching. We assumed
that these areas are drained by new separate systems and that the storm sewers drain directly to receiving waters. This assumption was shown to be feasible by simulations conducted with the stormwater
sewer network generator developed by Urich et al. (2010). The possibility of draining stormwater from
these areas independently of existing systems is favoured by the hilly topographies (see also average
pipe slopes given in ) and, as can be seen in Figure 4.2, by the dense network of potential receiving
waters. We abstained from considering these systems since they do not interact with the current systems. Some existing areas are densified in the Boom scenario as indicated in Figure 4.2. This densification was assumed not to affect the topology of the current networks.
Table 4.3: General features of the sewer networks

Network

Number of manholes

Total sewer length (km)

Average length
weighted pipe slope (%)

N1

559

22.9

1.39

N2

1156

45.0

5.20

N3

461

17.3

3.87
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Table 4.4: Number of inhabitants and total impervious areas associated to the sewer networks in different scenarios. For N1 and the Boom scenario, the total impervious area is also given if alternative A3 applies; see Section
4.2.4.
total impervious area (103 m2)

Number of inhabitants
Network

SQ (current
state)

QG

Boom (design SQ (current
case)
state)

QG

Boom (design
case)

N1

3461

4565

7519

376

448

496 (A3: 554)

N2

7997

9890

14231

485

564

603

N3

ca. 4000

-

-

214

-

-

Figure 4.2: Layout of N1 (left) and N2 (right). Current urban areas are shown in light and dark gray from which
stormwater is drained by the considered systems. Areas developed in the QG and Boom scenarios from which
stormwater is drained via the existing sewer systems are shown in brown; areas developed in the QG and Boom
scenarios from which stormwater is drained by new independent systems are shown in blue; existing areas densified in the Boom scenario are marked in dark gray; areas outside current buildings zones developed in the Boom
scenario are represented by cross hatches. Existing sewer network (black lines); new (combined, storm and sanitary) sewer pipes connected to existing systems (brown lines) and receiving waters (blue lines) are also shown.

4.2.4 Rehabilitation alternatives
We considered three approaches for hydraulic rehabilitation, so-called alternatives and referred to as
A1, A2 and A3. A1 does not involve any changes in the diameters of the existing sewer pipes. A2
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involves enlargement of individual sewer pipe diameters according to the design specifications, as
detailed in Sections 4.2.5 to 4.2.7. We considered A1 to explore the hydraulic performance of the networks in their current states. A2 was applied to investigate the performance in the case that the systems live up to current design requirements (relying on observed precipitation data) under all future
scenarios. The third alternative A3 is similar to A2 and was specified to capture the influence of green
roofs as a source control measure for hydraulic sewer rehabilitation.
In all these alternatives, new sewer systems for draining new development areas are designed following the principles outlined in Sections 4.2.5 to 4.2.7. The throttle and pumping capacities are adapted to twice the dry weather flows in the QG and Boom scenarios to account for the increased population. These flow rates correspond to
the capacities of the (extended) wastewater treatment plants. In scenarios A1 and A2, 80% of the new roof top
areas are designed as intensive green roofs with a soil layer depth of at least 15 cm. We assumed a peak runoff
coefficient of 0.316 for green roofs (Lieseke, 1998). A3 differs from A2 in the way the rooftops of the new buildings are designed. In A3, conventional flat roofs with a peak runoff coefficient of 1.0 were considered (see also
Table 4.4 giving the total impervious areas connected to the networks). A3 was only applied to N1 under the
Boom scenario.

As a design goal in A2 and A3, we also considered the drainage of new and densified urban areas defined by the Boom scenario. If the population grows at the rate specified in the Boom scenario, full
development and densification of areas affecting current stormwater systems will be reached after 6.8
years in the case of N1 and 9.7 years in the case of N2. We assumed that we have to account for the
fact that such population growth might emerge under all scenarios by 2050. For this reason and due to
the longevity of sewer pipes, we followed the rationale that all new and rehabilitated pipe diameters
fulfil the hydraulic requirements of the Boom scenario.

4.2.5 Design criteria
We used the DWA (2006) sewer design specifications. These define how often a critical water level is
allowed to be exceeded on average. We set the manhole cover levels to be the critical reference water
levels. We specified that water levels above manhole covers would be accepted to occur at an average
frequency of 0.1 a-1. We also refer to such events as flooding events. Also in accordance with DWA
(2006), we used a hydrodynamic precipitation-runoff model (SWMM 5.0; Rossman, 2010) to verify
whether this criterion is fulfilled at every manhole of the considered sewer systems (see Section 4.2.6

16

This peak runoff coefficient was derived from single-event experiments. Actual runoff coefficients are however
highly affected by the current soil moisture conditions and can be greatly higher than 0.3 (e.g. Locatelli et al.,
2014). We admit to not thoroughly having paid attention to that fact before starting the simulations. We did not
repeat the expensive simulations described in Section 4.2.6 and 4.2.7 with a more realistic runoff coefficients as
it would not affect our general conclusions drawn from the results (see also Figure SM.C.11 and SM.C.12 in
Supplementary Material C (SM.C) showing minor differences in the outcomes from applying A2 and A3). In
future applications the detention (and retention) effect of green roofs should however be considered by a model
such as suggested by Locatelli et al. (2014) continuously simulating the runoff from green roofs.
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for further details). The observed high-resolution point precipitation series described in Section 4.2.1
with a recording period of 30 years was used as the model input in compliance with DWA (2006).
These design criteria were applied to all network extensions independent of the design alternative and
for the upgrading of existing sewers as foreseen by A2 and A3.

4.2.6 Long-term precipitation runoff simulations
The EPA SWMM 5.0 software package (Rossman, 2010) was used to perform long-term runoffprecipitation simulations (LTS). We used the available network data from N1, N2 and N3 but refrained from calibrating the models, as their accuracy is not relevant for the purpose of this study.
In order to optimize computation time, we conducted the procedure proposed by DWA (2006) and
Verworn (1999) for systematically selecting relevant extreme precipitation events. To ensure that all
critical events were captured, we used very conservative selection criteria. The selected precipitation
events comprise up to 300 of the highest precipitation levels over ten respective temporal scales of
between 10 and 360 minutes per individual precipitation series. The influence of the lead times on the
hydraulic predictions of interest was tested and found to be negligible for lead times of less than five
days. The simulations were consequently set to start five days before the actual relevant precipitation
event started. The separation of two events was defined by intermediate dry weather periods of at least
6 h.
As mentioned above, we generated an ensemble of 1000 realizations of precipitation series representing precipitation during the future period. In order to minimize computation time, we used 100 randomly selected precipitation series from this ensemble in the simulations. The differences between the
precipitation properties of the subset of 100 samples and those of the complete ensemble were found
to be negligible.
The hydraulic performance is characterized by the number of flooding events and the water volumes
flowing out from individual manholes during a simulation. In the hydraulic model, it is assumed that
water rising above a manhole cover is captured in a fictitious “inundation” basin with an arbitrary base
area of 1000 m2. The overflowed water is re-introduced into the system at the same manhole as soon
as the outflow from the manhole exceeds the inflow (Rossman, 2010). This simplification neglects
overland flow, so the overflow volumes captured in the fictitious basins are not realistic, but serve as
an indicator for the damage potential of individual flooding events. Water levels rising momentary
above manhole covers may also occur due to numeric instabilities under pressurized flow with large
flow gradients. Therefore, we considered only events with spilled volumes greater than 2 m3.
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4.2.7 Hydraulic adaptations of the sewer systems
A2 and A3 as well as the increasing population in the QG and Boom scenarios require hydraulic adaptation of the networks. As already mentioned, the throttle and pumping capacities in the combined
parts of the systems are adapted to twice the dry weather flow independently of the alternative. Additionally, the capacity of one stormwater pump in N1 was increased in A2 and A3 under the QG and
Boom scenarios to prevent flooding.
Enlargement of individual sewer pipes in the existing systems N1 and N2 and the design of system
extensions were carried out iteratively considering the design case (Boom scenario). In a first step, an
LTS was performed to identify manholes and the corresponding sewer branches where the design criterion was violated. We then identified the most limiting sewer pipes by running a design storm simulation and analyzing the pressure line gradients along the relevant sewer branches. For this purpose,
we applied an Euler Type III design storm (Althaus, 1985) with a return period of 10 years derived
from the observed precipitation series. The pipe diameter of the most limiting sewer pipe was then
increased to the next standard diameter. We assumed circular cross sections and standard inner diameters of 0.2, 0.25,…, 0.4 m and 0.5, 0.6,…,1.2 m. After every adaption step, we conducted an LTS to
check the design criterion. The iterative approach ensured that system capacities were enlarged only
enough to just meet the design criterion. However, at the same time we ensured that pressure line gradients were balanced along those branches where the pipes diameters were altered.
Advanced design principles under uncertainty have recently been developed and explored considering
a wide range of possible hydraulic adaption options such as stormwater infiltration and retention (e.g.
Deng et al., 2013, Gersonius et al., 2012). These approaches seek to optimize system performance and
costs by incorporating flexibility in design. Gersonius et al. (2012) address also the challenging issue
of timing decisions on adaption. Decision making is not the scope of our study. Instead, we set our
focus on quantifying the uncertainty of sewer system performance due to imprecise input data on the
basis of current sewer design standards. This quantification involves comprehensive precipitation data
and computational expenses. Therefore, we constrain our analysis by considering pipe sizing and
green roofs on new constructions as the only adaption measures. For the same reason we neglect the
temporal dimension of decision making. We also abstain from considering socio-economic and
ecological aspects.

4.3 Results
4.3.1 Stochastic precipitation model
The NSRP-MRC IV model combination was found to be superior in reproducing the precipitation
properties of the reference period, including precipitation extremes. Most of the observed extreme
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precipitation depths were within the predicted 10-90% uncertainty bands for various time-scales; see
Figure 4.3. Figure A.1 in the Appendix shows a comparison of the precipitation statistics observed at
the weather station and reproduced by this model combination. These statistics were used to calibrate
the NSRP model. Corresponding results from the other combinations of external and internal precipitation models can be found in Supplementary Material C (SM.C); see Figure SM.C.2-7. Consequently,
the NSRP-MRC IV model combination was also used for generating precipitation series for the future
period; its output was then used for the precipitation-runoff simulations. All further results refer to the
output of the nested NSRP-MRC IV model.
The results obtained indicate that there is a small tendency for lower precipitation extremes under future climate conditions compared to those of the reference period, as indicated by the means seen in
Figure 4.3. However, the uncertainty of the predictions is large compared to this tendency. The predictions obtained for the future period are more uncertain than those obtained for the reference period due
to the additional uncertainty induced by the ensemble climate predictions. However, the overall uncertainty is still dominated by the stochastic variability of extreme precipitation inducing the sampling
error in sewer system design.
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Figure 4.3: Observed and simulated annual maximum precipitation depths for different return periods and for
durations of 10 min (a), 1 h (b) and 24h (c). Simulated values are given for the reference period (1981-2010) and
for the future period (2036-2065). The squares represent the simulated mean precipitation depths over 100 realizations from the reference period and 1000 realizations from the future period based on the output of 10 GCMRCM model chains. The bars represent uncertainty intervals between the 10 and 90% quantiles.

4.3.2 Long-term precipitation-runoff simulations
Hydraulic upgrading of the sewer networks
Hydraulic deficits in the two sewer networks N1 and N2 are exclusively due to some individual sewer
pipes. Spatially wide-ranging backwater effects were not observed, which is due to the favourable
topography and the present generally large hydraulic capacity. Only few throttle and pumping capacities were adapted in the case of the QG and Boom scenarios. In alternative A2, the diameters of 3.8%
and 8.6% of the total sewer pipe length (including separate sanitary wastewater pipes) were increased
in N1 and N2 respectively. The changes in pipe diameter before and after the adaptation of both N1
and N2 are illustrated by Figure A.2 in the Appendix. The goal of the network adaptions was to improve the systems only as much as necessary to fit the design criterion. As can be seen by comparing
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Figure 4.6 (a) with Figure 4.6 (b), the system performance was improved substantially, also at noncritical manholes. The adaptations of some individual diameters have spatially wide-ranging effects,
with a corresponding strong effect on the overall performance.
Alternative A3, without green roofs, implies that the capacities of 4.9% of the total network length of
N1 need to be increased, compared with 3.8% in alternative A2 (see also Figure SM.C.11 in Supplementary Material C (SM.C)).

System performance
In general, N2 is more sensitive to extreme precipitation than N1. Nevertheless, similar trends regarding flooding influenced by different precipitation data and urban development can be seen in both
networks. Therefore only the results obtained for N1 are presented. Corresponding illustrations for N2
are given in the Appendix of Chapter 4 and in SM.C. The same applies to the results from N3 serving
as a control network, for which only simulations of the current state were performed.
To quantify the overall system performance, two variables were used:
(i)

The percentage 𝑋 of manholes with more than the acceptable 𝑛𝑚𝑎𝑥 = 3 flooding events, i.e.
events with water levels above the critical reference water level during the simulation period.

(ii)

The total water volume 𝑌 discharged to the ground surface during the simulation period.

To indicate the precipitation data used to compute these variables, we use the following indices: 𝑜
(observed precipitation series), 𝑠𝑟 (ensemble of stochastic precipitation series, reference period) and
𝑠𝑟 (ensemble of stochastic precipitation series, future period).
(a)

The influence of stochastic variability in precipitation extremes and climate model uncertain-

ty: Figure 4.4 (a) shows the percentages 𝑋𝑜 , 𝑋𝑠𝑟 and 𝑋𝑠𝑓 of manholes with more than the accepted
𝑛𝑚𝑎𝑥 = 3 flooding events for network N1 during the simulation period over all considered scenarios
and alternative A1 and A2. In the current state of N1 (alternative A1, Status Quo), for instance, the
percentage 𝑋𝑜 is 1.4%. This is smaller than the means obtained with stochastic precipitation which
apply to all scenarios and alternatives. A comparison of the results obtained with stochastic data from
the reference and future periods shows that the mean percentages 𝑋 of manholes with more than
𝑛𝑚𝑎𝑥 = 3 flooding events are slightly smaller under the future climate conditions.
Figure 4.4 (b) shows the total water volumes 𝑌𝑜 , 𝑌𝑠𝑟 and 𝑌𝑠𝑓 potentially overflowing from the manholes. Here, the water volume 𝑌𝑜 is larger than the mean volumes obtained with stochastic precipitation. A comparison of the results from simulations with stochastic precipitation shows that the total
overflowed water volumes are on average smaller under the future climate conditions. Hence, the ten100
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dency to lower precipitation extremes on average in the future which can be seen in Figure 4.3 is reflected in the overall mean system performance of the sewer networks with regard to the percentage 𝑋
and volume 𝑌.
The variability in stochastic precipitation extremes, seen in Figure 4.3, is reflected in the 10-90%
quantiles of the percentages 𝑋𝑠𝑟 and 𝑋𝑠𝑓 in Figure 4.4 (a).Due to the additional uncertainty of the climate predictions during the future period, the standard deviations 𝜎̂𝑋𝑠𝑓 of 𝑋𝑠𝑓 are in most cases slightly
larger than the standard deviations 𝜎̂𝑋𝑠𝑟 of 𝑋𝑠𝑟 (e.g. in the current state (alternative A1, scenario SQ):
𝜎̂𝑋𝑠𝑓 = 2.1, 𝜎̂𝑋𝑠𝑟 = 2.0) though vice versa for the water volumes 𝑌𝑠𝑟 and 𝑌𝑠𝑓 (Figure 4.4 (b)).
Corresponding figures showing results from networks N2 and N3 can be found in Appendix A (N2:
Figure A.3, N3: Figure A.4 ).
Figure 4.5 shows the cumulative probability distributions of 𝑋𝑠𝑟 and 𝑋𝑠𝑓 for scenario SQ and alternatives A1 and A2. These distributions illustrate the full range of performance variability under the current and future climate conditions. In the current system configuration (A1), 𝑋𝑠𝑟 varies across a range
from zero to 10.0% and 𝑋𝑠𝑓 across a range from zero to 12.7%. These ranges are only slightly reduced
after the hydraulic adaptation of the network (A2), but with a substantially higher probability that the
percentages are zero. However, the figures clearly indicate that despite the hydraulic adaptations there
is still a substantial probability that the system will perform worse than defined by the design criterion.
In the case of scenario SQ, for instance, this probability is approximately 50%, with only minor differences between the reference and future periods. Figures corresponding to Figure 4.5 for all networks,
scenarios and alternatives A1 and A2 are given in SM.C (Figure SM.C.8, SM.C.13 and SM.C.16).
b)

The influence of urban development (scenarios): Figure 4.4 also allows us to compare system

performance across scenarios. The relative performance of the sewer network becomes moderately
worse with increasing population growth rates (SQ < QG < Boom). For instance in the Boom scenario,
the percentage 𝑋𝑜 , and the mean percentages 𝜇̂ 𝑋𝑠𝑟 and 𝜇̂ 𝑋𝑠𝑓 increase from 1.4% to 2.1%, 2.1% to 3.3%
and 1.9% to 3.0% respectively compared to the status quo. The differences are more distinct for the
overloaded water volumes 𝑌, as can be seen in Figure 4.4 (b). This is also because individual manholes or branches are particularly overloaded under the additional runoff loads from new and densified
urban areas.
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Figure 4.4: Percentages 𝑋 of manholes with 𝑛 > 𝑛𝑚𝑎𝑥 = 3 flooding events (a) and total simulated water volume
𝑌 discharged on the surface (b) during the simulated period of 30 years. Results are given for network N1, for
alternative A1 and A2, all scenarios and three different sets of precipitation data: Observed precipitation (𝑋𝑜 , 𝑌𝑜 ,
red crosses), 100 realizations of stochastic precipitation series from the reference period (𝑋𝑠𝑟 , 𝑌𝑠𝑟 , black symbols
and uncertainty bars) and 100 realizations of stochastic precipitation series from the future period (𝑋𝑠𝑓 , 𝑌𝑠𝑓 , blue
symbols and uncertainty bars). The symbols represent mean values and the bars uncertainty bands corresponding
to 10-90% quantiles.
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Figure 4.5: Cumulative probabilitiy curves of the percentage 𝑋 of manholes with 𝑛 > 𝑛𝑚𝑎𝑥 = 3 flooding events
during the simulated period of 30 years. Results are given for network N1, scenario SQ, alternative A1 (a) and
alternative A2 (b) and three different sets of precipitation data: 100 realizations of stochastic precipitation series
from the reference period (𝑋𝑠𝑟 , black dots), 100 realizations of stochastic precipitation series under the future
period (𝑋𝑠𝑓 , blue dots) and observed precipitation (𝑋𝑜 , red dots).

(c)

System performance at individual manholes: To analyse the hydraulic performance at individ-

ual manholes, we considered two additional variables:
(i)

Number of flooding events 𝑁𝑖 , i.e. events with water levels above the critical reference water
level at manhole 𝑖 during the precipitation-runoff simulation period.

(ii)

Mean volume 𝑉𝑖 overflowed to the surface per flooding event at manhole 𝑖 during the precipitation-runoff simulation period.
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Again, these variables depend on different sets of observed and stochastic precipitation data, as indicated by the indices 𝑜 (observed precipitation series), 𝑠𝑟 (ensemble of stochastic precipitation series,
reference period) and 𝑠𝑟 (ensemble of stochastic precipitation series, future period). Figure 4.6 (a)
shows the number of flooding events 𝑁𝑖,𝑜 , 𝑁𝑖,𝑠𝑟 and 𝑁𝑖,𝑠𝑓 sorted for the highest 𝑁𝑖,𝑜 , i.e. the most critical manholes of network N1 in the status quo. The uncertainty bands illustrate the variability of hydraulic performance at individual manholes if an ensemble of stochastic precipitation series are used.
This variability may be as large as that corresponding to standard deviations of 𝜎̂𝑁𝑖,𝑠𝑟 ≤ 2.5 and
𝜎̂𝑁𝑖,𝑠𝑓 ≤ 3.1 in the reference and future periods respectively. The corresponding mean volumes spilled
per flooding event, 𝑉𝑖,𝑜 , 𝑉𝑖,𝑠𝑟 and 𝑉𝑖,𝑠𝑓 , are shown in Figure 4.7 (a). 𝑉𝑖,𝑠𝑟 and 𝑉𝑖,𝑠𝑓 have standard deviations of 𝜎̂𝑉𝑖,𝑠𝑟 ≤ 245 m3 and 𝜎̂𝑉𝑖,𝑠𝑓 ≤ 318 m3 in the reference and future periods respectively. The
magnitude and variability of the number of flooding events and spilled water volumes are reduced in
A2; see Figure 4.6 (b) and Figure 4.7 (b). This is particularly the case for the manholes with 𝑁 >
𝑛𝑚𝑎𝑥 = 3 flooding events in the status quo which triggered the increase of pipe diameters. A comparison of Figure 4.6 with Figure 4.7 shows that the mean spilled volume 𝑉 at a manhole correlates with
the number of flooding events 𝑁.
(d)

Additional results: Figures representing results corresponding to those shown in Figure 4.6

and Figure 4.7 for all networks, scenarios and alternatives A1 and A2 can be found in SM.C (Figure
SM.C.9, 10, 14, 15, 17, 18). A comparison between the overall performance of alternatives A2 and A3
in the design case of N1 can also be found there (Figure SM.C.12). The results obtained show that the
overall performance of alternative A3 is only slightly worse than that of A2.
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Figure 4.6: Number of flooding events 𝑁 at the most critical manholes under the Status Quo scenario. Results are
given for network N1, alternative A1 (a) and A2 (b) and three different sets of precipitation data: Observed precipitation (𝑁𝑜 , red lines), 100 realizations of stochastic precipitation series from the reference period (𝑁𝑠𝑟 , black
lines and gray uncertainty bands) and 100 realizations of stochastic precipitation series from the future period
(𝑁𝑠𝑓 , blue lines and uncertainty bands indicated by the dashed blue lines). The black and blue lines represent
mean values and the uncertainty bands 10-90 % quantiles. The dotted horizontal orange line marks the maximum
accepted number of three flooding events during the simulation period.

105

Importance of anthropogenic climate impact, sampling error and urban development in sewer system
design
__________________________________________________________________________________

Figure 4.7: Simulated mean water volumes 𝑉 discharged on the surface per flooding event at the most
critical manholes during the simulation period. Results are given for network N1, the SQ scenario,
alternative A1 (a) and A2 (b) and three different sets of precipitation data: Observed precipitation (𝑉𝑜 ,
red lines), 100 realizations of stochastic precipitation from the reference period (𝑉𝑠𝑟 , black lines and
gray uncertainty bands) and 100 realizations of stochastic precipitation from the future period (𝑉𝑠𝑓 ,
blue lines and uncertainty bands indicated by the dashed blue lines). The black and blue lines represent
mean values and the uncertainty bands 10-90 % quantiles.

4.4 Discussion
4.4.1 Downscaling
We used a combination of the NSRP and MRC IV model to downscale the climate model predictions.
Of all the tested approaches, this was the most appropriate for reproducing the relevant measured precipitation patterns, especially the extremes, in our case study area. This model combination includes
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the MRC with the most distinct dependency on aggregation scale and precipitation intensity. This underlines the importance of considering precipitation intensity and scale invariance in the stochastic
disaggregation of precipitation, as previously demonstrated by Paschalis et al. (2014), Rupp et al.
(2009) and Serinaldi (2010). Further research will show if this result can be generalized.

4.4.2 Uncertainties
Climate model and sampling uncertainty
The goal of this study was to quantify how anthropogenic climate impact, sampling error and scenario
uncertainty affect the assessment of sewer system performance. The assessment of anthropogenic climate impact required the use of climate model predictions which also involve climate model uncertainty.
The results of precipitation-runoff simulations show that the stochastic variability of extreme precipitation and hence the sampling has a substantial impact on the predicted performance of urban drainage. The hydraulic performance of all three considered sewer networks is associated with considerable
uncertainty. This relates both to the overall system performance as well as to the performance at individual manholes and underlines the difficulty to make good projections of fulfilment of a service level
based on a short observation period of precipitation. The uncertainty in the predictions, attributed
mainly to the sampling, is large compared to the climate signal induced by anthropogenic forcing. Our
results indicate that both the expected number of flooding events and, more distinctly, the expected
damage potential of flooding might even decrease slightly on average for Switzerland over the next
40-50 years. This may be different for other locations and other time horizons. Thus Arnbjerg-Nielsen
(2012) estimated that precipitation across a wide range of durations with return periods of 10 years
will on average increase by a factor of 1.3 in Denmark within the next 100 years. As a consequence,
this factor is recommended to be used to scale the observed precipitation to account for climate change
in urban drainage design in Denmark (Arnbjerg-Nielsen, 2008). However, this approach neglects the
epistemic uncertainty associated with extreme precipitation properties, which we found to be in the
same order of magnitude as the factor 1.3.
Our results show that the climate model uncertainty is small compared to the sampling uncertainty.
However, we probably underestimated the climate model uncertainty due to the equal weight assigned
to the output of the ten climate model chains. This assumes that the different model chains are independent. However, this is very likely not to be entirely correct, considering that the ten model chains
are driven by only four different GCMs (see Table 4.1). Moreover, individual model aspects such as
process understanding and parameterization schemes might overlap between the models. A more realistic quantification of this uncertainty in future studies may be achieved by weighting the model chains
differently according to their interdependencies, as demonstrated by Fatichi et al. (2013) and Sunyer et
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al. (2013). Such advancement are the more relevant the larger the considered time horizons as climate
model uncertainty increases with longer lead times (Prein et al., 2011, Hawkins and Sutton, 2011).
Moreover, the aleatory uncertainty of climate variability is supposedly not fully covered as internal
climate variability is not explicitly considered on an inter-annual scale and beyond. This is because the
Poison-cluster model is only parameterized on a monthly basis to reflect monthly variability. Larger
scale internal variability may be significant as shown by Willems (2013) and Gregersen et al.(2015)
who identified multi-decadal oscillations in precipitation extremes. Advances in reflecting internal
climate variability by the NSRP model at least on an inter-annual scale has made by Fatichi et al.
(2011). Spending efforts on better reflecting internal-climate variability in future studies may be worth
in particular when time horizons of few decades are considered. In this case, the contribution of natural variations imposed on anthropogenic impacts and their uncertain prediction will still be significant
(Cox and Stephenson, 2007, Hawkins and Sutton, 2011).
For a typical planning horizon of 40 years the results show that for our case study in Switzerland the
anthropogenic climate impact is hardly identifiable. The uncertainty of its prediction is clearly overwhelmed by the sample uncertainty. This is even more pronounced if strong variations in potential
urban development are considered. Due to the longevity of sewer pipes it can be relevant to consider
time horizons that go beyond 40 years. If longer time horizons need to be considered, one has to expect a larger importance of climate scenario and model uncertainty and a clearly more pronounced
anthropogenic climate change signal (Hawkins and Sutton, 2011, Prein et al. 2011).
There is no proof that an ensemble of stochastically downscaled precipitation series reflects current
and future properties of extreme precipitation. However, this is not an argument in favour of ignoring
the value of this approach as state-of-the-art quantification of climate uncertainty except for the mentioned shortcomings. There is still a lack of understanding of the physical processes affecting highresolution precipitation extremes. Additionally, the ‘short’ high-resolution historical precipitation series is effectively the problem that hinders the quantification of low-frequency properties of precipitation. Even though this uncertainty is of epistemic nature it cannot be significantly reduced within relevant time periods. We must consequently rely on the principal methodology applied here if we wish to
consider the vital input uncertainties in urban drainage design.

Scenario uncertainty
The performance of the drainage systems varies across the considered scenarios. However, this variation is less pronounced than that associated to the precipitation input data. This shows that the considered systems are relatively robust against increasing urbanization, for the following reasons:
(i)

108

Excess hydraulic capacity is often available as a consequence of conservative design habits.

Importance of anthropogenic climate impact, sampling error and urban development in sewer system
design
__________________________________________________________________________________
(ii)

Favourable topography avoids spatially wide-ranging backwater effects. This allows the system to be easily upgraded by eliminating individual hydraulic bottlenecks.

(iii)

Dense networks of potential receiving water bodies to which stormwater from new urban areas can be drained independently from existing drainage systems.

These are case-specific factors, but they are by no means uniquely valid for our case study area. As a
consequence, the importance of scenario uncertainty affecting urban development cannot be generalized. Nevertheless, the result underlines the importance of planning scenarios in every individual case
in order to test the robustness of the systems under different socio-economic futures.

4.4.3 Outlook
The results underline the importance of considering different sources of uncertainties connected to the
precipitation data and applying scenario planning to urban drainage design – fully acknowledging that
a design practice relying on stochastic climate variables is expensive. Beside the mentioned possible
advances in (i) quantifying climate model uncertainty and (ii) internal climate variability as well as
(iii) by extending the time horizon, further steps should be undertaken to consolidate the role of different uncertainties:


Analysis of precipitation measured at other weather stations in order to generalize the results.



Investigation of the influence of precipitation measuring errors, spatial variability of precipitation and the structural uncertainty of the runoff-precipitation models.



Improvements in precipitation-runoff modelling, such as including 2D-surface runoff models to
quantify the effects of flooding in a more realistic way.

The following aspects would be interesting to investigate to set the importance of the explored uncertainty in sewer system design into a broader perspective within urban drainage planning:


Sewer rehabilitation depends on other factors than hydraulic deficits such as poor physical pipe
condition, coordinated rehabilitation planning involving other infrastructure than sewers, budget
restraints, etc. These factors may give both restrictions and opportunities for system adaptions to
be investigated.



Consideration of a broad range of adaption options in the planning process embedded in a broad
city planning framework in order to enhance system performance and/ or reduce costs.



Consideration of socio-economic and ecological aspects in order to assure sustainable urban
drainage planning.
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Our results show that the explicit and specific consideration of uncertainty in urban drainage design is
possible and feasible. Practitioners should be trained to conduct hydraulic analysis and decisionmaking in the absence of precise information. This process can be facilitated by providing the relevant
(stochastic) precipitation data, e.g. on a national basis. Existing runoff-precipitation simulation packages could be extended by modules promoting ‘stochastic’ LTS. The result would be a more careful
and specific consideration of the risk and costs of urban drainage design.

4.5 Conclusions


The combination of the Neyman Scott Rectangular Pulses model and an advanced multiplicative
random cascade model (MRC IV) for downscaling was able to reproduce important precipitation properties, including extreme events.



Precipitation intensity and scale invariance are important features to be accounted for in the
(stochastic) disaggregation of precipitation.



The stochastic variability of precipitation extremes and the involved sampling error play a dominant role in the assessment of sewer system performance with regard to flooding, which should
therefore be considered. Climate model uncertainty seems less important at least for a time horizon of 40 years, although it was underestimated in our procedure.



We generally expect small anthropogenic climate change signal-to-noise ratios within the next
40 years.



The importance of the socio-economic scenario uncertainty depends very much on the hydraulic
characteristics of the system, its flexibility, the topography of the catchment, etc. If these conditions are favourable, as in the cases used in this study, the socio-economic scenario uncertainty
may be less important than the uncertainty associated with the precipitation data.



The safety needs of stakeholders should be considered in order to legitimize the expenses associated with specifically including uncertainty in urban drainage design.



Data from other locations, longer time horizons as well as other relevant sources of uncertainty
should be analyzed in order to obtain a solid knowledge base for reasonably adapting existing
design guidelines.
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Appendix A. Figures

Figure A.1: Precipitation statistics observed at the weather station (filled symbols) and reproduced by the NSRPMRC IV model (unfilled symbols connected with lines) for the reference period over timescales of 10 min, 1.0 h
and 24 h: (a) Mean precipitation depth, (b) standard deviation, (c) skewness and (d) lag-one autocorrelation of
the precipitation depth and (e) probability of zero precipitation. These statistics were used to calibrate the NSRP
model.
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Figure A.2: Inner pipe diameters of replaced pipes of networks N1 and N2 before (circles) and after the adaptation (dots).
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Figure A.3: Percentages 𝑋 of manholes with 𝑛 > 𝑛𝑚𝑎𝑥 = 3 flooding events (a) and total simulated water volume
𝑌 discharged on the surface (b) during the simulated period of 30 years. Results are given for network N2, for
alternative A1 and A2, all scenarios and three different sets of precipitation data: Observed precipitation (𝑋𝑜 , 𝑌𝑜 ,
red crosses), 100 realizations of stochastic precipitation series from the reference period (𝑋𝑠𝑟 , 𝑌𝑠𝑟 , black symbols
and uncertainty bars) and 100 realizations of stochastic precipitation series from the future period (𝑋𝑠𝑓 , 𝑌𝑠𝑓 , blue
symbols and uncertainty bars). The symbols represent mean values and the bars uncertainty bands corresponding
to 10-90% quantiles.

Figure A.4: Percentages 𝑋 of manholes with 𝑛 > 𝑛𝑚𝑎𝑥 = 3 flooding events (a) and total simulated water volume
𝑌 discharged on the surface (b) during the simulated period of 30 years. Results are given for network N3 in the
current state and three different sets of precipitation data: Observed precipitation (𝑋𝑜 , 𝑌𝑜 , red crosses), 100 realizations of stochastic precipitation series from the reference period (𝑋𝑠𝑟 , 𝑌𝑠𝑟 , black symbols and uncertainty bars)
and 100 realizations of stochastic precipitation series from the future period (𝑋𝑠𝑓 , 𝑌𝑠𝑓 , blue symbols and uncertainty bars). The symbols represent mean values and the bars uncertainty bands corresponding to 10-90% quantiles.
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Abstract

Strategic sewer asset management is a complex multi-criteria decision process, involv-

ing a wide range of tools and methodologies. The aim is to apply all the necessary methodologies on
two small-town case studies addressing a wide range of challenging aspects. Specific focus was given
to uncertainties associated with scenarios, deterioration model parameters, precipitation data and the
variance in preferences across multiple stakeholders. Stochastic downscaling of precipitation from
climate models was applied, providing the relevant input needed for adequately adapting sewer networks under future climatic conditions. Bayesian inference for estimating sewer deterioration model
parameters was applied to overcome data limitations and identifiability problems. Multi-criteria decision analysis and scenario planning were conducted to analyze the robustness of various rehabilitation
strategies in accordance with the preferences of stakeholders and under different socio-economic futures. For the investigated cases, the most extensive rehabilitation strategies turned out to be the most
robust strategies. Rehabilitation is usually triggered by the structural deterioration of sewers. However,
additionally relevant expenses may arise from hydraulic considerations, raising also the challenging
issue of the timely realization of hydraulically relevant rehabilitation. Methodological deficits were
identified in the MCDA framework applied. These are mostly related to the challenging task of
providing comprehensible information to stakeholders based on outputs from engineering models.

Keywords: Sewer asset management, sewer rehabilitation planning, sewer deterioration modelling,
climate change , sampling uncertainty, multi-criteria decision analysis

Nomenclature
𝑎

Unit for year, attribute of the multi-criteria decision analysis (MCDA)

𝑡

Pipe age
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𝜏𝑘
𝑖 = 1,2,3
𝑐𝑘𝜏
𝐶(𝑡)

Index of condition states (1=best, 2=medium, 3=worst)
Condition state (CS) of pipe 𝑘 observed at its age 𝜏
Condition state of a pipe at its age 𝑡

𝑇𝑖

(Random) pipe age at the transition from CS 𝑖 to CS 𝑖 + 1

𝑡𝑖

Realization of 𝑇𝑖

𝑆𝑖 (t)
𝛉
𝛼, 𝛽, 𝜇
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Age of pipe 𝑘 at the last available inspection

Survival function, probability that a pipe of age 𝑡 is in CS 𝑖 or better
Parameter vector of the likelihood functions 𝐿(𝛉)
Sewer deterioration model parameters included in 𝛉

𝑁

Number of pipes of a sewer network with condition records used for model
parameter inference

𝐼

Parameter or intensity of a general structural rehabilitation strategy (GSRS);
see Table 5.3.

𝑚

Number of ENSEMBLE climate model chains

𝑧

Number of realizations of (stochastic) precipitation series

𝑙

Length of a precipitation series in years

𝑘

Index used for pipes, number of events at which a manhole cover is exceeded.

𝑟

Rate of events at which water exceeds a manhole cover

𝜆

Parameter of a Poisson process

𝑤

Weight used in the MCDA

𝑣

Value described by the MCDA
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𝑗

Index used for objectives

𝑠

Index used for stakeholders

5.1 Introduction
5.1.1 Strategic sewer asset management
Far-sighted strategic management of costly sewer infrastructures are receiving increasing attention due
to increasing rehabilitation demand (Maurer and Herlyn, 2006) and the high relevance of efficient and
effective reinvestments (Alegre et al., 2013; Cardoso et al., 2012; Saegrov, 2005). Beside costs, strategic sewer asset management (SSAM) usually involves a wide range of objectives (Lienert et al.,
2014). Many of these objectives are associated with the physical condition of the sewer pipes: Health
and environmental hazards may emerge due to leaking pipes (Rutsch et al., 2008) and flooding and
other hazards due to collapsing and malfunctioning pipes (Saegrov, 2005). As the goal of sewer systems is to drain settlements even under heavy storms, appropriate hydraulic design and rehabilitation
is crucial. Sewer system design practice has been questioned and extended in the last decade due to the
anthropogenic impact on the climate system affecting precipitation properties relevant for urban drainage design (Arnbjerg-Nielsen, 2012; Spildevandskomiteen, 2005). The multiple, competing objectives
of sewer asset management, including sustainability, has raised the demand for decision support tools
to identify suitable rehabilitation strategies (Alegre et al., 2013; Ashley et al., 2008; Selvakumar and
Tafuri, 2012). However, they often still ignore stakeholder preferences (Scholten et al., 2014).
Implementation of SSAM approaches is still limited as it lack standardization and suffers from various
methodological deficits. These aspects are even more distinct if SSAM is applied in small and medium-sized utilities (Alegre, 2010).

5.1.2 Sewer deterioration modelling
As sewer rehabilitation is often triggered by pipe deterioration, sewer deterioration models are needed
in SSAM to predict future sewer conditions. Obtaining reliable predictions of sewer conditions is challenging due to various factors influencing pipe deterioration (Ana et al., 2009, Müller, 2002) and the
limited ability to identify them from the available data (Ana and Bauwens, 2010; Egger et al., 2013;
Scheidegger et al., 2011; Scheidegger and Maurer, 2012). Factors limiting the informational content of
condition data representing sewer networks in rural areas are typically (i) small sample sizes and (ii)
limited representativeness as the systems are still of low age. Limited model identifiability can generally be overcome by means of Bayesian inference as demonstrated by Egger et al. (2013).
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5.1.3 Hydraulic sewer system design
Hydraulic sewer design is strongly influenced by the uncertainties associated with the applied precipitation data input, which stem from sampling uncertainty due to short observation periods, climate variability and its prediction by climate models (Knutti, 2008). In Egger and Maurer (2015) we identified
sampling uncertainty as the dominating source of uncertainty affecting urban drainage design for the
Swiss case studies investigated and the 40-year horizon considered. Sampling uncertainty outweighed
other input uncertainties associated with urban development and climate model uncertainty as well as
the anthropogenic climate change signal. The applied approach of using stochastic precipitation in
sewer design data allows for a more careful and specific consideration of risks in urban drainage.

5.1.4 Decision making framework
Various decision support techniques have been applied in SSAM though often neglecting stakeholder
preferences; see Carriço et al. (2012) for an exceptional application of multi-criteria decision analysis
(MCDA). Considering stakeholder preferences in SSAM is, however, relevant as decisions are influenced by multiple stakeholders (Keeney, 1982; Lienert et al., 2013). Scholten et al. (2014) and
Schuwirth et al. (2012) advocate abstaining from using MCDA of the outranking family (Roy, 1991)
as done by Carriço et al. (2012). Instead they recommend MCDA based on multi-attribute value and
utility theory (MAVT/ MAUT). Their rationale in favoring MAVT/ MAUT is outlined in Schuwirth et
al. (2012) and condensed by Scholten et al. (2014), attributing the amenities of MAVT/ MAUT to
their “(i) foundation on axioms of rational choice, (ii) explicit handling of prediction uncertainty and
stakeholder risk attitudes, (iii) ability to process many alternatives without increased elicitation effort
and (iv) possibility to include new alternatives at any stage of the decision procedure.”

5.1.5 Socio-economic uncertainty
Due to the longevity of sewer networks and their sensitivity to changes in urban catchment properties,
SSAM is challenged by the uncertainty of future urban development triggered by socio-economic factors. Scenario planning has been proposed and applied in water infrastructure planning, e.g. by
Dominguez et al. (2011), Scholten et al. (2014), Störmer et al. (2008) to handle this kind of ‘deep’
uncertainty, which is not quantifiable in probabilistic terms (Walker et al., 2003). Scenarios provide
quantitative descriptions of plausible futures allowing us to systematically explore the future without
attempting to predict the likelihood of its realization (Schnaars, 1987). In SSAM, scenarios allow us to
assess the robustness17 of rehabilitation strategies under different plausible futures.

17

In the context of this article, a robust planning alternative is defined as being well-performing, efficient and
little sensitive to (uncertain) external forcing, though not necessarily optimally performing under certain, possible conditions.
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5.1.6 Goals and framework
Our goal is to explore the possibilities of combining cutting edge modeling tools to improve SSAM.
Our applied approach for assessing rehabilitation strategies integrates sewer deterioration, stochastic
precipitation and hydraulic modeling into an MCDA and scenario planning framework. We explore
the outcome of using expensive methodologies to fully exploit the available information in two small
real case applications. At the same time we gain insight into the importance of factors influencing
SSAM. Specifically, we aim to answer the following questions:


Which are the best rehabilitation strategies considering given stakeholders preferences and how
robust are they under different scenarios?



What are the main drivers affecting rehabilitation planning such as (i) uncertainties associated
with (future) precipitation data, (ii) uncertainties of predicted sewer conditions, (iii) hydraulic
versus structural deficits of sewers and (iv) certain stakeholder preferences?



What are the potentials and shortcomings of the methods involved? Is it worth all the effort?

We apply SSAM for different socio-economic scenarios using MCDA for decision support. To assure
a high level of transparency we consequently propagate vital uncertainties through the whole decision
process. Specifically, we consider uncertainties associated with (i) scenarios, (ii) the random pipe deterioration, (iii) deterioration model parameters, (iv) different aspects related to the precipitation data
affecting hydraulic design and rehabilitation, (v) the conversion of deterioration model outputs to attributes applied in the MCDA and (vi) the variance in preferences across multiple stakeholders.

5.2 Material and methods
5.2.1 Future socio-economic scenarios
We considered two real sewer networks (N1 and N2) of two municipalities (M1 and M2) as cases for
this study. Four future socio-economic scenarios have been elaborated as part of a comprehensive
urban water infrastructure project in the area including M1 and M2: Status quo (SQ, no change), Qualitative growth (QG), Boom (massive growth) and Doom (decline). Details on the scenarios and their
development are given in Lienert et al. (2014) and specific information is also given in Table A.1 in
Appendix A.
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5.2.2 Sewer networks and condition data
Current sewer networks and urban areas
We exclusively considered the publicly owned parts of the networks N1 and N2. Key features of these
networks are given in Table 5.1. Existing networks and urban areas are illustrated by Figure SM.D.1 in
Supplementary Material D (SM.D).
The condition of the pipes is described by an ordinal rating system with five condition states (CS). The
condition rating relies on closed circuit television (CCTV) surveys and the coding system specified in
VSA (2007) which is based on DIN EN 752 (2008). We aggregated pipes in the two best and two
worst CS to the best CS 1 and the worst CS 3, respectively. This was done (i) to minimize the stratification of scarce data, and (ii) due to the intricate prior elicitation of deterioration parameters from experts (Egger et al., 2013; Scholten et al., 2013), which becomes more demanding as more condition
states are considered.
Only subsets of the pipes have age and CS data required as input for estimating the parameters of the
deterioration model; see Table 5.1 for details. We assumed that these subsets are representative for the
whole populations. We used exclusively condition data from observations done before any rehabilitation measures were realized. We thus avoid a bias in the estimated physical sewer lifespans which
would otherwise arise due to the positive effect of rehabilitation on pipe conditions (Scheidegger et al.,
2011).
We also applied the predictions of future pipe conditions to those pipes of which no observed CS was
available, assuming that these pipes were in the best CS 1 at the time of their construction. To predict
the costs and therefore the outcome of a rehabilitation strategy (RS), knowledge of the pipe laying
depth is also needed (see Section 5.2.8). Laying depths were not available for all public sanitary sewer
pipes (which are partly not included in the hydraulic models). Therefore, only (assumed representative) subsets of the sewer networks were used in predictions of rehabilitation outcomes; see Table 5.1
for details. We consequently extrapolated the rehabilitation costs using factors corresponding to the
ratios between the complete network length and the network length included in the predictions.
Figure 5.1 shows distributions of pipe ages and condition states of the pipes used for the parameter
estimation of the deterioration model. The figure also reveals that most pipes are fairly young, typical
for smaller communities.
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Table 5.1: Key features of the sewer networks N1 and N2 in their current state and percentages of the network
length represented in the data for sewer deterioration model parameter inference and in the predictions of rehabilitation outcomes.

Number of inhabitants

Total impervious area (103
m2)

Total public
sewer network length*)
(km)

Percentage of the
network length
represented in the
inference (%)

Percentage of the
network length
represented in the
predictions (%)

N1

3461

376

21.4

84.4

84.8

N2

7997

485

36.9

77.9

73.5

Network

*)

Pump lines are excluded

Figure 5.1: (a) Distribution of pipe ages of the sewer networks N1 and N2 at the time when the pipes were inspected. The dots represent mean pipe ages and the bars range between the 10- and 90% quantiles. (b) Distribution of the number of pipes in CS 1-3 from the subset of pipes represented in the data used for inference of deterioration parameters.

Future networks and urban areas
In two of the socio-economic scenario (SQ and Doom), the networks remain unchanged (see Table A1
for details). The QG and Boom scenarios affect population growth and network expansion of the two
municipalities (labeled M1 and M2). Details are given in Table 5.2. Illustrations of network extensions
and urban areas can be found in SM.D (Figure SM.D.1 and SM.D.2).
The scenario QG only considers network extensions within existing building zones. We followed and
extrapolated the existing strategies of the municipalities for draining new development areas within
existing building zones. These strategies define the type of system (combined or separate system) and
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the connection points to existing drainage systems or receiving waters. We manually designed realistic
sewer pipes (combined, storm and sanitary) for areas exceeding a single property.
In the Boom scenario, the same network extensions are assumed as in the QG scenario. Additionally,
some existing areas are renovated and densified. This densification was assumed not to affect the topology of the current networks. With further increasing population, new building zones including corresponding sewers are developed. These areas are drained by new separate systems which do not interact with existing systems. The possibility of draining stormwater from these areas independently of
existing systems is favoured by the hilly topology and by the dense network of potential receiving
waters. Stormwater sewer networks were generated by means of the model developed by Urich et al.
(2010) and designed according to the design principle D1 (see Section 5.2.5) and by the approach outlined in Section 5.2.9. The topologies of the sanitary sewer systems were not modelled as their hydraulic performance is not directly considered. Instead we approximated quantities of sanitary assets from
the generated stormwater system. We assumed the same topology but modified the laying depth and
the inner pipe diameters. This approach was based on statistical relationships derived from real separate systems describing ratios of the relevant properties between the sanitary and stormwater systems.
Table 5.2: Key features of the sewer networks N1 and N2 at the end of the planning horizon in 2050 under the
four scenarios considered.

scenario

Number of inhabitants

Total impervious area
(103 m2)

Total public sewer
network length*) (km)

N1

Status Quo

3461

376

21.4

N1

Qualitative growth

4565

448

24.0

N1

Boom

N1

Doom

10841
3295

792
376

48.3
21.4

N2

Status Quo

7997

485

36.9

N2

Qualitative growth

9890

564

39.6

N2

Boom

80166

3192

N2

Doom

7612

485

193.7
36.9

Network

*)

Pump lines are excluded

5.2.3 Sewer deterioration model
We use the statistical deterioration model described in Egger et al. (2013), providing a probabilistic
description of pipe deterioration identifiable under limited information availability. The model describes the probability 𝑃(𝐶(𝑡) = 𝑖|𝛉) that a pipe is in condition state 𝐶(𝑡) = 𝑖, 𝑖 = 1,2,3 given the
model parameters 𝛉. Statistical inference of the model parameters relies on the available data, which is
the CS 𝑐𝑘𝜏 of pipe 𝑘 observed at its age 𝜏. For each pipe, only one observation is available. Conse-
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quently, we use the following likelihood function for inferences with data from 𝑘 = 1, … , 𝑁 pipes
assuming that each pipe 𝑘 deteriorates independently of others:

N

L(θ)   P(C ( k )  ck | θ)

(1)

k 1

The probability 𝑃(𝐶(𝜏𝑘 ) = 𝑐𝑘𝜏 |𝛉) is derived by integrating the joint probability density 𝑝(𝑡1 , 𝑡2 |𝛉) of
the random ages 𝑇𝑖 , 𝑖 = 1,2 at which transition to a worse CS occur over adequate sets of transition
ages; see Egger et al. (2013) for details. We assume that 𝑇1 is Weibull distributed with the parameters
𝛼 and 𝛽:
 1

 t 
p1 (t1 )   1 
  



e (t1 /  )

(2)

We further assume that the time span 𝑇2 − 𝑇1 a pipe spends in CS 2 is independent of the pipe age and
is exponentially distributed. Given these assumptions, 𝑇2 for given 𝑡1 is also exponentially distributed
with the parameter 𝜇:

p 2 (t 2 | t1 ) 

1



e (( t t ) /  )
2

1

(3)

The model parameters 𝛉 = (𝛼, 𝛽, 𝜇)𝑇 are inferred by means of a Bayesian approach. Details of this
approach including a description of the prior parameter distribution and the applied technique for numerical inference are given in Egger et al. (2013). Once the model parameters are identified, the model
is used for predicting future sewer conditions needed for calculating the outcome of rehabilitation as
described in Section 5.2.8.

5.2.4 Precipitation data
Sewer system design relies on precipitation data representative for the location of the sewer system of
interest. We consider different hydraulic rehabilitation strategies (HRS) on the basis of different design principles as outlined in Section 5.2.5. These design principles involve either observed or stochastic high-resolution point precipitation data used as input for hydraulic long-term simulations (LTS).
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Observed precipitation data
The weather station in Wädenswil, Switzerland, is run by the Swiss Federal Office of Meteorology
and Climatology (MeteoSwiss) and includes a rain gauge (Precipitation Sensor 15188, Lambrecht,
Göttingen, Germany) with a time resolution of 10 minutes. The station is 10 km away from the investigated sewer networks N1 and N2. Data from this station was considered as most representative for
the locations of these networks due to the similarity of mean total annual precipitation depths and topography. Data from 1981 to 2010 was used in this study.

Stochastic precipitation data under future climatic conditions
We generated artificial precipitation series with 10 min resolution representing the weather station of
Wädenswil for the future period 2036-2065 under the A1B greenhouse gas emission scenario
(Nakicenovic and Swart, 2000). The selection of the emission scenario is in line with a comprehensive
case study framework for the long-term planning of urban water infrastructures (Lienert et al., 2014),
in which this study was embedded. We neglected the emission scenario uncertainty due to its low impact within the planning horizon considered (Hawkins and Sutton, 2011, Prein et al., 2011).
For generation of the data, the identical models and parameterizations were applied as described in
Egger and Maurer (2015) considering the same weather station, time horizons, emission scenario and
climate model ensemble output. To capture climate model uncertainty (Knutti, 2008, Räisänen, 2007),
climate projections from 𝑚 = 10 different combinations of global and regional climate models from
the ENSEMBLE project (van der Linden and Mitchell, 2009) were considered. Internal climate variability was, however, not addressed on an inter-annual scale and beyond. With the output of each of the
ten climate models, we generated 𝑧 = 10 precipitation series each with a length of 𝑙 = 30𝑎 and a temporal resolution of 10 min. Thus the total ensemble of 𝑚 ∙ 𝑧 = 100 precipitation series represents best
estimates of possible realizations of rainfall at the weather station considered in the period 2036-2065,
reflecting climate model and sampling uncertainty. We weight the 100 realizations equally, i.e. the
occurrence of each of the series is assumed to have the same likelihood. Details of the downscaling
methodology can be found in Egger and Maurer (2015).

5.2.5 Hydraulic design principles
We consider four different strategies for the hydraulic rehabilitation of the sewer networks referred to
as H1-H4 and detailed in Section 5.2.6. H1-H3 rely on the design principles for pipe sizing referred to
as D1-D3, outlined in the following sections.
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Design principle based on current design specifications
The design principle D3 represents current design practice as recommended by e.g. DWA (2006) and
Spildevandskomiteen (2005) and is derived from the specifications given in DWA (2006):


Water levels are accepted to exceed manhole covers with a frequency of once in ten years (or
with a maximum rate of 𝑟𝑚𝑎𝑥 = 0.1𝑎−1). We refer to these events as flooding events.



To verify the fulfilment of this criterion, an LTS is performed as detailed in Section 5.2.9 with a
representative precipitation series of at least 30 years. We consequently used the precipitation
series described in Section 5.2.4.



The exceeding rate 𝑟 at a manhole is estimated by dividing the calculated number of flooding
𝑘
𝑙

events 𝑘 by the length of the simulation period in years 𝑙, 𝑟̂ = . Thus given 𝑟𝑚𝑎𝑥 = 0.1𝑎−1 and
𝑙 = 30𝑎 the design criterion at a manhole is fulfilled if 𝑘 ≤ 𝑘𝑚𝑎𝑥 = 3.

Design principle based on stochastic precipitation series
The design principles D1 and D2 are extensions of D3 seeking to address the sampling error, future
climate conditions predicted for the period 2036-2065 as well as climate model uncertainty by using
the stochastic precipitation data. Underlying are the assumptions given in Appendix B.
Design principle D1: In order to reduce the sampling error, D1 involves “long” stochastic precipitation series instead of “short” 30-year observed series. (The importance of the sampling error as well as
its potential reduction by longer series is illustrated in Section 2 of SM.D.) Each of the ten climate
projections is then represented by one precipitation series with a length of 𝑙𝑙𝑜𝑛𝑔 = 300 𝑎. With each of
these series an LTS is performed (see Section 5.2.9 for details) to estimate the exceeding rate r̂i = 𝑙

𝑘𝑖
𝑙𝑜𝑛𝑔

for every manhole and climate model output 𝑖, 𝑖 = 1, … , 𝑚. The criterion of D1 is fulfilled if 𝑟̂ ≤
𝑟𝑚𝑎𝑥 = 0.1𝑎−1 applies at every manhole for at least nine out of the ten climate models (probability of
90%).
Design principle D2: D2 is based on the criterion that at most 𝑘𝑚𝑎𝑥 = 3 flooding events occur at every manhole within 30 years with a probability of at least 90%. For the calculations, we assume that the
inter-arrival times of flooding events are independent and that their random occurrence can be modelled by a homogeneous Poisson process with rate 𝑟. The probability 𝑃(𝑘|𝑖) that 𝑘 flooding events
occur within 𝑙 = 30 years under the climatic conditions predicted by climate model 𝑖 is given by:
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P(k | i )  e

i

i k

(4)

k!

where 𝜆𝑖 derives from the identical procedure as in D1 for the estimation of r̂i =
𝑙
ship 𝜆𝑖 = r̂i ∙ 𝑙 = 𝑙

𝑘𝑖
𝑙𝑜𝑛𝑔

𝑘𝑖
𝑙𝑜𝑛𝑔

and the relation-

∙ 𝑙. Consequently, we can derive the probability 𝑃(𝑘 ≤ 𝑘𝑚𝑎𝑥 |𝑖) that at most

𝑘𝑚𝑎𝑥 events occur given the output of climate model 𝑖 using the following equation:

P(k  k max | i)  e

i

kmax

i k

k 0

k!



(5)

As we assign equal probabilities to the climate projections of each climate model, we obtain the probability 𝑃(𝑘 ≤ 𝑘𝑚𝑎𝑥 ) unconditioned on the projection of a specific climate model by means of the following expression:

m

P(k  k max )   e
i 1

i

kmax

i k

k 0

k!



 m 1

(6)

The design criterion at a manhole is fulfilled if 𝑃(𝑘 ≤ 𝑘𝑚𝑎𝑥 ) ≥ 𝑃𝑚𝑖𝑛 = 0.9.

5.2.6 Hydraulic rehabilitation strategies
We consider four hydraulic rehabilitation strategies (HRS) denoted H1-H4 for the existing sewer networks. The HRS define the dimensions of the pipes and are combined with the structural rehabilitation
strategies introduced in Section 5.2.7. H1-H3 are fully defined by the design specifications D1-D3
respectively; see Section 5.2.5. H4 does not foresee any hydraulic upgrading of the existing sewer
systems and serves as a reference alternative. H1 turned out to be the design principle with the most
demanding hydraulic requirements (see Section 5.3.1 for details). Therefore, H1 was used to design all
network expansions as the extra costs involved by implementing the highest service level in new systems turned out to be negligible. The detailed design procedures used for existing and future network
extensions is outlined in Section 5.2.9.
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5.2.7 Structural rehabilitation strategies combined with HRS
We apply 20 different structural rehabilitation strategies (SRS), i.e. generic rules to cope with the
structural deficits of the pipes. Each of this SRS is combined with at least one HRS for existing sewers. They are based on simple rules given in Table 5.3, are time-invariant and are applied for the current and future networks. For the sake of simplicity, we exclusively consider pipe replacement as a
rehabilitation method. Only structural and hydraulic conditions may trigger rehabilitation, ignoring
other reasons such as coordination with other infrastructure sectors.
We grouped them in six general SRS (GSRS) S1 and S6 and further subdivided them by different parameters or intensities 𝐼𝑆3,…,𝑆6. The total ensemble of 20 SRS given in Table 5.3 implies rehabilitation
with a wide range of intensity, ranging from no rehabilitation at all to very extensive rehabilitation.
S1 does not foresee any rehabilitation and serves as a reference alternative. S2 requires pipe replacement only if a pipe collapses. Both are only combined with the reference HRS H4 (no hydraulic rehabilitation). S3-S6 are combined with H1, H3 and H4 (H2 led to very similar results as H1 and was
therefore ignored).
S5 and S6 are functions of given annual percentages of pipe lengths to be replaced and rehabilitation
budgets, respectively. These strategies do not foresee replacement of hydraulically non-critical pipes
in CS 1 until 2030. Therefore, it is possible that the given pipe length to be replaced in S5 and the
budget in S6 is not fully utilized. In this case, a ‘surplus’ of pipe length (S5) or a budget surplus (S6)
may arise over time, which may be used at a later point in time or not at all.
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Table 5.3: Structural rehabilitation strategies.
General structural rehabilitation strategy (GSRS)

Applied intensities. The numbers are given in order of
increasing intensity of rehabilitation.

S1

No rehabilitation

-

S2

Rehabilitation only if a pipe collapses

-

S3

S4

• Replacement of all pipes with age 𝐼𝑆3
1)
• Hydraulically critical pipes in CS >1
1)
• All remaining hydraulically critical pipes are replaced in 2030

𝐼𝑆3 ={60a, 80a, 100a}

𝐼𝑆4 ={20%, 10%, 5%, 1%}

Replacement according to the priority:
1)

1)
2)

Hydraulically critical pipes in CS >1
Replacement of as many pipes in CS 3 so that the percentage of
pipes in CS 3 is ≤𝐼𝑆4
1)
All remaining hydraulically critical pipes are replaced in 2030 . Generally,
pipes with large diameters are prioritized.
S5

Yearly replacement of 𝐼𝑆5 of the total network length with the priority:
1)

𝐼𝑆5 ={0.5%, 0.8%, 1.0%, 1.2%,
1.5%, 2.0%}

1) Hydraulically critical pipes in CS 3
1)
2) Hydraulically critical pipes in CS 2
3) Pipes in CS 3
4) Pipes in CS 2
From 2030 onwards, all hydraulically critical pipes have the highest priority
1).
independent of the CS No pipes are replaced which are in CS 1 (and are not
hydraulically critical). Generally, pipes with large diameters are prioritized.
S6

1)

Rehabilitation according to yearly investments corresponding to 𝐼𝑆6 of the
2)
reinvestment demand with the priority:
1)
1) Hydraulically critical pipes in CS 3
1)
2) Hydraulically critical pipes in CS 2
3) Pipes in CS 3
4) Pipes in CS 2
From 2030 onwards, all hydraulically critical pipes have the highest priority
1).
independent of the CS No pipes are replaced which are in CS 1 (and are not
hydraulically critical). Generally, pipes with large diameters are prioritized.

𝐼𝑆6 ={50%, 80%, 100%, 120%,
150%, 200%}

Applies only in combination with the hydraulic rehabilitation strategies H1 and H3.
The reinvestment demand is defined as the quotient of the current replacement value of the network and the mean sewer
lifespan, i.e. the age when a pipe enters CS 3. The mean sewer lifespan is derived from inference with the deterioration model
and condition data of the considered sewer network.
2)
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5.2.8 Rehabilitation model
The rehabilitation model is used to calculate the outcome of the rehabilitation strategies in terms of
costs and pipe condition states. The model is based strongly on the deterioration model introduced in
Section 5.2.3.

Prediction of pipe condition
The future CS 𝐶(𝑡) of a pipe at age 𝑡 > 𝜏 are forecasted on the basis of the observed CS 𝑐𝜏 (or on the
assumed CS 𝐶(𝑡 = 0) = 1 in the case of pipes with no available condition record), the deterioration
model and the inferred parameters 𝛉.
𝑃𝑖,𝑖+1 (𝑡|𝛉) is the probability that a pipe section in CS 𝑖 shifts to CS 𝑖 + 1 within the time step when
the pipe age shifts from 𝑡 to 𝑡 + ∆ for given parameters 𝛉. This probability can be approximated from
the survival functions 𝑆𝑖 (𝑡|𝛉), 𝑖 = 1,2 which can be found in Egger et al. (2013) for the distributional
assumptions for 𝑇𝑖 , 𝑖 = 1,2 expressed by Eqs. (2) and (3) (Scheidegger et al., 2011, Tableman et al.,
2003) (we discarded the parameter vector 𝛉):

 S1 (t )  S1 (t  )


S1 (t )
Pi ,i 1 (t )  
S 2 (t )  S 2 (t  )


 S 2 (t )  S1 (t )

,i  1
,i  2

(7)

The time step ∆ must be sufficiently small for the approximation to be valid, which we set to ∆= 0.1𝑎.
A realization of the forecasted CS 𝐶(𝑡 + ∆) of a pipe is obtained by taking a random sample from the
uniform probability distribution within [0,1]. A worse CS 𝑖 + 1 is assigned to the pipe if the sampled
value is ≤ 𝑃𝑖,𝑖+1 (𝑡).

Prediction of pipe collapses
S2 depends also on pipe collapse. To our knowledge, no model exists describing pipe collapse as a
function of CS. Ugarelli et al. (2009) reports 0.013 blockages (for whatever reason) per year and km
pipe length within a pipe cohort class similar to the majority of the pipes considered here (concrete
pipes constructed in the period 1964-1979). According to Ugarelli et al. (2013) ca. 28% of the pipes of
the sewer network considered are in the two worst condition classes, corresponding to CS 3 considered
here. We assume that exclusively pipes in CS 3 are prone to collapse. Therefore, and without knowing
the causes for the observed blockages reported in Ugarelli et al. (2009), we assumed that the probability that one pipe per km of pipes in CS 3 collapses is at most 0.013/28%=0.046 and at minimum zero.
Consequently, for every model run predicting the outcome of strategy S2, the applied probability is
randomly sampled from the uniform distribution in the interval [0,0.046]. Despite the absence of any
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details of CS dependent pipe collapsing, we consider S2 and pipe failures in the MCDA (see Section
5.2.10) for didactical reasons.

Cost model
The cost model calculates pipe construction costs of network extensions and for the replacement of
existing pipes. The model is derived from AWA (2001), relying on SN 533190/ SIA 190 (2000) and
SN EN 1610:1997 (1997). It calculates construction costs as a function of pipe diameter, laying depth
as well as other influencing factors such as ground conditions, coordinated construction using the
same excavation pit, impeded construction conditions, etc. The costs are converted from CHF to
US$ using Purchasing Power Parities (PPP) (1.00 US$ =1.44 CHF; (World Bank, 2015)).

Calculation procedure
The outcome of the strategies are calculated with yearly time steps within the planning horizon 20112050 and beyond until the year 2110. This is to evaluate the long-term outcome of the strategies. In the
period 2050-2110 the population and network growth is set to zero under all scenarios.
From deterioration model inference we obtain a posterior distribution of the parameters 𝛉. To account
for the parameter uncertainty expressed by this distribution as well as to account for the randomness of
the deterioration and cost model we did 1000 rehabilitation model runs for each of the rehabilitation
strategies explored. The following calculation procedure was applied to obtain a single realization:
First, two initial calculation steps are needed before the actual calculation can be started:
(i)

CS of all pipes are projected to the year 2011 (beginning of the planning horizon) with the deterioration model.

(ii)

The parameters of the cost model describing influencing factors are randomly sampled from
uniform distribution in intervals defined by the maximum and minimum values derived from
AWA (2001). This is done once for all existing pipes as well as pipes built in the future to account for the uncertainty involved by the lack of precise knowledge of the relevant influencing
factors. In this way replacement and new construction costs for all pipes considered in a model
run are determined before the prediction and are independent of the time when a pipe is constructed. This data is also used to calculate the total sewer network replacement value in every
yearly time step. The current replacement value is used for S6, see Table 5.3, and is used for
the assessment of the RS in Section 5.3.3.

Once the initial calculation steps (i) and (ii) are performed, the three principle calculation steps outlined in the following are performed in every (yearly) time step:
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(1)

The pipe population is extended if scenario QG and Boom applies. As it is not defined which
specific pipes are built in which year, pipes are randomly selected from a list comprising all
future pipes which have not been constructed so far. In the beginning of every year as many
pipes are constructed with a total length corresponding on average to the annual growth of the
population (note that due to the pipe lengths defined, only discrete pipe lengths can be considered). All new pipes are assumed to be in the best CS 1 at the time of their construction.

(2)

The CS of every pipe at the end of the year considered is predicted with the sewer deterioration model.

(3)

Pipes are replaced if required by the pre-defined strategy. The CS of the new pipe is set to 1
and the replacement costs taken from the cost list generated in the initial calculation step (ii)
are assigned.

5.2.9 Hydraulic design and adaptations of the sewer systems
The throttle and pumping capacities are adapted to twice the dry weather flows in the QG and Boom
scenarios to account for the increased population independent of the HRS. Hydraulic adaptions as
required by H1-H3 are identified by LTS in an iterative manner as outlined in the following sections:

Long-term precipitation runoff simulations (LTS)
The EPA SWMM 5.1 software package (Rossman, 2010) was used to perform long-term runoffprecipitation simulations (LTS). We used the available network data from N1 and N2 and those of the
extensions but refrained from calibrating the models as their accuracy is not relevant for the purpose of
this study.
In order to optimize computation time, we conducted the procedure proposed by DWA (2006) and
Verworn (1999) for systematically selecting sub-series containing the relevant extreme precipitation
events from the complete observed and stochastic precipitation series. Instead of continuous LTS we
conducted LTS with the selected sub-series. Details on the applied approach are identical with those
given in Egger and Maurer (2015).

Iterative adaption of pipe diameters
The approach applied to realize design principle D3 involves iterative LTS using the observed precipitation series and subsequent adaption of critical pipe diameters. This approach is identical to that described in Egger and Maurer (2015). The method was also used to realize D1 by performing an ensemble of LTS according to the ensemble of stochastic precipitation series in every iteration step.
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5.2.10

Multi-criterial decision analysis (MCDA)

A complex MCDA framework for sustainable wastewater infrastructure planning including
wastewater treatment was elaborated on the basis of a case study including the networks N1 and N2.
Beside the scenarios discussed, this framework includes relevant aspects such as (i) a clarification of
the decision context, e.g. defining spatial boundaries and relevant stakeholders (Lienert et al., 2013)
and (ii) specification of objectives and attributes (Lienert et al., 2014). We apply multi-attribute value
theory (MAVT) and consequently neglect the stakeholders’ risk attitudes. This is done for the sake of
simplicity even though risk attitudes may become relevant if the alternatives’ outcomes are uncertain,
as in the present case. Attribute 𝑎𝑗 measures how well objective 𝑗 is attained by the outcome of an
alternative. The stakeholder preferences regarding the importance of objective 𝑗, 𝑗 = 1, … , 𝑚 are reflected by relative weights 𝑤𝑗 , 𝑗 = 1, … , 𝑚 within [0,1]. The marginal value function 𝑣𝑗 (𝑎𝑗 ) translate
the outcome of an alternative measured by attribute 𝑎𝑗 on a scale between 0 and 1 with respect to objective 𝑗 according to the preference of a stakeholder. In this way attributes with different units become comparable. Interviews with ten stakeholders and online questionnaires were conducted to elicit
the stakeholder preferences regarding the importance of objectives (weights) and value functions
(Zheng et al., submitted). We refer to Eisenführ et al. (2010) for details on the theory of MCDA. Details on the MCDA applied are given in the following:

Objectives and attributes
As rehabilitation of sewer networks is our focus, we selected those objectives and attributes from the
complex objective hierarchy developed by Lienert et al. (2014) which are relevant for our scope. The
considered subsets of objectives 𝑗 and attributes 𝑎𝑗 , 𝑗 = 1, … ,6 are given in Table 5.4. The cost related
attributes 5 and 6 refer to the total costs of urban drainage and wastewater treatment. As the rehabilitation model only predicts the costs of rehabilitation and network extensions, we apply fixed, population
dependent running costs for the networks and total costs for wastewater treatment. These additional
costs were extracted from the corresponding mean costs given in VSA (2011). The attributes are calculated based on each of the 1000 realized outcomes from every rehabilitation strategy (alternatives)
predicted by the rehabilitation model and the (probabilistic) results from hydraulic LTS. In this way
the attributes are probabilistic as well and are represented by an ensemble of 1000 realizations. Details
on the performed LTS as well as on the methodologies used for translating the predictions of the rehabilitation model and those obtained by LTS into the attributes 1-4 are given in SM.D, Section 3.
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Table 5.4: Objectives and attributes considered.
Index j

Objective

Attribute

1

Low rehabilitation burden

Realized rehabilitation in percentage of the rehabilitation demand

2

Low contamination from sewers

Ground water quality with regard to nutrients and micropollutants
measured on a scale between 0 and 1 adopted from the assessment
concept for streams described in Langhans and Reichert (2011)

3

Few failures

Number of pipe collapses and blockages per year and 1000 inhabitants

4

High service level

Percentage of the urban area potentially affected by flooding per
year. This potential is weighted by the population density. Higher
weights are assigned to city centers which include commercial activity.

5

Low costs

Annual costs per capita in CHF for urban drainage and wastewater
treatment

6

Low cost increase

Mean annual increase of costs for urban drainage and wastewater
treatment in CHF per capita and year until 2050

*)

*)

The reinvestment demand is defined as the quotient of the current replacement value of the network and the mean
sewer lifespan, i.e. the age when a pipe enters CS 3. The mean sewer lifespan is derived from the posterior distribution of deterioration model parameters inferred from the condition data of the considered network.

Weights and value functions
Weights and value functions were elicited from the stakeholders in interviews independent of scenarios (Zheng et al., submitted). An exception is the value functions for the attribute Low contamination
from sewers, which derives from an expert system as outlined in Section 3.2 of SM.D. As we only
consider a subset of six objectives relevant for sewer rehabilitation, we scaled the corresponding
weights proportionally up so that their sum equals one. We exclusively consider mean weights for the
sake of simplicity thus neglecting the stakeholders’ uncertain perception in weighting the objectives
and uncertainties induced by the elicitation procedure. Quantities of the mean weights are shown in
Figure 5.2.
The applied value functions of the objectives 1,3, … ,6 given in Table 5.4 can be found in (Zheng et al.,
submitted). We exclusively use mean value functions and again neglect the uncertainty of the stakeholders’ perception in setting their values 𝑣𝑗 (𝑎𝑗 ) as a function of possible realizations of the attributes
𝑎𝑗 , 𝑗 = 1, … ,6.

139

Strategic sewer rehabilitation planning under conditions of climatic and socio-economic change
__________________________________________________________________________________

Figure 5.1: Mean weights of the objectives considered. (a) Mean weights assigned by the stakeholders (SH). The
stacks indicate the means over all stakeholders and the error bars ranges between the maximum and minimum
mean weights given by the 10 stakeholders (SH). (b) Mean weights assigned by individual stakeholders.

Aggregation model
A multi-attribute aggregation function aggregates the preference information in terms of weights assigned to the different objectives and the values attained for each attribute by alternative 𝐴 into one
overall value 𝑣𝑜 (𝐴) ∈ [0,1] (Eisenführ et al., 2010). For the sake of simplicity we use an additive
model to obtain 𝑣𝑜,𝑠 (𝐴) associated with stakeholder 𝑠:

n

vo,s ( A)   w j v j (a j )

(8)

j 1

The attributes are probabilistic and represented by an ensemble of 1000 realizations. We consequently
consider 𝑣𝑜,𝑠 (𝐴) as a probabilistic variable too and apply Eq. (8) to all realizations of 𝑎𝑗 , obtaining
1000 realizations of 𝑣𝑜,𝑠 (𝐴).
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5.3 Results
5.3.1 Hydraulic design
Figure 5.3 shows distributions of pipe diameters for network N1 and N2 before and after the adaption
as a percentage of the total sewer length following the HRS H1-H3. H1 involves the most extensive
adaptions though with very minor differences compared to those involved with H2. The additional
adaption needed when following H1 and H2 based on stochastic precipitation data compared to H3 is
much more pronounced in N1 than in N2. The percentage of the network length that requires adaption
increases from 3.2 to 10.0 % in the case of N1 and from 8.6 to 12.8 % in the case of N2 when moving
from H1 to the probabilistic design rule H3. This highlights the non-linearity in hydraulic response of
different sewer networks to changes in the precipitation data.

5.3.2 Sewer deterioration
Figure 5.4 shows prior and posterior survival functions for N1 and N2. In both cases the posterior survival functions suggest longer residence times in CS 1 and CS 2. Due to the larger sample of observed
CS in N2 than in N1, the gain of information on the deterioration of N2 by considering the data is
larger and, consequently, the influence of the prior is less. This is indicated by the substantially smaller uncertainty bands associated with the inferred survival functions describing the deterioration of N2
compared to those associated with the survival functions of N1. Illustrations of marginal prior and
posterior probability distributions of the parameters included in 𝛉 can be found in SM.D (Figure
SM.D.5).
In order to highlight the role of the prior, we did frequentist inference, i.e. inference that exclusively
considers observed data. In case of N1, no solution was obtained, highlighting the low information
content of the available data. More information can be found in Section 4.1.2 of SM.D.
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Figure 5.2: Distributions of the network length representing pipes which require enlargement of the inner pipe
diameter according the HRS H1, H2 and H3 as function of pipe diameter. Shown are distributions referring to
the pipe diameters of network N1 (a) and N2 (b) before (points connected with dashed lines) and after the adaption (points connected with solid lines) as a percentage of the total pipe length.

5.3.3 The outcome of rehabilitation
Figure 5.5 illustrates the percentages of the sewer lengths of N1 in CS 1, 2 and 3 over time in the case
of scenario SQ, rehabilitation strategy S6 with intensity 𝐼𝑆6 = 100%, see Table 5.3, and the hydraulic
strategy H1. According to S6, rehabilitation of hydraulically critical pipes have priority independent of
the CS from the year 2030 and onwards. As a consequence the overall condition of the networks declines as the replacement of pipes in CS3 and CS2 is halted for a while. The progression of the CS in
Figure 5.5 is shown beyond the end of the planning horizon in 2050. This is to highlight that the outcomes of rehabilitation strategies may still be dynamic beyond 2050 and that the overall outcome may
differ with longer time horizons. However, the assessment of the strategies throughout the remaining
paper is constrained to the planning horizon.
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Figure 5.3: Prior and posterior survival functions S1 and S2 of N1 (a) and N2 (b). The shaded areas indicate
uncertainty bands between the 10-90 % quantiles of the survival functions described by the prior. The solid lines
are the means of the posterior survival functions and the dashed lines are the 10% and 90% quantiles based on
the posterior distribution of 𝛉. The blue bands and lines illustrate the survival function S1, the grey bands and
black lines illustrate S2.

Figure 5.4: Percentages of the total length of N1 in CS 1, 2 and 3 over time. The solid lines indicate the means
and the shaded areas represent uncertainty bands between the 10 % and 90 % quantiles over 1000 realizations.
The vertical line indicates the end of the planning horizon in 2050.
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To make the outcome of the large amount of alternatives and scenarios comparable, the presented
outcomes are integrated over the planning horizon 2011-2050. Generally, similar results are obtained
from N1 and N2. Therefore, only the outcomes obtained for N1 are presented here. Exceptions are
discussed and referred to the corresponding illustrations for N2 in SM.D.
Figure 5.6 depicts the outcome of the RS in terms of the overall network condition and changes of the
conditions over time across the scenarios SQ, QG and Boom. Results of the network condition of the
Doom scenario are identical to those of the SQ scenario. Shown are the mean percentages of the network length in CS >1 and CS3 over the planning horizon as well as the percentages of the network
length shifting to a worse CS. Outcomes are shown for S1-S2 (which are exclusively combined with
H4) and S3-S6, each combined with the most extensive HRS H1. In each column denoted by the general structural rehabilitation strategy (GSRS) S1-S6, outcomes are shown with all applied intensities
given in Table 5.3, with increasing intensity from the left to the right and in the same order as in Table
5.3. The indicators considered for network condition are uncertain due to the random behavior of pipe
deterioration and the uncertainty of the deterioration parameters 𝛉. This is expressed by the uncertainty bands included in Figure 5.6.
Figure 5.7 depicts the outcome of the RS for rehabilitation costs and its uncertainty similarly to Figure
5.6. These are given in terms of (i) mean costs per capita over the planning horizon, (ii) their variations
over time expressed as standard deviation and (iii) the average reinvestments over time given as a
percentage of the reinvestment demand. This is defined as the quotient of the current replacement value of the network and the estimated mean sewer lifespan, i.e. the age when a pipe enters CS 3, derived
from inference (see also the remark given in Table 5.3 and Section 5.2.8 on the calculation of the current replacement value). The considered cost indicators are uncertain due to the uncertain prediction of
pipe conditions and the randomness of the cost model as expressed by the uncertainty bands included
in Figure 5.7.
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Figure 5.5: Percentages of the sewers in CS >1 (blue symbols and bars) and in CS 3 (black symbols and bars)
given as means over the planning horizon (upper row). Percentages of the sewer length shifting to a worse CS
within the planning horizon (lower row). The symbols represent the means and the bars ranges between the 10and 90% quantiles over 1000 realizations. Outcomes are given from different combinations of hydraulic and
structural rehabilitation strategies (H1, H4, S1-S6) under the scenarios SQ, QG and Boom applied to N1. Outcomes of the general strategies are given with increasing intensity from the left to the right within each column
corresponding to the order of the intensity defining parameters given in Table 5.3.

(a) General remarks on the outcomes:


As shown in Figure 5.1, the networks are of low age and thus still in very good condition. As a
consequence the overall network condition deteriorates, even under most of the extensive RS.
This highlights the fact that especially smaller utilities are not in a steady state and can still profit from low networks ages. This statement is also true for utilities with strong network extensions.



The uncertainty in predicted CS shown in Figure 5.5 and 5.6 is significant in N1. The same applies to costs in the case of S4, S5 with intensity 𝐼 = 2% and S6 with 𝐼 = 200%. Uncertainty in
costs derives mostly from the uncertain prediction of the CS affecting the reinvestments. The
contribution of the cost model to the overall uncertainty is small, which can be seen in the small
uncertainties in the costs of S3, which are entirely independent of pipe conditions. This is because replacement costs are assigned randomly to individual pipes and due to the sufficiently
large pipe sample, the variations are small. The uncertainty is clearly reduced in the outcomes in
N2, see Figure SM.D.7 and SM.D.8, due to (i) the larger pipe sample (particularly in the Boom
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scenario) and (ii) the smaller deterioration parameter uncertainty reflected by Figure 5.4 and
Figure SM.D.5.


The clear rules of the SRS imply rather small uncertainties in the outcomes they determine (e.g.
the costs in S6 with 𝐼 = 50%, 80%, 100%, 120%) whereas other outcomes not directly determined by a strategy (e.g. the total length of pipes with CS >1 in S4) remain distinctly uncertain.
This underlines the fact that only a limited set of criteria is precisely captured by the simple rehabilitation rules.

Figure 5.6: Annual rehabilitation costs per person given as means over the planning horizon (upper row). Standard deviation of the annual rehabilitation costs per person over the planning horizon (middle row). Reinvestments due to rehabilitation as a percentage of the rehabilitation demand (lower row). The symbols represent the
means and the bars range between the 10- and 90% quantiles over 1000 realizations. Outcomes are given from
different combinations of hydraulic and structural rehabilitation strategies (H1, H4, S1-S6) under the scenarios
SQ, QG and Boom applied to N1. Outcomes of the general strategies are given with increasing intensity from the
left to the right within each column corresponding to the order of the intensity defining parameters given in Table 5.3.
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(b) The influence of the scenarios:
The low rehabilitation needs of the relatively young networks are further pronounced by the network
expansions in scenario QG and Boom as the extensions lower the average pipe age even more. This is
reflected in the investment needs due to the RS. For instance, less (or in case of N2 even no) pipes are
replaced in the QG and Boom scenarios following S4 as the critical criterion (maximum percentage of
the network length in CS 3) triggering pipe replacement is attained later or not at all until 2050. As
opposed to S4, rehabilitation of the existing network is even intensified if S5 or S6 applies under scenario QG or Boom. This is because more resources are available due to growing populations which are
primarily invested in the older parts of the systems. This effect is even amplified due to the economies
of scale. These result from higher population densities in new development areas compared to those of
existing settlements, reducing the specific sewer length per capita.
(c) The influence of the hydraulic strategy:
Figure 5.8 highlights the influence of the HRS on conditions and costs. It shows mean percentages of
the network length in CS >1 and CS 3 and mean annual costs per capita over the planning horizon
across the HRS considered under the SQ scenario. Shown are all combinations of SRS and HRS considered. The HRS affects the outcomes in different ways depending on the applied SRS:
(i)

The costs in S3 and S4 increases with the extensiveness of the applied HRS (H1>H3>H4).
This is because the resources for investments are not explicitly limited as in S5 and S6. A
positive side effect of applying an extensive HRS is that the overall network condition improves due to the additional investments.

(ii)

Per definition the extent of investments is limited in S5 and S6 regardless of the HRS applied.
(The slight cost differences across the HRS in S5 and S6 with high intensities derive from the
limited rehabilitation model runs. In these cases the moments of the outcomes considered do
not exactly converge). As the rehabilitation in S5 and S6 combined with H1 and H3 prioritizes
hydraulically critical pipes over structurally critical pipes, the overall network condition slightly decreases with the sophistication of the HRS.
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Figure 5.7: Percentages of the sewers in CS >1 (blue symbols and bars) and in CS 3 (black symbols and bars)
given as means over the planning horizon (upper row). Annual rehabilitation costs per person given as means
over the planning horizon (lower row). The symbols represent the means and the bars ranges between the 10and 90% quantiles over 1000 realizations. Outcomes are given of all combinations of hydraulic and structural
rehabilitation strategies under the SQ scenario applied to N1. Outcomes of the general strategies are given with
increasing intensity from the left to the right within each column corresponding to the order of the intensity defining parameters given in Table 5.3.

5.3.4 The outcome of the MCDA
Figure 5.9 shows outcomes of the rehabilitation strategies for N1 and N2 under the scenarios SQ, QG
and Boom in terms of mean values 𝑣̅𝑗 , 𝑗 = 1, … ,6 and mean overall values 𝑣̅𝑜 over the ensembles of
realized attributes and the preferences of ten (equally weighted) stakeholders. Values (higher values
mean higher outcomes) are shown for S1-S2 (combined with H4) and S3-S6 each combined with H1.
From the results we can conclude the following:
(i)

The overall values strongly correlate with the network conditions and consequently with the
(condition improving) reinvestments (see Figure 5.7). The strategies S5 with 𝐼𝑆5 = 2.0% and
S6 with 𝐼𝑆6 = 200% score the highest values.

(ii)

S3 scores relatively low overall values in relation to its costs. This is because investments are
triggered by pipe age and not by CS, with suboptimal effect on network condition and related
attributes.
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(iii)

The individual values 𝑣𝑗 , 𝑗 = 1, … ,6 vary differently across the alternatives and in the following decreasing order: (i) Low rehabilitation burden, (ii) low contamination from sewers, (iii)
few failures, (iv) low cost increase, (v) low costs, (vi) high service level. Basically, the overall
values exclusively depend on the alternatives’ outcome regarding the objectives low rehabilitation burden and to a lesser extent low contamination from sewers. This also explains the
strong correlation between the overall value and the (condition improving) reinvestments mentioned under point (i). The values referring to High service level are virtually constant under
all constellations. Differences in overall values obtained under different HRS, shown in Figure
SM.D.10 in SM.D, are exclusively due to point (i) and (ii) mentioned in paragraph (c) of Section 5.3.3.

(iv)

Generally, the highest overall values are obtained under the SQ scenario and lower ones with
increasing and decreasing population. The values obtained under the Doom scenario are the
same as those from the SQ scenario, with the exception of slightly lower values for the low
costs objective as slightly fewer people pay for the same infrastructure. Lower overall values
are obtained under QG and even lower ones under the Boom scenario. This is due to the lower
values achieved for the objective low contamination from sewers, which depends not only on
network conditions but also on network size and population.

(v)

The relative outcome of the alternatives and, consequently, their ranking remains almost identical across the scenarios.

(vi)

The results are similar for N1 and N2 except for the lower scores for the objective low
contamination from sewers obtained in N2. This stems from the higher potential for
groundwater contamination due to the higher population density in M2 than in M1.

(vii)

The uncertainty of the overall values decreases with increasing values highlighted by Figure
C.1 in Appendix C.

The low variance in the value on low costs can be explained by the high willingness of the
stakeholders to pay for wastewater infrastructure expressed by the weights in Figure 5.2 and the value
functions given in (Zheng et al., submitted). Moreover, the objective of low cost increase is well
achieved by all alternatives, with the exception of S3, 𝐼𝑆3 = 80𝑎. Due to the clusters of pipes built in a
small number of years in the past, large rehabilitation peaks arise in the future in the case of S3,
triggered by pipe age. By chance, such a peak falls exactly in 2050 in S3, 𝐼𝑆3 = 80𝑎, which results in a
large average cost increase over the planning horizon.
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The low impact of the attributes related to the objectives few failures and high service level may
appear surprising against the background that a wide variety of SRS and HRS was considered, ranging
from “no rehabilitation at all” to very ambitious strategies.

Figure 5.8: Mean values assigned to the objectives considered as an outcome of the MCDA for the sewer networks N1 (upper row) and N2 (lower row) over 1000 realizations and the preferences of ten stakeholders. Outcomes are shown of different combinations of hydraulic and structural rehabilitation strategies (H1, H4, S1-S6)
under the scenarios SQ, QG and Boom. Outcomes under the Doom scenario are similar to those obtained under
the SQ scenario and are therefore not shown. Outcomes of the GSRS are given with increasing intensity from the
left to the right within each column, corresponding to the order of the intensity defining parameters given in
Table 5.3. The stacked bars in the column denoted W at the right hand side represent the maximum obtainable
values for the individual attributes, which correspond to the mean weights given in Figure 5.2.

5.4 Discussion
5.4.1 Deterioration model
Even though a simple deterioration model was applied, the deterioration parameters could not be identified by frequentist inference in the case of N1. We therefore consider Bayesian inference to be a very
attractive methodology as it copes correctly with limited information content of the data. This is something that in our experience can be encountered frequently in practice, not just in small networks. The
results show that especially in ‘young’ networks the overall condition dynamics are high and nonintuitively. We consequently encourage the use of deterioration models and the acquisition and provision of suitable priors derived from other datasets and/ or (inter-) subjective expert knowledge.
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The Bayesian approach also shows nicely the knowledge gain by larger network-specific data availability as can be seen by comparing the results from N1 and N2. This knowledge gain expressed by
denser probability distributions of the deterioration parameters is also reflected in the predicted outcomes of rehabilitation.

5.4.2 Hydraulic rehabilitation
We extended current design practice to explicitly consider the uncertainty and variability of extreme
precipitation. The extra expenses for achieving a higher hydraulic reliability may be significant, such
as in N1. However, these may differ from case to case as the different results from the two examples
suggest.
For our two case studies, the HRS have relevant effects on costs or alternatively on network conditions
if hydraulic rehabilitation is prioritized over structural rehabilitation. This is particularly true if combined with an inexpensive SRS. The costs of hydraulic rehabilitation are, however, of minor importance compared to those of the structural rehabilitation under most strategies.
It is important to keep in mind that we neglected other factors triggering rehabilitation such as coordinated rehabilitation with other buried infrastructures. This may further decrease the importance of
hydraulic rehabilitation. However, hydraulic rehabilitation may be of larger importance in other cases
where systems are more sensitive and prone to be overloaded.
The structural rehabilitation is triggered by pipe deterioration, i.e. a stochastic process which by its
nature implies a temporal dimension. In contrast, the HRS lack this dimension and deterministically
define which pipes should be upgraded and how. Because of these discrepancies, combining structural
with hydraulic rehabilitation remains a challenge. Due to the good overall network conditions in the
cases considered, many hydraulically critical pipes are still in CS 1 during a large part or the whole of
the planning horizon. This fact complicates the challenging issue of timing the replacement of hydraulically critical pipes.
Therefore, other, in particular so-called ‘bottom-up’ planning strategies and other, ideally ‘low regret’
options (Hallegatte, 2009; Pielke et al., 2013; Wilby and Dessai, 2010) based on the systems’ vulnerability should be considered to identify the most relevant needs for hydraulically adapting sewer systems. The vulnerability assessment, however, requires a more realistic quantification of hazards arising
from flooding than reflected by the design criteria considered. This could be done based on past observations (Wilby and Dessai, 2010) or better, by a stress test of the most critical parts of the system
under a wide range of forcing (Brown and Wilby, 2012) using a coupled pipe flow-surface runoff
model.
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5.4.3 Structural rehabilitation
We predicted the outcome of structural rehabilitation strategies with rather simple, time-invariant rules
triggering the replacement of pipes. The examples highlight that the rehabilitation demand will increase in the future as we typically still profit from low network ages in smaller towns. However, no
abrupt rises in reinvestment needs should be expected due to the variability in pipe deterioration.
The uncertainty in predicted CS arises from the combined effects of (i) the randomness of pipe deterioration and (ii) deterioration model parameter uncertainty. The uncertainty in predicted CS is significant in the case of N1 and is clearly propagated to the outcomes of SRS that depend on CS. The uncertainty in the outcomes of rehabilitation in N2 is substantially reduced due to smaller deterioration parameter uncertainty and larger pipe samples. The small prediction uncertainty in N2 may appear surprising. However, we must keep in mind that we consider pipe rehabilitation only on a strategic level,
i.e. the outcomes considered are integrated over the whole network. In this case, the (stochastic) variability of sewer deterioration is attenuated by sufficiently large samples of pipes (in particular in N2
and in the Boom scenario). This would be different if rehabilitation of individual pipes were of interest
as predicted CS of individual pipes reflect the randomness of pipe deterioration and are consequently
highly uncertain.
A general feature of the applied SRS is that some of their outcomes (e.g. pipes in CS 1) are rather precise whereas others (e.g. costs) may be affected by significant uncertainties. This depends on the indicator the SRS is controlled by. E.g. rehabilitation in S3 is controlled by the percentage of pipes in CS 1
leading to precise percentages of pipes in CS 1. However, the percentage of pipes in CS 2 and rehabilitation costs are uncertain. Preferences of stakeholders regarding the outcomes they desire to be attained exactly (e.g. costs versus network condition) may have influence on the choice of the SRS.
The low age of the networks, the small networks sizes, extensions of the networks and the slow deterioration process induce significant dynamics in the predicted outcomes for rehabilitation within the
relevant planning horizons. None of the outcomes obtained reach a steady state within the next 100
years. This underlines the inertia of such long lived infrastructure systems.
Another possibility to better control the outcomes of rehabilitation could be to use an optimization
scheme allowing for dynamic adaptation of the rehabilitation strategy in order to obtain (one of many
Pareto-) optimal overall outcomes. However, such an optimization is currently computationally expensive due to the many parameters, variables, uncertainties and time steps to be considered.
We see the value in the applied approach mainly in obtaining long-term trajectories of consequences
resulting from decisions we make today under different possible future conditions. This makes us
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aware of the potential pitfalls of the SRS considered and suggests the need to adapt our strategy in the
future depending on the socio-economic conditions we will face.

5.4.4 Decision analysis
MCDA seeks to combine the stakeholders’ ‘subjective’ preferences with ‘objective’ or predicted outcomes for different alternatives. Our goal was to identify a rehabilitation strategy preferred by the
stakeholders which is robust for the different scenarios.

General findings
The main results from the MCDA are:
(i)

The most extensive strategies S5 with intensity 𝐼𝑆5 = 2.0% and S6 with 𝐼𝑆6 = 200% are the
highest ranked strategies for N1 and N2 under all scenarios independent of the associated
HRS.

(ii)

The ranking of the strategies strongly correlate with the reinvestments. There are mostly slight
differences in the cost-efficiency of the strategies.

(iii)

The ranking is very stable across scenarios and also very similar for both municipalities investigated. Absolute preference values, however, vary. Lower values are attained in the Boom
scenario basically by all strategies and in particular by S3 and S4 (as the reinvestments relative
to the network size decline in S3 and S4 with increasing network size).

(iv)

The HRS is not relevant with regard to the objective High service level. (The potential benefit
of HRS 1 and 3 compared to HRS 4 is not reflected by the MCDA concerning this objective).
However, due to the low importance of costs, no loss is expected by applying the most sophisticated HRS S1.

The decision problem treated is simplified in our case as the prediction uncertainty of the alternatives’
outcome decreases with higher overall values; i.e. the most preferred alternatives are also those with
the least uncertain outcome. The stakeholders’ high willingness to pay (reflected by Figure 5.2 and the
value functions provided by Zheng et al., (submitted)) also simplifies decision making in such a way
that the commonly intricate trade-off between costs and performance is obviously relieved.
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Limitations of the MCDA
(a)

Information transfer from engineering models to stakeholders:

Result iv appears surprising because it suggests that stakeholders set little value on the hydraulic service of sewer systems as expressed by the corresponding weights (Figure 5.2) and value functions
𝑣𝑗=4 (𝑎4 ) given in Zheng et al. (submitted). According to these the very poor performance, implying
potential flooding of the whole urban area once a year, still scores a value of 0.92 on average. Even in
the worst case all HRS score values close to 1.0. We think that this outcome arise from the intricate
information transfer from engineering models to stakeholders, hindering them from unbiasedly expressing their preferences, as discussed in the following.
The objective high service level implies limiting the risks of flooding due to overloaded sewers. The
MCDA framework does not foresee detailed flood risk assessments. Instead it suggests a simplified
attribute ‘percentage of urban area potentially affected by flooding per year’ (Lienert et al., 2014)
(Details are given in Section 3.4 in SM.D). Drawbacks of this simple approach are that (i) the attribute
is vague as it does not reflect the risk of flooding appropriately and (ii) it describes events with a very
low probability of occurrence which is difficult to communicate. Another issue is that the associated
value functions were elicited across wide ranges of possibly realized attributes18. This complicates
eliciting the exact shape of the value function and typically leads to a bias in the weights due to the
range effect (Weber and Borcherding, 1993). Given these factors, expressing one’s preferences regarding the outcomes related to the objectives High service level (and Few failures) as done by the interviewed stakeholders must be a challenge. Consequently, the MCDA supposedly fails to give explicit
decision support regarding the HRS.
The core challenge is that many of the potentially relevant objectives are very demanding to compute
or at the cutting edge of engineering science. E.g. more complex hydraulic models such as combined
hydrodynamic sewer-surface runoff models to identify damage and/or health impacts due to flooding.
It is unclear, whether this increased efforts leads to better decisions. Additionally, further research is
needed to address the cognitively challenging information transfer from engineering models to stakeholders.
(b)

Reflection of the Doom scenario:

The outcomes of rehabilitation and the MCDA in the Doom and SQ scenarios are very much similar as
they are solely affected by a moderate difference in population. To better reflect the precarious socioeconomic situation implied by the Doom scenario, the Low costs attribute should be assessed in relation to the real incomes of the customers as done by Scholten et al. (2014).
18

The conservative approach of defining wide ranges of possible outcomes was necessary as (i) the actual outcomes of the
alternatives were unknown at the time when the preference elicitation was conducted and (ii) the goal of the MCDA framework was to also capture dedicated low-tech alternatives and the potentially low performance of such alternatives (Lienert et
al., 2014; Zheng et al., submitted).
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Outlook
The performed MCDA should be complemented by a sensitivity analysis to identify the importance of
individual factors contributing to the output uncertainty of the MCDA as done by Scholten et al.
(2015) in the domain of water supply infrastructure planning. MCDA is affected by uncertainties arising from (i) problem framing and structuring, (ii) preference elicitation, (iii) attribute predictions and
(iv) the preference model structure. The uncertainty associated with (i) is hardly quantifiable (Scholten
et al., 2015) and was at least partly addressed by considering different scenarios. The influence of the
remaining sources (ii-iv) should be quantified by a global sensitivity analysis to identify specific models, model inputs and further elicitations aspects worth being improved (or being neglected) in future
applications.

5.4.5 Scenario planning
Even though the overall ranking of alternatives supposed by the MCDA is very stable under different
socio-economic conditions, it was demonstrated that scenario uncertainty affects conditions and outcomes of rehabilitation strategies in various ways (available budgets, overall sewer conditions, specific
costs, etc.). The importance of scenario uncertainty may even be larger in other cases. E.g., the sewer
networks considered are hydraulically robust against increasing urbanization and the dense network of
potential receiving waters allows for flexible drainage of new urban areas independently of existing
systems, as we noted in Egger and Maurer (2015). These aspects highlight the importance of scenario
planning in every individual case to validate the robustness of planning strategies.

5.5 Conclusions
We combined models for sewer deterioration, stochastic precipitation downscaling and sewer hydraulics as well as scenario planning and decision analysis with the aim to identify the most robust and
well-accepted sewer rehabilitation strategies. The engineering tools applied provided a valuable planning basis in terms of long-term trajectories of costs and pipe conditions as well as the fulfillment of
typical hydraulic design criteria under maximum utilization of the available information. Their integration into a scenario framework allowed for testing the robustness of potential rehabilitation under different external forcing. The results highlight the need for regularly evaluating and updating the selected rehabilitation strategy under altered boundary conditions and new information. Despite the wide
range of applied elaborate models, the approach still partly fail to provide adequate input for decision
analysis. In detail we conclude the following:


Bayesian inference overcomes sewer deterioration identifiability problems due to small sample
sizes, which are typical for relatively young systems. It consequently highlights the (joint) importance of prior knowledge and data.
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Uncertainty due to the combined effect of (i) the random behavior of pipe deterioration and (ii)
deterioration parameter uncertainty can be a relevant issue for predicting the outcome of rehabilitation, even on a strategic planning level. This uncertainty is, however, clearly reduced by
larger sample sizes mitigating the effect of source (i) and by more informative, i.e. representative data reducing parameter uncertainty (in the investigated case: 750 pipe records including
100 records of pipes older than 40 years).



The extent of hydraulic rehabilitation needs can be significant depending on the hydraulic capacity of the networks and the selected design criterion. However, in hydraulically predominantly robust systems, hydraulic sewer rehabilitation needs are less significant compared to those
arising from physical deterioration.



Combining structural with hydraulic rehabilitation strategies is a challenge due to the missing
temporal dimension of the hydraulic rehabilitation strategies and the stochastic nature of pipe
deterioration. Typical ‘top-down’ planning methods should therefore be complemented by ‘bottom up’ approaches which would help to identify the most relevant hydraulic adaption needs
within a sewer system.



Strategic sewer rehabilitation planning should include scenario planning as the scenario uncertainty clearly influences the outcomes and possibly the ranking of rehabilitation strategies.



Since the interviewed stakeholders set great value on intergenerational equity, extensive rehabilitation strategies under various socio-economic futures ranked highly.



Combining ‘subjective’ preferences and ‘objective’ outcomes of alternatives in wastewater asset
management is difficult. There is a communication gap at the interface between engineering
model outputs and stakeholders. Improvements are needed allowing for the provision of comprehensible attributes and, as far as possible, precise predictions at reasonable cost.
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Appendix A. Future scenarios
Table A.1: Key characteristics of the four future scenarios. Population grows exponentially over time from 2011
to 2050 with growth rate c. The table is adopted from Scholten et al. (2014).
Name

Socio-economic situation

Population
growth rate c

Status Quo (SQ)

As today: rural region near Zurich with extensive agriculture, leisure areas and nature protection zones.

0

Qualitative growth
(QG)

Prosperous region with moderate population growth, limited expansion of urban areas and densification of existing
areas, high environmental awareness.

4.6 ∙ 10−4

Boom

High prosperity, dense urban development, strong nature
protection, new transportation systems.

5.3 ∙ 10−2

Doom

Economic recession causes strong financial pressure on
municipal budgets, slight population decline but no decline
of urbanized areas

−1.3 ∙ 10−3

Appendix B. Underlying assumptions of design principle D1 and D2
The design principles D1 and D2 underlie the following assumptions (Egger and Maurer, 2015):
(i)

The stochastic downscaling model reproduces all statistical properties of precipitation correctly, including those of extreme events.

(ii)

The precipitation process is stationary on inter-annual timescales.

(iii)

The sampling error incurred when estimating the statistics used for calibration of the stochastic downscaling model from the observed precipitation series is negligible. (see Egger and
Maurer (2015) for details on calibrating the stochastic downscaling model).
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Appendic C. Figure

Figure C.1: Total values as outcome of the MCDA for the sewer networks N1 (upper row) and N2 (lower row).
The symbols represent means and the bars ranges between the 10- and 90% quantiles over 1000 realizations and
the preferences of ten stakeholders. (The uncertainty bands consequently reflect uncertainty in the predicted
attributes as well as the variability across the stakeholder preferences). Outcomes are given from different combinations of hydraulic and structural rehabilitation strategies under the scenarios SQ, QG and Boom. Outcomes
of the general strategies are given with increasing intensity from the left to the right within each column, corresponding to the order of the intensity defining parameters given in Table 5.3.
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6 General discussion
The aging sewers call for tools which provide the information needed to efficiently and effectively
implement (proactive) sewer rehabilitation. These tools, i.e. sewer deterioration models, are principally available though still with fundamental structural shortcomings, hindering their practical application. Other tools are available as well, namely hydraulic models and precipitation downscaling methodologies. However, their potential has not fully been exploited so far in sewer rehabilitation planning.
This PhD contributes to sewer rehabilitation planning by (i) highlighting structural deficits in deterioration models (ii) providing sound, mathematically consistent and fundamental concepts to overcome
them, (iii) highlighting key factors, in particular key input uncertainties affecting sewer system design
and rehabilitation. Beside concrete tools directly applicable in practice, the results may contribute to
discussions on (a) further developing modelling tools or specific aspects of them, (b) data management
(c) hydraulic sewer design practice and (d) the decision making methodology.

6.1 Initial framing and structuring of the decision problem
The workshop held with local stakeholders to formulate future scenarios for the case study area investigated resulted in a broad variety of future context conditions (Chapter 2). The workshop approach
allowed for the elicitation of valuable, broad site-specific knowledge as well as perceptions of the
stakeholders regarding plausible future developments for the case study communities. Further efforts
were needed to allocate and specify future development areas and changes within existing urban areas
as well as to generate future sewer network extensions. Fully acknowledging the high costs of this
approach, scenario planning should be a standard element in sewer rehabilitation planning, highlighted
by the applications in Chapter 4 and 5 as well as in the discussion in Section 6.4.2.
A second workshop was held to discuss and modify the objectives hierarchy elaborated by the project
team with representatives of the stakeholders identified in the analysis conducted by Lienert et al.
(2013). The final objectives hierarchy comprises 19 objectives of wastewater infrastructure (including
wastewater treatment), covering the three dimensions of sustainability (Wuelser et al., 2012). A subset
of six objectives was applied in the MCDA conducted in Chapter 5 relevant for the assessment of potential sewer rehabilitation strategies. The objectives hierarchy can also serve as a starting point in
similar planning projects. Future applications will show whether the objective hierarchy can be generalized in the domain of wastewater infrastructure planning. I would also appreciate if the specification
of attributes used to measure the attainment of the objectives would undergo further evaluation and
standardization by a broader community of stakeholders, as done by Matos et al. (2003) for the specification of performance indicators for wastewater systems (these performance indicators were not used
as attributes in the SWIP project as they do not fulfill the demands of the MCDA approach applied).
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This should also include detailed standards for the methods to be used to calculate the attributes to
facilitate the practical application of MCDA.

6.2 Sewer deterioration modelling
The calibration of sewer deterioration models is often complicated as the available condition data exclusively represents sewer pipes still in service (partly improved by renovation and/ or repair), though
not those which were replaced in the past. It was confirmed in Chapter 3 that this leads to an overestimation of sewer life-spans if the model applied does not account for the combined effect of deterioration and rehabilitation. In our experience this problem typically applies in networks of larger cities that
have evolved over a long period. Comprehensive rehabilitation has therefore already taken place during the last few decades, and pipe-specific, historical information has been irretrievably lost. Similar
experiences have also been made with smaller utilities. However, as rehabilitation was first implemented recently and because of the smaller data sizes, it was still possible to retrieve historical information with the help of the data managers. Problems in identifying sewer deterioration parameters can
also arise from small samples of condition records, particularly if the data represents only a small variety of rather low pipe ages, as was addressed in Chapter 5. This is something we encountered in small
communities where main parts of the systems were constructed in the 1960s and 1970s.
The usefulness of (successfully calibrated) sewer deterioration models in sewer asset management as
stated by e.g. Burn et al. (2010) is underlined by the analysis of possible rehabilitation strategies presented in Chapter 5. As stated in Section 5.4.3, “The low age of the networks, the small networks sizes,
extensions of the networks and the slow deterioration process induce significant dynamics in the predicted outcomes for rehabilitation within the relevant planning horizons. None of the outcomes obtained reach a steady state within the next 100 years”. These highly non-intuitive dynamics and the
inherent uncertainties can only be addressed by means of sewer deterioration models realistically predicting sewer conditions.
In the following, advances in deterioration modelling that cope with the lack of historical data and
small samples are discussed.

6.2.1 Identifying model parameters with condition data lacking historical
records
The proposed concept of combining deterioration and rehabilitation models in Chapter 3 effectively
compensates for the ‘survival selection bias’ induced by the lack of historical records. Bayesian inference was successfully used to overcome model identifiability problems. However, the successful bias
compensation gained through application of the extended model structure comes at the expense of
model identifiability compared to the case where historical data is available, which allows for applica164
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tion of simpler models. We attribute the limited model identifiability to the insufficient informational
content of the data to jointly estimate the rehabilitation and deterioration parameters. This was encountered even in the application presented in Section 3.5, where a large data sample was available. And
inference of the combined deterioration and rehabilitation model was not even possible by means of
frequentist inference, e.g. by using the maximum likelihood method. A Bayesian approach to include
prior knowledge is therefore mandatory for parameter inference in this case. Poor model identifiability
caused by the lack of historical information consequently results in (i) larger prediction uncertainty,
(ii) larger dependency on prior knowledge and (iii) requires additional priors quantifying the rehabilitation realized in the past. It is also interesting to note that quite simple model structures were applied
in our example presented, representing the individual processes of deterioration and rehabilitation.
However, their combination involves intricate (numerical) multiple integrations of joint probability
densities, which also makes it difficult to apply to more than four condition states. The additional expenses for model formulation, prior acquisition and parameter inference, together with the limited
model identifiability, underlie the importance of deliberately considering appropriate data management
models which determine the discard and preservation of information. This implies the data managers
being sensitive to which information may become valuable in the future and which not.
The priors applied were derived from expert elicitation using the methodology described in Scholten et
al. (2013). Eliciting probability distributions is demanding and may be biased for a variety of reasons
(O'Hagan et al., 2006; Tversky and Kahneman, 1974). We were therefore concerned about the sensitivity of model outputs to the specification of the (elicited) prior distributions. The sensitivity analysis
included in Section 3.4.2 revealed the most influential hyper-parameters specifying the prior distributions. These were mainly those specifying the means, with only a few defining the standard deviation
of the priors. This information can facilitate future prior elicitation as it indicates the important parameters to focus on.
The proposed combined deterioration and rehabilitation model should be seen as a generic concept for
specifically correcting the ‘survival selection bias’ in cases where historical condition data is missing.
The deterioration and rehabilitation models applied as example in Chapter 3 can be substituted by
other models or extended by additional features to improve the predictions and to widen the application scope. After calibration, the deterioration model can be used on its own to predict future deterioration of the sewer pipes as it would occur without further rehabilitation. This was done in Chapter 5 to
analyze the outcome of potential rehabilitation strategies.

6.2.2 Identifying model parameters from small datasets
In Chapter 5 we estimated the deterioration parameters of two small networks. In these cases, the lack
of historical data was not an issue as little rehabilitation has taken place so far and because discarded
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historical information could be retrieved. We therefore used the simple ‘unconditioned’ likelihood
introduced in Section 3.2.1 for parameter estimation. Despite the simple model structure, model parameters were not identifiable by means of the frequentist maximum likelihood method from the data
of the smaller of the two networks, representing 18 km of pipes with an average pipe age of 25 years.
Therefore, Bayesian inference needs to be used to include prior knowledge.
The less information is contained in the condition data, the larger is the dependency on the (vague)
prior knowledge and the larger the parameter uncertainty; see Section 5.3.2. This uncertainty is also
reflected in the predicted outcomes of potential rehabilitation strategies in terms of costs and conditions, and may be an issue in the strategic planning in small sewer systems as discussed in Section
5.4.3 and 6.4.1.

6.2.3 Prior knowledge
Due to the high potential of Bayesian inference in the domain of sewer deterioration modelling, we
highly encourage the acquisition of prior knowledge. Beside expert elicitation, generic priors of deterioration parameters can be derived from multiple, representative datasets, which remains a task to be
addressed. These priors can even serve as the only information source for characterizing deterioration
of a network of which condition records do not exist at all, but at least information of pipe ages are
available. In this case the prior parameter distribution can be directly used in the predictions of pipe
deterioration if we assume that the pipes were in certain conditions at the time of their construction
(i.e. typically in the best condition state as a best guess). This would typically yield rather uncertain
predictions as the priors should be generic and ideally represent the large variability of pipe deterioration within individual and across different networks.
If the data lacks historical data, additional priors are needed for the rehabilitation rates. These priors
need to be formulated for individual networks based on statements of the utility’s employees or documented reinvestments. This is because the rehabilitation strategies realized can hardly be generalized
among different utilities.

6.3 Hydraulic design under uncertainty
Milly et al., (2008) claim to abandon the assumption of a stationary climate in water management as a
consequence of anthropogenic climate impacts. This consequently requires abstaining from using historical precipitation data in the hydraulic analysis of sewer systems and instead using probabilistic
predictions of the relevant (uncertain) precipitation properties. We applied stochastic downscaling to
derive the relevant precipitation data from multiple climate model predictions (Chapter 4). The stochastic precipitation data generated represent precipitation in the reference period (1981-2010, corresponding to the observation period of the available historical rainfall series) and under future climatic
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conditions (2036-2065), predicted by multiple climate models. The multiple climate model approach
was used to account for climate model uncertainty considering the ensemble climate model output as a
probabilistic prediction. An important feature of the stochastic downscaling approach is that it gives us
the possibility to generate large ensembles of precipitation series (with arbitrary length) due to its
computational efficiency. In this way we were able to address (i) the anthropogenic climate impact, (ii)
the uncertainty of its prediction and (iii) the sampling uncertainty (see Section 4.1.1 for our definition)
that is associated with the small observation periods of extreme precipitation as given by the available
historical rainfall data. We consequently analyzed the effects of these aspects on the hydraulic performance of three sewer systems (Chapter 4). Finally, we introduced and applied a ‘probabilistic’ design
approach on the basis of stochastic precipitation data to adapt the hydraulic capacity of two sewer
systems while specifically accounting for uncertainties (Chapter 5).

6.3.1 Stochastic precipitation modelling
For stochastic modelling of precipitation we successfully followed the approach by Paschalis et al.
(2014), which involves (i) two different model types used across temporal scales, where they perform
superiorly, as well as (ii) different structures of the same model types, respectively. Following this
rationale allows the most appropriate model combination to be selected, superiorly reproducing the
most relevant precipitation properties in the specific case. In line with the findings of Paschalis et al.
(2014), one of the two most complex model structures with the most distinct dependencies on temporal scale and precipitation intensity was found to best reproduce precipitation extremes. This underlines the importance of these factors and the deviation of the general self-similarity assumption in stochastic precipitation modelling (e.g. Paschalis et al., 2014; Rupp et al., 2009; Serinaldi, 2010). Nevertheless, this approach is state of the art due to the absence of physically based models. The same applies to the change factor approach, linking the stochastic models to the coarse scaled predictions of
physically based climate models to address climate change. The underlying assumptions of constant
ratios between spatial and point precipitation statistics appears to be the only solution in the absence of
any details of the impacts of climate change on single-site precipitation (Onof and Arnbjerg-Nielsen,
2009).

6.3.2 Uncertainties
The stochastic precipitation data describe a strong variability in precipitation extremes. This variability
is not reflected by the historical data considered. In the Swiss case study investigated in Chapter 4,
assuming a time horizon of 40 years, this variability clearly outweighs the climate change signal and
the climate model uncertainty. These findings are also reflected in the results of the hydraulic simulations. The stochastic variability of extreme precipitation, and hence the observation period of precipitation used as input for the hydraulic assessment, has a substantial impact on the predicted performance of sewer systems. The hydraulic performance of all three sewer systems analyzed in Chapter 4
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was found to be highly uncertain. This finding refers both to the overall performance of the sewer
systems and particularly to the performance at the weakest parts of the systems. The uncertainty in the
hydraulic predictions, mainly attributed to the sampling, is large compared to the climate change signal. This means that even if a sewer system is correctly designed according to current design criteria
and even under a stationary climate, there is a significant risk that the system performs substantially
worse, with relevant consequences from flooding, than actually defined by the design goals.
The obtained results in Chapter 4 rely on the validity of the assumptions (i-iii) made in Section 4.1.4
under the paragraph ‘Sampling uncertainty’, including the assumption that the precipitation model
correctly reproduces extreme precipitation. There is still a lack of understanding of the physical processes affecting high-resolution precipitation extremes (Paschalis, 2013) and the ‘short’ highresolution historical precipitation series effectively prevent us from statistically quantifying lowfrequency properties of precipitation. Therefore, there is no proof that the stochastic precipitation data
reflects properties of extreme precipitation, even under a stationary climate. The reliability of projections under future climate depends additionally on the accuracy of the climate models and the validity
of the change factor approach mentioned in Section 6.3.1. Stainforth et al. (2007) conclude that even a
probabilistic distribution of predictions from an ensemble of climate models suggests a greater confidence than the underlying model assumptions justify. Nevertheless, due to the significant uncertainties
affecting hydraulic design predictions identified in this project and due to the absence of any deeper
physical insights in fine-scaled precipitation processes, we highly encourage ‘probabilistic’ sewer
design based on stochastic precipitation data as demonstrated in Chapter 5, fully acknowledging the
extra costs accrued with this approach. At the same time we should seek further advances on precipitation modelling and revisions of sewer design strategies as outlined in the following.

6.3.3 Further steps towards sewer system design under uncertainty
(a)

Improving the temporal and spatial structure of simulated precipitation

Beside the fine-scaled temporal variability of precipitation, urban design runoff is influenced by the
spatial structure of precipitation. Equalizing point precipitation to spatial precipitation of urban catchment areas as typically assumed in sewer system design overestimates runoff quantities, particularly in
large catchments and under strong, convective rainfall. More accurate sewer design could therefore be
promoted by spatial-temporal precipitation models (Paschalis, 2013). However, Paschalis (2013) identified fundamental deficits in existing models arising from a still insufficient understanding of the precipitation process on fine temporal and spatial scales. He consequently claims extensive monitoring
programs to be conducted in the future based on remote sensing, recording fine-scaled spatialtemporal rainfall structures to overcome this knowledge gap and to improve models.
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(b)

Combining “top down” with “bottom up” design approaches

Due to the limitations and lacking evidence of climate models and downscaling, Wilby and Dessai
(2010) and Brown and Wilby (2012) propose complementing “top down”19 assessment methods with
“bottom-up” approaches to assure robust adaption of water systems under uncertain climate variability
and change. According to Wilby and Dessai (2010) the “top down” approach for climate risk mitigation is the predominantly represented approach in science, though with few practical implications in
terms of realized or anticipatory adaption decisions so far. “Bottom-up” methods seek to identify robust adaption measures based on a vulnerability assessment focusing on the most essential weak points
of a system. This method may rely on an impact analysis of historical events (Wilby and Dessai, 2010)
or on a stress test of the system to identify potential hazards under a wide range of potential forcing
(Brown and Wilby, 2012), even beyond that predicted by climate models. “Bottom-up” methods can,
finally, be complemented by a “top down” analysis to evaluate the risk connected to the adaption options considered.
Applying this complementary approach in sewer system design would require quantifying a hazard or
a probabilistic distribution of hazards. However, the hazard of flooding is not used as an explicit performance indicator in current design standards such as DWA (2006) and Spildevandskomiteen (2005)
and in the analysis in Chapter 5. Instead, a proxy is used as an indicator for potential flooding events,
describing the exceedance frequency of critical water levels in the sewer system. This is done “as
technical modelling to represent flooding is not possible with current state of the art” (DWA, 2006).
This statement is no longer valid as models have become available to simultaneously simulate pipe
flow and surface runoff.
Acknowledging the high cost of quantifying potential hazards of flooding, the following approach
could be a way forward in sewer system design. comprising both “top down” with “bottom up” design
elements. This includes the following steps in the analysis (neglecting those of decision analysis):
(i)

“Probabilistic” sewer design is conducted using an ensemble of stochastic precipitation series
as demonstrated in Chapter 5. This step identifies all hydraulically critical pipes with respect
to current design criteria (i.e. considering the simple proxy indicator as defined in DWA
(2006) for potential flooding) under consideration of uncertainties.

(ii)

Identification of the most essential weak points of the system based on the results from step (i)
as well as from flooding events observed in the past.

19

According to Wilby and Dessai (2010), ‘Top-down’ methods (also known as ‘scenario-led’ methods) “involve
first downscaling climate projections from OA/GCMs (i.e. global climate models) under a range of greenhouse
gas emissions scenarios. The resulting local scenarios are then fed into impacts models (to estimate, for example, future stream flow or crop yields), before finally invoking adaptation measures to maximize any benefits or
counter anticipated risks.”
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(iii)

Stress-test of the system including potential adaption options. This includes a detailed quantification of hazards arising from flooding in the parts of the system identified in step (ii). Similar to a sensitivity analysis, this provides information on how much the system responds to a
broad range of changes in extreme precipitation and other external forcing. Beside considering
altered pipe diameters as identified in step (i), other adaption options than pipe sizing should
be considered such as source control (e.g. green roofs) and stormwater retention. In light of the
large uncertainties and hazards, these options should ideally be “low regret” options that perform well (though not necessarily optimally) under a large variability of external forcing
(Wilby and Dessai, 2010) and reasonable costs.

(iv)

Evaluation of the most robust adaption strategies using relevant events from the ensemble of
stochastic precipitation series. This is to quantify the risk from flooding connected to these options given our currently best knowledge on future precipitation.

Step (ii-iv) seek to mitigate flooding risks in the most vulnerable parts of the system whereas step (i)
ensures that a general high service level is attained throughout the system without considering hazards
and the risk of flooding in detail. This approach does not explicitly define the timing of realizing individual elements of the selected adaption strategy. However, it allows for the identification and prioritization of those elements with the strongest effect on mitigating the vulnerability of the system. Less
relevant elements such as increasing the diameters of the pipes identified in step (i) (which are independent of the adaptions focusing on the most vulnerable parts) could be realized in connection with
the general structural rehabilitation of the sewers as demonstrated in Chapter 5 and discussed in the
following section. In this way we would benefit from the opportunity given by the pipes in poor structural condition which require rehabilitation soon.
Generally, sewer system design should be complemented by a scenario planning framework to consider other external forcing than precipitation, as discussed in Section 6.4.2.

6.4 Integrating deterioration, precipitation and hydraulic modelling,
scenario planning and decision analysis
In Chapter 5 cutting edge modelling tools were integrated into a decision analysis and scenario planning framework to evaluate their potential to improve sewer rehabilitation management. At the same
time the outcome of various potential rehabilitation strategies was investigated, ranging from no rehabilitation at all to extensive strategies.
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6.4.1 Combined structural and hydraulic sewer rehabilitation
The goal of sewer rehabilitation is to restore or upgrade the systems’ performance, which is highly
determined by its hydraulic capacity and structural condition. The rehabilitation strategies explored
consequently involve rules accounting for structural and hydraulic aspects.
Different hydraulic design rules were applied, based on current practice. In the most sophisticated
design principles, the historical precipitation input data typically applied was replaced by an ensemble
of ‘long’ stochastic series to account for the strong variability of extreme precipitation, anthropogenic
climate impact and climate model uncertainty. As a consequence of the probabilistic model input,
minimum probabilities for the fulfilment of the design criteria were defined. These minimum probabilities were set to rather high values to obtain high confidence in meeting the design goals. Beside the
desired service level and safety margin, the extra costs to achieve a higher hydraulic reliability may be
significant and vary depending on (i) the time horizons within which the hydraulic upgrading is targeted and (ii) the present hydraulic resilience of the systems as shown in the results from the two investigated networks in Chapter 5. It is therefore relevant to consider the safety needs of stakeholders to
legitimize the extra expenses associated with the larger system robustness. However, the rehabilitation
strategies investigated in Chapter 5 also reveal that future rehabilitation needs predominantly arise
from the structural deterioration of the sewers, even if the most sophisticated hydraulic design criteria
are applied. This means that pipe deterioration is the major factor triggering future reinvestments as
compared to hydraulic aspects. This is something we should generally expect for the rehabilitation of
the hydraulically typically robust sewer networks in Switzerland. Despite the large variability in hydraulic performance within individual and across different sewer systems, Sieker et al. (2006) conclude that the service level of sewer systems in Germany is generally high based on an investigation of
a large number of systems. This conclusion can supposedly be extrapolated to many other OECD
countries20 such as Switzerland where similar, conservative sewer design habits have been applied. A
first step in estimating future rehabilitation needs on a strategic planning level could therefore be based
on pipe deterioration as the only driver determining rehabilitation needs. For more accurate predictions, and particularly if hydraulic problems are evident, hydraulic aspects should be considered as
well.
In Section 1.2.1 and Chapter 5, the non-deterministic, random behaviour of pipe deterioration, which
can lead to substantially uncertain predictions of individual pipe conditions, is highlighted. Moreover,
the uncertainty in the deterioration model parameters contributes to uncertainty in the predictions; see
Section 5.3.2. In a strategic planning context, we are mainly interested in the overall condition and
deterioration of a network affecting future investment needs. In this case individual pipe conditions are
20

An exception may be Denmark, where there has been a tradition of less conservative sewer design habits
(Spildevandskomiteen, 2005) and where a substantial increase in extreme precipitation intensities is expected
(Arnbjerg-Nielsen, 2012).
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predicted but only the lumped deterioration of all pipes effectively determines the total investment
needs. Uncertainties in predicted overall network conditions and rehabilitation costs substantially decrease with increasing pipe population, as reflected in the results of the larger network investigated
(given in Section 4.2 of Supplementary Material D (SM.D)) compared to those of the smaller network
considered (given in Section 5.3.3). The larger of the two investigated pipe samples also includes more
information on the deterioration behaviour, see Section 5.3.2, additionally reducing the uncertainty in
parameters and predictions. The results in Section 5.3.3 highlight that the uncertainty in the predicted
outcome can be considerable in distinctly small utilities (in our case 480 pipes or 18 km total network
length) but can be clearly reduced in larger ones (in our case 750 pipes or 29 km total network length).
This means that the uncertainty of the deterioration process may be a specific issue in strategic sewer
rehabilitation planning (where only overall network conditions are considered) in distinctly small utilities. This underlines also the requirement of considering pipe-specific properties in deterioration modelling to improve the accuracy of the predictions in a way to usefully support decisions on individual
pipe rehabilitation relevant in a mid-term planning context. If such pipe-specific factors improving the
predictions cannot be identified, mid-term rehabilitation planning would still need to strongly rely on
observed pipe conditions.
A remaining issue encountered in Chapter 5 is the adequate timing of hydraulic rehabilitation
measures. This is because large parts of the hydraulically critical pipes may still remain in good condition over the next few decades (which is another cause for the extra costs of hydraulic rehabilitation).
As discussed in Section 6.3.3, “bottom up” design elements would help to prioritize the replacement of
individual pipes.

6.4.2 The importance of socio-economic dynamics
Urban runoff quantities are highly affected by extensions of urban areas and changes in urban land use
properties such as arise from a densification of the settlement structure. This issue turned out to be
relieved in the small communities investigated due to (i) a predominately high hydraulic resilience of
the systems and (ii) the possibility of draining stormwater from new settlements by separate storm
sewer systems independently of existing sewers. The high flexibility implied by (ii) is because of the
low settlement density, the dense network of potential receiving water bodies and the hilly topography.
This example highlights that the influence of urban development on existing sewers highly depends on
local factors and can therefore not be generalized. As these factors, or consequences of these factors,
are often not evident beforehand, sewer system design should be embedded in a scenario framework
describing a wide range of plausible future urban developments in order to identify weak points of the
system and to prepare for adaption options if necessary.
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Other predicted outcomes of the rehabilitation strategies were clearly affected by external factors defined by the scenarios in various ways. For example, if the population increases and the networks are
extended, the following was observed within the 40-year time horizon considered (see Section 5.3.3
for details).
(i)

If rehabilitation is constrained by available budgets proportional to population, rehabilitation
is intensified in the existing, older parts of the system, improving sewer conditions (eventually
more than necessary) compared to the case with a lower population increase. This is due to the
larger budget available and because the new network extensions require only very little rehabilitation in the next few decades. It could therefore be relevant to postpone investments even
though financial resources are available.

(ii)

In contrast to case (i), if the rehabilitation strategy is constrained by a certain maximum percentage of pipes in critical condition, rehabilitation decreases and may even be completely
stopped since the new construction of pipes improve the average network condition.

Scenario planning raises awareness among decision makers about such (undesired) effects, highlighting the need to re-evaluate the strategy chosen on a regular basis under updated boundary conditions.
This should also include an update of deterioration parameters and possibly model structures as new
information becomes available.

6.4.3 Decision analysis
The decision analysis revealed that the most extensive rehabilitation strategies are the most accepted
ones given the preferences of the stakeholders interviewed; see Chapter 5. This is mostly due to the
stakeholders’ high weighting of intergenerational equity, meaning that no rehabilitation backlog is
transferred to future generations, and secondly due to their low weighting of costs. Even though we
applied different hydraulic design standards, implying a wide range of costs and hydraulic performances, no preferred one could be identified. This may be assigned to the low priority stakeholders
assign to the hydraulic service of sewer systems. However, as discussed in Section 5.4.4 in detail, we
suspect the elicited preferences to be highly biased as the corresponding elicited preferences suggest
high acceptance of even exceptionally poor hydraulic performance. We therefore encourage focusing
on formulating adequate, comprehensible and feasibly predictable attributes in future research and
applications as highlighted in Section 5.4.4 and 6.1.
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7 General conclusions


The calibration of sewer deterioration models is often complicated as typical data management
leads to a systematic discard of information in the context of pipe rehabilitation. In this way
the available calibration data reflect the combined effect of deterioration and rehabilitation.
Naively calibrating a deterioration model with such data without accounting for rehabilitation
leads to an overestimation of sewer lifespans. The proposed combined deterioration and rehabilitation model used for inference of the deterioration parameters effectively compensates for
the bias in estimated lifespans. This generic approach can be applied to other models than the
one presented.



Bayesian parameter inference has great potential in the domain of sewer deterioration modelling to overcome frequently encountered identifiability problems. Limited identifiability arises
from the insufficient informational content of the data to jointly infer rehabilitation and deterioration parameters. Another issue is the low representativeness of the data from small, often
young aged networks.



We identified the anthropogenic climate change signal in precipitation extremes to be negligible in our Swiss case study and within the 40-year time horizon considered. The small signal
was clearly overwhelmed by the strong variability of extreme precipitation reflected by the
stochastic precipitation data. This variability is also more important than climate model uncertainty. Discarding current hydraulic sewer design practice on the basis of ‘short’ observed series and moving to ‘probabilistic’ design relying on stochastic precipitation data should therefore be encouraged to ensure higher hydraulic reliability. Sewer system design should also be
complemented by scenario planning since the unpredictable changes in urban land use may
significantly affect urban runoff. However, the importance of scenario uncertainty depends
very much on the hydraulic characteristics of the system, its flexibility, topography, etc. and
can therefore not be generalized.



The higher hydraulic reliability achieved by applying “probabilistic” sewer design may cause
considerable extra costs, depending on the hydraulic characteristics of the system considered.
However, future rehabilitation needs will be mainly triggered by structural pipe deterioration
in the hydraulically typically resilient systems investigated. A remaining issue is the adequate
timing of pipe replacement to increase hydraulic capacity. Therefore and because of the lim175

Outlook
__________________________________________________________________________________
ited evidence in climate models and downscaling, “top-down” design strategies should be
complemented by “bottom-up” design approaches to identify the most relevant adaption
needs. Also other ‘low regret’ options should be considered to relieve the (urgent) need for the
costly replacement of hydraulically critical pipes that are structurally still in good condition.


Integrating sewer deterioration, precipitation and hydraulic modelling into a scenario planning
framework would raise awareness among decision makers about the long-term effects of potential rehabilitation strategies, important influencing factors and, consequently, about the
need to regularly re-evaluate the strategy chosen. Complementing this approach by means of
MCDA for decision support, however, remains a challenging issue which we assign to the intricate information transfer between prediction model outputs and stakeholders. Distinctly
comprehensible rehabilitation strategies appear to be the most accepted ones as the stakeholders interviewed highly value intergenerational equity (prohibiting the transfer of investment
backlogs to future generations) and are highly willing to pay.

8 Outlook
Future research and development should focus on the following issues to further improve sewer rehabilitation planning.

8.1 Sewer deterioration modelling


Extension of the deterioration model presented in Chapter 3 to consider at least two subsequently observed condition states and co-variables accounting for additional influencing factors such
as pipe material and pipe diameter. This is to more extensively exploit the data (becoming available in the future), which would improve the predictions in general and specifically those of individual pipe conditions.



Model outputs are strongly influenced by the priors due to their limited parameter identifiability
from data. It is therefore encouraged to (i) acquire and provide suitable priors on the basis of
representative datasets and / or subjective knowledge and (ii) cross validate the models. In particular, the exceptional data of networks which underwent extensive rehabilitation in the past
and still comprise historical data may extend our understanding of model behaviour. In this
case, results could be compared by using (i) the deterioration model alone calibrated with all
available data and (ii) the combined deterioration and rehabilitation model calibrated with the
data after discard of all historical information.
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Beside pipe replacement, sewer rehabilitation may involve various potentially cost-efficient
renovation and repair techniques. Inclusion of such techniques in potential rehabilitation strategies is therefore relevant. To evaluate strategies including renovation and repair options, research is needed to develop models and identify parameters describing the deterioration of pipes
which have been improved by renovation or repair.



Little information on the condition of the privately owned household connections is available
(Maurer and Herlyn, 2006). At the minimum, faulty joints between the household connection
pipes and the main sewers are often observed, indicating potential environmental hazards and
rehabilitation needs. Therefore, there may be a high (research) potential in (i) collecting private
asset data (ii) analyzing the condition and deterioration characteristics of these assets and (iii)
rehabilitation programs integrating publicly and privately owned sewers to exploit synergy effects.



Synergy effects can also be obtained by joint rehabilitation projects integrating various urban
network infrastructures such as water and gas supply systems, roads, etc. Future research should
therefore seek models reflecting the outcomes of integrated rehabilitation strategies.



Observed sewer condition states may be erroneous due to the inaccurate, subjective response of
the observers to visual inspection data (Dirksen et al., 2013). Moreover, condition indicators
typically reflect the urgency of rehabilitation measures though not the extent of damage determining adequate rehabilitation techniques and costs (Stein and Ghaderi, 2009). Future developments should consequently seek more accurate condition data, better and/ or additional indicators for evaluating potential rehabilitation strategies.



A range of models has been proposed for sewer deterioration which differ in the modelled process, the calibration scheme and in the target variables they describe. Many of this models are
not available in terms of user-friendly software and not even as script codes and are insufficiently documented. A systematic comparison of the models including a generalized mathematical
notation would highlight their application scope, pros and cons as well as data requirements.
This would assist practitioners and scientists to select the most appropriate model for individual
application cases as well as to identify further development needs. The study recently conducted
by (Scheidegger et al., submitted) comparing different statistical failure models for water supply
pipes “from a unified perspective” could serve as an archetype for a similar work on sewer deterioration models. Finally implementing the (standardized) models in user-friendly, well documented software packages would moreover promote their application in science and practice.
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8.2 Precipitation modelling and hydraulic design


Improvement of spatial-temporal precipitation models as mentioned in Section 6.3.3, paragraph (a)



Applying stochastic downscaling as done in Chapter 4 to other weather stations as well as extending the time horizon. This would show to which extent the results obtained by the analysis
in Chapter 4 regarding the influence of climate change and specific uncertainties on hydraulic
performance can be generalized.



To my knowledge, no studies have been conducted in which “top-down” and “bottom up” design approaches have been consequently combined for sewer systems, as outlined in Section
6.3.3, paragraph (b). A case study taking up these ideas would be interesting to undertake in
order to demonstrate the costs, challenges and opportunities of this approach.



“Probabilistic” hydraulic sewer design practice as introduced in Chapter 5 would be promoted
by (i) providing the relevant precipitation data, e.g. on a national base and (ii) extending existing hydraulic sewer model packages with modules that automate (long-term) simulations with
stochastic precipitation data and the statistical analysis of the results. The computational capacity needed for the calculations could be provided by (central) computer cluster services that
are easily accessible to hydraulic consultants.



Hydraulic sewer design is also affected by the inaccuracy of the input data describing catchments properties and network topology. In my view, inaccuracy in the allocation of subcatchments and runoff-coefficients may be a major issue as it directly affects hydrological
runoff quantities and their allocation to specific network nodes and branches. A quantification
of the potential error incurred by missing data on catchment properties would highlight the
importance of improving this kind of input data.

8.3 Decision analysis in sewer rehabilitation planning


The objectives, attributes and methodologies elaborated for attribute predictions should be reevaluated by a broad community of stakeholders and, if necessary, re-formulated, as outlined in
Section 6.1 and for the reasons given in Section 5.4.4 and 6.4.3.



The MCDA should be complemented by a sensitivity analysis to identify the importance of
individual factors contributing to the output uncertainty of the MCDA for the reasons outlined
in Section 5.4.4.
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Supplementary Material SM.A: Additional Information for “Strutured Decision Making for Sustainable Water Infrastructure Planning and Four Future Scenarios” (Chapter 2)
Abstract

To support Sustainable Water Infrastructure Planning (SWIP), a participatory deci-

sion-making procedure was developed in the SWIP project at Eawag21. This procedure is based on
Structured Decision Making (SDM)22, which guides stakeholders through different steps of the decision process: (1) clarify decision context (may include a stakeholder analysis); (2) define objectives
and attributes; (3) develop alternatives; (4) estimate consequences; (5) evaluate trade-offs and select
alternatives; and (6) implement, monitor and review.
The SDM application to water infrastructure planning was developed in close collaboration with
stakeholders in a case study near Zürich, Switzerland. The experienced advantages and disadvantages
of the first steps of the proposed procedure were discussed in a scientific publication by Lienert et al.
(2014)23. We strongly encourage others to apply this SDM procedure for sustainable water infrastructure planning to their specific case. To this end, the approach was developed in a generalized way and
we present more material covering the different steps of the SDM procedure in this working paper.
The here presented material includes different steps in the development of a comprehensive objectives
hierarchy for water supply and wastewater management. The objectives are operationalized with attributes (indicators/ benchmarks), which are described in detail, including the ranges (best- and worstpossible case) and a description of the status quo. Four future scenarios were developed in a scenario
planning workshop together with local stakeholders to capture socio-demographic uncertainty, which
are again described in detail. Ten strategic decision alternatives were developed by stakeholders with
help of a strategy generation table. These include the current system with central water supply and
wastewater treatment plants, but also fully decentralized on-site options and different management
strategies. The strategy generation table can be used to tailor decision alternatives for water infrastructure planning to other cases. Finally, we provide detailed feedback from the stakeholders for each step.
We evaluate the proposed SDM approach and give recommendations for other applications.

Keywords:

decision-making, scenario planning, stakeholder participation, structuring, water infra-

structure, water management

21

http://www.eawag.ch/forschung/sww/schwerpunkte/infrastrukturen/planung_wasserinfrastr/index_EN.
Gregory, R., Failing, L., Harstone, M., Long, G., McDaniels, T., Ohlson, D. (2012) Structured Decision Making: A Practical Guide to Environmental Management Choices. Wiley-Blackwell Publishing.
23
Lienert J., Scholten L., Egger C., Maurer M. (2014) Structured decision-making for sustainable water infrastructure planning and four future scenarios. EURO Journal on Decision Processes (submitted).
22
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SM.A.1: Step (2) Define objectives and attributes
1. Preliminary objectives hierarchy
A preliminary objectives hierarchy was created on the desktop by the project team and discussed with
the stakeholders in the 27 face-to-face interviews (Figure SM.A.1; also see Chapter 2 of the thesis).
Details concerning this interview series and the stakeholder selection are also given in the stakeholder
and social network analysis (Lienert et al. 2013).

Figure SM.A.1: Preliminary objectives hierarchy.

2. Face-to-face interviews concerning objectives
In the face-to-face interviews with 27 stakeholders (see Chapter 2 of the thesis), each stakeholder was
asked to classify the objectives into: essential (without this objective I cannot judge whether the fundamental objective is reached), important (without this it would be difficult to judge whether the fundamental objective was reached), and nice to have (attainment of fundamental objective can be judged
without). NS = not significant for this stakeholder or missing (e.g. the water supply objectives were
not judged by the wastewater stakeholders). The water supply and wastewater objectives were split
and only judged by the respective stakeholders (explaining the large number of NS in Table SM.A.1
and Table SM.A2). The results concerning the objectives on the highest-level of the hierarchy are given in Table SM.A.1 and for the lower-level fundamental objectives in Table SM.A.2.
The objective “low costs” was judged as only “nice to have” by ten interviewees. However, the corresponding two lower-level objectives (“low operational” and “low investment costs”) were judged as
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“nice to have” by only three and four stakeholders, respectively, which seems a bit contradictory. Most of the other 18 lower-level objectives were judged as
very important by the large majority, with exception of “protection of air”, which was classified as only “nice to have” by seven interviewees.
Based on the input from the interviews and an extensive discussion in the scientific project team, the objectives hierarchy was again revised. The revised version is given in Figure SM.A.2. This version was used as input for the stakeholder workshop.
Table SM.A.1: Classification of highest-level objectives in interviews. We show the results of face-to-face interviews with 27 stakeholders about the importance of the highest-level fundamental objectives. For each objective, we give the number of stakeholders that chose the respective classification. Details see text.
Objective 

Intergenerati Protection of Safe water Safe
High social Low costs
onal equity water, air
supply
wastewater acceptance
Classification
and soil
disposal
Essential
4
17
18
13
4
3
Important
16
7
1
1
17
10
Nice to have
2
0
0
0
3
10
NS or missing
5
3
8
13
3
4

Table SM.A.2: Classification of the lower-level objectives in interviews. See Table SM.A.1.
Objective
Sub-objective 
Classification
Essential
Important
Nice to have
NS or missing

Intergenerational
equity

Protection of water, air and soil

Flexible Efficient Surface Groundsystem
use of
water
water
adaptation resources
7
8
14
17
15
14
7
4
1
1
1
1
4
4
5
5

Soil

Safe water supply

Air

7
6
3
11

Safe wastewater
disposal

Drinking House- Water for
water hold water firefighting
4
6
7
10

18
1
0
8

7
8
1
11

9
8
0
10

Wastewater
13
1
0
13

Rain
water
9
5
0
13

High social acceptance

Low costs

High
Indepen- Legal com- Access for
High
Low
Low
satisfaction dent orpliance
each
esthetics operation- investment
of users ganization
citizen
al costs
costs
10
1
12
11
4
15
8
10
4
3
8
8
6
11
4
5
4
1
4
3
4
3
17
8
7
11
3
4
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Figure SM.A.2: Objectives hierarchy used in workshop, after revision by the project-team. Revision based on input from interviews (Table SM.A.1 and Table SM.A.2) and
exten-sive discussions in the scientific project-team. The highest-level (1) fundamental objectives are colored blue, the second-level (2) are green, the third-level (3) are orange, the fourth-level (4) are yellow and the lowest-level fundamental objectives (5) are colored light blue.
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3. Discussion of objectives in workshop
The objectives hierarchy presented in Figure SM.A.2 was extensively discussed in a stakeholder workshop (see Chapter 2 of the thesis). In Table SM.A.3, we
show the feedback and group discussions concerning the proposed fundamental objectives.
Table SM.A.3: Feedback in workshop concerning fundamental objectives. We show objectives on different levels of an objectives hierarchy (see Figure SM.A.2), where level
1 corresponds to the highest level (in blue, e.g. Intergenerational equity, Protection of water bodies,…), level two to the next-lower level (in green, e.g. Low rehabilitation
burden, Flexible system adaptation,…) etc. Furthermore, we present the proposed attributes, the written feedback by workshop participants as discussed in groups of two, the
main issues discussed in the plenary in the workshop, and the distribution of points (each of 20 workshop participants received three points which he could distribute to mark
those objectives that seemed least relevant). Propositions for new objectives are given at the end of the table. WWTP = wastewater treatment plant; CSO = combined sewer
overflows.
Object. (level 1) Objective (level 2)
1. Intergenerational equity

Objective (level 3)

Attribute

Written notes from workshop participants
Discussion in workshop
One comment that this objective is OK and that
long-term investments should be made according
to today's already existing concepts; one comment
that it can be deleted because it is already contained in "safe water supply and wastewater disposal".

Points

Low future rehabilitation burden for
next generation

Is rehabilitation demand One comment that this is not a relevant objective.
during this generation
done in this generation?
(e.g. % necessary realization)

1

Flexible system
adaptation

Ease of technical extension or deconstruction of
infrastructure (expert
predictions)

Four comments: flexible adaptation can be deleted;
additional comments that the system is very inert
and changes are slow; flexibility is expensive; the
uncertainties remain; is dependent on technological innovations, which are not foreseeable.
"Protection of soil and air" was removed before the
workshop by project team; they were considered
less important by many interview partners and also
the project team.

6

g/ m³; kg/ a

Some ("fantastic") alternatives might not have
Discussion that other building structures such as
pipes anymore; hence this is not a good objective; infiltration structures and WWTP should be
several statements that the objective should be
included since they are relevant for input of

2. Protection of water bodies

Surface water

Low input of substanc- Low input of nutrients
es through pipes
(excluding other
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Object. (level 1)

Objective (level 2)

Objective (level 3)

Attribute

building structures)
Low input micropollutants µg/ m³; g/ a
Low input other substanc- µg/ m³; g/ a
es (e.g. suspended solids)

Written notes from workshop participants

Discussion in workshop

less specific, just state that there should be a
reduction of the pollution from wastewater.

substances; discussion about the system boundaries of analysis?
1

Two statements that "other substances" are not
important, can be deleted.

Adequate discharge
(sufficient water in
stream/ water body)

L/ s; / (s * h)

Two statements that discharge is not relevant
because there is only discharge into river during
rain events when there is sufficient water in the
river / stream anyway.

(Maybe: Low negative
hydraulic impacts)

Number of bed-moving
floods due to CSOs / no.
of bed-moving floods
without CSOs

Four statements that it can be deleted because
Not so relevant because there are natural varia- 3
natural bed-moving floods are much larger than
tions in discharge due to rainfall.
those from CSOs; two suggestions to change it to
"no mechanical negative impacts".

% Removal / regeneration One statement that groundwater is not relevant;
one that this is critical, but difficult / impossible to
measure.
Low input of substanc- Low input of nutrients
g/ m³; kg/ a
One comment that "low input of substances" is
es through pipes
sufficient, without distinguishing between nutrients
(excluding other buildand micropollutants; OK to not include details of
ing structures)
WWTP; relevant objective if there is a dynamic
development of the settlement.
Low input micropollutants µg/ m³; g/ a
(Maybe: No hygienic
Semi-quantitative expert Two comments that hygienic effects on groundwaadverse effects on
estimate (state of pipes; ter can be deleted; one comment that drinking
drinking water reprobability that pumps
water protection zones are relevant and should be
source)
break, etc.)
included.
3. Safe water supply (good supply with water)

Groundwater

Natural groundwater
regime

Drinking water

Good quality

High esthetics

Taste, smell, etc.

Good microbiology /
hygiene

Escherichia coli, Pseudomonas aeruginosa, entero-cocci in colony forming
units (CFU/ 100ml)
Potential of recontamination
Anorganic substances (Ncompounds)

Good chemico-physical
quality
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Points

Can be subjective, e.g. in USA chloride characterizes safe water.

Controversy between: discharge is not so relevant because of natural variations of river discharge and rainfall and: discharge is relevant
because there can be too low dilution of substances from urban areas.
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Object. (level 1)

Objective (level 2)

Objective (level 3)

High quantity

High continuity / reliability

Attribute
Turbidity
Pesticides, micropollutants
Dinitrophenols
Corrosion potential of
metals
L/ (person * d)

Written notes from workshop participants

Customer minutes lost
(length of outage * number of people affected/
1,000 people)
Hours with outage
High esthetics

Good microbiology /
hygiene

Good chemico-physical
quality

High quantity
High continuity/ reliability

Points

Comment that it can be deleted/ that it is relevant
and that the quantity should be multiplied by three
to include water for industry.

Household water
Good quality

Discussion in workshop

Taste, smell, etc.

Three comments that high esthetics of household
water can be deleted, because it is not relevant,
e.g. for the washing machine.
Escherichia coli, Pseudo- Two comments that good microbiology / hygiene is
monas aeruginosa, ente- irrelevant for household water.
ro-cocci in CFU/ 100ml
Potential of recontamination
Anorganic substances (Ncompounds)
Turbidity
Pesticides, micropollutants
Dinitrophenols
Corrosion potential of
metals
L/ (person * d)
Could be changed to "sufficient quantity".
Customer minutes lost
(length of outage * number of people affected/
1,000 people)
Hours with outage

4
2

1
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Object. (level 1)

Objective (level 2)

Objective (level 3)

Attribute

Written notes from workshop participants

Discussion in workshop

Water for firefighting

3
High quantity

l/ min with minimally 3,5
bar flow pressure
Water reserve m3 per
pressure zone
Flow rate l/ s
Criticality index

High continuity / reliability
Good accessibility
4. Safe wastewater disposal (good disposal)
Wastewater

One comment that "water for firefighting" can be
deleted.

High pressure of water for firefighting is important.

1

Length of hose to building

Hygienic drainage and No illness through direct
discharge
contact with w-water
(failures sewers, decentral
units, etc.)
No illnesses through
indirect contact with
wastewater (bathing)
High reliability

High service level of
the drainage system

e.g. Number of illnesses Two comments that double coverage with number Maintenance-friendliness should be included
in population per year
of illnesses can be deleted.
(e.g. easy access to manholes, easy to flush, …)

e.g. Number of illnesses
in population per year

Customer minutes lost
(Length of outage * number of people affected)
No back pressure of
Number of people affectwastewater (anywhere)
ed * length of back pressure
No back pressure of rain Number of people affecton retention areas (parking ed * length of back preslots, football fields, ...)
sure
No uncontrolled back
Number of people affectpressure of rain (e.g.
ed * length of back presstreets, non-retention
sure
parking lots)

5. High social acceptance

One comment: "no back pressure" is unrealistic; Damages should be included.
several comments: all three sub-objectives needed
for non-conventional solutions.
Suggestion to change to "few" or "controlled" back
pressures; four comments that it can be deleted.

4

Two comments that this can be deleted.

Social acceptance is not so important; is a soft 1
factor. Can be assessed for today, but difficult for
the future.

High satisfaction of
community

7
Independence of
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Qualitative: influence of

One comment that co-determination of community Acceptance by community depends on people
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Object. (level 1)

Objective (level 2)
community

Objective (level 3)

Attribute
community (differs between organizational
forms)

Autonomy concerning
water resources
High quality of management and operations

High acceptance
by end-users

Co-determination of
citizens in infrastructure decisions
Low time demand for
end-users
Low additional area
demand for end-users

Few road and building
construction sites

6. Low costs
Low annual costs

Written notes from workshop participants
is too political and should be deleted; one comment that direction is unclear (is more or less
better?).

Discussion in workshop
Points
working there; independence was so far not
important in infrastructure decisions. Currently,
no co-determination for telecommunication, but it
works well. Discussion whether it can be deleted;
but objective is necessary to measure organizational forms of some alternatives.
Eight comments that autonomy of water resource
3
is not important and can be deleted.

% Of annual water demand from external
providers
No problems with person- Number of working hours Two comments that this can be deleted; one
Is strongly dependent on personnel, and not on 3
nel
per year required from
comment that well-trained personnel is important. size of the network or professionalism of organivolunteers
zation; efficiency is not only measurable in costs.
Discussion that it is required to distinguish organizational forms.
Personnel hired according Number of hours / year Two comments that objective is not important;
2
to legal requirements
that surpass the legally legal requirements should be fulfilled; flexibility of
allowed maximal working job market is not relevant.
hours (for stand-by emergency duties)
(Maybe: Correct building % Approvals granted for Eight comments that this objective can be deleted;
1
and approval processes) "correct approval process" legal requirements are boundary condition; instead
/ total approvals
use objective "simplified processes".
Degree of codetermination (expert
estimate; classes)
hrs/ yr

Three comments that co-determination of citizens In long term (25 – 40 years), acceptance by end- 1
is irrelevant.
users is more important than acceptance by
community.

Additional area demand Six comments that this objective can be deleted; it
on private property per is unimportant, because 98% is below the ground
end user (m2 or maybe m3 anyway; public interest is more important than
in buildings)
personal interests.
Number of building sites Three comments that this objective can be deleted.
in community / year
weighted with average
number? Or length of
pipes?
Several comments that the overall annual costs
are important; not the details.

3

7

1

Capital costs; CHF/ year General comment that details concerning costs are
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Object. (level 1)

Objective (level 2)

Objective (level 3)

Attribute

Written notes from workshop participants

(interest rates, depreciation, investment costs)
Personnel cost; CHF/ yr
Material costs; CHF/ year

not important; it is dynamic over the decades; the
overall costs are important.
One comment that personnel costs can be deleted.
Two comments: "operational costs" are more
important than material costs.

Points

Easy fundraising

Qualitative in classes
One comment that it is important that also small
(dependent on size of
organizations receive subventions; general comorganization and level of ment that it is not important.
debts)

3

Low cost fluctuations

Number of increases >5% Several comments that increase of costs is not so
(compared with previous important; only the overall annual costs are imyear over 40 years)
portant.

5

Propositions for other objectives (based on individual written statements in workshop)
Good supply with High water pressure
drinking water
Safe wastewater High water pressure
disposal
High satisfaction of Ease of maintenance
community
High satisfaction of Low additional area
community
demand for community
High satisfaction of High quality of mana- Highly qualified, wellcommunity
gem. and operations trained personnel
High satisfaction of High quality of mana- Separate politics from
community
gem. and operations operation
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Discussion in workshop

Mentioned twice.
Mentioned twice.
Mentioned twice.
One comment that this is important, because there
can be resistance in the community.
Mentioned once.
Mentioned once.
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4. Modification of objectives hierarchy
In the months following the discussion of the objectives hierarchy in the stakeholder workshop, the
SWIP project team carefully went through all objectives and attributes again. The resulting objectives
hierarchy (Figure 2.1 in Chapter 2 of the thesis) is less complex than the one presented in Figure
SM.A.2. This is a result of our efforts to cut down the number of objectives to those that are absolutely
essential to characterize the water infrastructure system. We deleted objectives that are of minor importance (for water supply and wastewater infrastructures), which do not help to discriminate between
the strategic decision alternatives, or for which it seemed impossible to generate reasonable predictions (neither could we model or estimate them ourselves, nor could we find experts that were capable
of giving estimates). If possible, we used other attributes instead. The major changes are given below
(minor changes, e.g. concerning the wording are not listed).
(4)

Protection of water bodies / surface water / low input of substances through pipes / low input
of nutrients / … micropollutants / … other substances  changed to: Protection of water and
other resources / surface water / good chemical state of the watercourse
Reason: The chemical state of the water bodies is the fundamental objective, while the input
of e.g. nutrients is only a means objective. As attribute we use an aggregated measure over a
number of indicators (several nutrients and pesticides) in five quality classes. We base our assessment on the procedure developed in the related NRP 61 project iWaQa (Schuwirth et al.
2012; iWaQa 2013), which in turn draws on existing assessment procedures by water authorities in Switzerland and Germany (see Schuwirth et al. 2012 for references). Because it is difficult to elicit preferences from lay people for attributes that characterize a good chemical status
of the river, expert valuations of these single indicators are used for our predictions. The valuation scheme is based on the modeled contribution of chemicals from the wastewater infrastructure system to natural water bodies. As reference points we use existing measurement stations of AWEL (2006) with additional reference points added to the model used in iWaQa
(2013), basically upstream and downstream of urban areas. We also rely on the iWaQa experts
for the aggregation and weighting procedure of these attributes to come to an overall description of the chemical state of the watercourse in one of five classes (very bad to very good; also
see Langhans and Reichert 2011; Langhans et al. 2013). However, we do ask all our respondents for trade-offs between this and other objectives (i.e. for the scaling constant or weight of
this objective).

(5)

Protection of water bodies / surface water / adequate discharge (sufficient water in stream /
water body)  deleted
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Reason: Removed after extensive discussion, also with the related project iWaQa (2013). Our
project SWIP relies strongly on iWaQa to model and quantify the effects of the urban infrastructure system on surface waters. However, there are no clearly defined criteria (attributes)
available to assess this objectives’ degree of fulfillment. Since we are not able to quantify different outcomes of this objective for the different decision alternatives based on our own models, nor is it being modeled in iWaQa, we decided to delete it.
•

Protection of water bodies / surface water / low negative hydraulic impacts  included
Reason: We had first considered excluding this objective, because the water quality experts
from iWaQa (2013) are not using it due to the problem of not being able to translate hydraulic
events into negative effects for the water ecosystems. However, there are existing guidelines
for wastewater engineers in Switzerland (VSA 2002), which quantify the ratio of bedload
movements with or without stormwater discharge. We decided to use these. Our attribute is
thus very simple: the % reference points in the river network (of the case study catchment) that
ful-fill the VSA (2002) guidelines for stormwater handling. The same reference points as for
“good chemical state of watercourse” are used. The status quo levels are elicited together with
engineering experts.

•

Protection of water bodies / groundwater / low input of substances through pipes  replaced
with low contamination from sewers
Reason: Leaky sewers are potential inputs of pollutants into the soil and eventually the
groundwater. While this is certainly an important objective, it is very difficult to quantify,
since it is dependent on various factors. We decided to use semi-quantitative expert judgments
(groundwater specialists at Eawag) to estimate the amount of wastewater exfiltrating from
sewer lines, dependent on their physical condition. The assessment of the attribute in terms of
water quality classes follow those used for a “good chemical state of watercourses”.

•

Protection of water bodies / groundwater /  additional objective low contamination from
infiltration structures
Reason: Additionally to leaky sewers, infiltration of stormwater from impervious areas such as
roofs increases the risk of contaminating the groundwater. This risk depends, for example, on
the location of the infiltration structure and the amount of rain water being infiltrated. As
above, the potential for contamination is based on estimates from groundwater experts in five
water quality classes.
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•

Protection of water bodies  changed to protection of water and other resources; i.e. including two new objectives: Recovery of nutrients and efficient use of electrical energy
Reason: We decided that these are two important fundamental objectives that should be included in a comprehensive objectives hierarchy, which also focuses on ecological sustainability. Moreover, the recovery of nutrients from wastewater (characterized by the indicator “%
recovery of phosphate from wastewater”) allows distinguishing between current centralized
solutions (where nutrients are normally not recovered) and decentralized options where nutrient recovery is often an explicitly stated objective (e.g. Larsen et al. 2009, 2012).

•

Safe water supply and wastewater disposal  split into two fundamental objectives at the
highest level: Good supply with water and safe wastewater disposal
Reason: In the SWIP project, the wastewater infrastructure systems (C. Egger) are modeled
separately from the drinking water infrastructure system (L. Scholten); the same applies to the
MCDA for wastewater (J. Zheng) and water supply infrastructures (L. Scholten).

•

Good supply with water / water for firefighting / good accessibility  deleted
Reason: This attribute was characterized by the length of the hose to the building, which is obviously dependent on where fire hydrants are placed. We decided to base our dimensioning of
the alternatives on the given current legal requirements for the case study utilities in the canton
of Zürich, Switzerland (GVZ 2011). The same applies to the current legal requirements for
minimum water pressure (3.5 bar in the distribution system).

•

Safe wastewater disposal / high reliability and / high service level of the drainage system 
combined to one higherlevel objective with two fundamental sub-objectives; the subobjectives concerning no floodings in general / of less sensitive areas / and insensitive areas
were deleted: Safe wastewater disposal / high reliability of the drainage system / few structural failures of drainage system and … / few overloads of drainage system
Reason: The two sub-objectives concern the same objective, namely that one expects high reliability of the drainage system, i.e. that it does not block or collapse due to structural failures
(leading to floodings), and that there are only few floodings under heavy storms. We use the
following two attributes: For “few structural failures” we use the “weighted (by pipe diameter)
number of pipe collapses and blockages / year / 1,000 inhabitants”; weighting is done with the
pipe diameter under the assumption that bigger pipes have a larger impact when they fail because more water is conveyed by them. Pipe failures are condition dependent and hence based
on condition states predicted by a sewer deterioration model (Egger et al. 2013). For “few
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overloads of drainage system”, we use the “weighted (by urban land use and number of inhabitants) number of incidents of insufficient drainage capacity per year (e.g. overflowing of
manholes)” predicted by a hydraulic model. Here, we assumed that the damage is more severe
if more people are affected, more dramatic in historic city centers, and the disturbance is higher if local trade or business is affected. Thus, we weighted this attribute by 1.5 if the area
flooded is in a historic town center with mixed living and commercial zones.
•

High social acceptance / high satisfaction of community and / high acceptance by endusers  deleted
Reason: The hierarchical cluster distinguishing between the satisfaction (acceptance) of the
community and the end-user is unnecessary and presumably only complicates elicitation, since
it can, for example, also be important for the community to have low disturbance by road
works. For similar reasons we removed all hierarchical clusters on the lower levels.

•

High social acceptance / high satisfaction of community / high quality of management and
operations / with three sub-objectives  sub-objectives deleted
Reason: We decided to use the “% score of the EFQM Excellence model (European Foundation for Quality Management)” as attribute, since it is well-known and covers the relevant
management aspects better than the sub-objectives that we invented. “The EFQM Excellence
Model is the most popular quality tool in Europe, used by more than 30,000 organizations to
improve performance”; EFQM 2013). We asked an expert at Eawag (business economist) to
classify our strategic decision alternatives accordingly.

•

Low costs / easy fundraising  deleted
Reason: Test-interviews for preference elicitation indicated that there are preferential overlaps
between the two objectives “low annual costs” and “easy fundraising” because it proved difficult to get reliable estimates for real interest rates in the different alternatives. Additionally, we
decided early in the project to not include financing strategies (e.g. are infrastructures fully financed via tax payers, are there subventions?). For these two reasons, “easy fundraising” was
removed. As consequence, the real interest rate is also not considered in the calculation of the
annual costs, but the discount rates still apply.

•

Low costs / low cost fluctuations  reformulated as low cost increase
Reason: We do not consider it as problematic if the costs decrease sometimes, while (large)
increases are rather relevant.
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5. Short discussion of objectives hierarchy and attributes
The construction of the objectives hierarchy was an extensive and careful process. First, we defined
the system and e.g. decided that protecting floodplains is outside the infrastructures’ system boundary.
We included objectives that are often neglected in engineering practice and were judged less relevant
by our stakeholders. These concerned social acceptance, future generations and the environment such
as protecting groundwater (see above and Figure 2.1 and Table 2.1 in Chapter 2 of the thesis). We
justify this to ensure that all pillars of sustainable development are included (Wuelser et al. 2012).
Stakeholders tend to value current pressing issues higher than important solved ones from the past. For
example, septic tanks were abolished in Switzerland due to groundwater pollution; groundwater quality is now high, and stakeholders judged groundwater protection as low priority. But for other cases
and future generations, groundwater remains an important resource.
We need some objectives to distinguish between alternatives: “flexible system adaption” and “low
unnecessary construction and road works” help to positively distinguish decentralized alternatives
from the conventional central system, whereas “low time demand” and “low additional area demand
for end users” are negative characteristics of these. Similarly, “high quality of management and operations” discriminates between organizational aspects. If this is not part of the decision, it can be excluded by giving it a scaling factor (weight) of zero. “Water for firefighting” might not be a requirement of
the water supply system elsewhere. Other Switzerland-specific objectives might be “high autonomy
concerning water resources” or “co-determination of citizens”, since in many countries people cannot
vote about (infrastructure) decisions.
We took great care to construct the attributes in such a way that they are applicable to other cases and
that they comply with engineering requirements as well as decision theory. Some attributes may look
similar, namely “few gastro-intestinal infections through direct contact with wastewater (due to failures of infrastructures)” and “few structural failures of drainage system” (see Table SM.A.4 above,
Figure 2.1 and Table 2.1 in Chapter 2 of the thesis). In both cases, the cause may be poor maintenance
leading to collapses of pipes and back-pressure of wastewater into streets or cellars. However, the first
objective refers directly to preserving human health; a fundamental goal of urban sanitation. The second aims at preventing the disturbance of daily business and traffic or the damage of property.
We regard this objectives hierarchy, as presented in Chapter 2 of the thesis in Figure 2.1 and Table 2.1
to be exhaustive. It covers the main aspects important to water infrastructure planning. In application
to other case studies, we recommend that those stakeholders carefully discuss which objectives are
required for their specific decision situation and to delete those, which do not add additional insight.
The attributes (Table SM.A.4) were constructed in a generalized way so that they are applicable to
other cases. However, the respective ranges must be adapted to the boundaries in the respective appli-
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cation case, i.e. they should cover the worst- and best-possible decision alternative that is considered
in that case.
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Table SM.A.4: Description of the attributes that measure how well each objective is achieved. The short name refers to the objectives hierarchy given in Figure 2.1 in Chapter
2 of the thesis; also see Table 2.1 in Chapter 2 of the thesis. We give the units, the ranges (worst- and best-possible state), the status quo, a more-detailed description of the
attribute, and a narrative of the status quo in the case study region Mönchaltorfer Aa. DW = drinking water, WW = wastewater, WWTP = wastewater treatment plants, CSO =
combined sewer overflows (discharge of mixed rain and wastewater without or with only basic treatment in the case of heavy rain events).
Short
Attribute
Intergenerational equity
rehab
% Realization of the
rehabilitation demand

adapt

Units

Worst

[%
0
realization]

Flexibility of technical
[%
0
extension or deconstruc- flexibiltion of infrastructure
ity]

Status quo Best

Detailed description attribute and calculation

Status quo

DW: not
100%
completely
realized
WW: 80 –
100%

DW: In the short term, purely repair-based rehabilitation strategies are cheaper than renewal or replacement strategies. The consequence is a water infrastructure which not only
has a higher average age, but which is also more prone to failure. Undetected leakage
leads to high increased water losses. The realization of the rehabilitation demand for the
period 2010–2050 is calculated as 1 – [(no. of failures per km) / (no. of failures if nothing –
except repair – is done)] * 100%. According to the recommendations of the Swiss Gas and
Water Industry Association (SVGW), the failure rate should not exceed 0.1 failures per km.
WW: To keep the system as good as it is today, annual investments are needed. These are
approximately the reciprocal of the mean lifetime of pipes times the replacement value of
the pipe network: Investment demand = (1[a]* replacement value) / (mean lifetime of pipes
[a])
As an example, sewers have a lifespan of about 80 years. To keep the system as good as
it is today, about 1.25% of the total system have to be rehabilitated every year: 1 / 80 years
* 100 = 1.25
For each alternative, the effective investments in rehabilitation measures are summed up
over the whole planning horizon and related to the total investment demand over the same
period of time (also see Scheidegger et al. 2013).
Expert assessment. All alternatives were judged individually by four engineers according to
how easy it is to technically extend or deconstruct the infrastructure. The relevant aspects
were: organizational structure, construction and operation of infrastructure, wastewater and
drinking water system technology. Each alternative was classified as: “very low (0 – 20%)”,
“low (20 – 40%)”, “medium (40 – 60%)”, “high (60 – 80%)”, “very high (80 – 100%) system
flexibility”. Using the mid-points of the intervals (10, 30, 50, 70, 90%), the average and
standard deviation were calculated. Alternatives with >10% deviation were discussed, and
a final score assigned. Larger interval ranges depict higher uncertainty or higher variance.

DW: The rehabilitation demand is not completely realized (objective: <0.1 failures / (km
* a), status quo ca. 0.15 – 0.2 failures / (km *
a)
WW: Currently, 80 to 100% of the total
rehabilitation demand are being realized.

Phosphorus in water bodies is an indicator of anthropogenic influences (via WWTP, CSOs,
agriculture) and can lead to eutrophication. In Switzerland, nitrogen is usually not a limiting
factor for plant growth. Nitrite is strongly toxic for fish. Ammonium indicates pollution from
wastewater or agriculture. Dissolved organic carbon can be an indicator for anthropogenic
pollution. Total organic carbon includes particulate organic carbon, which reaches water
after heavy rain from CSOs or organic fertilizers. The biochemical oxygen demand is a
measure for the oxygen used up by biological degradation processes; in severe cases,

Currently, the chemical state of the watercourse is "moderate" in the case study area
Mönchaltorfer Aa. 50% of the reference
points fulfill the water quality target level,
based on a number of indicators for nutrients and pesticides. For example, for three
reference points, the concentrations of

20 – 50%

Protection of water and other resources: Surface water
chem
% Reference points in
[%
0
50%
catchment that fulfill
> 0.6]
water quality target
(nutrients, micropollutants, value > 0.6)

100%

100%

Today's wastewater system is not very
flexible (20 – 50% flexibility). This is caused,
amongst others, by the high pathdependency.

197

Supplementary Material SM.A: Additional Information for “Strutured Decision Making for Sustainable Water Infrastructure Planning and Four Future
Scenarios” (Chapter 2)
__________________________________________________________________________________
Short

Attribute

hydr

% Reference points in
[% yes] 0
catchment that fulfill VSA
guidelines for stormwater
handling

198

Units

Worst

Status quo Best

44 – 74%

100%

Detailed description attribute and calculation
anaerobic conditions occur. These can produce toxic substances as nitrite, methane, and
hydrosulfides. (source: FOEN 2010)
The Swiss Modular Concept for stream assessment is a new procedure to assess rivers
and streams (Bundi et al. 2000; http://www.modul-stufen-konzept.ch). To assess the chemical state, a set of nutrients are used (FOEN 2010), and three indicators for pesticides that
are relevant in the region Mönchaltorfer Aa (AWEL 2006). The nutrients are: total phosphor
/ (Ptot), total phosphor filtrated (Ptot filtr), orthophosphate (PO4-P), total nitrogen (Ntot),
nitrate (NO3-N), nitrite (NO2-N), ammonium (NH4-N), total organic carbon (TOC), dissolved organic carbon (DOC), biochemical oxygen demand (BOD). The micropollutants
are: photosynthesis inhibitors, chloroacetanilides, organophosphates. For each substance,
a target level is defined (concentration limits). The estimated level (from measurements or
models) is compared with the target and classified (FOEN 2010):
 "very good": estimated level of substance in watercourse is lower than half of the
target level
 "good": estimated level is higher than half of target level and lower than target level
 "moderate": estimated level is higher than target level but lower than 1.5x target
level
 "unsatisfactory": estimated level is higher than 1.5x target level but lower than 2x
target level
 "bad": estimated level is as large as or even higher than 2x the target level.
To aggregate the results of each indicator at each reference point, we use an approach first
described by Langhans and Reichert (2011) and Langhans et al. 2013, which is further
developed in the iWaQa project, based on multi-attribute value theory (Schuwirth et al.
2012). The quality class obtained by each indicator is transferred to a neutral value between 0 and 1 with a value function. The values are mathematically aggregated to give an
overall assessment of the state of the watercourse. We use a mix of additive and geometric
aggregation, with equal weights for each indicator.
The reference points are existing measurement stations of AWEL (2006) with additional
reference points added to the model used in iWaQa, basically upstream and downstream
of urban areas. To spatially aggregate the values at each reference point, we determine
whether the estimated level is above the target. If it is above, the water quality requirement
is not reached (i.e. classes "bad", "unsatisfactory", "moderate" = value < 0.6). If the estimated level is below the target, the requirement is fulfilled (i.e. classes "good", "very
good"). Over the entire catchment, we give the % reference points that fulfill the quality
requirements.
The VSA (2002) guideline for a single discharge point evaluates the following relationship:
V = Q_347/Q_E * fS * fG
V = “Einleitverhältnis” = ratio between water amount coming from the river and water
amount coming from the discharged rainwater [–]
Q_347 = water flow in the river that is surpassed at 347 days a year (similar to the almost
minimum water flow in the river) [m3/ d]

Status quo
nitrate (NO3) are higher than double of the
target level, so that these reference points
are judged as "very bad" concerning nitrate.

Currently, 44 to 74% of the discharge points
fulfill the requirement of the VSA (2002).
This means that in about half of the discharge points, the water that is led into the
river can lead to turbulence distraction of the
flora and fauna in the river.
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Short

Attribute

Units

Worst

Status quo Best

Protection of water and other resources: Groundwater
gwhh
% Water abstraction /
[%]
180
6
groundwater recharge
exfiltrsew Water quality class (of
5
very bad good
nutrients; based on
classes
expert estimates)

Detailed description attribute and calculation
Status quo
Q_E = discharged rainwater flow after a rain event that occurs once a year [m3/ d]
fS and fG = correction factors to account for the type of river and river bed.
Q_347 is derived from the model output of the water quality model of iWaQa and Q_E is
determined from the total discharges from the combined and stormwater systems upstream
of the individual reference points. The result is evaluated in three classes:
 VG > 1: Discharge is allowed, only for very polluted water a treatment is required
 0.1 < VG < 1: Discharge is allowed, but in water protection area, treatment is necessary
 VG < 0.1: Discharge is only allowed with prior retention.
The reference points are existing measurement stations of AWEL (2006) with additional
reference points added to the model used in iWaQa (2013), basically upstream and downstream of urban areas. To spatially aggregate the values at each reference point, we
determine whether the VSA guidelines (2002) for stormwater handling are fulfilled or not.
Over the entire catchment, we give the % reference points that fulfill the guideline.

0

Will be presented in later paper by Lisa Scholten et al. (2014)

very
good

One expert (Eawag scientist) classified the sewers according to the condition classes of
VSA (2007a), and another estimated the % wastewater that exfiltrates into the ground. As
indicators, we use the same nutrients as for the "good chemical state of watercourses" (see
there), classified into one of five water quality classes (FOEN 2010), but not the pesticides.
The concentration of each nutrient in wastewater is estimated based on average values
from the literature (AWEL 2006; FOEN 2012; Gujer 2002; Herlyn and Maurer 2007). Then,
the groundwater recharge rate is used to calculate the concentration of the nutrient in the
groundwater.
For the condition classes according to VSA (2007a), following % of wastewater exfiltrated
was assessed with the experts:
 Class 0 (sewer is untight, has several cracks, is strongly incised, crushed, danger of
collapse is given, floor is strongly corroded): 2 – 100% of wastewater exfiltrates into
the ground (average: 30%)
 Class 1 (sewer is corroded or strongly eroded, has several cracks, has open pipe
joints or some that broke off, loses water): 2 – 30% of wastewater exfiltrates
 Class 2 (sewer shows damages, pipe joints are broken at the crown, some holes at
the crown, has several cracks, that are sometimes strongly calcified, floor is slightly
corroded and eroded): 0 – 15% of wastewater exfiltrates
 Class 3 (sewer is in an insufficient condition. The floor is slightly eroded, several
small calcifications at the crown and the walls): 0 – 8% of wastewater exfiltrates
 Class 4 (sewer is in a good condition): 0 – 4% of wastewater exfiltrates.
Contrary to surface waters, there is no need to spatially aggregate the water quality classes
at different reference points. The groundwater body is regarded as an entity, and the

Currently, the contamination through
wastewater, for instance because of leaky
sewers, is relatively low in the case study
area Mönchaltorfer Aa (expert estimate: 8 –
10%). The groundwater quality regarding
nutrients is classified as "good".
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Short

Attribute

Units

Worst

exfiltrstruct

Water quality class
(of biocides; based
on expert estimates)

5
very bad
classes

Status quo Best

very good

very
good

Protection of water and other resources: Efficient use of resources
phosph
% Recovery of phos[% P
0
0
100%
phate from wastewater recovery]
econs
Net energy consumption DW:
DW: 2
DW: ca. 0.5 0
for water / wastewater
[kWh / kWh / m3 kWh / m3
treatment and transport m3]
WW: 250 (estimated)
WW: kWh / p / WW: 45 –
[kWh / yr
60 kWh / p /
p / yr]
yr

Good supply with water: Drinking water: Good quality
aes_dw Days per year with
[d / yr] 365
0
esthetic impairment such

200

0

Detailed description attribute and calculation
calculations are based on the groundwater recharge rate of the entire system. The influence of the soil (retention, degradation, hydraulic conductivity, height of the groundwater
table) cannot be taken into account because there is not enough information. This is why
the uncertainty of this attribute is very high.
The concentration of each biocide in the infiltration water is estimated based on average
values from the literature (AWEL 2006; Staufer and Ort 2012), and with an Eawag-expert.
Then, the groundwater recharge rate is used to calculate the concentration of the biocide in
the groundwater. Each biocide indicator is classified into a quality class, analogously to the
"good chemical state of the watercourses" (see there).
There are not a lot of nutrients present in infiltration water, so we did not consider these.
We only look at infiltration water from roofs (with Eawag expert). The influence of the soil
(retention, degradation, hydraulic conductivity, height of the groundwater table) cannot be
taken into account because there is not enough information available. This is why the
uncertainty of the attribute is very high.
Contrary to surface waters, there is no need to spatially aggregate the water quality classes
at different reference points. The groundwater body is regarded as an entity, and the
calculations are based on the groundwater recharge rate of the entire system.

Status quo

Phosphate recovery from urine is only done on laboratory and pilot scale at the moment.
With the current treatment it is possible to recover about 90% of the phosphate (Etter and
Kohn 2009). Theoretically, it is possible to recover up to 100%.
The best case (low energy consumption) is assumed to be zero, because of little / no
treatment of water and wastewater, and the use of gravity for transport. The status quo was
calculated / estimated using data provided by the water supply / wastewater treatment
plants in the case study area Mönchaltorfer Aa. The worst case (maximum energy consumption) was calculated assuming very energy-intensive water treatment, and water
withdrawal and transport over long distances requiring pumps and tank wagons. To
transport bottled water, mineral oil equivalents were converted to energy. For wastewater,
we assumed the energy consumption of high tech decentralized treatment units, and added
the energy consumption for the removal of micropollutants and the treatment of urine (and
a safety factor).
With the gas produced during the digestion of the wastewater sludge, electricity can be
produced using a gas-powered combined heat and power unit. It is not only possible to
produce electricity; heat can also be recovered from the wastewater stream with a heat
exchanging device. The heat energy is neglected because it only plays a minor role compared to electrical energy. If inefficient use of electrical energy generates higher costs,
these are considered separately in the objective "low costs".

Currently, no phosphate (as indicator for the
recovery of nutrients) is recovered from
wastewater.
Currently, the energy for treatment and
transport of water is estimated to 0.5 kWh/
m3 (ca. 46 kWh/ person / year) in the case
study region. This equals about 0.25% of
the energy requirement of a household,
given current water usage. For wastewater,
the net energy for treatment and transport of
wastewater in the central WWTPs of the
case study area amounts to 45 to 60 kWh/
person/ year. Compared to the total energy
consumption of about 8,000 kWh/ person/
year, this equals about 0.6% of the total
energy requirement of a Swiss person (VSE
2012).

Each alternative's esthetic water quality is assessed by an expert of the Cantonal Laboratory Zurich. Details will be presented in later paper by Lisa Scholten et al. (2014)

Currently, there are no collection systems
and infiltration structures to infiltrate water
from roofs, parking lots, and streets in the
case study area Mönchaltorfer Aa. Thus,
hardly any water from such areas that can
contain biocides is being infiltrated. Therefore, a "very good" water quality is assumed
for infiltrated water.
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Short

Attribute
as taste, smell, etc.
faecal_dw Days per year with
hygienic concerns (hygiene indicators)
cells_dw Changes in total cell
count as indicator of
bacterial re-growth
no3_dw

Units

Worst

[d / yr] 365

[log]

Status quo Best

Detailed description attribute and calculation

0

Each alternative's esthetic water quality is assessed by an expert of the Cantonal Laboratory Zurich. Details will be presented in later paper by Lisa Scholten et al. (2014)

2 (hunca. 0.68
dred-fold
increase)

Anorganic substances
[mg / L] 20
10
(nitrate concentration)
pest_dw Pesticides (sum of pesti- [μg / L] 0.15
0.036
cide concentration)
bta_dw
Micropollutants (indicator: [ng / L] 150
105
benzotriazole)
Good supply with water: Drinking water: High quantity
vol_dw
Days per year with water [d / yr] 365
0
quantity limitations
Good supply with water: Drinking water: High reliability
ci_dw
Criticality index
0.25
estimated:
0.01 – 0.03
Good supply with water: Household water
Same objectives and
attributes as "Drinking
water"
Good supply with water: Water for firefighting
vol_ffw
Available water for fire- [L /
500
ca. 1'500
fighting in new housing min]
areas
ci_ffw
Same as for "Drinking
and Household water"
Safe wastewater disposal: Hygienic drainage and discharge
illn
% Of total population
[% / yr] 25% / yr 0.001 –
getting infected once per
2.3% / yr
year

0

0 (stable Each alternative's hygienic water quality is assessed by an expert of the Department of
concen- Environmental Microbiology at Eawag and an expert of the Cantonal Laboratory Zurich.
tration) Details will be presented in a later paper by Lisa Scholten et al. (2014); also see Lautenschlager et al. (2010).
0
Will be presented in later paper by Lisa Scholten et al. (2014)
0

Will be presented in later paper by Lisa Scholten et al. (2014)

0

Will be presented in later paper by Lisa Scholten et al. (2014)

0

Will be presented in later paper by Lisa Scholten et al. (2014)

0

The criticality index is calculated as: criticality of affected pipe x probability of outage / total
criticality of all pipes. Will be presented in later paper by Lisa Scholten et al. (2014)

Status quo

Currently, there is approx. a doubling of the
cell counts after overnight stagnation.

Will be presented in later paper by Lisa Scholten et al. (2014)

3'600

Will be presented in later paper by Lisa Scholten et al. (2014)

Will be presented in later paper by Lisa Scholten et al. (2014)

0.0002
% / yr

Wastewater contains human pathogens, but also from other sources (e.g. animal manure),
if such wastewater drains into the sewer system (e.g. from farms). These pathogens can
cause infections, which may lead to illness such as gastrointestinal disorders, especially in
sensitive people (e.g. the elderly or children). Note that this risk is rather low. We therefore
use the % of the total population getting infected once a year as attribute. If a person gets
infected twice a year, he or she counts double in the calculation.
The attribute was calculated using the research of Ten Veldhuis et al. (2010). A quantitative

The inhabitants of the region Mönchaltorfer
Aa have direct contact with wastewater once
every 10 years. Between one person in four
years (0.001% of the population) and 547
people (2.3% of the population) get infected
with gastrointestinal pathogens every year
(total population in region is 24,180 in 2011).
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Short

Attribute

Units

Worst

Status quo Best

Status quo
Of those that get infected, ca. 10 to 100%
get ill, depending on their body's defenses.
For the model, an average intake volume
(20 ml) and an exposure frequency of 0.1
(contact with wastewater once every 10
years) was assumed.

cso

Number of combined
sewer overflows (CSOs)
per year per receiving
water

[no. / yr
/ receiving
water]

60 CSOs /
year /
receiving
water

10 CSOs /
year /
receiving
water

In the year 2005, there were about 10
combined sewer overflows (CSOs) from the
town Mönchaltorf into the river Mönchaltorfer
Aa. Hence, 10 overflows per year and per
receiving water is considered to be the
status quo.
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Detailed description attribute and calculation
microbiological risk assessment is used to estimate the risk of illness due to exposure to
micro-organisms after flood events and direct contact with wastewater. For this, a dose
response model for a certain infectious organism is required, which is combined with information about the exposure frequency. The dose response models link the amount of a
certain pathogen with the risk of infection at a single contact (P_single). There are many
different models. Ten Veldhuis et al. (2010) use an exponential model for Cryptosporidium
and Giardia, and a Beta Poisson dose-response model for Campylobacter. The dose
response models lead to very different results for different organisms in the same
wastewater sample. The risk of infection is therefore subject to a very high uncertainty.
Sampling: In Ten Veldhuis (2010) a series of samples was taken from combined sewers
during dry weather flow. Cryptosporidium, Giardia, Campylobacter, E. coli, and Enterococci
concentrations were measured. The E. coli and Enterococci concentrations found were
compared with measurements of concentrations in flood water to roughly estimate the
dilution during a flood event. Based on this, the concentration of Cryptosporidium, Giardia,
and Campylobacter in flood water could be calculated and then used in the microbial risk
assessment (dilution factor: 10). With the exposure frequency (how many times does a
person have contact with wastewater per year), an annual risk of infection can be calculated with: P_annual=1 – (1 – P_single) ^ EF
where P_annual is the annual risk of infection, P_single is the risk of infection per incident
(result of the dose response model) and EF is the exposure frequency.
To define the amount of pathogens, a certain intake volume has to be defined. According to
the literature it was decided to use an intake volume of 10 to 30 ml per event. The concentrations and the dose response models used were the same as in the work of Ten Veldhuis
et al. (2010).
Exposure to wastewater may occur due to maintenance activities, failures, and flooding
during extreme storms. To estimate the predictions of this attribute for every alternative, the
exposure frequency due to flooding will be defined by means of the hydraulic model),
exposure due to failures with help of a failure model, and exposure due to maintenance
due to literature values.
plusWe know that currently up to 4% of the population gets infected once per year with gastrominus 0 intestinal pathogens after swimming or bathing in rivers or lakes. This number is estimated
(0.001 = with the average E. coli concentration at recreational sites in Switzerland and a model of
1 in 100 the EPA (US Environment Protection Agency) for E. coli and gastrointestinal infection.
years) There is no information about CSOs underlying this approach, and we do not have any
information for the case study region Mönchaltorfer Aa. Therefore, we use the number of
CSOs directly for this attribute. Pathogens causing gastro-intestinal infections can also
reach wastewater from agriculture, e.g. from animal manure. It is usually not possible to
distinguish whether the original source of infection is wastewater, or agriculture.
The worst case (maximum number of CSOs per year and receiving water) was defined by
experience (Eawag scientist). The status quo was defined using the GEP ("genereller
Entwässerungsplan"; urban drainage planning in Switzerland) for the town of Mönchaltorf.
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Short

Attribute

Units

Worst

Status quo Best

Safe wastewater disposal: High reliability of drainage system
failure
Weighted (by pipe diame- [no. / yr 10 / yr / 0.0005 / yr / 0.0005 /
ter) number of pipe
/ 1,000 1,000 p 1,000 p
yr /
collapses and blockages people]
1,000 p
per year and 1,000
inhabitants

service

Weighted (by city center [no. /
and number of inhabit- yr]
ants) number of incidents
of insufficient drainage
capacity per year (e.g.
overflowing of manholes)

10 / yr

0.0002 –
0.13 / yr

Detailed description attribute and calculation
Status quo
This describes the number of CSOs into the river Mönchaltorfer Aa. The best case is close
to zero (1 overflow in 100 years). To make the predictions of this attribute for each alternative, we will use the number of CSOs per year and receiving water, which are a direct
output of the hydraulic models.

Although this attribute seems similar to the ones above concerning "no gastrointestinal
infections through direct / indirect contact with wastewater", it follows a different objective.
The previous ones refer directly to preserving human health. This one refers ("only") to
preventing nuisances, the disturbance of daily business, or the damage of property.
If a sewer is very large, it carries more rain and wastewater. Consequently, if a larger
sewer is damaged, there will also be a larger potential for wastewater being spilled into
urban areas, and hence larger potential for damage than if the sewer is small. We account
for this by weighting the number of pipe collapses and blockages with the pipe diameter. To
estimate the range, the weighted pipe failure f was calculated as: f = l * r_f * g
where l is the length of the sewer [km], r_f is the failure rate [/ km/ yr], and g is the weight:
g= (D/ D_average ) ^ 2, where D is the diameter of a certain pipe, and D_average is the
average of all pipes of the sewer systems. For the range, different failure rates were taken
from the literature; minimum (for the best case): 0.0001/ km/ yr; maximum (for the worst
case): 0.5/ km/ yr. For two communities (Egg and Mönchaltdorf), an inventory of all pipes
with their length, diameter, and location is given and used for the calculations.
To estimate the predictions of this attribute for each alternative, a model (“proportional
hazard function”) will be developed. It links the condition class predicted by Egger et. al.
(2013) to a failure rate.
0
This attribute may seem similar to the objective above "few structural failures of drainage
(0.0002) system", because the final effects to the population might be similar, namely floodings of
/ yr
streets and houses with combined rain and wastewater. However, we separate them,
because they describe different types of troubles that are both important to urban drainage
and wastewater engineers. The causes for the attribute above are structural failures, and
the prevention strategy is better maintenance and rehabilitation. In the case of "sufficient
drainage capacity", the causes are a too low hydraulic capacity of the drainage system,
which can occur even if the system is very well maintained. In this case, mitigation
measures are the reduction of impervious areas (so that rain water drains directly into the
ground), or can indirectly be addressed by planning the system differently (e.g. larger pipes
and retention tanks, decentralized systems comprising larger retention and infiltration of
stormwater).
Of course, the nuisance or damage that such floodings cause is higher if more people are
affected. We weight the number of incidents by the number of inhabitants per hectare. The
damage is also more dramatic in historic city centers, and the disturbance is higher if also
local trade or business are affected. To account for this, we give a weight of 1.5 if the area
flooded is in a historic town center with mixed living and commercial zones.
A 30 year historic rain series measured by a rain gauge located in the vicinity of the

Today's drainage system is very reliable, we
expect 0.0005 weighted pipe collapses and
blockages per year and 1,000 people. This
equals one failure every 80 years in the
case study region (24,180 inhabitants in
2011). In Mönchaltorf, for example, there
are no reported failures. In a bigger system,
more failures can be expected. As comparison, also in the city of Zürich there are
hardly ever failures (confirmed by Zürich).
The Zürich sewers are in very good condition and well maintained.

The drainage service is relatively high.
About 20% of the area is flooded every 10
years due to insufficient capacity of the
drainage system. This leads to a weighted
damage of 0.0002 to 0.13 per year, depending on the vulnerability of the flooded area.
(see "calculation attribute")
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Short

Attribute

Units

High social acceptance
auton
% of the water coming
[%]
from the region Mönchaltorfer Aa
efqm
% Score of EFQM Excel- [%]
lence Model
(European Foundation for
Quality Management)

voice
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Degree (percent) of codetermination

[%]

Worst

Status quo Best

Detailed description attribute and calculation
Status quo
catchment area was used to evaluate the capability of the drainage system of properly
draining stormwater. For the worst case, it was assumed that no well-designed drainage
system is present, so the water is mainly drained on surfaces and in trenches. For the
status quo, it was assumed that 20% of the area is flooded every 10 years. For the best
case, it was assumed that the area is almost never flooded. The damage d is then calculated as: d=(flooded area) / (total area) * flooding frequency * g
Where g is the weight: g = (population density in flooded area) / (average population density) * 1.5 (for city center and mixed zones). The lowest weight is given to a zone with only
single-family houses (a lot of area where water can drain off; e.g. big gardens), and the
highest weight is given to residential and commercial zones with four story buildings.
To calculate the predictions of this attribute for each alternative, the frequency of overloading of each individual manhole will be calculated with a hydraulic model using historical
rainfall series as model input. To each manhole, an area is assigned which might be affected by flooding when overloading of the manhole occurs. The area is characterized by the
urban land use as indicator for its vulnerability to urban flooding. The weight for the vulnerability can be by experts.

0

55%

100%

20%

55 – 70%

100%

0

50 – 90%

100%

The water supply from within and outside the case study region Mönchaltorfer Aa is calculated within the SWIP project, based on the descriptions of each alternative and the water
demand under the four future scenarios.
Each of the SWIP alternatives were assessed concerning their performance according to
the EFQM Excellence Model (EFQM 2013) by interviewing a business expert (Eawag
scientist). The assessment is based on the organizational form and the geographic extent
of our alternatives.
Through the nine criteria of the EFQM Excellence Model, the firm can understand and
analyze the cause and effect relationships between what the organization does and the
results it achieves. Five of these criteria are “Enablers” and four are “Results”. The “Enabler” criteria cover what an organization does and how it does it. The “Results” criteria
cover what an organization achieves (EFQM 2013).
The nine criteria and their relative weightings are: 1. Leadership [10%], 2. Strategy [10%],
3. People [10%], 4. Partnerships & Resources [10%], 5. Processes, Products & Services
[10%], 6. Customer Results [15%], 7. People Results [10%], 8. Society Results [10%], 9.
Key Results [15%].
Each of the SWIP alternatives was assessed by two experts concerning the codetermination (Eawag scientists). They received documentation prior to the interview with a
description of the relevant aspects for this attribute (organizational structure, geographic
extent, financial strategy). As classification, the following semantic categories were used,
and then translated into %: very low (0 – 20% co-determination); low (20 – 40%); medium
(40 – 60%); high (60 – 80%); very high (80 – 100%).
In the case of differing estimates, the range was enlarged to cover both expert estimates.
This means that the lower % number was decreased, or the upper % increased. As an

On average, 55% of the water comes from
the case study region Mönchaltorfer Aa, and
45% from lake Zürich.
The quality of management and operations
under the current structures in the case
study area Mönchaltorfer Aa can typically
achieve 55% to 70% of the EFQM Excellence Model score, given favorable conditions.

Currently, the end users have medium to
very high co-determination of about 50 –
90%. The system is a mix of responsibilities
in the hands of households (household
connections), cooperations, and the community. The citizens are often directly involved in decisions by being able to participate in council meetings, or via public vote.
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Short

Attribute

time

Necessary time invest- [h /
DW / WW: 0
ment for operation
person 10 h / p /
and maintenance by end / yr]
yr each
user

0

area

Additional area demand
on private property per
end
user

0

collab

Number of infrastructure –
sectors that collaborate in
planning and construction

Low costs
costcap Annual cost / person
in % (DW)
or in CHF (WW) of
mean taxable income

Units

Worst

Status quo Best

[m2 /
DW / WW: 0
person] 10 m2 / p
each

DW: [%
/ p / yr]
WW:
[CHF /
p / yr]

1

3

6

DW: 5% /
p / yr
WW: 863
CHF / p /
yr

DW: 0.4% /
p / yr
WW: 289
CHF / p / yr

DW:
0.01% /
p / yr
WW: 76
CHF / p
/ yr

Detailed description attribute and calculation
example: if expert A gave an estimate from 40 – 60% and expert B from 60 – 80%, we
used the total range from 40 – 80%.
This attribute estimates the time each citizen has to invest per year to operate and maintain
their decentralized water supply or wastewater disposal system. This can involve e.g. the
cleaning of filters, reading of meters, or the maintenance of tanks. Also telephone calls to
ask for help by a specialist, or complaints to a service hotline require time.
Estimates based on (realistic) times for maintenance of currently available decentralized
(waste) water treatment units, and a number of telephone calls, based on expert estimates
and product information.
The range for this attribute was calculated using the area demand of decentral water or
wastewater treatment units found in the literature (product information), and expert estimates. Decentralized water supply systems cover the use of decentralized tanks with or
without point-of-entry or point-of-use treatment. In case of centralized supply, additional
treatment can be installed in households.
One possibility for decentralized wastewater systems is a small treatment plant that works
in the same way as a big central WWTP. Another option is for example a septic tank,
where the wastewater is stored before it is pumped out again and transported away with a
truck. There are also low tech options such as constructed wetlands, which require the
most area. Hereby, the sewage water is lead into a planted field. The plants take up the
pollutants (e.g. nutrients) in the water and thereby clean it.
This attribute judges for each of the decision alternatives in SWIP, how many of six sectors
that use the underground collaborate. As an example, if the drainage company is renewing
its sewers in a specific section and the gas and water infrastructure could also soon need
rehabilitation, these works could be carried out together. Otherwise it could happen that
right after the constructions works are closed by one sector, another sector starts its amelioration works, hereby reopening practically the same "hole".

Status quo

For wastewater, the calculations for the range are based on numbers in a report of VSA
(2011; the Association of Swiss wastewater and water protection experts). Hereby, all
Swiss communities were asked to provide their cost data. In the VSA (2011) report, the
total annual costs consist of running and capital costs. The running costs consist of the
labor and material costs. The capital costs consist of the imputed depreciation costs and
the interest costs. The transport costs for sludge transport is included for decentralized
treatment options.
The money needed for the water supply and wastewater infrastructure can be collected in
numerous forms through taxes, tariffs, and direct payments, which we do not consider. For

Currently, the total costs for water supply in
the region Mönchaltorfer Aa amount to ca.
0.4% (273 CHF / p / yr) of the average
taxable income (ca. 65,000 CHF / p / yr).
The total costs for the entire wastewater
disposal system amount to 289 CHF per
person and year, based on the average total
annual costs of wastewater treatment plant
and the sewer system for the year 2011.

The current situation corresponds to the
best-possible case. Currently, there are
practically no decentralized water supply or
wastewater systems in the case study area
Mönchaltorfer Aa that have to be maintained
by the end users. Hence, the time demand
is 0 hours per person and year.
Currently, there are practically no decentralized water and wastewater systems in the
case study area Mönchaltorfer Aa that have
to be installed on the private property of end
users. Apart from the installations for the
pipes (including water meters and gate
valves), the area demand thus corresponds
to 0 m2.

Currently, in the case study area Mönchaltorfer Aa there is usually cooperation between the water supply and wastewater
sector with the transportation department;
i.e. three sectors collaborate. In the community Gossau, for example, there are two joint
meetings / year for planning and coordination. In other communities there are joint
meetings of road construction, water supplier, and wastewater utility as needed, i.e. if
larger construction works are planned.
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Short

Attribute

Units

Worst

Status quo Best

costchange

Mean annual linear
increase of costs in %
(DW) / in CHF (WW) per
person and year until
2050

DW: [%
/ p / yr]
WW:
[CHF /
p / yr]

DW: 20%
/ p / yr
WW: 43
CHF / p /
yr

DW: 8% / p 0
/ yr
WW: 1.4
CHF / p / yr
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Detailed description attribute and calculation
the water supply sector, we decided to elicit cost-preferences as percentage relative to the
mean taxable income (65,000 CHF / p / yr for federal taxes, averaged over the four communities in the area of the case study Mönchaltorfer Aa).
For the wastewater sector, we decided to elicit the preferences by using the annual cost in
CHF per person to measure this attribute. The detailed cost calculations for each alternative will be carried out by an engineering company.
To estimate this attribute, the total annual costs will be calculated for every year (see
attribute "low annual costs"). The increase of costs from 2010 to 2050 will be divided
through 40 and averaged for the cost increase per year.

Status quo

In the case study area Mönchaltorfer Aa, the
total costs for water supply from 2006 to
2010 increased on average by 8% (linear
increase).
For wastewater disposal, the costs have
increased by 1.4 CHF per person per year in
the last five years (20,864 CHF higher costs
/ year at an average running cost of 776,975
CHF / year). For wastewater, we use accounting information about the running costs
of the WWTP in the case study area Mönchaltorfer Aa from 2006 to 2010.
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SM.A.2: Future scenarios
1. Methods: scenario workshop
Three future socio-demographic scenarios for the case study region for the year 2050 were created in a
stakeholder workshop in April 2011. 15 of 22 invited participants from the case study region participated. After a general introduction to the project and the ideas behind scenario planning, we presented
three scenarios that differed in six main characteristics: global situation, environment, spatial development, population, working, and transportation. Furthermore, we presented eight factors that characterize the water supply and wastewater system: quantity of water used and wastewater generated by
the population, quantity for industry, societal requirements concerning water quality, legal requirements concerning drinking water and wastewater treatment, spatial development of the communities,
financial situation of the communities, financial situation of population and industry, and subventions
and tax incentives. The factors were discussed in groups of two and then in the plenum to eliminate
factors that are not relevant for the region or to include other very important factors.
We then assigned the participants to three groups with mixed stakeholder types and assigned a scenario to each group. Each group discussed what the general development in 2050 could mean for their
communities, and they were asked to conjure a vivid, detailed, and coherent picture. In the next step,
they were asked to describe in detail how the water supply and wastewater system might look like in
the respective future world; they were asked to be as specific as possible and to use numbers (e.g. for
population growth or water consumption). The scenario specification was based on the factors that had
been previously discussed and modified in the plenum (Table SM.A.5). They chose a title for their
scenario, noted the core characteristics on a flip-chart, and made a sketch to visualize the main ideas.
The three scenarios were presented in the plenum.

2.

Results: scenario workshop

The eight factors that characterize the water supply and wastewater system were discussed in the plenum. One factor was eliminated by merging (financial situation of population and industry merged
with financial situation of community), and three were added: coordination among the communities,
environmental impacts, and availability of energy (Table SM.A.5). The factors “availability of resources and materials” and “available technologies” were discussed in the plenum but not included in
the list of mandatory factors. However, the groups could include them if they wished.
Three future socio-economic scenarios were created in the groups (details in Table SM.A.6). Note,
that we later modified certain characteristics defined in the scenario workshops; namely the spatial
planning in the “Boomtown Zürich Oberland” scenario” and the water demand per person and day
(also see Chapter 2 of the thesis).
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Table SM.A.1: Factors to construct scenarios. Description of the factors that describe the water supply and
wastewater system, which were given to the workshop participants, discussed and adapted in the plenum, and
finally used to specify the future scenarios created in three stakeholder groups. WWTP = wastewater treatment
plant.
Factor

Description

A

Quantity of water used and
wastewater generated by the
population

Describes two developments: (i) the demographic development (i.e. population
growth) and (ii) the specific water demand of households. Will future lifestyle change
the required water quantity? We assume that the wastewater quantity is similar to
the supplied water quantity.

B

Quantity of water used and
wastewater generated by the
industry

Describes the requirements of industries that are relevant for water management.
The water demand and wastewater production (especially the load of contaminants)
should be described separately.

C

Societal requirements concern- What services do the people and consumers ask from the urban water management
ing water quality
system? For example, are they very environmentally-friendly and health-conscious
and would they also be willing to pay more for water and wastewater treatment than
required by law? Would they also pay for the elimination of micropollutants in drinking water or for the hygienization of the wastewater overflows from WWTP?

D

Legal requirements concerning Describes the legal requirements and norms for water supply and wastewater
drinking water and wastewater treatment. As an example, is it required by law to monitor a number of micropollutreatment
tants in drinking water and to remove these? Are there more stringent requirements
for wastewater treatment such as the hygienization of wastewater overflows from
the WWTP? What are the requirements for firefighting?

E

Spatial development of the
communities

F

Financial situation of the com- Describes the financial degrees of freedom and the possibilities of the communities,
munities (and population, indus- population, and industries in the region. Are these heavily indebted? Is there suffitry)
cient public (tax) money available?

Describes the type of settlements and the building activities in the communities. Will
there be densification or urban sprawl? Will there be mainly apartment houses or
single-family houses? Where will there be buildings and where not?

G Financial situation of population Merged with F after discussion in the plenum.
and industry
H

Subventions and tax incentives How is the urban water management system financed (e.g. with public tax)? Are
there tax incentives (e.g. wastewater bills, taxes to deal with water shortages or to
remove micropollutants)? Are there subventions (e.g. to hygienize the outflow from
WWTP for re-use in agriculture)?

I

Coordination among the com- Describes how the communities are organized. Is there a separate political and
munities
management system for each community? Do the communities collaborate (and if
yes, how)? Are there mergers of communities into one larger entity?

J

Environmental impacts

For example, consequences due to depleting water resources. Consequences of
activities in the region and the water infrastructures on the quality of water bodies.

K

Availability of energy

For example, what are the consequences of energy shortages for the water sector?
Is energy generated and/ or stored by the water supply and wastewater system?
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Table SM.A.6: Scenario description. Description of the three socio-economic scenarios for the case study region near Zürich that were created in a stakeholder workshop: (A):
Boom, (B): Doom, (C): Quality of life. WWTP = wastewater treatment plant, CSO = combined sewer overflow (mixed rain and wastewater is discharged directly to rivers and
lakes without treatment or only very basic treatment in the case of heavy rain events).
Scenario General situation

Spatial development

Transporta- Financial situation Collaboration Water supply
tion

A Boomtown
Zürich
Oberland
(Silicon
Valley
Aabach)

In 2050, Europe belongs Region is very
Strong inCommunities pros- Communities
to the most prosperous densely populated. crease in
per, rising tax
are forced to
regions worldwide.
High land prices;
mobility;
revenues. Loans for collaborate due
Region Mönchaltorfer Aa very dense urban commuters infrastructure into high dynamis booming. Massive
development (25- from Evestments needed, ics in region.
population growth from story-buildings). Few Switzerland. but also higher
today 25,000 inhabitants villas for the rich.
New transport income (more
to ca. 200,000. High-tech Few agricultural
axes (high- connection fees).
industries with high
areas and nature
way, access No subventions,
productivity; large trust in protection zones. roads, mag- financing only via
technologies.
Recreational areas netic levita- fees. Tax incentives
(river Aabach, Lake tion train).
foster use of water
Greifensee).
of different qualities.

B Doom

Increasing gap between
Europe and prospering
Asia. Switzerland is
increasingly unattractive
in the global world. This
causes strong financial
pressure on public
provisions, especially of
infrastructures in water
sector that have high
investment costs. Decline of industries. Deregulation.

Spatial development
of communities
stagnates. Relatively
strong urban sprawl.
Slight population
decline.

C Quality of Europe belongs to the
life
most prosperous regions. In Europe, Switzerland is important.
Moderate population
growth (<5% / year; 20%
until 2050). High en-

Additionally required
residential areas
mainly created by
more dense urban
development, rather
than providing more
land for buildings.

Overall increase of water demand (population growth), but considerably lower per
person water demand due to clean-tech.
Some areas distribute water of different
quality (drinking water, household water,
firefighting). No shortages due to access to
lake Zürich. High water quality standards
promote closed-loop technologies and onsite treatment. Health-consciousness of
people leads to high requirements for
drinking water quality (at least as good as
today).

Wastewater system

Energy and
environment
Central WWTP in industrial zone,
Environmental
mainly for household water (no heavy protection and
industries). Much stricter requirements quality of life
for wastewater treatment to compen- very important.
sate population growth. Remaining
High costs for
nature protection zones (Aabach, lake fossil fuels:
Greifensee) similarly clean as today (no resource stewsmell or eutrophication). Additionally, ardship; use of
removal of micropollutants is required renewables. Per
from society and by law. Climate
person energy
change leads to heavy rain events and consumption
various measures for discharge man- much lower
agement and flood control.
(clean tech).

Environmental
Water demand decreases to 80 l / person / Wastewater quantity is lower by ca.
effects (deficient
day (ca. 2x less than today)a. Communities 25% than in 2011. Negligible inputs
wastewater
reduce capacities and investments. Very from industries. Separate sewers for
bad state of pipes. Strong dependence on wastewater only are abandoned; only treatment;
climate change
local water sources; highly variable quality mixed sewers (rain and wastewater
(on average only household water). Hence, together). Climate change effects are (CSOs)). Destrongly perceptible in urban drainage: creasing conpopulation has own water sources; e.g.
cern about
bottled water, rain water collection (garden, increasing floodings after heavy rain
membrane filter for kitchen). Control and events and more CSOs. WWTP are in a micropollutants.
very bad state. They are held together Energy is exmonitoring by state hardly existent and
pensive (saved
ineffective. Drinking water quality standards with “spit and tape”, with frequent
failures. Only mechanical parts are
wherever possias 2011, but not relevant (bottled water
etc.). Minimal requirements for fire water. functioning reliably. Lower wastewater ble).
quality standards.
Very high quality requirements for
Very high
Grüningen and Higher drinking water quality (sensitive
Gossau are
analytics; better information about chronic wastewater treatment, and protection of environmental
the environment and water resources. standard; remerged. Mer- effects). Water demand of households
a
gers with other lower than today (140–150 L / person / d) ; Discharge from WWTP reaches nearly sources recycommunities
of industry as 2011; higher in agriculture. drinking water quality standards. De- cling. Energy
discussed,
Water supply by public network, rain water pleting resources, high energy prices, production from
following gen- retention basins combined with advanced and climate change effects have led to biomass; enerconstant optimization and new devel- getic optimiza-

Despite high inIncreased
vestment needs and collaboration
rising costs it is
between compolitically not possi- munities to
ble to raise water make use of
fees. No subven- synergies and
expertise.
tions or state finances.

Public
Financial situation
transport is of communities and
promoted and population is good.
efficient.
Sufficient finances
Commuting is for good maintereduced by nance and operaactively
tion of the water
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Scenario General situation

Spatial development
vironmental and health Only 5% additional
awareness. High produc- building areas (= ca.
tivity in agriculture; high today’s reserves of
ecological standards.
building zones)

a

Transporta- Financial situation
tion
promoting e- infrastructures
technologies available.
(ca. 30%
home office).

We could not directly use the water demands specified in the workshop; Chapter 2 of the thesis.
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Collaboration Water supply

Wastewater system

Energy and
environment
eral trend in ct. treatment ponds. Lower technical require- opments. E.g. nutrients are recycled
tion of
Zürich: 50
ments for networks. Cost savings due to
from wastewater and used as fertilizer wastewater
communities in smaller pipe diameters, new laying tech- in agriculture.
system.
2050 (2010:
niques. Flexible fire water provision, cou171).
pled with rain retention measures.
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SM.A.3: Step (3) Develop alternatives
1. Methods: workshop to create alternatives
In the 2nd stakeholder workshop in May 2011, the twenty participants created strategic alternatives
with help of a strategy generation table. We prepared the 17 factors and their specifications beforehand. The 17 factors concerned the organizational structure (four factors; e.g. cooperation between
sectors), geographic extent (two factors; e.g. cooperation between communities), financial strategy
(two factors; e.g. rehabilitation strategy), construction and operation of water infrastructure (four factors; e.g. operation & maintenance), wastewater system technology (two factors, e.g. storm water handling), and drinking water system technology (three factors, e.g. central or decentralized water treatment). The strategy generation table is given in Table SM.A.7.
The participating stakeholders were split into four groups according to their professional background.
We mixed groups to ensure the representation of different perspectives (local, cantonal, and federal
stakeholders, and actors from different sectors, i.e. water supply, wastewater, administration). Each
group was assigned to one of the four change scenarios specified in the first stakeholder workshop
(Boom, Doom, Quality of Life, and status quo; Table SM.A.6). We asked the participants to create at
least two different alternatives per group. First ideas of possible alternatives were collected by each
group during a 15 minute brainstorming under the premises of the assigned change scenario. Each
group then selected some of the generated alternatives (the favorite one, the most probable one, etc.),
which was further systematically characterized by choosing (or generating new) specifications of each
factor from the strategy generation table (Table SM.A.7). Some of the factor specification required a
more-detailed definition. As an example, for the funding strategy (factor G, Table SM.A.7), specifications c) and d) required numbers concerning the % self-financed in the constant budget, or the % increase per year in the progressive budget. The most important characteristics were presented in the
plenum. Altogether ten decision alternatives were defined. The project team used these backbones as
input to develop more detailed alternatives to be used in the later MCDA.
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Table SM.A.7: Strategy generation table. Overview of 17 factors (A – Q) and the respective factor specifications (a – h) in six main categories: Organizational structure, geographic extent, financial strategy, construction and operation of the infrastructure system, and system technology of the wastewater and drinking water system. DW = drinking
water, WW = wastewater, WWTP = wastewater treatment plant.
Organizational structure
A
Form of
organization

a

Geographic extent
a, b

B
C
Coopera- Responsition sectors: bilities WW
DW, WW, sector
others

a, c

D
Responsibilities DW
sector

E
Cooperation communities

Financial strategy

F
G
Coopera- Funding
tion w.
other communities

H
Rehabilitation strategy (DW &
WW)

Construction, operation of water infrastructure
I
Rehabilitation
measures

J
Pipe /
sewer
laying
technique

Wastewater technology Drinking water system technology

K
L
M
Operation & Inspection Drainage
mainte& surveil- system
nance
lance

a) Commu- a) DW /
nity
WW /
others

a) Private / a) Intake / a) All indi- a) None
sewer /
treatm /
vidually
WWTP
distr /
private

b) Cooper- b) [DW +
atives
WW] /
others

b) Private / b) [Intake +
[sewer + treatm] /
WWTP]
distr /
private

b) 2 togeth- b) Wetzikon b) Constant
er, the
budget, 0%
others
selfindividually
financed

b) Condi- b) Repair
tiondependent
measures

c) Operator c) [DW +
model:
others] /
franchising WW

c) [Private + c) Intake /
sewer] /
[treatm +
WWTP
distr +
private]

c) 3 togeth- c) Uster
er, 1 of
others
individually

c) Constant
budget, x%
selffinanced

c) Rehabili- c) Renovate
tation basis
= prioritization

c) Minimal c) Little (to c) Decenbe defined) tralized

d) Operator d) [WW +
model:
others] /
contracting DW

d) [Private + d) [Intake + d) All 4
sewer +
treatm +
together
WWTP]
distr] /
private

d) Progress. (x%
annual
increase)

d)
d) Do
Measures nothing
only upon
urgent need

d) Do
nothing

e) IKA =
e) [DW +
interWW +
communal others]
agency

e) [Intake +
treatm] /
[distr +
private]

f) Corporation

e) [Intake +
treatm +
distr +
private]

g) Households

e) Parts of
communities with a)
– e)

d) Maur

e) Whole
Greifensee
area including Pfäffikersee

a) Constant a) Rehabili- a) Replace a) In trench a) Extenbudget,
tation of x%
sive
100% self- of network
financed

e) Do
nothing

N
O
P
Q
Storm water Purpose of Distribution Water
handling use
system
treatment

a) A lot (to a) Coma) Disbe defined) bined sewer charge
(1 sewer)

b) Trench- b) Moderate b) Average b) Separate b) Retenless
(to be
(2 or more tion
defined)
sewers)
c) Infiltration

a) Water for a) Central- a) Centralfood (drink- ized
ized (to be
ing & cookdefined)
ing)
b) Water for b) Decen- b) Decenhygiene
tralized
tralized (to
(e.g. show- tanks (e.g. be defined)
er)
roof)
c) Water for c) Supercleaning & market
garden
(bottles)

c) Combinations

d) None at e) Semid) Combin- d) Water for d) Delivery d) None at
all
(de-)
ations
fire fighting service
all
centralized
(tanks or
bottles)
f) Combinations

e) Water for e) Decenemergency tralized
supply
ponds

f) Whole
Gr.see excl.
Pfäffikersee

f) Household delivery from
community

g) City of
Zürich

g) Combinations

h) Region
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Organizational structure
A
Form of
organization

a
b
c

Ba
C a, b
Coopera- Responsition sectors: bilities WW
DW, WW, sector
others

Geographic extent
D a, c
Responsibilities DW
sector

E
Cooperation communities

Financial strategy

F
G
Coopera- Funding
tion w.
other communities

H
Rehabilitation strategy (DW &
WW)

Construction, operation of water infrastructure
I
Rehabilitation
measures

J
Pipe /
sewer
laying
technique

Wastewater technology Drinking water system technology

K
L
M
Operation & Inspection Drainage
mainte& surveil- system
nance
lance

N
O
P
Q
Storm water Purpose of Distribution Water
handling use
system
treatment

Zürich
Oberland
Interpretation for B, C, and D: as an example, [DW + WW] / others means that the drinking water and wastewater infrastructures are managed together by one entity, while other infrastructures (e.g. electricity, gas
supply, telecommunication) are separately operated by another entity.
Here, “private” mean the house drainage sewer pipes on private ground.
Here, “private” means household connections for water supply on private ground; “intake” means retrieving water from a source; “treatm” refers to the drinking water treatment; “distr” refers to the distribution and
storage of drinking water.
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2. Results: strategic decision alternatives
The specifications of each factor for each of the ten decision alternatives that were created in the
stakeholder workshop are summarized in Table SM.A.8. The alternatives were then processed by the
research project team to ensure internal consistency. Moreover, to better describe alternatives, we created following additional factors: water source, water treatment, operations, technical planning, administration and support, leadership, strategy, and partnership and resources. Some factors were necessary
to predict the objective “high quality of management and operations”, for which we used the attribute
“% score of the EFQM model” (“The EFQM Excellence Model is the most popular quality tool in
Europe, used by more than 30,000 organizations to improve performance”; EFQM 2013). The more
detailed description developed by the project team, is given in Table SM.A 9. In the following we give
the narratives for each strategic decision alternative, based on the workshop results. Note that the alternatives were created having a certain future scenario for the year 2050 in mind but that they will be
evaluated in the MCDA for their performance under all four future scenarios. Following a recommendation of Gregory et al. (2012a) we re-named the alternatives so that their names are better understandable also to those that did not participate in the workshop.
Alternatives for scenario A, “Boom”
A1a)

Centralized, privatization, high environmental protection
All network infrastructures are combined together (water, wastewater, gas, roads, telecommunication, and electricity) and managed by one private single entity that charges fixed
fees for its services. Whereas sophisticated contracting is necessary, conflicts of interest arise
between the municipalities, the wider public, and the contractor. Maintenance is mostly assetrelated. New buildings are mainly equipped by green rooftops for stormwater retention.

A1b)

Centralized, IKA
Differs from variant 1a) only in the fact that an intercommunal agency (IKA, “Interkommunale Anstalt”) manages the infrastructure, not a contractor.

A2)

Centralized, IKA
Although combined, the wastewater, drinking water, and gas infrastructure services remain in
the public domain, but private sector principles rule their management. Their maintenance is
asset-related and pipe or sewer laying is done in the most economic manner. No dedicated retention of stormwater is foreseen.
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A3)

Fully decentralized
The water infrastructures are as decentralized and as much reliant on the consumers as possible. The responsibility for the water and wastewater service is privately owned so that the centralized infrastructure is minimal. Storm water is collected, reused, and infiltrated where possible.

Alternatives for scenario B, “Doom”
A4)

Decaying infrastructure; decentralized outskirts
Water infrastructures are still centralized, but local sector combinations exist. Outside current
residential areas, the communities have transferred the responsibility for sewerage and storm
water management to the private consumer. The currently existing wastewater system is still
publicly operated, while newly developed areas are not served by a well-designed buried sewer system. Instead, stormwater from these areas is simply drained on the surface of roads and
via trenches and sanitary wastewater is treated in septic tanks. The existing central WWTPs
decay and provide only mechanical treatment. The quality of the piped water supply is not apt
for drinking (no treatment). Consumers buy their water for food in the supermarkets or have
their own household treatment. No real budget is available. Whenever funding is available, it
is allocated in the most sensible way. Consequently, maintenance and inspections are only performed based on importance classification of the pipes and sewers. Rehabilitation only takes
place if at least 100 consumers are affected, otherwise only repairs will be done.

A5)

Decaying infrastructure everywhere
Most infrastructure services as well as their funding are in the responsibility of the customers.
In general, no public funding is available anymore for the maintenance of the distribution, collection, and treatment systems. Therefore, wastewater is technically managed as in A4. However, sludge from septic tanks is collected privately. There is no centralized water supply, and
no more pipes are being built. Consumers are accountable for their own water supply and operate tanks which are intermittently recharged. Water is delivered to the households by a private delivery service and treated in house (e.g. with activated carbon). The municipalities – or
parts of them – are partially combined. Operational and maintenance efforts are considerable
where affordable, but then again no inspection and surveillance are done.

Alternatives for scenario C, “Quality of life”
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A6)

Maximal collaboration, centralized
One of the main ideas behind this alternative is to increase the decentralized use of rain water
in the households and provide considerable retention volume under intensive rainfalls. Despite
this, centralized drinking water supply and drainage remain. Only about 10% of the drinking
water (mainly surface water from the lake) is treated. The service provider of the four case
study communities and Oetwil am See is a cooperative that combines the water and
wastewater services with telecommunication, electricity, gas, and road services. A 100% selffinanced constant budget is available for the realization of rehabilitation measures according to
the condition of the infrastructure. Efforts for operation and maintenance, as well as inspection
intervals are neither low nor high.

A7)

Mixed responsibility, fully decentralized with onsite treatment
Public water supply and wastewater services are combined within one cooperative for all four
case study communities. However, treatment facilities on private grounds (households, industry) are within the responsibility of the owner. A central wastewater treatment plant and centralized storm water sewers are operated by the cooperative, but no sanitary wastewater sewers
will be constructed in new development areas. Stormwater is retained extensively as in A6.
The water infrastructure is mostly decentralized, with on-site drinking water treatment and
wastewater treatment with urine source separation for nutrient recovery. This fertilizer finds its
use in local agriculture. The water demand within households is strongly reduced thanks to
modern vacuum toilets. The concentration of wastewater is thus high. Water within the households is reused as far as possible (especially rain water) and is only delivered (with tank
trucks) by the municipality upon special demand or in longer dry periods. The firefighting policy is based on fire engines that withdraw firefighting water from central water storage ponds.
All residues (e.g. sludge) from on-site treatment installations are transported by truck to central treatment and disposal facilities. Rehabilitation of the infrastructure is 100% self-financed
and prioritization is according to condition. Operation and inspection efforts are medium, as in
alternative 7. The infrastructure organization, structure, and management in the surrounding
urban areas are comparable.

Alternatives for scenario “Status Quo”
A8a–e) Status quo with storm water retention (drinking water only A8a–b)
While the communities remain responsible for a single, integrated wastewater and drinking
water sector, some services are contracted out to private enterprises. The water infrastructures
of Egg, Gossau, Grüningen, and Mönchaltorf are jointly operated and maintained. Funding is
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flexible owing to a mix of 50% leverage and 50% self-finance. The quality of construction and
maintenance is high and regular inspections lead to a good comprehension of the underground
infrastructure. The standards and legal requirements are respected, and the STORM guideline
(VSA 2007b) is widely implemented. To prioritize the development of the wastewater system,
the Swiss water protection law (article 7, Abs. 2, GSchG) is interpreted as follows: first, infiltration of storm water, second, separate sewer system (storm water is discharged to surface
water bodies, if possible following retention or treatment) and third, combined sewer system.
While the capacity of the sewer network remains the same as today (2011), optimization in
wastewater treatment leads to higher quality of the treated wastewater. Water for food, hygiene, cleaning, and firefighting is distributed through a pipe network from a central treatment
facility, as today. Several variants of this alternative were later elaborated comprising decentralized as well as centralized treatment options at different locations and scales of the
wastewater system.
A9)

Centralized, privatization, minimal maintenance
This alternative reflects how the stakeholders believe that an unfavorable development under
current conditions could look like. It differs from alternative 8 (status quo) mainly with regard
to organization, finance, and maintenance while the legal framework and technical wastewater
and drinking systems are roughly the same. Due to privatization, consumers can choose their
water service provider (e.g. water from a supermarket provider; in general all providers seek
for revenue maximization). Funding is 100% leverage-based and despite rising fees, no financial sustainability is obtained. This is partly due to the fact that rehabilitation measures are only undertaken when urgently needed. The efforts for operation, maintenance, and inspection of
the water infrastructure network are also minimal. The horizontal (sectoral) as well as vertical
(no merging of communities) fragmentation of 2011 remain (see Lienert et al. 2013).
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Table SM.A.8: Alternatives composition matrix. Factor specifications of the ten (nine and two variants of alternative 1) strategic decision alternatives that were created in the stakeholder workshop. Columns represent factors, rows the chosen factor specifications. Each number (1–9) represents one alternative. Shaded fields indicate
factors that were specified beforehand (as in Table SM.A.7); fields with numbers but without shading indicate
that a new specification was created by the workshop participants for the respective alternative. Empty shaded
fields were not chosen. Fields with blue shading indicate factor specifications that were removed by the participants. Reading example: Alternative A4 (“Decaying infrastructure; decentralized outskirts”) consists of the factor specifications: A a) [or b) or g)], B a), C b), D g), E e), F i), G e), H d), I b), J a), K c), L c), M e), N c), O b
[or c)], P g), Q d). DW = drinking water, WW = wastewater.
A
Form
organization

B
Cooperat.
sector

C
Respons.
WW

D
E
F
G
Res- Coop. Coop- Fundpons.D comm- erat. ing
W
unities others

a) 4, 8

3, 4,
7, 9

9

9

b) 4, 6,
7

5, 8

4, 5,
6

9

2, 6

1, 2, 3, 8
4, 6, 9

2, 6,
7, 8

1, 2, 6, 1, 2, 6, 6, 7
7, 8
7, 8, 9

3, 4,
5, 6

3, 5,
7

c)

7

8

1, 7,
8

7, 8

3, 4,
9

3, 4,
9

3, 7

4, 5,
8, 9

4, 5

3

d) 1a, 9

1, 2,
8

5

5

1, 2,
3, 5

e) 1b, 2

1, 2,
6

6

3

(3), 9

2, 3
8, 9

1, 2,
7, 8

g) 3, 4, 5,
7, 9

4, 5

5, 6

3, 4,
5, 9
1, 3,
4, 5

K
Operation,
maint.

L
Inspection

M
N
Drain- Storm
age
water
syst.

4, 5, 6, 1, 5
7, 9

1, 2

O
Purpose
use

P
Distribution
syst.

1

i)

4, 5,
6, 7

Q
Water
treatment

1,2,5,6, 1, 2, 6, 1, 2, 3,
7, 8, 9 8, 9
6, 8, 9

4

3, 5
3

4

h)
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2, 6
7

1, 2, 6,
7, 8
4, 5

f)

H
I
J
Rehab. Rehab. Pipe /
strat- meas- sewer
egy
ures laying

5, 7

4, 6
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Table SM.A 9: Definition of strategic decision alternatives. Overview of nine strategic decision alternatives (and some variants) for water supply and wastewater infrastructures in the study region Mönchaltorfer Aa. The alternatives were initially developed in a stakeholder workshop and thereafter processed by the research project team to ensure internal consistency. For simplicity, we grouped the 17 factors (Table SM.A.7, Table SM.A.8) and provide a general description together for: organizational structure,
sector cooperation, and management (factors A–G), rehabilitation strategies, operation and maintenance (factors H–L), and wastewater and water supply system technology
(factors M–Q). WW = wastewater, WWTP = wastewater treatment plant.
No.

Organizational structure, sector cooperation, management
Centralized, privati- One private organization manages all sectors (a) and all
zation, high envicommunities (b) together (also with entire region Zürich Oberronmental protection land). Equal partnership with contractor who charges fixed
fees. Performance-based leadership that achieves promised
service levels at minimal costs.

Rehabilitation strategies, operation, and maintenance

Wastewater and water supply system technology

Rehabilitation is done according to prioritization (c). Decisions about measures (replace, repair) are related to asset.
The extensive operation and maintenance is comfortably
performed through underground service galleries, but
inspection is only average.

A1b

Centralized, IKA

As A1a

The water supply and wastewater system are fully centralized. Large amounts of water are supplied in drinking water
quality, and can also be used for firefighting. There is a
fourth treatment step at the WWTP to remove micropollutants. New development areas outside existing building
zones are drained by separate systems. New houses are
equipped with green rooftops for retention of stormwater.
As A1a

A2

Centralized, IKA,
rain stored

A3

Fully decentralized

A4

Decaying infrastruc- Water infrastructures are managed by a mix of communities, As A3, but operation and maintenance is even worse, i.e.
ture; decentralized cooperatives, and households, and separate from other
minimal.
outskirts
sectors (a). Outside the core residential areas (area of 2010),
the communities have transferred the responsibilities to
private consumers, who are also responsible for funding.
Specialized services are contracted to external companies.
Administrator leadership with focus on maintaining the status

A1a

Alternative name

Differs from A1a only in the fact that an intercommunal
agency (IKA) manages the infrastructure, not a contractor.
Technocrat leadership (very experienced and qualified, but
rather rigid) with focus on maximizing performance.
As A1b, but constant budget, 100% self-financed.

Rehabilitation is done according to condition (d). The decision about measures (replace, repair) is related to asset,
and the most economical pipe laying technique is used.
Their operation, maintenance, and inspection are only
moderate.

All sectors (a) and communities (b) work separately. Main
Only repairs, but no rehabilitation is undertaken, and only
responsibility, also concerning funding, is with the consumers upon urgent need for action. Operation and maintenance
(households), who are well-informed. The services are
are moderate, while there is little inspection.
contracted to external organizations that have a long-term
relationship with their customers.

The water supply and wastewater system are fully centralized, as A1a. However, water for firefighting is only partially
supplied through the network, and is gained as far as possible from rain water, which is retained in underground firefighting tanks. No dedicated retention of stormwater is
foreseen.
The water infrastructures are as decentralized as possible,
only minimal centralized infrastructure. Storm water is
collected in households, decentrally treated and reused for
household water and firefighting. Drinking water is bought in
the supermarket. Gray water is treated locally and fed into
water supply tank, rest is treated centrally. Excess storm
water is wherever possible infiltrated.
The infrastructures are decaying. In the core residential
areas (as 2010), water is centrally supplied, but it is not
drinking water quality. Households have own POU (e) systems to reach drinking water quality, or buy water in the
supermarket. The existing wastewater system is publicly
operated. In new urban areas, no pipe system is built.
Instead storm water is infiltrated, or simply drained via roads
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No.

Alternative name

Organizational structure, sector cooperation, management
quo.

Rehabilitation strategies, operation, and maintenance

A5

Decaying infrastruc- Most infrastructure services as well as their funding are in the
ture everywhere
responsibility of the customers (households), who are wellinformed. The services are contracted to external organizations that have a long-term relationship with their customers.

A6

Maximal collaboration, centralized

A7

Mixed responsibility, Public water supply and wastewater services are combined Rehabilitation is done according to prioritization (c). Renovafully decentralized within one cooperative for all four case study communities (b), tion is done in trench. Their operation, maintenance, and
with onsite treatment but there is no collaboration between different infrastructure inspection are only moderate (as A6).
services (a). Treatment facilities on private grounds (households, industry) are within the responsibility of the owner.
Management and funding as A6, but additionally wellinformed households.

A8a

Status quo with
storm water retention

A8b–
A8f

220

Measures are only undertaken upon urgent need for action;
the replacement is in trench. Operation and maintenance
are minimal (as A4), and inspection is even worse, namely
none at all.

There is maximal cooperation; the case study communities (b) Rehabilitation is done according to condition (d). Repair and
and Oetwil am See are organized in a cooperative. This
replacement are done in trench. Their operation, mainteservice provider combines water and wastewater services
nance, and inspection are only moderate.
with telecommunication, electricity, gas, and road services (a).
The constant budget is 100% self-financed. Management
focuses on minimizing costs and maximizing performance,
with strong personal motivation.

The communities (b) remain responsible for a single, integrated wastewater and drinking water sector that jointly operate
the water infrastructures, with some services contracted out
to private enterprises. Funding is flexible owing to a mix of
50% leverage and 50% self-finance. Administrator leadership
with focus on maintaining status quo.
Status quo technical Organization of all variants as A8a.
variants

Rehabilitation is done according to prioritization (c). Renovation is trenchless. Their operation, maintenance, and inspection is only moderate (as A6).

As A8a, except A8f where more demanding hydraulic
design criteria are applied.

Wastewater and water supply system technology
and trenches and sanitary wastewater is decentrally treated
with cheap technologies, e.g. septic tanks and a municipal
collection service. Household water in the outskirts is supplied by municipal trucks once a week.
As in outskirts of A4: No centralized water supply, and no
more pipes are built. The consumers operate tanks for
drinking water that are recharged by private delivery service,
and treat the water in house. Household water is delivered
by municipal trucks. Wastewater is technically managed as
in A4. However, sludge from septic tanks is collected privately.
The water supply and wastewater system are fully centralized, as in A1a, but with a much stronger focus on retention
of storm water. Water is supplied in drinking water quality,
also for household use. Water for firefighting is only partially
supplied; further volumes are stored in underground tanks.
There is a fourth treatment step at the WWTP to remove
micropollutants. Separate systems and large stormwater
retention volumes are installed in new development areas.
The system is nearly fully decentralized. Rainwater is reused in households as far as possible and treated at POE (f).
Additional water will only be delivered with trucks by municipality upon special demand or in longer dry periods. Water
for firefighting is stored in shared community tanks (eggs).
Wastewater is treated on-site, including urine source separation and nutrient recovery, with re-use as fertilizer in local
agriculture. The remaining wastewater is drained into the
stormwater sewers. As in A6, large stormwater retention
volumes will be installed in new development areas.
The water supply and wastewater system are fully centralized. Drinking water is centrally supplied in large amounts,
and can also be used for firefighting. Stormwater is infiltrated as much as possible. Treatment of wastewater in the
central WWTP as today.
The status quo is modeled with different technical variants of
the current water supply and wastewater disposal system.
For example, there are separate or combined sewer systems; the system is extended or additional WWTP plants are
built (A8b); decentral wastewater treatment with flush toilets
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No.

Alternative name

Organizational structure, sector cooperation, management

Rehabilitation strategies, operation, and maintenance

Wastewater and water supply system technology

(A8c); only one central WWTP for the whole region at different locations (A8d, A8e); water for firefighting is centrally
distributed with drinking water, but newly developed housing
areas have different dimensioned fire-flows (self-cleaning
networks; A8b–A8f).
A9
Centralized, privati- The water infrastructures are fully privatized, and all sectors Measures are only undertaken upon urgent need for action; The water supply and wastewater system are fully centralzation, minimal
work separately (a). Private consumers choose their contract- only repair is done, and in trench. Operation and mainteized, as in A8a. Drinking water is centrally supplied in large
maintenance
ing provider; in general all providers seek for revenuenance are minimal, with little inspection (as A4).
amounts, but water for firefighting is only partially supplied.
maximization. The constant budget is 0% self-financed
Further volumes are stored in underground tanks. Storm(100% leverage). The well-informed households choose
water is infiltrated as much as possible. Treatment of
contractors, who have a long-term relationship with their
wastewater in the central WWTP as today.
customers.
a With all sectors we mean transportation, gas supply, energy supply, district heating, telecommunication, as well as water supply and wastewater disposal.
b The four communities are: Mönchaltorf, Gossau, Grüningen, Egg.
c x % of pipes in priority class y.
d x % of pipes in condition y.
e POU = Point of use treatment in the households to achieve drinking water quality; can be done e.g. on the tabletop or under the sink.
f POE = Point of entry; e.g. water is treated where it enters the household water cycle at the entry point from a centralized water system or after a water storage tank.
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SM.A.4: Stakeholder feedback and recommendations
In all the first steps of Structured Decision Making (SDM, Gregory et al. 2012a) as developed in the SWIP project and described above, we
asked the stakeholders (interview partners or workshop participants) for feedback. We present details of this feedback in Table SM.A 10 below.
We then summarize the advantages and disadvantages of the proposed approach, based on the stakeholder feedback. Finally, we give some
recommendations for application the SWIP approach for Structured Decision Making in other settings and applications.
Table SM.A 10: Stakeholder Feedback. Overview of the Steps of the SDM process (Structured Decision Making), the types of stakeholder involvement and their feedback,
the advantages and disadvantages of the adopted approach and recommendations for other applications. SH = stakeholders, WS = water supply, DW = drinking water, WW =
wastewater, WWTP = wastewater treatment plant, CSOs = combined sewer overflows.
Step
1
1.1

1.2
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Description of process
SH involvement
Clarify decision context
Case study selection and delimitation of system boundaries
Intensive discussions to choose good case Phone, Email,
study; criteria: (a) good data ; (b) high
meetings in case
pressure; (c) high motivation; (d) collabora- study area. Clear
tion. Detailed evaluation of four case
definition of
studies. Choice of "Mönchaltorfer Aa",
required data,
mainly because of very high demand for time/ type of
collaboration in NRP-61 (www.nfp61.ch). involvement
Lack of strong pressure was later serious (workshops,
drawback: necessity to convince SH to
interviews, quesparticipate.
tionnaires).
SH selection; clarify decision problem with SH
Details in Lienert et al. (2013). First strati- Face-to-face
fied sampling: local, cantonal, national
interviews with 27
level (vertical axis), sectors (e.g. engineer- SH.
ing, administration & politics; horizontal
axis), all communities, WS & WW sector.
Second snowball sampling in 27 SH interviews. Detailed feedback: who plays role in
infrastructure planning, who is affected,
interests, interactions. Based on SH and
network analysis: invitation to workshops;
selection of 2 x 10 SH (WS/ WW) for
MCDA preference elicitation interviews.

SH feedback

Advantages

Disadvantages

Recommendations

Resistance of some communities to
participate. Enablers: participation of
other communities, acceptance by
local politicians, national research
programme, good name of Eawag
among engineers, support by engineering consultant. Worries about
time demands, type of involvement.

Lengthy procedure resulted in
good case-study knowledge and
later high willingness of SH to
collaborate. Main advantage for
research: sharing data with
other projects in NRP-61 (agriculture, spatial planning of future
scenarios, water quality).

Selection of case study clearly
driven by request to collaborate
and exchange data. Problematic
for MCDA, since local SH did
not see need to change a system that is functioning well.

Choose a real problem! i.e. SH need
solution. Clearly define interactions
(type, number, length). Strong personal commitment of research team
(e.g. organize attractive meetings).
Look for support by important SH as
mediators.

Detailed SH and network analysis to select interview partners
presumably only possible in
research project. Advantage:
high confidence about very good
representation of different interests. In-depth knowledge about
perspectives, current and future
problems, interests, interactions,
power relationships etc.

Very time-consuming procedure;
hardly feasible in real implementation projects with limited
resources. Not possible to cover
representative population sample with face-to-face interviews.

In most real applications, it might
suffice to select SH with short questionnaire (Email, phone call, internet
survey). Important questions: Who is
involved in decision? Who is important to make decision on scale of
1 – 10? Who is affected once decision is made on scale of 1 – 10?
What are their main interests? Who
might have very different perspective?
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Step

Description of process
Feedback questions at end of interview
(see 1.2.a – 1.2.e below).
1.2.a What is next step (by whom)?
First feedback question in First interview:
what would be next step and who should do
it? We categorized answers and state how
often comments belonging to each category
were made (in parentheses).

SH involvement SH feedback

Advantages

Disadvantages

Recommendations

Face-to-face
Eawag must do next step (mentioned
interviews with 27 6x); include uncertainty in planning
SH.
(6x); Eawag should show current
state/ deficits (4x); increase professionalism of engineers (4x); performance of new alternatives (3x);
guidance w.r.t. economic constraints
(3x); planning tool (3x); strategy
development (by authorities, professional organizations; 2x); support in
planning/ enforcement of legislation
(by canton; 2x). Mentioned 1x: training course at Eawag; better linked
networks; information exchange
between communities; end-users
interests. Ten of 27 respondents: no
spontaneous idea.

Clarification of expectation of
SH: strong pressure on Eawag
to do next step and concrete
expectations about guidance in
infrastructure planning, including
e.g. planning tool. To a lesser
extent: support in strategic
planning and enforcement of
legislation by authorities and
organizations of water professionals.

SH expect outcomes that surpass results of scientific project;
may lead to disappointment if
expectations are not satisfied.
As example, SWIP will not
produce easy-to-use decision or
planning tool as part of NRP-61
project; any such results will
have to be pushed by project
leaders at Eawag after termination of PhD-projects.

Ask SH at early stage about expectations. To avoid disappointment,
clearly communicate type of results
and which expectations can or cannot be satisfied (and why). We produced information material specifically for communities and as preparation
for interviews or workshops (see
below).

1.2.b Expectations concerning Eawag?
To clarify question 1.2.a, we then asked
Face-to-face
Eawag should generalize results,
specifically for expectations, fears or hopes interviews with 27 produce information material, guidew.r.t. our project and Eawag. We categorized SH.
lines, rationale to motivate communianswers and state how often comments
ties to carry out strategic planning
belonging to each category were made (in
(9x); analysis of current situation
parentheses).
(5x), basis for discussion in communities (4x); estimates about future of
infra-structures (3x), networking (3x);
decision tool (4x); analysis of nonconventional alternatives (1x); effects
of micropollutants (1x); discuss
results with authorities and national
politicians (1x).
1.2.c General feedback first interview: positive aspects
Last question of first interview series: general Face-to-face
Interview very agreeable/ good (13x);
feedback, separately for positive/ negative
interviews with 27 interview clear, well structured, well
aspects/ recommendations. We categorized SH.
conducted, good questions (9x); no
answers and state how often comments
pos. feedback (8x); interesting/
belonging to each category were made (in
important topic (5x); interview stimuparentheses). Here: positive aspects
lated holistic thinking (4x); my view

As above: ask about expecta- As above: risk of disappointing
tions of SH; e.g. with follow-up SH.
question to 1.2.a, as 1.2.b here.

As above: ask questions, ideally in
different ways (1.2.a and 1.2.b); try to
avoid disappointment and exaggerated expectations by clearly communicating expected results.

Clearly structure interview, carry Possible disadvantage of strongit out in agreeable and respectful ly structured interview is reway.
striction to specific questions,
but this was not the case here
since it was not criticized (see
1.2.d below) and interview even

Well prepare interview with clearly
structured guideline, but leave room
for creativity. Treat respondents with
respect, acknowledge their input,
expertise and time (this should go
without saying).
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Step

SH involvement SH feedback
well acknowledged (2x); good science (1x); project carried out well
(1x).
1.2.d General feedback first interview: negative aspects
As above: general feedback, negative asFace-to-face
No neg. comment (12x); not right
pects
interviews with 27 expert (4x); interview cognitively very
SH.
demanding (4x); too long (3x); focus
not clear/ too local (3x); topic too
abstract (climate change/ popul.
growth not relevant) (2x); questions
not understandable for practitioners
(complicated/ technical or scientific
terms) (2x); discussion "ridiculous"
(1x); fear of criticism of cantonal
authorities (1x).
1.2.e General feedback first interview: recommendations
As above: general feedback, recommenda- Face-to-face
No recommendations (9x); interview
tions
interviews with 27 other SH (5x); interest in results (7x);
SH.
reduce time: strict guidance/ reduce
questions (2x); reduce cognitive
effort: simpler formulation/ reduce
technical or scientific terms (2x).
Mentioned 1x: send questions before; make questions more concrete;
be respectful; keep survey anonymous; consider as many aspects as
possible; analyze data neutrally; "just
go and ask".
2
Define objectives and attributes
2.1 Determine and discuss objective one-on-one with SH
Preliminary objectives hierarchy set up by
Face-to-face
Very detailed feedback concerning
project team, based on engineering require- interviews with 27 objectives, not presented here for
ments for WS and WW system; additionally SH.
reasons of space. No feedback
including "intergenerational equity", "high
concerning method.
social acceptance" and "low costs". As first
interviews (see above), SH freely stated
which objectives they need to compare
alternatives. We then showed and discussed
our objectives. Interviewee classified objectives into essential/ important/ nice to have.
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Description of process

Advantages

Disadvantages
stimulated holistic thinking.

Recommendations

Give room for negative feedback
to better understand answers,
improve further interactions and
detect sensitive areas. Problem
about long and cognitively
demanding interview can only
be changed by reducing number
and type of questions; must be
decided within respective project.

Negative feedback may "hurt".
Too late to change length of
interview or type of questions to
reduce cognitive effort at end of
interviews.

Give room for negative feedback.
Think strongly about language/
specific formulations to make questions understandable, avoid technical
or scientific terms. Consider trade-off
between length of interview and
required input. Suggestion: general
questions to all respondents; tailor
sub-set to specific respondent to
reduce time demand and cognitive
effort.

Recommendations are already See above
reflected in positive and negative feedback above. Answers
from SH show that they come to
similar conclusions as those
drawn by ourselves, based on
their feedback.

See above

Asking each SH alone and as
first open question about objectives avoids priming effect and
allows collecting their ideas, not
ours. By presenting and discussing our proposal: consolidation
possible if they agreed that their
objectives were covered in our
hierarchy. Further reduction by
classification in "essential"

Trade-offs: avoid priming/ include
many perspectives/ create short list
of objectives. Alternatively: create
objectives in SH workshop (chance of
"group opinion"; see below). To
reduce objectives, directly present
hierarchy; collect feedback w. closed
questions (e.g: "do you agree"?).
Process objectives thereafter to
generate hierarchy applicable for all

Face-to-face interviews is very
lengthy procedure (for many
SH). Risk of long list of objectives, important to only one or
few SH. Problem of how to
reduce list if goal is concise
objectives hierarchy that covers
only most fundamental aspects.
SH are not aware of methodological requirements of objec-
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Step

Description of process
SH involvement
We asked for attributes (details see Methods,
Chapter 2 of the thesis).
2.2 Discuss objectives hierarchy in second SH workshop
In second SH workshop, we presented large Workshop with 20
objectives hierarchy with all "essential"
SH (identified
objectives from interviews (see 2.1) and
with SH analysis,
requirements for good objectives. Particisee 1.2 above).
pants systematically worked through hierarchy with neighbor; discussion which objectives are really needed or missing. We collected notes and discussed objectives in
plenum. Each participant designated with
points three least relevant objectives.
Presentation of our project, ourselves and
especially MCDA approach (see 3.1 below).

SH feedback

Advantages
Disadvantages
objectives (I really need these). tives hierarchies.

Recommendations
SH that meets method requirements
(e.g. no redundancy).

Feedback concerning objectives see
Section 2.3 “Discussion of objectives
in workshop” above. Feedback
concerning workshop see 3.1 below.

Ideally, workshop allows creating concise hierarchy that reflects all opinions. Group process should allow better understanding of other SH (see e.g.
Gregory et al. 2012a). It should
also be possible to agree on
small number of really fundamental objectives that cover all
important aspects.

No deletion of objectives: no
shared opinion w.r.t. superfluous
objectives. “High social acceptance” and “intergenerational
equity” most strongly questioned, but no clear justification
for exclusion (plenary discussion/ points; see Section 2.3
above); they are also fundamental for sustainability. Project
team further processed hierarchy until it was complete, but as
concise as possible (see Chapter 2 of the thesis). Risk of
missing funda-mental objectives
(early consensus).

Face-to-face discussion with neighbor gives voice to shy participants in
workshop/ increases understanding.
Plenary discussions show breadth of
opinions; ideally followed by process
of focusing on fundamental objectives. If not, consensus can be
"forced" with moderation methods,
e.g. assigning points. But excluding
objectives can be problematic; as in
our case. Workshop bears risk of
losing control: good preparation/
moderation/ "emergency plans". Risk
of missing out fundamental objectives
("groupthink" heuristic).

Understandability
Wherever possible, we used
attri-butes common in the field
(e.g. chemical state of water).
Hence, they are backed by
natural-scientific evidence/ we
can rely on real numbers (expert
estimates or models).
Missing or irrelevant objectives
Irrelevant objectives can easily
be dealt with by giving zero
weight.
Ranges
Where possible, we defined
attri-butes/ ranges to be applicable to other case studies/ to
"Boom" or "Doom" scenario.
Preferential independence
If this requirement holds, the
simple linear additive model can
be used.

Understandability
Relatively technical or naturalscientific attributes are not
necessarily easy to understand
for non-experts.
Missing or irrelevant objectives
Missing objectives cannot be
added at later stage of MCDA
(respective SH has to accept
this). Follow-up option: evaluate
sensitivity of best-performing
alternatives of MCDA w.r.t.
missing objective.
Ranges
Attribute levels of broad ranges
might seem unrealistic. Can
make preference elicitation more
difficult and affects weights if
ranges are not adequately
considered.
Preferential independence

Understandability
Elicit single-attribute value functions
for technical/ natural-scientific attributes from experts (e.g. "good chemical state"). Use expert value functions for other SH/ elicit only scaling
constants (weights).
Missing or irrelevant objectives
Create objectives hierarchy carefully/
with intensive SH interaction (as our
example). If SH doubts result because of missing objective, carry out
rough estimate of sensitivity of bestperforming alternatives to this objective. Exclude irrelevant objectives
with zero weight.
Ranges
Define attributes to be generalizable,
allowing for up- or down-scaling in
other cases; e.g. use relative, not
absolute numbers ("number of pipe

2.3 Feedback to objectives and attributes during second interview series (preference elicitation)
We carried out face-to-face interviews with Three sets of
Understandability
selected SH in 2013 (see 1.2 above) to elicit face-to-face
Difficulty to understand: some objectheir preferences for MCDA. Elicitation of:
interviews (intives (e.g. "good chemico-physical
scaling constants (weights), single-attribute cluding reading quality" of DW)/ highly uncertain
value functions, aggregation scheme, risk
information
attributes (e.g. "few gastrointestinal
attitude. These interviews are not part of
material and
infections")/ attributes w. complex
work presented here; but we give short
filling out online models (e.g. "good chemical state of
overview of feedback concerning objectives questionnaire
watercourse": 1. classify pollutants,
and attributes, alternatives and MCDA pro- before interview) 2. mathematically aggregate each
cedure (for alternatives, see 3.2 below).
with ten SH in
reference point in catchment, 3.
each set. SH
spatially aggregate).
identified with SH Missing or irrelevant objectives
analysis (see 1.2 e.g. "technology readiness"; "high
above).
redundancy of WS"; replace "good
chemical state" & "low neg. hydraulic
impacts" w. "good eco-morphological
state".
Attribute ranges (see Table SM.A.4)
Some doubts; e.g. 100% codetermination of end-users (is not
desirable); worst cases for Switz-
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Step

Description of process

Develop future scenarios
First SH workshop
Scenario planning not included in standard
MCDA. Aim: capture future uncertainty w.r.t.
socio-economic development with snap-shot
images. We invited 22 community members,
excluding high-rank officers to create good
workshop feeling. 15 SH participated (all four
communities, both water sectors, different
roles). We first presented ourselves and
SWIP. Scenarios set in year 2050, discussed/ adapted to local case in three
groups (equal distribution of perspectives).
We used four Swiss scenarios from Swiss
National Research Programme (NRP 54;
www.nfp54.ch) as framework. Specification
to local case based on variation of eight
factors, relevant for water infrastructures.
Scenarios visualized, pre-sented, discussed
in plenum (see Chapter 2 of the thesis and
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SH involvement SH feedback
erland of "high reliability of drainage
system"; "good chemical state of
watercourse" (unrealistic); worst case
of 60 CSOs ("few gastro-intestinal
infections"; too optimistic).
Preferential independence
Some objectives not preferentially
independent for all SH, e.g. "low
future rehabilitation burden" & "exfiltration from sewers"/ "intergenerational equity" & "low costs"/ "high
reliability of WS" & "good quality of
DW".
Minimum criteria
In seven of ten WS interviews: alternatives not fulfilling minimal water
quality standards are not acceptable.
e.g. "microbial and hygienic quality"
of DW. For WW, few SH regard
current laws as minimal standards/ or
as optimal level.

Advantages
Minimum criteria
Minimal requirements can easily
be implemented in MCDA, i.e.
with MAVT/ MAUT by aggregating values from lower to higher
levels of objectives hierarchy
such that higher-level value is
never better than worst value
achieved for lower-level objective. Or exclude all alternatives
that do not fulfill minimum requirement

Disadvantages
If this requirement does not
hold, more complex aggregation
models (e.g. multiplicative) are
needed (elicit additional scaling
constant!).
Minimum criteria
Disadvantage of minimal requirements: all alternatives that
do not fulfill requirements are
excluded or receive equal overall values/ utilities (but alternative that performs better regarding other objectives should
probably receive higher values).

Recommendations
failures/ yr/ 1,000 inhabitants" instead
of "number of pipe failures"). To
make relative numbers tangible,
present absolute numbers for case
study (see "status quo"; Table
SM.A.4). If SH think ranges are
unrealistic, use example of countries
w. lower infrastructure standards.
During elicitation, point out ranges
repeatedly to avoid "range effect"
bias.
Preferential independence
Construct objectives hierarchy to
fulfill this, but check validity in interview (e.g. "do preferences about one
attribute depend on level of another?").
Minimum criteria
Discuss implication of minimal require-ments (see disadvantages) with
SH.

Workshop with 15
local SH (identified with SH
analysis, see 1.2
above).

We used first workshop to
introduce SWIP project; good
opportunity to get local participants "on board". Positive (less
intimidating) to only include local
SH. Scenario planning approach
was clearly highly stimulating,
very creative and lots of fun. It
helped to create team-feeling;
raise interest in project. Scenario planning invites thinking in
broader terms about future in
region, than what is usually
done.

Thinking in extreme scenarios
might create impression that we
are not dealing with the real
problems of SH. Scenario workshop needs to be very well
prepared and moderated: convey that it is real science, despite being fun. Only limited
participants in scenario workshop; else discussion is likely
less productive.

Use workshops to introduce project
and scientists. Construct groups to
later profit from "group feeling"; e.g.
concerning collaboration across
communities. Whom to include or
exclude? e.g. invite only local SH (as
in our example)? Only limited number
of participants in a workshop: how to
select most important ones (e.g. SH
analysis)? Very careful preparation
and moderation, since things easily
get out of control when "playing
around". Decide about using framework (as we did), or creating scenarios from scratch.

Summary “what would I be happy
about”:
 know other participants, teambuilding
 know region, networks for communities
 identification with project
 concrete results/ tool for costbenefit calculations
 better understand objectives and
output
 deal with unpredictable future
scenarios
 should be exciting
Summary of "learning effect":
 good discussion, excellent group
work
 fruitful/ creative method
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Step

Description of process
SH involvement SH feedback
Advantages
Section 3 “Future scenarios” above). Feed good to think about future
back: "what would I be happy about?"/ "what
 surprised about scenarios/ not
learning effect did I have?"
realistic
 necessary to consider extreme
scenarios
 challenge to deal with results in
real world
 good exchange/ collaboration with
communities
 lots of fun/ creative, now back to
reality
3
Identify and create decision alternatives
3.1 Second SH workshop to identify decision alternatives with help of a strategy generation table and the future scenarios
First, we introduced project and MCDA
Workshop with No systematic collection of written
Due to participation, SH underapproach, and discussed objectives (see 2.2 twenty SH (identi- feed-back to this workshop; following stands methods; alternatives are
above). Creation of alternatives in second
fied with SH
is based on our own impression. We relevant to SH; increases later
SH workshop. To stimulate creativity, we
analysis, see 1.2 did ask SH to indicate on a poster- acceptance of results; avoids
used 4 socio-economic scenarios as back- above).
sized x-y-grid "how pleased are you overlooking issues obvious to
ground (see above). We prepared “strategy
with workshop?" (x-axis) and "how local practitioners. Combining
generation table” (Howard 1988; Gregory et
confident are you about SWIP pro- “strategy generation table” with
al. 2012b): 17 basic factors (organizational
ject?" (y-axis; scale "very low" to
scenarios is highly effective to
structure, geographic extent, financial strate"very high"). Ten of twenty particiavoid anchoring on status quo
gy, construction & operation of infrastructure,
pants gave feedback. High satisfac- alternatives (Nutt 2004). e.g.
WW and DW system technology). Each
tion with workshop (all above medi- generation of conventional
factor has a number of specifications; a
um), but fairly low confidence in
central WS & WW treatment
decision alternative consists of plausible
project: three points below medium alternatives under “status quo”;
combinations, which were created in workand three exactly on medium line
“Boom” scenario triggered highshop. Twenty workshop participants split into
(others above).
tech on-site solutions; “Doom”
four mixed groups, each assigned to a scescenario cheap/ simple alternanario. Each group created at least two stratives (see Section 4.2 “Results
tegic alternatives by choosing plausible
strategic decision alternatives”
specification for each factor (Table SM.A.7).
above). Characteristics of good
Project team later processed and detailed
alternatives: complete, comthe ten strategic decision alternatives from
parable, value-focused (adworkshop.
dressing what matters), fully
specified, intern-ally coherent,
distinct (e.g. Gregory et al.
2012a; Keeney and Raiffa
1976). This is well addressed by
strategy generation table: SH
are forced to rigorously cover

Disadvantages

Recommendations

Clear disadvantage of strategy
generation table: not very creative; not much fun; choosing
specification for each factor is
tedious work. We later had to
commit considerable work to
further specify alternatives and
include new factors missing in
first version of strategy generation table, but important to
distinguish alternatives. Strategy
generation table is rather time
consuming. Duration of workshop was about six hours (three
hrs. for objectives (see 2.2
above); three hrs. creating
alternatives). SH were tired at
end of day and strategy generation was done under time pressure. We think that negative
feedback concerning "confidence about project" might have
been caused by this fatigue,
possibly combined with some
doubts about MCDA approach,
which seems somewhat difficult
to understand.

To reduce feeling of boring work, we
recommend creating storylines about
strategic decision alternatives with
SH in workshop. Carry out factor
specifications later by project team w.
strategy generation table. Combination ensures that SH are involved, i.e.
that alternatives are adapted to local
needs, make use of their knowledge
and are later better accepted, but that
they do not lose interest.
Apart from "not much fun" aspect, we
find strategy generation table a highly
useful and systematic approach that
ensures coverage of different aspects/ internal consistency. We
recommend combining a rigorous
approach (e.g. strategy generation
table) with very creative approach
(e.g. scenarios as background) to
avoid anchoring effects and focus on
status quo. Make sure to assign
ample time. Because MCDA approach seems difficult to under-stand
(general feedback that we receive
again and again), we recommend to
use every opportunity to present
method; e.g. as introduction to work-

227

Supplementary Material SM.A: Additional Information for “Strutured Decision Making for Sustainable Water Infrastructure Planning and Four Future
Scenarios” (Chapter 2)
__________________________________________________________________________________
Step

Description of process

SH involvement SH feedback

3.2 Feedback to alternatives during second interview series (preference elicitation)
We carried out face-to-face interviews with Three sets of
Understandability of hypothetical
selected SH in 2013 (see 1.2 above) to elicit face-to-face
alternatives
their preferences for MCDA. Elicitation of:
interviews (inOne SH had difficulty to evaluate
scaling constants (weights), single-attribute cluding reading hypothetical alternatives that are very
value functions, aggregation scheme, risk
information
different today (feedback w.r.t. sepaattitude. These interviews are not part of
material and
rate supply of DW/ water for housework presented here; but we give short
filling out online hold/ for firefighting). Some hypothetoverview of feedback concerning the alterna- questionnaire
ical alternatives are unrealistic, e.g.
tives (for the objectives, attributes and gen- before interview) one SH found it impossible to imageral feedback, see 2.3 above).
with ten SH in
ine a system which realizes all rehaeach set. SH
bilitation demand but has very low
identified with SH reliability.
analysis (see 1.2 Comparability of hypothetical alternaabove).
tives
Two SH found costs of WS (5% of
average annual income) as totally
unrealistic for Switzerland ("American
circumstances"!), thus difficulty to
answer trade-off questions for hypothetical alternatives using this attribute level. Trade-off questions difficult
if they invoke moral conflicts, e.g.
trade-offs between "few gastrointestinal infections through contact with
WW" and "good chemical state of
watercourse". Some trade-off questions ask respondents to choose
between two unsatisfactory alternatives, which gives uncomfortable
feeling. (Methodical issues, e.g.
concerning elicitation with trade-off
will be addressed in more detail in
later papers).
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Advantages
important elements; increases
internal consistency (Table
SM.A.7, Table SM.A.8).

Disadvantages

Recommendations
shop.

Understandability of hypothetical
alternatives
To broaden range of decision
alternatives also unconventional
(but existing) solutions should
be considered. In current Switzerland, decentralized, on-site
solutions and solutions (e.g.
addressing water scarcity) are
rarely discussed, but may become more viable in the future
(climate change) and are certainly under discussion in more
arid regions (e.g. Australia).

Understandability of hypothetical
alternatives
We included uncommon, somewhat visionary decision alternatives, which seem difficult to
assess for some SH. A remaining methodological problem is
the construction of hypothetical
alternatives that result in unrealistic combinations.
Comparability of hypothetical
alternatives
It is problematic that we had to
set the ranges so broadly (see
2.3 above), which results in
having to compare hypothetical
and extreme alternatives. Generally, trade-off questions seem
difficult to answer, especially if
they invoke moral conflicts and/
or leave the respondent feeling
uneasy about his or her choice.

Understandability of hypothetical
alternatives
SH should be included in generating
decision alternatives (see 3.1 above),
to make more exotic decision alternatives better tangible.
Comparability of hypothetical alternatives
Reasons for working with extreme or
unconventional alternatives and
broad ranges must be explained as
well as possible to SH. We wish the
MCDA procedure to be wellapplicable to other cases, and to hold
under different future scenarios.
However, problem remains that some
methods force respondents to make
morally difficult choices. We discuss
this in later papers about elicitation
methods. Current recommendation:
choose elicitation methods that do
not require extreme hypothetical
alternatives/ not very difficult moral
choices.
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Supplementary Material SM.B to: Sewer deterioration modeling
with condition data lacking historical records (Chapter 3)
Additional results
The figure below shows supplemental results of the example discussed in Section 3.4.1 in form of
survival functions. The same data was used but using the unconditioned likelihood according to Eq.
(1) in Section 3.2.1. The figure illustrates the bias obtained if the pure deterioration model is used in
combination with data affected by both deterioration and rehabilitation.

Figure SM.B.1: Predefined and estimated survival functions. The unconditioned likelihood was used for inference. The gray shaded areas indicate the predefined survival functions based on the parameters in Table 3.2 used
for data generation in NetCos. The solid lines are the means of the estimated survival functions, and the dashed
lines are the 10 % and 90 % quantiles based on the posterior distribution of
are biased suggesting considerably longer sojourn times in CS
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Supplementary Material SM.C to: Importance of anthropogenic climate impact, sampling error and urban development in sewer system design (Chapter 4)
1 Illustration of the sampling uncertainty inherent in estimated flooding rates
dependent on the observation period
Sewer design guidelines specify maximum permissible frequencies (or rates) of exceeding critical
reference water levels at the manholes of a sewer network (DWA, 2006; Spildevandskomiteen, 2005).
We refer these events as flooding events. The fulfillment of such a criterion is proved by hydraulic
long term simulations (LTS) using observed precipitation series in fine resolution considered to be
representative for the location of the sewer network. Suitable precipitation series are typically available covering an observation period of 30-40 years. The design criterion is considered to be fulfilled if
the rate 𝑟̂ estimated by LTS is equal or less than the maximum rate 𝑟𝑚𝑎𝑥 permitted by the criterion, i.e.
if 𝑟̂ ≤ 𝑟𝑚𝑎𝑥 . The estimated rate 𝑟̂ derives from the relationship 𝑟̂ =

𝑛
𝑙

where 𝑛 is the number of flood-

ing events observed or simulated during a period of 𝑙 years.
The following considerations are made to highlight the uncertainty inherent in the rates 𝑟̂ estimated by
LTS dependent on the length 𝑙 of the observed precipitation series used as input of the LTS. We consider flooding at one manhole and assume the following:
(i)

The design criterion accepts flooding at individual manholes occurring with a maximum rate
of 𝑟𝑚𝑎𝑥 = 0.1 per year.

(ii)

The climate is stationary.

(iii)

The occurrence of flooding events at the considered manhole follows a homogenous Poisson
process. The time between the independent flooding events are exponentially distributed with
parameter 𝜆 = 𝑟𝑚𝑎𝑥 = 0.1 per year, i.e. the design criterion is just met at this manhole.

We simulated the occurrence of flooding events by the underlying homogenous Poisson process with
rate 𝜆 = 𝑟𝑚𝑎𝑥 = 0.1 per year over a time period of 3 ∙ 109 years. We then made estimates of the flooding rate using 106 independent samples with lengths 𝑙 of 30, 300 and 3000 years respectively. Probability density functions of the estimated rates are given in Figure SM.C.1 highlighting their variance
dependent on the lengths 𝑙 of the samples. There is a considerable probability that flooding rates are
distinctly under- or overestimated if only a ‘short’ observation period of 30 years is available. This
underlines the fact that the verification of design criteria as suggested by DWA (2006) and
Spildevandskomiteen (2005) is highly uncertain if relying on the typically short observation periods.
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Figure SM.C.1: Probability density functions of estimated flooding rates 𝑟̂ at a manhole. The occurrence of
flooding events at that manhole follows a homogenous Poisson process. The times between the independent
flooding events are exponentially distributed with the rate 𝜆 = 𝑟𝑚𝑎𝑥 = 0.1 per year. (This rate is indicated by the
vertical red lines). The estimates are derived from 106 independent samples from a synthetic series of flooding
events with a duration of 3 ∙ 109 years. The samples have lengths 𝑙 of 30 years (a), 300 years (b) and 3000 years
(c) respectively.
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2

Stochastic precipitation simulations

(see next pages)
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Figure SM.C 2: Observed (filled symbols) and simulated (unfilled symbols with uncertainty bars) annual maximum precipitation depths for different return periods and for
durations of 10 min, 1 h, and 24h from the reference period (1981-2010). Different model combinations were used: NSRP model (a, c, e), MBLRP model (b, d, f), MRC betalognormal model (a, b), MRC III model (c, d) and MRC IV model (e, f). The unfilled symbols give the simulated mean precipitation depths over 100 realizations. The bars
represent uncertainty intervalls between the 10- and 90 %-quantiles.

236

Supplementary Material SM.C to: Importance of anthropogenic climate impact, sampling error and
urban development in sewer system design (Chapter 4)
__________________________________________________________________________________

Figure SM.C.3: Mean observed precipitation depths (filled symbols) and reproduced by the nested precipitation
models (unfilled symbols connected with lines) for the reference period. Results are given on a monthly basis
and over timescales of 10 min, 1.0 h and 24 h: Different model combinations were used: NSRP model (a, c, e),
MBLRP model (b, d, f), MRC beta-lognormal model (a, b), MRC III model (c, d) and MRC IV model (e, f).
Mean precipitation depths were used to calibrate the NSRP and MBLRP models.
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Figure SM.C.4: Standard deviation of observed precipitation depths (filled symbols) and reproduced by the nested precipitation models (unfilled symbols connected with lines) for the reference period. Results are given on a
monthly basis and over timescales of 10 min, 1.0 h and 24 h: Different model combinations were used: NSRP
model (a, c, e), MBLRP model (b, d, f), MRC beta-lognormal model (a, b), MRC III model (c, d) and MRC IV
model (e, f). Standard deviations of the precipitation depths were used to calibrate the NSRP and MBLRP models.
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Figure SM.C.5: Skewness of the observed precipitation depths (filled symbols) and reproduced by the nested
precipitation models (unfilled symbols connected with lines) for the reference period. Results are given on a
monthly basis and over timescales of 10 min, 1.0 h and 24 h: Different model combinations were used: NSRP
model (a, c, e), MBLRP model (b, d, f), MRC beta-lognormal model (a, b), MRC III model (c, d) and MRC IV
model (e, f). Skewnesses of the precipitation depths were used to calibrate the NSRP model.
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Figure SM.C.6: Lag-one autocorrelation of observed precipitation depths (filled symbols) and reproduced by the
nested precipitation simulation models ( unfilled symbols connected with lines) for the reference period . Results
are given on a monthly basis and over timescales of 10 min, 1.0 h and 24 h: Different model combinations were
used: NSRP model (a, c, e), MBLRP model (b, d, f), MRC beta-lognormal model (a, b), MRC III model (c, d)
and MRC IV model (e, f). Lag-one autocorrelations of the precipitation depths were used to calibrate the NSRP
and MBLRP model.
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Figure SM.C.7: Observed probability of zero precipitation (filled symbols) and reproduced by the nested precipitation simulation models (unfilled symbols connected with lines) for the reference period. Results are given on a
monthly basis and over timescales of 10 min, 1.0 h and 24 h: Different model combinations were used: NSRP
model (a, c, e), MBLRP model (b, d, f), MRC beta-lognormal model (a, b), MRC III model (c ,d) and MRC IV
model (e, f). Probabilities of zero precipitation was used to calibrate the NSRP and MBLRP model.
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3
1B3

Runoff-precipitation simulations

3.1 Network 1

Figure SM.C 8: Cumulative probability curves of the percentage X of manholes with n>nmax=3 flooding events
during the simulated period of 30 years. Results are given for network N1 under all scenarios, alternative A1 and
A2 and three different sets of precipitation data: 100 realizations of stochastic precipitation series from the
reference period (Xsr, black dots), 100 realizations of stochastic precipitation series from the future period (Xsf,
blue dots) and observed precipitation (X0, red dots).
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Figure SM.C.9: Number of flooding events N at the most critical manholes under the Status Quo scenario. Results are given for network N1, all scenarios, alternative A1 and A2 and three different sets of precipitation data:
Observed precipitation (N0, red line), 100 realizations of stochastic precipitation series from the reference period
(Nsr, black lines and gray uncertainty bands) and 100 realizations of stochastic precipitation series from the future period (Nsf, blue lines and uncertainty bands indicated by the dashed blue lines). The black and blue lines
represent mean values and the uncertainty bands 10-90 % quantiles. The dotted horizontal orange line marks the
maximum accepted number of three flooding events during the simulation period.
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Figure SM.C.10: Simulated mean water volumes V discharged on the surface per flooding event at the most
critical manholes under the Status Quo scenario during the simulation period. Results are given for network N1,
all scenarios, alternative A1 and A2 and three different sets of precipitation data: Observed precipitation (V0, red
line), 100 realizations of stochastic precipitation from the reference period (Vsr, black lines and gray uncertainty
bands) and 100 realizations of stochastic precipitation from the future period (Vsf, blue lines and uncertainty
bands indicated by the dashed blue lines). The black and blue lines represent mean values and the uncertainty
bands 10-90 % quantiles.
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3.2 Network N1, alternative A3

Figure SM.C.11: Inner pipe diameters of replaced pipes of network N1 before and after the replacement. The
circles indicate the diameters before the replacements, dots after the replacements which are associated with
alternative A2 and the squares after those which are associated with alternative A3.

Figure SM.C.12: (a) Percentages X of manholes with n>nmax=3 flooding events and (b) total simulated water
volume Y discharged on the surface during the simulated period of 30 years. Results are given for network N1 in
the design case (Boom scenario), for alternative A2 and A3 and three different sets of precipitation data: Observed precipitation (X0, Y0, red crosses), 100 realizations of stochastic precipitation series from the reference
period (Xsr, Ysr, black dots and uncertainty bars) and 100 realizations of stochastic precipitation series from the
future period (Xsf, Ysf, blue dots and uncertainty bars). The dots represent mean values and the bars uncertainty
bands corresponding to 10-90 % quantiles.
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3.3 Network N2

1F

Figure SM.C.13: Cumulative probability curves of the percentage X of manholes with n>nmax=3 flooding events
during the simulated period of 30 years. Results are given for network N2, all scenarios, alternative A1 and A2
and three different sets of precipitation data: 100 realizations of stochastic precipitation series from the reference
period (Xsr, black dots), 100 realizations of stochastic precipitation series from the future period (Xsf, blue dots)
and observed precipitation (X0, red dots).
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Figure SM.C.14: Number of flooding events N at the most critical manholes under the Status Quo scenario. Results are given for network N2, all scenarios, alternative A1 and A2 and three different precipitation data: Observed precipitation (N0, red line), 100 realizations of stochastic precipitation series from the reference period
(Nsr, black lines and gray uncertainty bands) and 100 realizations of stochastic precipitation series from the future period (Nsf, blue lines and uncertainty bands indicated by the dashed blue lines).The black and blue lines
represent mean values and the uncertainty bands 10-90 % quantiles. The dotted horizontal orange line marks the
maximum accepted number of three flooding events during the simulation period.
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Figure SM.C.15: Simulated mean water volumes V discharged on the surface per flooding event at the most
critical manholes under the Status Quo scenario during the simulation period. Results are given for network N2,
all scenarios, alternative A1 and A2 and three different sets of precipitation data: Observed precipitation (V0, red
line), 100 realizations of stochastic precipitation from the reference period (Vsr, black lines and gray uncertainty
bands) and 100 realizations of stochastic precipitation from the future period (Vsf, blue lines and uncertainty
bands indicated by the dashed blue lines). The black and blue lines represent mean values and the uncertainty
bands 10-90 % quantiles.
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3.4 Network N3

Figure SM.C.16: Cumulative probability curves of the percentage X of manholes with n>nmax=3 flooding events
during the simulated period of 30 years. Results are given for network N3 in the current state and three different
sets of precipitation data: 100 realizations of stochastic precipitation series from the reference period (Xsr, black
dots), 100 realizations of stochastic precipitation series from the future period (Xsf, blue dots) and observed precipitation (X0, red dot).

Figure SM.C.17: Number of flooding events N at the most critical manholes. Results are given for network N3 in
the current state and three different sets of precipitation data: Observed precipitation (N0, red line), 100 realizations of stochastic precipitation series from the reference period (Nsr, black lines and gray uncertainty bands) and
100 realizations of stochastic precipitation series from the future period (Nsf, blue lines and uncertainty bands
indicated by the dashed blue lines). The black and blue lines represent mean values and the uncertainty bands 1090 % quantiles. The dotted horizontal orange line marks the maximum accepted number of three flooding events
during the simulation period.
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Figure SM.C.18: Simulated mean water volumes V discharged on the surface per flooding event at the most
critical manholes during the simulation period. Results are given for network N3 in the current state and three
different sets of precipitation data: Observed precipitation (V0, red line), 100 realizations of stochastic precipitation from the reference period (Vsr, black lines and gray uncertainty bands) and 100 realizations of stochastic
precipitation from the future period (Vsf, blue lines and uncertainty bands indicated by the dashed blue lines). The
black and blue lines represent mean values and the uncertainty bands 10-90 % quantiles.
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Supplementary Material SM.D to: Strategic sewer rehabilitation
planning under conditions of climatic and socio-economic change
(Chapter 5)
1.

Illustrations of the network layouts

Figure SM.D.1: Layout of the networks N1 (left) and N2 (right). Current urban areas considered are shown in
light and dark gray from which stormwater is drained by the systems considered. Areas developed in the QG and
Boom scenarios from which stormwater is drained via the existing sewer systems are shown in brown; areas
developed in the QG and Boom scenarios from which stormwater is drained by new independent systems are
shown in blue; existing areas densified in the Boom scenario are marked in dark gray; areas outside current
buildings zones developed in the Boom scenario are represented by cross hatches. Existing sewer network (black
lines); new (combined, storm and sanitary) sewer pipes connected to existing systems (brown lines) and receiving waters (blue lines) are also shown.
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Figure SM.D.2: Current urban areas (gray areas) and currently undeveloped urban areas developed in the QG
and Boom scenarios within existing building zones (blue areas). Areas outside current buildings zones developed
in the Boom scenario are represented by cross hatches. New stormwater sewer systems for drainage of the areas
outside current building zones are indicated by black lines. The wine red points indicate connection points of the
new stormwater systems to receiving waters.

2

Illustration of the sampling uncertainty inherent in estimated flooding events

Sewer design guidelines specify maximum permissible frequencies (or rates) of exceeding critical
reference water levels at the manholes of a sewer network (DWA, 2006; Spildevandskomiteen, 2005).
We refer these events as flooding events. The fulfillment of such a criterion is proved by hydraulic
long term simulations (LTS) using observed precipitation series in fine resolution considered to be
representative for the location of the sewer network. Suitable precipitation series are typically available covering an observation period of 30-40 years. The design criterion is considered to be fulfilled if
the rate 𝑟̂ estimated by LTS is equal or less than the maximum rate 𝑟𝑚𝑎𝑥 permitted by the criterion, i.e.
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if 𝑟̂ ≤ 𝑟𝑚𝑎𝑥 . The estimated rate 𝑟̂ derives from the relationship 𝑟̂ =

𝑘
𝑙

where 𝑘 is the number of flood-

ing events observed or simulated during a period of 𝑙 years.
The following considerations are made to highlight the uncertainty inherent in the rates 𝑟̂ estimated by
LTS dependent on the length 𝑙 of the observed precipitation series used as input of the LTS. We consider flooding at one manhole and assume the following:
(i)

The design criterion accepts flooding at individual manholes occurring with a maximum rate
of 𝑟𝑚𝑎𝑥 = 0.1 per year. The climate is stationary.

(ii)

The occurrence of flooding events at the manhole considered follows a homogenous Poisson
process.

(iii)

The time between the independent flooding events are exponentially distributed with parameter 𝑟𝑚𝑎𝑥 = 0.1 per year, i.e. the design criterion is just met at this manhole.

We simulated the occurrence of flooding events by the underlying homogenous Poisson process with
rate 𝑟𝑚𝑎𝑥 = 0.1 per year over a time period of 3 ∙ 109 years. We then made estimates of the flooding
rate using 106 independent samples with lengths 𝑙 of 30, 300 and 3000 years respectively. Probability
density functions of the estimated rates are given in Figure SM.D.3 highlighting their variance dependent on the lengths 𝑙 of the samples. There is a considerable probability that flooding rates are distinctly under- or overestimated if only a ‘short’ observation period of 30 years is available. This underlines the fact that the verification of design criteria as suggested by DWA (2006) and
Spildevandskomiteen (2005) is highly uncertain if relying on the typically short observation periods.

253

Supplementary Material SM.D to: Strategic sewer rehabilitation planning under conditions of climatic
and socio-economic change (Chapter 5)
__________________________________________________________________________________

Figure SM.D.3: Probability density functions of estimated flooding rates 𝑟̂ at a manhole. The occurrence of
flooding events at that manhole follows a homogenous Poisson process. The times between the independent
flooding events are exponentially distributed with the rate 𝑟𝑚𝑎𝑥 = 0.1 per year. (This rate is indicated by the
vertical red lines). The estimates are derived from 106 independent samples from a synthetic series of flooding
events with a duration of 3 ∙ 109 years. The samples have lengths 𝑙 of 30 years (a), 300 years (b) and 3000 years
(c) respectively.

3

Principles of calculating the attributes used in the MCDA

In the following we outline the principles we applied to calculate the attributes considered in the
MCDA.

3.1 Low rehabilitation burden
We define the yearly reinvestment demand as the quotient of the current replacement value of the
sewer network and the mean sewer lifespan, i.e. the age when a pipe enters CS 3. The mean sewer
lifespan is derived from the posterior distribution of the deterioration model parameters 𝛉 inferred
from the condition data of the network considered. In every year the actually reinvestment realized by
rehabilitation is normalized by the current reinvestment demand expressing the percentage of the real254
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ized rehabilitation demand. The attribute Low rehabilitation demand equals to the average percentage
of the realized rehabilitation demand over the planning horizon considered.

3.2 Low contamination from sewers
We assessed the impact of sewer exfiltration on groundwater quality exclusively in the year 2050. In a
first step, the potential of exfiltration from sewer pipes was estimated in dependence of their condition
state according to VSA (2007). The rating system comprises five condition states (VSA-CS) ranging
from 0 (worst condition) to 4 (best condition). Due to the lack of models describing sewer exfiltration
as a function of VSA-CS, we elicited the exfiltration potential from two experts. They expressed the
exfiltration potential as minimum and maximum percentages of the sanitary wastewater volume potentially exfiltrating from a sewer on average dependent on the VSA-CS per km pipe length. The elicited
percentages are given in Table SM.D.1.
Table SM.D.1: Exfiltration potential from sewers dependent on the VSA-CS elicited from two experts.
Percentage (%) of the sanitary wastewater volume potentially exfiltrating
from sewer pipes on average per km pipe length
Condition state (VSA-CS)
according to VSA (2007)

minimum

maximum

0

2

100

1

2

30

2

0

15

3

0

8

4

0

4

In our study, we aggregated pipes in the two best condition states VSA-CS 3,4 and two worst condition states VSA-CS 0,1 to the best condition state CS 1 and the worst CS 3 respectively. We consequently aggregated the elicited numbers according to our used rating system as given in Table
SM.D.2.
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Table SM.D.2: Exfiltration potential from sewers dependent on CS aggregated from the elicited numbers given
in Table SM.D.1.
Percentage (%) of the sanitary wastewater volume potentially exfiltrating
from sewer pipes on average per km pipe length
Aggregated condition states
(CS)

minimum

maximum

3

2

100

2

0

15

1

0

8

For each rehabilitation strategy we generated 1000 realizations of rehabilitation outcomes by means of
the rehabilitation model. We assumed that the exfiltration potentials are uniformly distributed within
the ranges given in Table SM.D.2 and that the exfiltration potential of an individual pipe is independent of others. We therefore sampled respectively one value 𝑥𝑖 , 𝑖 = 1,2,3 from the uniformly distributed
exfiltration rates individually for every realization and pipe. The daily sewage water volume 𝑉 exfiltrating from a sewer pipe in CS 𝑖 with length 𝐿 was then calculated by a simple approach based on
pipe length normalized to the total network length 𝐿𝑡𝑜𝑡 and the total daily sanitary wastewater volume
𝑉𝑡𝑜𝑡 entering the sewer network. This was done by using the following equation:

V

Vtot  xi  L
Ltot

(1)

Groundwater recharge rates in the aquifers within the municipalities considered were estimated using
the Hydrus1D model (Simunek et al., 2008) for simplified soil profiles, representing the characteristics
of predominant soils in the case study region. The stochastic precipitation data for the period 20362065 was used as model input. For each of the ten applied climate models and the socio-economic
scenarios we obtained one estimate of the groundwater recharge. For each realization of the calculated
rehabilitation outcome we randomly selected one out of the ten estimates under the scenario considered. Based on (i) the daily sanitary wastewater volume exfiltrated from the sewers, (ii) the daily
groundwater recharge within the compartment of the aquifer and (iii) the total aquifer volume we calculated the wastewater content in the groundwater.
As water quality indicators we considered the nutrients total phosphorus, total nitrogen, nitrate and
ammonium contained in the groundwater that originate from the exfiltrated sanitary wastewater. Nutrient concentration data for sanitary wastewater were taken from literature and from measurements in
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the influent of a wastewater treatment plant. It is assumed that the exfiltrated wastewater is completely
mixed with the total volume of the groundwater aquifer considered. The resulting concentrations of
these substances are then subsequently converted into a chemical water quality class according to the
Swiss Modular Concept of stream assessment (Liechti, 2010) and then into values in the range [0,1]
according to (Langhans and Reichert, 2011). The attribute Low contamination from sewers is reflected
by the mean value over the values obtained for the four nutrients considered.

3.3

Few failures

The attribute few failures is calculated by the same principles as described in Section 5.2.8. The attribute is averaged over the planning horizon.

3.4

High service level

The service levels depends on the hydraulic strategy applied and the scenarios affecting the runoff
coefficients. Nine versions of the hydraulic model (SWMM 5.1) (Rossman, 2010) were developed for
the networks N1 and N2 respectively. These reflect all combinations of the scenarios SQ (and Doom),
QG and Boom as well as the hydraulic alternatives H1, H3 and H4. (The SQ and Doom scenarios imply the same runoff coefficients). We considered the future period 2036-2065 as evaluation period.
The length of this evaluation period corresponds to the length of the observed precipitation series and
is consequently a typical evaluation period in current sewer design practice. We performed LTS with
each of the 𝑖 = 1, … ,100 stochastic precipitation series realized representing possible precipitation
within the period 2036-2065. As a result we obtained the number of events at which the water level
exceeds the cover levels of the manholes within the period of 30 years considered under the applied
precipitation series 𝑖 = 1, … ,100. These events indicate potential flooding of the urban area in the
vicinity of the overloaded manholes.
Consequences of flooding depends on the specific urban landuse of the area affected by flooding.
Therefore we assigned areas to each of the manholes of the combined and stormwater sewer systems
representing specific urban landuse. These areas were first allocated by Thiessen polygons generated
within the urban areas and with the manhole covers as centers. To account for the different landuse
properties defined by the building zones, we subdivided the Thiessen polygons along their intersections with different building zones. In this way one or more polygons are assigned to a manhole each
representing one type of urban landuse. An illustration of the generated areas are given by Figure
SM.D.4. We considered the following urban landuse properties defined by the building zones: (i) population density, (ii) industrial/ non-industrial areas, (iii) mixed areas including housing and commercial activities. The non-industrial areas, i.e housing and mixed areas, were weighted according to the
ratio between their population density and the average population density of the municipality. In addi-
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tion to that, a factor 1.5 was assigned to mixed areas to account for the increased damage potential if
both commercial and residential properties are affected by flooding.
The objective high service level quantified by attribute 𝐴; (weighted) percentage of the urban area
potentially affected by flooding per year, is calculated by the following equation given one precipitation series used as input for the hydraulic model:

m

A

xi

 n  A
i 1 j 1

i

l  Atot 

j

 w1  w2 100%

(2)

𝑛𝑖 is the number of events at which the water level exceeds the cover of manhole 𝑖 within the time
period of 𝑙 = 30 years under one precipitation series considered. 𝑥𝑖 is the number of areas each specifying one set of landuse properties associated with manhole 𝑖 and 𝑚 is the total amount of manholes of
the combined and stormwater systems. 𝐴𝑡𝑜𝑡 is the total urban area associated with the sewer network
considered. 𝑤2 = 1.5 applies if an area represents a mixed zone. 𝑤1 is a weight applied to all housing
and mixed areas describing the following ratio:

w1 

d
d

(3)

𝑑 is the population density of an individual area and 𝑑̅ the average population density of the whole
urban area associated with the sewer network considered. The percentage 𝐴 is calculated under each of
the 100 realizations of precipitation series applied in the LTS. The attribute is consequently represented by a sample of 100 realizations.
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Figure SM.D.4: Areas (blue outlines) each representing one set of specific urban landuse properties associated
with the manholes of the combined and stormwater system. The urban landuse properties of an area is defined by
the covered building zone.
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4

Results

4.1

Sewer deterioration model

4.1.1 Prior and posterior marginal distributions

Figure SM.D.5: Prior (dashed lines) and posterior (solid lines) marginal distributions of the model parameters 𝛉.
The posterior marginal distributions were obtained by inference with condition data from network N1 (a) and N2
(b).

4.1.2 Frequentist inference of deterioration parameters
In order to highlight the role of the prior, we did frequentist inference, i.e. inference that exclusively
considers observed data. We inferred the parameters 𝛉 by means of (i) the likelihood function expressed by Eq. (1) given Section 3.2.1, (ii) the maximum likelihood method and (iii) the same numerical scheme as described in (Egger et al., 2013). In case of N1, no solution was obtained highlighting
the low information content of the available data. In case of N2, a solution was obtained suggesting
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even longer lifetimes as a consequence of neglecting prior knowledge. The inferred survival functions
are illustrated in SM.D.6.

Figure SM.D.6: Estimated survival functions S1 and S2 of N2. The solid lines are the means of the estimated
survival functions and the dashed lines are the 10% and 90% quantiles based on the distribution of 𝛉 obtained by
the maximum likelihood method. The blue lines illustrate the survival function S 1, the grey lines illustrate S2.
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4.2

The outcome of rehabilitation

Figure SM.D.7: Percentages of the sewers in CS >1 (blue symbols and bars) and in CS 3 (black symbols and
bars) given as means over the planning horizon (upper row). Percentages of the sewer length shifting to a worse
CS within the planning horizon (lower row). The symbols represent the means and the bars range between the
10- and 90% quantiles over 1000 realizations. Outcomes are given from different combinations of hydraulic and
structural rehabilitation strategies under the scenarios SQ, QG and Boom applied to N2. Outcomes of the general
strategies are given with increasing intensity from the left to the right within each column corresponding to the
order of the intensity defining parameters given in Table 5.3.
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Figure SM.D.8: Annual rehabilitation costs per person given as means over the planning horizon (upper row).
Standard deviation of the annual rehabilitation costs per person over the planning horizon (middle row)
Reinvestments due to rehabilitation as a percentage of the rehabilitation demand (lower row). The symbols
represent the means and the bars range between the 10- and 90% quantiles over 1000 realizations. Outcomes are
given from different combinations of hydraulic and structural rehabilitation strategies under the scenarios SQ,
QG and Boom applied to N2. Outcomes of the general strategies are given with increasing intensity from the left
to the right within each column corresponding to the order of the intensity defining parameters given in Table
5.3.
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Figure SM.D.9: Percentages of the sewers in CS >1 (blue symbols and bars) and in CS 3 (black symbols and
bars) given as means over the planning horizon (upper row). Annual rehabilitation costs per person given as
means over the planning horizon (lower row). The symbols represent the means and the bars ranges between the
10- and 90% quantiles over 1000 realizations. Outcomes are given of all combinations of hydraulic and
structural rehabilitation strategies under the SQ scenario applied to N2. Outcomes of the general strategies are
given with increasing intensity from the left to the right within each column corresponding to the order of the
intensity defining parameters given in Table 5.3.
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4.3

The outcome of the MCDA

Figure SM.D.10: Mean values assigned to the objectives considered as outcome of the MCDA for the sewer
networks N1 (upper row) and N2 (lower row) over 1000 realizations and the preferences of ten stakeholders.
Outcomes are shown of all hydraulic and structural rehabilitation strategies under the SQ scenario. Outcomes of
the GSRS are given with increasing intensity from the left to the right within each column corresponding to the
order of the intensity defining parameters given in Table 5.3. The stacked bars in column denoted W at the right
hand side represent the maximum obtainable values for the individual attributes which correspond to the mean
weights given in Figure 5.2.
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