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Summary

fficient infrastructure planning is essential to achieve a more sustain-
E able future. This includes aiming for optimal and economically more
efficient infrastructures in the field of urban water management (UWM).
Especially network-based infrastructures need special attention as they
are generally very cost intensive and have distinctly demanding planning
characteristics. Today’s historically evolved UWM practices tend to be net-
work-based as in the last century enormous investments have been made
to build-up vast sewer networks and large central wastewater treatment
plants which centrally connect very high population percentages in many
countries. The construction of large network infrastructures has result-
ed in a dominant centralised planning paradigm and heavily centralised
wastewater management systems (WMS). However, this strong central
planning paradigm is increasingly being questioned with respect to sus-
tainability challenges and the call is becoming louder for innovative and
radical approaches to address future challenges in the field of UWM. One
such innovative approach is the decentralised treatment of wastewater by
decentralised WMS, although in countries with high central connection
rates this has so far been seen mainly as a stopgap solution. Today, con-
nection rates differ significantly across countries: Great differences exist
not only between high-income and low-income countries but also within
OECD countries. It is unclear to what degree centralised or decentralised
WMS should be installed in a region from the point of view of econom-
ic efficiency. Whereas the UWM literature presents specific cost assess-
ments, there is a paucity of tools and methods to assess the costs of WMS
consisting of centralised and decentralised systems (hybrid WMS). There
are also few cost assessments of decentralised WMS with respect to their
operation and maintenance costs. This dissertation uses an economic ge-
ospatial model-based approach to address the challenging research ques-
tion of the optimal degree of centralisation. Conceptually, especially the
spatially explicit full-cost modelling and the socio-technical conceptualis-
ation of WMS are of special relevance. The basic trade-off between waste-
water transportation and treatment is modelled in a geographically explic-
it way, economies of density for decentralised systems are assessed and
a framework is presented to assess different optimal connection rates for
hybrid systems. This framework is then used to assess economically sus-
tainable connection rates in order to promote the economic argumenta-
tion for a possible sustainability transition in UWM.

This dissertation demonstrates that the use of models is a promising way
to address the question of the optimal number, geographical placement and
dimensioning of infrastructures, and that space has a significant influence



on the costs of centralised, decentralised and hybrid WMS. Another major
finding is the importance of the co-evolution of institutional, organisa-
tional and technological innovation in the field of UWM. This thesis also
indicates ‘threshold-effects’, i.e. when transitioning towards lower con-
nection rates, cost differences between the central and decentral systems
within a region may become negligible from certain connection rates on-
wards, which could potentially lead to an increase in the transition dy-
namics towards new system configurations. On the basis of the findings
of this thesis, the introduction of more explicitly spatial price differenti-
ation to facilitate the installation of decentralised WMS is recommend-
ed: central networks should be regulated to ensure that they only connect
households as long as the average central costs of all households connect-
ed to a network decrease. The results suggest that regulations such as the
mandatory connection rule should be reconsidered in countries such as
Switzerland. Finally, even though the focus of this thesis is on wastewa-
ter infrastructures, the argument is made that the research challenge of
determining the optimal degree of centralisation is generic and applies to
many different infrastructure sectors.









Zusammenfassung

ine effiziente Infrastrukturplanung ist fiir eine nachhaltige Zukunft ent-
E scheidend. Eine zentrale Rolle kommt dabei der Optimierung der 6ko-
nomischen Effizienz von Infrastrukturen in der Siedlungsentwéasserung zu.
Insbesondere netzbasierte Infrastrukturen bediirfen aufgrund ihrer hohen
Kostenintensitédt und planerisch anspruchsvollen Eigenschaften spezieller
Aufmerksamkeit. Im vergangenen Jahrhundert wurden enorme Investitionen
in den Bau von immensen Kanalisationsnetzen und grossen, zentralisier-
ten Klaranlagen getétigt. Dies fiihrte in vielen Lindern dazu, dass grosse
Teile der Bevolkerung mit zentralisierten Abwasserinfrastrukturen versorgt
werden. Die so historisch gewachsenen Netzwerkinfrastrukturen in der
Siedlungswasserwirtschaft resultieren in einem dominierenden zentralis-
tischen Planungsparadigma mit stark zentralisierten Abwassersystemen.
Dieses Planungsparadigma wird jedoch in Bezug auf seine Nachhaltigkeit
zunehmend hinterfragt. Um zukiinftigen Herausforderungen in der
Siedlungswasserwirtschaft gerecht zu werden, wird der Ruf immer lauter
nach innovativen und radikal alternativen Losungen. Ein solcher innovati-
ver Ansatz stellt diesbeziiglich die dezentrale Abwasserreinigung mithilfe
von dezentralen Abwassersystemen dar. Bis anhin wurde dieser in Lindern
mit einem hohen zentralen Anschlussgrad haufig lediglich als Notlosung
angesehen. Der Anschlussgrad an zentrale Abwasserinfrastrukturen un-
terscheidet sich in verschiedenen Landern: Grosse Unterschiede exis-
tieren nicht nur zwischen einkommensstarken und einkommens-
schwachen Lindern, sondern auch innerhalb der Lander der OECD.
Zu welchem Grad zentrale oder dezentrale Abwassersysteme in einer
Region am besten installiert werden sollen ist auf Grundlage einer 6kono-
mischen Argumentation nicht klar. In der Literatur werden bereits spezifi-
sche Kostenberechnungen beschrieben, in der Praxis jedoch mangelt es an
Werkzeugen und Methoden, um die Kosten fiir hybride Abwassersysteme,
welche aus zentralen und dezentralen Systemen bestehen, zu bestimmen.
Uberdies gibt es kaum Kostenanalysen zu dezentralen Abwassersystemen hin-
sichtlich deren Betriebs- und Wartungskosten. In dieser Dissertation wird ein
rdumlicher, modellbasierter Ansatz gewahlt, um die Forschungsfrage nach
dem optimalen Zentralisierungsgrad in Bezug auf dessen Wirtschaftlichkeit
zu beantworten. Von besonderer konzeptioneller Relevanz ist die rdumlich
explizite Vollkostenanalyse und die sozio-technische Konzeptualisierung
von Abwassersystemen. Die grundlegend gegenlaufige Abhingigkeit zwi-
schen den Kosten fiir den Transport von Abwasser und dessen Reinigung
wird geografisch explizit modelliert, Dichteeffekte von dezentralen
Abwassersystemen werden eruiert, und im Weiteren wird ein Ansatz vor-
gestellt, mit dessen Hilfe verschiedene optimale Zentralisierungsgrade
fiir hybride Systeme bestimmt werden konnen. Letzterer erlaubt die
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Bestimmung von 6konomisch nachhaltigeren Anschlussgraden und hilft
dabei, die 6konomische Argumentation einer Nachhaltigkeit-Transition in
der Siedlungswasserwirtschaft weiterzuentwickeln.

Diese Dissertation zeigt das Potential eines modellbasierten Ansatzes
auf, um der Frage nach der optimalen Anzahl, der geografischen Lage und
der Dimensionierung von Infrastrukturen nachzugehen zu konnen. Zudem
verdeutlicht sie die Wichtigkeit der raumlichen Komponente als wichtiger
Einflussfaktor in Bezug auf die Kosten von zentralen, dezentralen und hyb-
riden Abwassersystemen. Diese Arbeit verdeutlicht zudem die Wichtigkeit
der Koevolution institutioneller, organisationaler und technologischer
Innovationen in der Siedlungswasserwirtschaft. Es werden ebenfalls mogli-
che ,Schwelleneffekte‘ angedeutet: Bei einer allfalligen Transition zu tieferen
Anschlussgraden konnte beim Erreichen von bestimmen Anschlussgraden
die Kostendifferenz zwischen zentralen und dezentralen Systemen inner-
halb einer Region vernachléssigbar klein werden. Dies wiirde die Dynamik
einer Transition hin zu neuen Systemkonfigurationen forcieren. Aufgrund
der Resultate dieser Arbeit ist eine explizite Preisdifferenzierung zu emp-
fehlen, um die Einfiihrung von dezentralen Abwassersystemen zu erleich-
tern. Zentrale Netzwerke sollten so reguliert werden, dass Haushalte nur
angeschlossen werden, solange dadurch die durchschnittlichen Kosten
aller angeschlossenen Haushalte sinken. Diese Arbeit zeigt weiter, dass
Regulierungen wie die Anschlusspflicht besonders in Landern wie der
Schweiz hinterfragt werden sollten. Obwohl der Fokus dieser Arbeit auf
Abwasserinfrastrukturen liegt, kommt der Bestimmung des optimalen
Zentralisierungsgrades nicht zuletzt auch dadurch breit angelegte Bedeutung
zu, da sich dieselbe Fragestellung in verschiedenen Infrastruktursektoren
stellt.
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...in general, no great breakthrough
in sewage treatment technology can
be expected, at least not cost-wise.
One of the hopes of lowering the
costs is the joining of industries and
municipalities in common treatment
facilities to take advantage of the
economies of scale in waste water
treatment. 29

Deininger and Su (1973)

We assume that decentralised
alternatives can already, or will

soon be able to, deliver utility services
of comparable quality, which means
that the superiority of the centralised
paradigm can no longer be taken

for granted, and questions about the
optimal degree of centralisation

need to be addressed. 929

Eggimann et al. (2015)
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Chapter 1

Introduction






EEJ] Motivation and overall ambition

1.1.1 Thesignificance of UWM infrastructure

he infrastructure of urban water management (UWM) is indisputably
T one of the vital elements of human well-being, enabling human and
environmental health and laying the foundations for socio-economic de-
velopment (inter alia Corcoran et al. 2010, WHO and UN-Water 2014). The
primary function of UWM is to provide urban hygiene, e.g. to prevent out-
breaks of life-threatening diseases such as typhoid or cholera (O’Flaherty
2005, WHO 2011, Sedlak 2014, Urich and Rauch 2014a). In most parts of
the world, today’s UWM systems rely heavily on network-based infrastruc-
tures, namely drinking water distribution and sewer networks. Historically,
centralised network-based wastewater management systems (WMS) with
progressively higher treatment performance developed in the late second
half of the 19th century (Wiesmann et al. 2006, Gikas and Tchobanoglous
2009, Lofrano and Brown 2010). This centralised approach is most com-
monly based on transporting sewage from households and industry with
the aid of gravity (or pumping) and flushing water in combined sewer
systems to centralised treatment facilities. Together with other infrastruc-
ture networks such as the electricity grid, roads, district heating, or nat-
ural gas networks, they constitute the backbone of current industrialised
societies and their construction in the last two centuries has been a major
engineering and societal achievement (Hansman et al. 2006, Lofrano and
Brown 2010, Hall et al. 2016).

On a global scale, however, the goal of sustainable UWM for all has
not been reached with the centralised network-based approach, and even
in places where the practice of centralised UWM has so far been success-
ful, various challenges need to be addressed (inter alia Sadoff et al. 2015,
Larsen et al. 2016). This conclusion has been confirmed by the recent
sustainable development goals which increasingly focus on sustainable
UWM, infrastructure development and the promotion of innovative new

Sustainable development goals

Numbers 6 and 9 of the sustainable development goals of the United Nations are
particularly relevant to sustainable UWM, innovation and infrastructure (UN 2015a).

Goal 6: Ensure availability and sustainable management of water and
sanitation for all.

Goal 9: Build resilient infrastructure, promote inclusive and sustainable
industrialization and foster innovation.



5

approaches to service provision (see Box 1.1}). These manifold and diverse
UWM-related challenges are intensively discussed in the literature and are
easy to identify: they range from combined sewer overflows and leaking
pipes to climate change and governance and financial challenges (inter
alia Daigger 2007, Kluge and Scheele 2008, Bahri 2012, Sadoff et al. 2015,
Gulbenkian 2014, WWAP 2015, Gawel 2015, Larsen et al. 2016, Hall et al.
2016). UWM infrastructures are both essential and face strong challeng-
es, and alternative innovative approaches are necessary for more sustain-
able modes of consumption and production in UWM (Markard et al 2012,
Hering et al. 2013, Kiparsky et al. 2013, Truffer et al. 2013).

1.1.2 Innovation and socio-technical evolution of centralised UWM
entralised wastewater treatment includes much more than just tech-
C nology or physical artefacts, and WMS have to be considered as ‘so-
cio-technical’ systems matching technologies and infrastructures with ap-
propriate organisational and institutional models (inter alia Geels and
Schot 2007, Markard and Truffer 2008, Arora et al. 2015). Technology
co-evolves with society and therefore needs to be put in a broader con-
text (Geels 2005, Van der Brugge and Rotmans 2007). In the last century,
technology as well as institutional and organisational arrangements have
evolved around a centralised wastewater engineering paradigm, leading to
shared values and a professional culture based on civil engineering com-
petences (inter alia Truffer et al. 2010, Kiparsky et al. 2013, Fuenfschilling
and Truffer 2014). This technological, institutional and organisational cen-
tralisation is accompanied by experts and policy circles which see central-
isation as the supreme solution (Graham and Marvin 2001). As a result,
WMS strongly resemble the systems installed back in the Victorian age in
many high-income countries (Thomas and Ford 2005). However, innova-
tive approaches promising wastewater management with similar perfor-
mance to the centralised WMS are being developed with similar levels of
technological readiness. So far, however, the fundamental criticisms about
the lack of innovation in handling wastewater are being invoked, and rad-
ical alternative ways of managing wastewater are rarely discussed or im-
plemented with the same vigour as centralised approaches. Decentralised
systems, such as membrane bioreactor systems, have so far mainly been
introduced in niches, where the traditional approach was undisputed-
ly unfeasible or too costly (inter alia Dahlgren et al. 2013). Examples in-
clude alpine huts, cruise ships, holiday resorts and office buildings (cf.
Goymann et al. 2008, Verrecht et al. 2012, Li et al. 2013). Decentralised
systems thus tend mostly to be considered as a stopgap for niche appli-
cations (Eggimann et al. 2016¢). We are consequently facing an innova-
tion deficit or crisis in the wastewater sector which calls for a paradigm
shift or a sustainability transition in UWM (inter alia Thomas and Ford
2005, Pahl-Worstl et al. 2011, Kiparsky et al 2013). Sustainability-related
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innovations with respect to socio-technical aspects can be conceptualised
as sustainability transitions (cf. Markard et al. 2012, Truffer and Coenen
2012) which, within the context of this thesis, relates to more sustainable
system alternatives to the centralised UWM paradigm. After all, the tran-
sition towards more sustainable UWM practices needs to be understood
as an innovation problem, and technological innovation is not enough to
handle it but must be supplemented by innovation with respect to the so-
cietal, organisational or institutional context (Truffer et al. 2013). Even
though the requirements on technological treatment to minimise health
risks and provide high standards of urban hygiene are given top priority
in UWM, to ensure the successful long-term viability of technologies we
must equally consider the costs, social acceptance, legal and institution-
al arrangements, business models, customer expectations etc. — in other
words the whole socio-technical dimension which tends to be overlooked
(inter alia Fane and Fane 2005, Li et al. 2013, Arora et al. 2015, West et
al. 2016).

1.1.3 Decentralisation as a radical alternative to UWM

n the last few years, the predominant centralised UWM approach based
I on vast infrastructure networks has increasingly been questioned. New
concepts such as ‘low impact urban design and development’, ‘sustainable
urban drainage systems’, ‘water sensitive urban design’ or ‘integrated urban
water management’ (cf. Fletcher et al. 2015) have been suggested, incor-
porating new approaches to infrastructure design and practices such as
source separation, water reclamation and reuse or nutrient recycling (inter
alia Daigger 2009, Bach et al. 2014, Fletcher et al. 2015, Sharma et al. 2016,
SNF 2016). However, decentralised treatment with decentralised WMS is
certainly the most radical alternative to centralised network-based WMS
(inter alia Tchobanoglous et al. 2004, Massoud et al. 2009, Libralato et al.
2012, Larsen et al. 2013, OECD 2015) (see Box 11.2).

Decentralised WMS

Historically, wastewater has commonly been disposed of in a decentralised fash-
ion with low-tech sanitation systems such as pit latrines. Decentralised systems
are still often understood to be septic tanks. In this thesis, the focus is laid on
small-scale mechanical-biological treatment plants (Orth 2007), i.e. treatment
technologies offering the same or similar performance and service to those of
centralised WMS. The manifold alternatives of decentralised systems go beyond
the scope of this thesis and reference is made to the literature for more infor-
mation about possible technology options (inter alia Crites and Tchobanoglous
1998, Singh et al. 2015). See also Section ,1.3.1; and Section 2.3.1 for further
explanations about centralised and decentralised systems.
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Figure 1.1: Comparison of connection rates across European countries (own representation,
data taken from OECD 2015). For a global overview see, Larsen et al. (2016).

Great global differences exist with respect to the dominance of the cen-
tralised (or decentralised) wastewater planning paradigm. The central
(wastewater) connection rate, i.e. the proportion of a population con-
nected to a centralised WMS, is very high in many high-income countries
such as Switzerland, and reaches connection rates close to 100% (UN
2015b). In low-income countries, connection rates are often low because
large proportions of the population still lack basic sanitation (WHO and
UN-Water 2014). However, considerable differences can be found even
within OECD countries, with some countries hav1ng relatively lower con-
nection rates of between 60 and 70% (see Fig. -1 L) However, it is im-
portant to note that lower connection rates do not necessarily represent
a lower standard of sanitation, but can also express a higher share of de-
centralised WMS. Decentral approaches to sanitation are often perceived
as rudiments dating from former times, when central sewer connections
were non-existent. However, this is a problematic view, because decen-
tralised WMS are also successfully being applied on a larger scale today
(e.g. johkasou systems in Japan) including on new construction sites es-
pecially in high-income and high-density European Union countries or
the USA (cf. Yang et al. 2011, OECD 2010/2015). Also, the reasons for
implementing decentralised WMS may differ depending on the context.
Nevertheless, decentralised WMS constitute a radical alternative to cen-
tralised WMS, providing an opportunity to transform existing systems in
anticipation of achieving overall lower costs to society.
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1.1.4 The challenge of determining the lowest cost connection rates

osts play an important role in WMS infrastructure planning. Lowest-
C cost UWM configurations can essentially be found by solving the basic
trade-off between the cost of transportation of sewage and the expenses
incurred in treating wastewater in suitable wastewater treatment plants
(WWTP). As shown later in this thesis, decentralised WMS are character-
ised by very different cost characteristics than centralised ones, and the
question remains whether the introduction of decentralised WMS makes
sense from an economic point of view, and more importantly, to what
extent. This economic question is truly important, as the future strength
of our economies depends on the financing of their infrastructures (inter
alia Hansman et al. 2006). Despite the increasing attention focused on
decentralised approaches in UWM, however, it remains unclear to what
degree centralised or decentralised WMS should best be installed in a par-
ticular region to provide UWM services at lowest cost to society. This is
surprising, as this question and trade-off mentioned above have already
been discussed in academia for many decades (inter alia Downing 1969,
Converse 1972, Hovey et al. 1977, Abd el Gawad and Butter 1995, Ambros
1996, Van Afferden et al. 2015).

The main objective of this thesis is therefore to push the understanding
of the optimal degree of centralisation (ODC) for WMS from an econom-
ic point of view. Although interests focused here on economic challenges,
a major role is certainly also played by social, environmental or technical
challenges (cf. Brears 2014, Section 5.1). Nevertheless, this focus on eco-
nomic aspects follows the generally observed trend of an increased public
focus on cost efficiency, which is especially relevant in view of the highly
capital intensive UWM infrastructures (Knops 2008, Fuenfschilling and
Truffer 2014, Hall et al. 2016). Optimising and improving our knowledge
about UWM planning and preventing unwise investments in costly infra-
structures is especially urgent given today’s under-investment, shrinking
subsidies and ageing infrastructures (inter alia Maurer and Herlyn 2006,
WEF 2010, ASCE 2011) (see Section 1.4.1).
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m Goals and research questions

he main goals of this doctoral thesis are the promotion of geospatial

modelling tools and the development of an economic argument for
a possible sustainability transition towards more sustainable WMS. The
overall aim is to provide insights about economically sustainable UWM
and to develop tools and methods which help to optimise the planning of
sanitation infrastructures. The chosen research focus is driven by the fol-
lowing overarching and generic question:

What is the optimal degree of centralisation for wastewater infrastructures?

A single dissertation clearly falls short of addressing this extensive re-
search question in all its facets, which certainly is not the aim here. The
particular focus is on the economic geospatial modelling and planning
aspects of network-based wastewater infrastructures, especially within a
Swiss context.! Within this chosen focus, decentralised and hybrid WMS
(as compared to centralised WMS) are of primary interest because fewer
economic assessments and examples of geospatial modelling are so far
available for hybrid WMS (cf. Section 1.5).

The overarching research question is addressed by several more spe-
cific but closely related questions (see also Section 1.6 for research ques-
tions for each chapter). They can be summarised as follows:

* How can the degree of centralisation be defined?

* How does space influence the cost of centralised, decentralised and
hybrid WMS?

* How can spatial cost influences be modelled?

* How do economies of scale, density effects and costs of transportation
interact at settlement level?

* How can heuristic geospatial modelling tools help to determine the
optimal number, location and sizing of wastewater management sys-
tems in a region from an economic point of view?

e What role do institutional and organisational settings play in reach-
ing optimal connection rates?

' All selected case studies are from various Swiss regions. The practical relevance of
the question about the optimal degree of centralisation may naturally differ depend-
ing on the context. Although a Swiss perspective is chosen in this thesis, the Swiss
context is not unique and lessons can be learnt for similar contexts in other countries.
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m UWM planning and the ODC

1.3.1 Degree of centralisation

he terminology of centralisation and decentralisation is most commonly
T used in relation to institutional theory and political sciences. In these
contexts, decentralisation is broadly understood as a ‘transfer of authority
from central to local government’ (Oxford Dictionaries 2015) and centrali-
sation is the opposite, namely a transfer from local to central government.
This thesis refers to a different kind of decentralisation relating to technol-
ogy and infrastructure, i.e. technological (de)centralisation. Technological
centralisation is loosely defined here as a shift from distributed to concen-
trated modes of production and consumption of goods and services. This
shift is usually accompanied by technological transformations, i.e. various
technologies are used for centralised or decentralised systems. Whereas
political decentralisation was anticipated as a megatrend, especially in the
1980s (cf. Naisbitt 1982), decentralisation of production and consump-
tion has only recently been identified as a trend, fuelled by various tech-
nological advances such as the internet of things and modularisation (cf.
Dahlgren et al. 2013, Ignaczak 2014, Greengard 2015).

Eggimann et al. (2016c¢) distinguish between three main approaches in
UWM which constitute a fundamentally different alternative to conven-
tional centralised UWM, namely on-site water treatment (Fewtrell et al.
2005, Peter-Varbanets et al. 2009), on-site water reuse (Guo and Englehardt
2015) and on-site wastewater treatment (Brands 2014, Singh et al. 2015).
They all share the characteristic of being decentralised modes of service
provision in UWM. Sanitation services in a region may thus in principle be
provided by centralised WMS or decentralised on-site WMS (Orth 2007,
Libralato et al. 2012).2 However, a clear distinction between centralised
and decentralised WMS is problematic because of its scale-dependence.
Reference is made to the literature for terminological issues (e.g. Crites
and Tchobanoglous 1998, Tchobanoglous and Leverenz 2013, Singh et al.
2015) (see also Section 2.3.1 for an elaborate discussion on this topic).
This thesis generally assumes the use of commercially available pack-
age treatment plants for decentralised on-site WMS. Such plants typi-
cally range from just a few to several hundred population equivalents.
Finally, a hybrid WMS consists of both centralised and decentralised
WMS (inter alia Tchobanoglous and Leverenz 2013, Poustie et al. 2014,
Sapkota et al. 2015).3

2 In the literature, the terms decentralised, on-site are often used interchangeably.

* In the literature, the terms dispersed or distributed are often used interchangeably.



Finally, the optimal dimensioning, (geographical) placement and decid-
ing on the number of facilities (known as the facility location problem) is
an old issue and represents a basic research challenge for many different
applications (inter alia Current et al. 2002, Daskin 2013). Other sectors
also depend on physical network infrastructures, such as district heating
or electricity. However, the challenge of determining the optimal service
provision, also exists for services where no physically built infrastructure
network is involved, such as the placement and dimensioning of schools,
hospitals or as biomass composting plants. Table il.1: gives an exemplary
overview including literature from very diverse fields to argue that esti-
mating the ODC is not restricted to the field of UWM but is a truly gener-
ic and broadly relevant question.*

1.3.2 Setting the planning context of UWM systems

ver time, different aspects have been emphasised in the literature
O on UWM infrastructure planning, favouring either centralised or de-
centralised approaches. From early times onwards, the primary goal of
UWM engineering was to provide urban hygiene by evacuating storm and
wastewater through drainage and sewer networks to prevent cholera or ty-
phoid outbreaks (O’Flaherty 2005, Sedlak 2014, Urich and Rauch 2014a).
While urban hygiene was the initial motivation for investing in UWM in-
frastructures, economic considerations have always been present in plan-
ning because of the limitation of financial resources. There has been con-
siderable scepticism about the development of treatment costs as well as
a strong trust in economies of scale for wastewater treatment, and these
were and still are used today to justify an ‘upgrade and expansion’ prac-
tice (Moss 2001). Thus Deininger and Su (1973) wrote 40 years ago that
‘in general, no great breakthrough in sewage treatment technology can be
expected, at least not cost-wise’ and that regional wastewater treatment is
highly favoured because of economies of scale. The scientific UWM com-
munity thus focused heavily on centralisation for many decades (inter alia
Moss 2001, Graham and Marvin 2001, Fane and Fane 2005, Dominguez
2008, Kiparsky et al. 2013, Fuenfschilling and Truffer 2014, Lieberhert
and Truffer 2015, Lieberherr and Fuenfschilling 2016, cf. Section 1.3.2).
However, this centralisation and a focus on the safe removal of waste and
storm water as the primary criteria was not a linear process, and a strong
centralisation trend can be observed especially in the second half of the
20th century. In Fig. .2 the development of the connection rate is shown
over time in a Swiss context. Because of this strong focus on economies

* 1 personally feel that the topic of wastewater, infrastructure planning and specifi-
cally UWM has been neglected by my own academic field of geography (cf. Jewitt
2011). This is surprising, as UWM has a strong spatial component and geospatial
modelling techniques as well as GIS are increasingly applied to it.
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Table 1.1:

Overview of possible application fields of central versus decentral service provision.
The table is partly inspired by Markard (2011). All examples given were selected be-

cause they explicitly raised the question of optimal DC.

Energy®

Water®

Waste[A]'[B]
Education®

Health®
Security®
Other®

District heating and cooling

Electricity generation (e.g.
hydro power, solar power, wind

power...)

Fuel distribution (e.g. gas, hydro-
gen, petrol/oil, pellets)
Air conditioning

Drinking water supply

Wastewater treatment

Urine or faecal sludge collection

Water disinfection

Desalination

Rainwater reclamation or harvest-

ing, wastewater reuse

Solid waste disposal
Schooling (e.g. universities,
libraries)

Elderly care, child care

Fire emergency, police
Biomass composting

Cleaning

Moller and Lund 2010, Gils et al. 2013, Nielsen

and Moller 2013, Stennikov and lakimetc 2016
Zvoleff et al. 2009, Johnson and Ogden

2012, Johnson et al. 2008, Kocaman et al.
2012, Levin and Thomas 2012, Sanoh et al.
2012/2014, Parshall et al. 2009, Deichmann et

al. 2011, Kaundinya et al. 2013, Hins et al. 2015
Yang and Ogden 2007, Baufumé et al. 2013,

Johnson and Ogden 2012, Stiller et al. 2010
Franzske et al. 2003, Bhatia 2016
Wenban-Smith 2009, Marques and Witte

2010, Newman et al. 2014, Sapkota et al. 2015
Downing 1969, Converse 1972, Deininger

and Su 1973, Abd El Gawad and Butter
1995, Starkl et al. 2012, Zeferino et al. 2012,
Libralato et al. 2012, Lee et al. 2013, Poustie
et al. 2014, Morera et al. 2015, Arora et al.
2015, Van Afferden et al. 2015, Baron et

al. 2015, Eggimann 2013, Eggimann et al.

2015/20164d/b, Cornejo et al. 2016
Flotats et al. 2009, Kennedy-Walker et al. 2014,

Marufuzzaman et al. 2015, Tilley 2016

Mintz et al. 2001

Shahabi et al. 2015

Friedler and Hadari 2006, Woods et al. 2013,

Guo and Englehardt 2015, Alnouri et al. 2015,
Guo etal. 2016

Nakou et al. 2014
Current et al. 2002

Floyd et al. 2013

Daskin 2013

Zurbriigg et al. 2004, Perpina et al. 2009
Christoffersen et al. 2007

(Al Services which are provided by physical network infrastructures for centralised
systems. Depending on the service, however, alternative decentralised technologies
may not depend on physically built network infrastructures.

Bl Services which are provided without a physical network infrastructure for both cen-
tral and decentralised systems. However, the service provision may depend heavily
on the street network.
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Figure 1.2: Development of the central connection rate for Switzerland in the last 50 years.

of scale, centralisation generally went along with publicly owned infra-
structures and the introduction of regulations such as the mandatory con-
nection rule to strengthen and protect the centralised planning paradigm.
Switzerland has issued mandatory connection rules, like other countries
such as Austria or Germany, and the individual cantons are responsible
for wastewater treatment according to Article 11 of the Federal Act on
the Protection of Waters (1991) (see Box 33) A central sewer connec-

tion is thus compulsory if it is ‘expedient’ and ‘reasonable’ (VSA 2005) (see
Eggimann 2013 for more information).

Since the 1980s, the central values of network infrastructure planning
shifted increasingly towards commercialisation, privatisation and econom-
ic efficiency (inter alia Knops 2008, Fuenfschilling and Truffer 2014). The
view of networks as natural monopolies has been weakened and the in-
troduction of competition as a consequence of liberalisation and dereg-
ulation is increasingly considered as feasible (inter alia Seidenstat 2000,
Knops 2008, Lieberherr and Fuenfschilling 2016). Within the scope of this
transformation, decentral approaches and determining the ODC are gain-
ing relevance because different forms of WMS are conceivable as well as
the potential of providing lower UWM costs to society. Determining the
ODC is arousing interest because decentralised WMS can today be increas-
ingly considered as fully-fledged technological substitutes for centralised
WMS. The previous scepticisms of the scientific community with respect
to decentralisation in UWM has increasingly given way to more optimis-
tic views in recent publications (inter alia Tjandraatmadja et al. 2005,
Libralato et al 2012, Larsen et al. 2009/2013, Poustie et al. 2014, Guo et
al. 2014, Sapkota et al. 2015, Guo and Englehardt 2015, Reymond et al.
2016). Accordingly, decentralisation is no longer seen in contradiction
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Mandatory connection regulation

Art. 11 Duty to connect to sewers and to accept polluted waste water

1. Polluted waste water which originates in an area served by public sewers
shall be discharged into such sewers.
2. The areas served by public sewers shall include:
a. building zones;
b. other zones as soon as they are connected to the public sewers (Art. 10
para. 1, let. b);
c. other zones where connection to the public sewers is expedient and reasonable.
3. The person responsible for the sewers is obliged to accept waste water and
convey it to the appropriate central waste water treatment plant.

to centralisation but is rather thought of as its complement on the basis
of a way of thinking more akin to hybrid systems (inter alia Gleick 2003,
Libralato et al 2012, Marlow et al. 2013). In Switzerland, centralisation is
very strong indeed, now reaching connection rates close to 100% (BAFU
2016). However, some particularly rural areas are starting to explore more
hybrid WMS. Besides this increasing interest in hybrid systems thinking,
more extreme concepts can be identified in today’s literature, such as au-
tarky or footloose living (Hamilton et al. 2004), especially in energy-relat-
ed literature (inter alia Funcke and Baucknecht 2016) but increasingly also
in the UWM literature (inter alia Larsen et al. 2013). These views tend to
value independence from centralised infrastructures, for reasons such as
vulnerability to terrorism or personal lifestyle preferences such as self-suf-
ficiency (inter alia Vannini and Taggart 2013). However, contrasting con-
cepts such as multi-utility infrastructures are also found: instead of focus-
ing on single infrastructure networks, their authors plead for multi-utility
infrastructures in which different infrastructures are combined and inter-
linked (inter alia Karaca et al. 2013a/2013b/2015). Undisputedly, such
concepts generally strengthen centralised approaches as reliance on net-
worked infrastructures increases.

Over the last 50 years not only have decentralised WMS been increas-
ingly taken seriously, but the focus on economic efficiency is also moving
towards broader approaches. More and more multiple criteria, such as
greenhouse gas emissions or resource recovery, are included in an inte-
grated fashion in the cost analysis and the call for integrated planning and
environmental sustainability is getting louder (inter alia Brown et al. 2009,
Lee et al. 2013, Lienhoop et al. 2014, Morera et al. 2015, Hendrickson et al.
2015, Baron et al. 2015, Grant 2016, Cornejo et al. 2016). Certainly, the
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context of today’s UWM planning can only partly be described in such a
simplified linear way as was done in this section. Multiple planning trends
with different emphases may prevail at the same time in the same place
for different actors and may even contradict each other, adding to the
complexity of planning for an optimal mix of central and decentral WMS.

1.3.3 Planning challenges relating to networks and cost

he economies of scale already mentioned in Section 1.3.2 for waste-

water treatment in the centralised WMS approach have been (and still
are) probably the most important (economic) argument in favour of cen-
tralisation (cf. Townend 1959, Downing 1969, Adams et al.1972, Maurer.
et al. 2006/2010). However, there are also strong economic arguments
in favour of decentralised approaches. The reasons for the attractive-
ness of decentralised approaches are closely linked to the specific chal-
lenges of network-based service provision, which are briefly outlined
below (see Fig. 1.3).

First of all, network infrastructures show considerable lock-in tendencies
(Arthur 1989), i.e. infrastructure investment decisions can lock-in the de-
velopment paths of whole societies (Hall et al. 2016). Typically, networks
in UWM have grown over time and decisions made in the past affect to-
day’s decision space, resulting in path dependencies (Herder and Wijnia
2012). In other words, in the case of switching from centralised to decen-
tralised systems (or the other way round), already built infrastructures
may become obsolete and constitute sunk investments. So these sunk in-
vestments become part of the transaction costs in the case of a system
transformation, as the existing infrastructure must be included in the cost
calculation (Marlow et al. 2013). Sunk costs are so prominent for WMS
because of the high durability of the infrastructures: typical infrastructure

Economic challenges of planning network infrastructures

Lock-in Infrastructure durability Inflexibility
& & &
path dependency sunk costs uncertainty

Network externalities &
non-monetary
(dis)-advantages

Spatial influence &
neighbourhood effects

Figure 1.3: Key challenges of planning network infrastructures relating particularly to costs
and network characteristics.

Chapter 1 | UWM planning and the ODC



lifetimes used for depreciation are around 25 years for WWTP and around
80 years for sewers (inter alia Maurer et al. 2005). This long life expec-
tancy of the core technological components allows depreciating initial in-
vestments over long periods (Markard 2011). However, such high asset
durability in combination with high capital intensity also results in very
high upfront investments and the potential risk of sunk costs, high idle
capacities and the need for planning for very different context conditions
(Dominguez and Gujer 2006, Dominguez 2008, Truffer et al. 2013). Urich
and Rauch (2014) for example write:

‘Traditionally, infrastructure design is based on the assumption that
key drivers for the urban water infrastructure, such as population growth,
water demand and climate change impacts, can be predicted 30 to 50 years
into the future. Experience with infrastructure built on these assumptions
has revealed it can lead to problematic designs and decisions.’

To avoid problematic designs means aiming at adequate infrastructures,
i.e. ensuring that no money is wasted by making unnecessarily high invest-
ments in infrastructures which are not used to their full capacity (Knops
2008). Population dynamics heavily affect sanitation infrastructure plan-
ning and complicate matters, especially because of the geographical root-
edness of sewer networks and because infrastructure networks are inflex-
ible once they have been built. A specific strand of literature has evolved
around flexibility planning and engineering under conditions of uncer-
tainty (e.g. with respect to population growth or population shrinkage,
new technologies...) (inter alia Siedentop and Fina 2010, De Neufville
and Scholtes 2011, Urich and Rauch 2014b). In many parts of the world,
the growth paradigm is traditional, but the population of many European
cities and regions is declining. This decline typically results in oversized
infrastructures and effects cost efficiency because networks are under-uti-
lized (inter alia Schiller and Siedentop 2005, Schiller 2010). Dominguez
and Gujer (2006) illustrate for a Swiss context how challenging it is to
plan optimal infrastructures because of the difficulty of predicting future
developments.

Moreover, it is challenging to assess the costs of UWM infrastructure
networks because of network externalities and non-monetary (dis-)advan-
tages. According to different generic rules formulated e.g. by Melcafe
(Doyle 2011) and Reeds (Cushman 2010), a typical characteristic of net-
works is that their value does not increase in a linear fashion with the
number of people connected. Following this logic, investing in larger net-
works consequently yields greater value. Hansman et al. (2006) write that
‘connecting more people to a network increases its utility. However, signifi-
cant costs — those of managing, protecting, and making the system reliable



— may increase more than linearly with network size and scope. Thus, net-
works may have an optimal scale [...]. It is a non-trivial task to monetar-
ise such different networks effects or the different non-monetary advan-
tages or disadvantages of centralised or decentralised WMS. Examples of
advantages of networks over decentralised options which are difficult to
monetarise include easier control and monitoring, exposure to vandalism
and theft or vulnerability and resilience (inter alia Libralato et al. 2012,
Starkl et al. 2012). The various different (dis)advantages of centralised and
decentralised WMS have been discussed in the literature, although often
with a vagueness as regards specific economic effects (inter alia Gikas and
Tchobanoglous 2009, Libralato et al. 2012).

Finally and most importantly, UWM planning is challenging because of
spatial influences and neighbourhood cost effects. The geographic dimen-
sion is inherent to infrastructure planning in UWM, and overall regional
sanitation costs depend on geographical factors such as topography, geo-
logical characteristics, climate and spatial population distribution (inter alia
Zvoleff et al. 2009, Eggimann et al. 2015, Wenban-Smith 2009). As shown
in this thesis, it is challenging to assess the costs to single households for
both centralised and decentralised WMS: in both cases, the costs depend
strongly on the choices and spatial distribution of neighbouring house-
holds and their position with respect to other households (cf. Eggimann
et al. 2015/2016a/b).

All these different challenges facing network infrastructures clearly
show the complexity of determining the optimal degree of centralisation
which would need to be considered to fully address the research ques-
tions presented here. The research approach selected in the following
chapter provides more background on how these issues are addressed
within this thesis.
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K3 Research approach

1.4.1 The potential of a model-based approach

ithin this doctoral thesis, a model-based approach is chosen to ap-
W proach the multi-faceted challenge of assessing the optimal mixing
rates of centralised and decentralised WMS. More specifically, an explicit
geospatial optimisation framework with respect to overall regional costs
is developed. The philosophy behind this approach is not to determine
theoretically optimal solutions and focus on detailed engineering aspects.
Rather, the approach chosen in this thesis is pragmatic, meaning that the
goal is to provide approximate solutions which are however grounded in
concrete case studies. Nevertheless, the primary motivation for choos-
ing a model-based approach (rather than opting for detailed engineer-
ing studies) is much more fundamental, namely to achieve understanding
and the ability to make predictions (inter alia Sitte 2009). Models help to
structure and formalise problems, allowing the understanding of the prob-
lem to be improved and serving as a learning environment. Models help
to conceptualise complex systems into simpler systems by abstracting the
key elements. Moreover, they also allow hypotheses to be tested, i.e. spe-
cifically for this thesis the hypothesis relating to costs and the spatial dif-
ferentiation of the ODC. By assessing and visualizing the ODC for differ-
ent cost assumptions, the modelling framework presented here helps to
identify potential paths of technology diffusion. Another important aim
and motivation for modelling is to provide input for planning practices
and to support the policy making processes (cf. Pelzer 2015). In the con-
text of this thesis, successful models become useful planning support sys-
tems for planners and policymakers and promote a dialogue about more
sustainable infrastructure planning. This is doubtlessly particularly true
if they provide spatially explicit visual results and are easily applicable to
specific case studies. Economic geospatial modelling is additionally pow-
erful because despite all the problematic aspects of focusing on econom-
ics, outputs given in cost terms are presumably most intuitively obvious
for decision makers.

Moreover, choosing a model-based approach obviously has shortcom-
ings as well. The strength of conceptualising complex systems into sim-
pler systems also means that the multi-dimensionality and complexity of
the research question always obliges model-builders to decide actively
about broad simplifications of their model (i.e. to make decisions about
leaving or ignoring certain aspects) (see also Section 5.1). Models there-
fore always reflect the model-builder’s perspective (inter alia Van den
Ven 2007). In this thesis, the most obvious model simplification is the re-
duction of economic geospatial properties. Furthermore, very strong as-
sumptions are made in the modelling process such as that individuals will
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always make rational choices on the basis of being perfectly well informed
about costs and pick the lowest-cost WMS to maximise their overall prof-
its (cf. Calhoun 2002). Finally, the use of computers and models for plan-
ning and decision making remains challenging in practice, despite all the
listed potentials (inter alia Brail and Klosterman 2001, Brail 2008, Pelzer
2015) and ‘better computer support does not automatically imply a better
decision’ (Cortes 2000).

1.4.2 Modelling the ODCin UWM
E xtensive computational model-building has been going on in UWM
since the rise of computers, which now play an important role in the
design and management of WMS (inter alia Urich and Rauch 2014b, Bach
et al. 2014). The objective functions of many modelling approaches are
similar, differing only in their emphasis depending on the aim and model
context (see Box 11.4). The economic focus of the approach chosen in
this thesis is therefore not completely new. Also, some model-based ap-
proaches include economic and spatial criteria: Geographical Information
Systems (GIS) are typically used for multi-criteria spatial decision anal-
ysis, especially for locating optimal placement sites for treatment plants
(inter alia Makropoulos et al. 2007, Zhao et al. 2009, Deepa and Krishnaveni
2012). Additionally, virtual (not in ‘true’ geographical space) case studies
have been suggested to explore UWM-related questions (Sitzenfrei 2010).
Furthermore, numerous approaches exist to model pipes in a geospatial-
ly explicit way for transporting water and wastewater either by designing
actual network layouts or estimating material stock by virtual network
layouts (inter alia Greene et al. 1999, Urich et al. 2010, Brand and Ostfeld
2011, Blumensaat et al. 2012, Bieupoude et al. 2012, Sitzenfrei et al. 2013Db,
Maurer et al. 2013, Bach et al. 2014, Sitzenfrei 2016). Many modelling ap-
proaches are also applied to different types of fluids such as gas, hydrogen
or oil (Marcoulaki et al. 2012, Baufumé et al. 2013). Commonly, network
layouts are generated with aid of shortest-path algorithms, topographic
details and the existing road network because of the correlation between

Objective functions
De Melo and Camara (1994) exemplary list in addition to achieving minimum
economic costs the following criteria:

* Minimize the environmental impact

e Maximize the system reliability

* Maximize the system flexibility under uncertain conditions

* Assure equity between system users

* Maximize the benefits of reusing treated effluent
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sewer-network placement and the existing road network (Haile 2009). In
other words, numerous modelling approaches already deal with aspects
relating to optimal UWM infrastructure design.

However, with some notable exceptions, the models applicable to re-
al-world case studies designed to find ODC from a cost-optimisation point
of view considering transportation and treatment of wastewater are limit-
ed (cf. Section 1.4.2). Among these exceptions, two categories can be dif-
ferentiated: either only a small number of alternative case studies are gen-
erally ranked as a means of deciding on the best solution (inter alia Abd
el Gawad and Butter 1995, Lee et al. 2013, Van Afferden et al. 2015), or
different optimisation techniques are applied for generating and choosing
the best system alternative(s) (inter alia Leitdo et al. 2005, Zeferino et al.
2012). Infrastructure system layouts in these examples are generally opti-
mised with respect to both the cost of construction and operation of sewer
networks® and the costs of treatment in WWTPs.® These studies, which are
also based on an optimisation focus with respect to centralised or decen-
tralised WMS, make it obvious that it is a major challenge to assess the
single most optimal hybrid WMS configuration within a region. Heuristic
optimisation approaches such as simulated annealing, evolutionary algo-
rithms and hierarchical clustering are consequently often used to deter-
mine approximate solutions. Heuristic approaches using detailed cost or
geographic information as their input have long been suggested as the way
forward in sanitation planning, because the theoretical optimum is usually
not of primary interest and finding approximate solutions is already a big
step forward (inter alia de Melo and Camara 1994, Eggimann et al. 2015).

> Wastewater is bulky and heavy at source and depends on geography. High costs may
be accrued for transportation, especially if pumping is necessary. Pumping costs
are commonly included with terrain complexity, and sewers are built with respect
to trench depths (or a constant trench depth is assumed) and/or the constraints of
flow velocities.

The detailed (hydraulic) design is generally not the focus of these modelling ap-
proaches and they do not have the same purpose as a detailed engineering analysis.
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m Relevance

he management and planning of network-based infrastructures is rel-
T evant from both scientific and practical points of view. The scientific
relevance for academia is discussed in (Section 1.5.1), the practical rele-
vance for society as a whole in (Section 1.5.2).

1.5.1 Scientific relevance
lucidating OCR is of scientific relevance for very diverse reasons. The
most interesting and relevant conceptual innovations of this thesis for
the scientific community are threefold, namely i.) spatially explicit full-
cost modelling, including several returns to scale, ii.) the socio-technical
conceptualisation of WMS, and iii.) the dynamic approach to UWM.

i.) Spatially explicit full-cost modelling including several returns to
scale: The identification and consideration of the most impor-
tant cost factors of central, decentral and hybrid WMS in space
is of key scientific interest because the complexity of considering
different cost elements has so far often been neglected. However,
by including the complexity of a full-cost analysis, we can move
forward in our understanding of the ‘true’ cost efficiency of UWM
infrastructure layouts. Even though cost arguments generally play
an important role in decision-making, so that more sophisticated
cost analyses are essential, the economic theory of UWM with re-
spect to deciding between central and decentral WMS has so far
not been fully understood. Within this dissertation, several gaps
are identified and addressed in the underlying economic theo-
retical framework used to assess the potential of central or de-
central WMS: First, the explicit geospatial trade-off between the
cost of sewage transportation and wastewater treatment consider-
ing (dis)-economies of scale has been poorly understood. On this
point, much of the literature has focused particularly on econo-
mies of scale in treatment while neglecting diseconomies of scale
in sewer construction (inter alia Townend 1959, Downing 1969,
Adams et al. 1972, Deininger and Su 1973). This thesis shows
the scientific relevance of including several non-linear cost ef-
fects in the cost analysis, such as (dis)-economies of scale or den-
sity effects. So far, modelling approaches considering the trade-
off between the costs of the sewer networks and the treatment
costs have mostly been abstract, making a contribution princi-
pally from a theoretical point of view based on simple case study
designs. Models which allow real-world applications to deter-
mine (near) optimal solutions and go beyond comparing a limit-
ed number of system alternatives are scarce. This thesis therefore
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ii.)

shows the relevance of considering full network costs (e.g. mod-
elling costs with respect to the position in the network), topog-
raphy and hybrid system constellations. Second, considering de-
centralised WMS truly adds to the complexity of UWM planning
because the costs of decentralised sanitation systems, particular-
ly those relating to operation and maintenance, have so far not
been well understood. Thus Truffer et al. (2013) write that the
costs of OST systems depend on ‘economies of repetition’, i.e. on
the number of installations within a specific neighbourhood. Prior
to this thesis, however a coherent framework that could be used
to assess such spatially dependent costs has however been lack-
ing. Third, the interplay between centralised and decentralised
WMS in particular is not well understood with respect to costs,
i.e. research on the dynamic interplay of the costs of centralised
and decentralised sanitation systems (hybrid systems) is scarce.

Socio-technical conceptualisation of WMS: So far, the scientific com-
munity has acquired only a limited understanding of how techni-
cal, political and economic factors interact (Hansman et al. 2006),
and little is known about institutional dimensions and appropri-
ate governance transformation strategies (inter alia Bolton and
Foxon 2015). The research focus of this thesis uses a socio-tech-
nical understanding of WMS to address these research questions
and highlights the relevance of conceptualising sanitation sys-
tems as socio-technical entities, i.e. not arguing from a techni-
cal perspective alone. However, it is of similar importance to ad-
dress the role of institutions (cf. Geels 2006) and organisations
with respect to the ODC. This is particularly true as both techno-
logical innovations and those relating to the institutional UWM
framework are important in the field of sanitation (Kiparsky et al.
2013). Later in this thesis we will once again prove the relevance
of analysing the co-evolution of institutions and technologies.

iii.) Dynamic considerations of UWM: WMS need to be understood

and modelled as dynamic systems, i.e. a static consideration falls
short of providing optimal solutions in the long term. This thesis
highlights the fact that the scientific community should care-
fully consider innovations in technological systems (e.g. with
respect to cost developments and technologies), thus enabling
new modes of service production. Such considerations give way
to a perspective taking into account the transitions of UWM in-
frastructure systems towards new and hopefully more sustaina-
ble configurations. One important aspect of such a non-static ap-
proach, which has become possible on the basis of this thesis, is
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the mapping of possible transitions. Models and geospatial map-
ping techniques are of great help in decision-making, as they
can be used to test and visualise hypotheses. Within sustainabil-
ity transition research, the ‘geography of transition’ approach fo-
cuses explicitly on the geographic or spatial aspects of transitions
(inter alia Coenen and Truffer 2012). However, even though very
different models have been developed to simulate the phenom-
enon of technological transitions and the diffusion of technolo-
gy (cf. Zeppini et al. 2014, Haan et al. 2016), they are often not
space-specific. So there is in particular a research deficit in the
spatial aspects and modelling approaches of mapping transitions
(inter alia Smith et al. 2010). Despite the abundant literature on
technological diffusion (inter alia Rogers 1983, Griibler 1990),
little knowledge is available about the spatially explicit diffusion
of WMS. Too often, UWM and similar systems are conceptual-
ised in purely static terms and lack on explorative focus on when
and where these systems are bound to change. Finally, it would
be highly relevant to the scientific approach to seriously start con-
sidering the implications of possible significant cost decreases (or
scenarios where costs would even fall below those of centralised
systems) of decentralised systems and not to exclude this possi-
bility in advance.

This thesis thus pleads for a conceptual approach that considers the
three dimensions of analysing (UWM) infrastructures outlined above.
Such an approach to socio-technical infrastructure transformation would
certainly be a fruitful way to address further research needs (see Section
5.1) and could be applied to other infrastructure sectors. The overarch-
ing significance of such generic research questions, i.e. their transferabil-
ity to other service provision sectors and the wider field of UWM, appears
promising. In UWM, the question of the ODC or optimal scaling is asked
not only with respect to wastewater treatment but also to the drinking
water supply, water disinfection, desalination or rainwater harvesting and
reuse. Section 1.3.1 provides many further examples for alternative sec-
tors which face similar challenging questions about the basic choice and
scaling between central and decentral technologies.”

7 So far, little effort has made to contrast these different socio-technical systems in
order to draw lessons for UWM. This comparison carried out at different levels: ex-
amples would be to contrast different modelling techniques (e.g. with respect to
optimisation or network modelling) or the regulatory frameworks of other sectors
where mandatory connection rules also exist, to see how the decision-making takes
place about who is allowed or denied the option of going off-grid (e.g. for district
heating). A further example would be to compare the role of costs in decision-mak-
ing and how other sectors go about this with respect to an approach.
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1.5.2 Practical relevance

nvestments in UWM infrastructure need to be carefully planned, and

there are various main practical reasons for elucidating the ODC in the
context of this thesis. Economic sustainability is of particular practical rel-
evance due to the capital intensity of the UWM infrastructure, so that even
minor optimisations can potentially save tremendous financial resources.
Furthermore, decentralisation serves as a potential alternative for tackling
some of the ecological limitations of the traditional centralised approach
(e.g. leaking pipes, combined sewer overflows, etc.) (inter alia Larsen et
al. 2013/2016). In practice, detailed engineering studies are needed to de-
termine ODCs. However, there is also a practical need for tools to screen
potential ODCs in order to improve our understanding of the possible dif-
fusion paths of spatial technology. The knowledge of where central or de-
central systems are most suitable would be of help in practice, especially
if the cost savings for alternative system layouts can be quantified. These
cost estimates help to set the potential cost savings in context, with all the
potential disadvantages resulting from a system transformation. However,
the practical relevance for determining optimal WMS differs strongly de-
pending on the context: For example in communities with already built
centralised infrastructures (such as in east Germany or parts of the Alps)
decision-makers may need to consider whether to start decentralising
such highly centralised infrastructures (devolution) because of financial
pressures or depopulation (inter alia Schiller 2010, Schiller and Siedentop
2005, Siedentop and Fina 2010). In other contexts, however, decision-mak-
ers may consider extending the existing infrastructure (or building sim-
plified sewerage systems), or constructing new sewer networks and con-
sequently increase the degree of centralisation (inter alia Bakalian et al.
1993, Morera et al. 2015, Dendup and Tshering 2015). Finally, new system
configurations are increasingly becoming possible thanks to mass produc-
tion, dynamic economies of scale and the development of new sensors and
these promise to be cost-competitive in different contexts (Dahlgren et al.
2013, Eggimann et al. 2016b/c).

This thesis focuses on Swiss case studies with existing highly central-
ised network infrastructures where such provision has proved successful
in the recent decades. However, decentralised WMS provide an opportu-
nity to reconsider today’s approaches to UWM planning. In Switzerland,
the replacement value of the total publicly and privately owned UWM in-
frastructure is estimated to be around US$ 61 billion or US$ 8000 per
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person.® Switzerland has relatively high per capita replacement values
in an international comparison. However, these replacement values are
usually also several thousand US$ per person in other countries (Maurer
et al. 2005) and therefore constitute one of the highest public infrastruc-
tures costs (cf. Schalcher et al. 2011). Much of the Swiss wastewater infra-
structure was built in the economic boom of the 1960s, 70s, and 80s and
was heavily subsidised (Miiller and Kramer 2000, cf. Fig. 1.2). As a con-
sequence, in the next few years Switzerland (and other countries with a
similar infrastructure history) will enter a new investment cycle because
of the need to replace ageing infrastructure, thus putting adding addi-
tional financial pressure on communities (Maurer et al. 2012, Hering et
al. 2013, GDI 2013, American Water Works Association 2012). This fol-
lows a global trend, as major investments are needed globally to sustain
existing infrastructures. International examples show that Switzerland
also needs to take the issue of investment backlogs seriously, as the post-
ponement of infrastructural investment can lead to dramatic investment
gaps such as are seen in the United States, where the anticipated capital
funding gap is estimated to reach $84 billion dollars by 2020 on current
trends (ASCE 2011). Underinvestment in infrastructure is therefore in-
creasingly seen as a global risk (OECD 2006/7, Urban Land Institute and
Ernst & Young 2007, WEF 2010). The advantages of decentralisation play
out particularly in the case of shrinking budgets, highly uncertain future
demand and the difficulties of long-term financing (e.g. because of urgent
up-front investments) of centralised infrastructures. If communities enter
a phase of infrastructural renewal and have depreciated infrastructures,
such as in Switzerland, these periods constitute windows of opportunity
to re-think the degree of centralisation and make any necessary adapta-
tions (cf. Koziol 2006, Maurer and Herlyn 2006, GDI 2013).

8 The estimated CHF 100 billion replacement costs according to Maurer and Herlyn
(2006) are converted to Purchasing Power Parities (PPP) US$ where 1 US$ in 2006
corresponds to CHF 1.65 (World Bank 2015). This total cost is then normalised at
the total Swiss population in 2006 (BFS 2016).
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m Thesis overview

n the remaining chapters of this thesis, three individual publications
I are presented which address different research questions relating to
the overarching question of the ODC. The scientific publications are pre-
sented in chronological order of journal submission, reflecting the devel-
opment of the argumentation in this thesis. As this doctoral thesis is a cu-
mulative dissertation and all main chapters can be read individually, some
lines of thought and arguments may be repeated in the different chapters.
All publications have been published or submitted to the academic jour-
nal Water Research with the aim of contributing to the ongoing debate
about centralised and decentralised infrastructures especially within the
UWM (engineering) community.

Chapter 2 (Eggimann et al. 2015) presents a heuristic tool for the ODC
from an economic optimisation point of view. The introduced ODC is a
measure which considers fully hybrid approaches to sanitation infrastruc-
ture, i.e. it allows an optimisation over the whole spectrum of possible WMS
dimensions. Within this chapter, the foundations are laid for a full cost as-
sessment of hybrid wastewater infrastructure as presented in Chapter 4. A
Sustainable Network Infrastructure Planning (SNIP) approach is introduced
and illustrated on the basis of a Swiss case study. Within this chapter, the
following research questions (see Section 1.2) are particularly addressed:

* How can the degree of centralisation be defined?

* How does space influences the costs of centralised WMS and how can
these spatial cost influences be modelled?

* How can heuristic geospatial modelling tools help to determine the
optimal number, location and sizing of wastewater management sys-
tems in a region from an economic point of view?

* How can spatial cost influences be modelled?

Chapter 3 (Eggimann et al. 2016a) introduces a generic methodology
aiming to improve our understanding of the costs of decentralised on-site
WMS, which have so far been less well understood. Because the facility loca-
tion problem is closely related to transportation (of sludge and scum in the
case of decentralised treatment) it is closely linked to optimal vehicle routing
(Nagy and Salhi 2007). Space-dependent costs, i.e. economies of densities,
are therefore modelled for on-site WMS with the aid of heuristic routing al-
gorithms. Within this chapter, the following research question is addressed:

* How does space influence the cost of decentralised systems and how
can these spatial cost influences be modelled?
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Chapter 4 (Eggimann et al. 2016b) combines the findings from Chapters
2 and 3 to provide a coherent framework for a total cost assessment of
hybrid sanitation infrastructures. The focus of this chapter is to combine the
full-cost framework with organisational and institutional aspects. Within
this chapter, the following research questions are addressed:

* How do economies of scale, density effects and costs of transportation
interact at settlement level?

* What role do institutional and organisational settings play in achiev-
ing optimal connection rates?

Chapter 5 presents an outlook onto potentially fruitful future research
areas building on the research presented in this thesis, including policy
and practice recommendations.

Chapter 6 concludes with general lessons learnt and the main contri-
butions of this doctoral thesis.
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Abstract

The strong reliance of most utility services on centralised network infra-
structures is becoming increasingly challenged by new technological ad-
vances in decentralised alternatives. However, not enough effort has been
made to develop planning tools designed to address the implications of
these new opportunities and to determine the optimal degree of central-
isation of these infrastructures. We introduce a planning tool for sus-
tainable network infrastructure planning (SNIP), a two-step techno-eco-
nomic heuristic modelling approach based on shortest path-finding and
hierarchical-agglomerative clustering algorithms to determine the opti-
mal degree of centralisation in the field of wastewater management. This
SNIP model optimises the distribution of wastewater treatment plants and
the sewer network outlay relative to several cost and sewer-design pa-
rameters. Moreover, it allows us to construct alternative optimal waste-
water system designs taking into account topography, economies of scale
as well as the full size range of wastewater treatment plants. We quanti-
fy and confirm that the optimal degree of centralisation decreases with in-
creasing terrain complexity and settlement dispersion while showing that
the effect of the latter exceeds that of topography. Case study results for a
Swiss community indicate that the calculated optimal degree of centrali-
sation is substantially lower than the current level.
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m Introduction

2.1.1 Sustainable Network Infrastructure Planning (SNIP)

n the last two centuries, many physical network infrastructures of var-
I ious types have been built worldwide.' This implementation of exten-
sive networks was accompanied by a widely shared conviction in expert
and policy circles that technological centralisation would generally lead
to superior solutions (Graham and Marvin 2001). As a consequence, an
“expand and upgrade” philosophy became predominant (Moss 2001). This
approach leads to biased economic incentives because actors tend to base
their decisions on economies of scale in the cost of a centralised wastewa-
ter plant, while neglecting the economies of scale at the level of the entire
network, which are, as a rule, much more difficult to assess (Maurer et al.
2012). As a consequence, centralisation always seems to be the preferred
solution for decision makers. More recently, however, new context condi-
tions have led to this generally received wisdom being questioned (Marlow
et al. 2013). Reasons for questioning the sustainability of the centralised
approach include shrinking public budgets and subsidies as well as the
massive maintenance and restoration costs of centralised systems (Maurer
and Herlyn 2006). Furthermore, new technological advances such as re-
motely operating measuring devices and membrane technology challenge
the centralised approach as they increasingly help decentralised technol-
ogy to be considered as a fully functional substitute for centralised infra-
structures (Libralato et al. 2012).

We assume that decentralised alternatives can already, or will soon be
able to, deliver utility services of comparable quality, which means that
the superiority of the centralised paradigm can no longer be taken for
granted, and questions about the optimal degree of centralisation (ODC)
need to be addressed. A shift to a decentralised approach has broad eco-
nomic, technical and environmental implications (e.g. environmental
risks) which need to be addressed elsewhere in the literature (inter alia
Libralato et al. 2012, Poustie et al. 2014). In the present paper, we intro-
duce the Sustainable Network Infrastructure Planning (SNIP) approach,
which consists of a single objective cost-optimisation algorithm designed
to determine the ODC for wastewater systems. We start from the assump-
tion that we do not have to choose either a purely centralised or a purely
decentralised service structure for a given region but that the optimum
configuration will generally be defined by some sort of hybrid constella-
tion (Poustie et al. 2014, Sapkota et al. 2015), also referred to as a distrib-
uted wastewater infrastructure (inter alia Tchobanoglous and Leverenz

! Examples can be found in the field of transportation (Rodrigue et al. 2013), in heat-
ing and energy systems (Hughes 1983, Gochenour 2001, Hawkey 2012) as well
as drinking and wastewater systems (Lofrano and Brown 2010, Geels 2006).
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2013). We define a system as being increasingly centralised as more ele-
ments are linked to it and interconnected (for an elaborate definition, see
Section 2.3.1). As a result, we are able to determine to what degree econ-
omies of scale in wastewater treatment drive infrastructural centralisa-
tion, or whether distributed systems may result in lower total system costs.

Finding the ODC is methodologically challenging because of the large
number of system alternatives that have to be considered. Very recent-
ly, scholars have started to tackle these complexities in integrated stra-
tegic planning by means of exploratory modelling techniques (Urich and
Rauch 2014). Still, only few tools (for exceptions see inter alia Zeferino
et al. 2010, Sitzenfrei et al. 2013, Urich and Rauch 2014) are currently
available to determine optimal combinations of these alternatives, espe-
cially if we consider real-world data. The main focus of the present paper
is to introduce the SNIP methodology and apply it to the case of waste-
water management. These systems are highly suitable infrastructures for
studying ODC. The sector has developed a strongly centralised paradigm
in many industrialised countries, which has frequently led to connection
rates above 95%. However, fully functional decentralised alternatives
have emerged only recently and their longer-term contribution to waste-
water treatment is still unknown. Finally, centralised infrastructures are
coming to the end of an investment cycle, and many communities in the
industrialised world have to consider whether and how they want to re-
invest in their existing systems (OECD 2006/7, Urban Land Institute and
Ernst&Young 2007). This question is also relevant for other network in-
frastructures such as electricity, heating or water supplies.

The current SNIP approach comprises a single-objective framework fo-
cussing exclusively on the minimisation of total system costs (compare
inter alia Weber et al. 2007, Sapkota et al. 2013). SNIP could very well
be expanded in a multi-objective approach, where a broader set of objec-
tives could be included in the cost or objective function. However, many
of the key objectives, such as performance, failure frequency or environ-
mental effects of distributed wastewater systems are not trivial to assess
and their inclusion in the text would greatly exceed the scope of this paper.
Our approach limits itself to determining the ODC only from a cost effi-
ciency point of view.

The manuscript is structured as follows: in the remainder of Section 2.1
we further specify the state of the literature on determining ODCs for net-
work infrastructures. In Section 2.2 we present the SNIP model in detail.
Sections 2.3 and 2.4 present real-world and virtual case studies to illus-
trate the performance of the approach. Section 2.5 concludes this study
specifying the further development steps of the methodology.
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2.1.2 Location Problem in the Field of Wastewater Management

inding the ODC for wastewater infrastructures involve questions of
F optimal geographical placement, sizing and number of facilities and
can be seen as a location model. Different types of location models exist,
whereas a model designed to minimize total facility and transportation
costs is defined as a fixed-charge location problem (Current et al. 2002).2
For an application in wastewater management, we define the facilities as
wastewater treatment plants (WWTP) and understand sewer-related in-
frastructures as a means of transporting wastewater. It is extremely dif-
ficult to solve these kinds of optimum location models because they are
NP-complete. The most important aspect of NP-complete problems is that
we cannot solve them deterministically in polynomial time (Garey and
Johnson 1979). Therefore finding solutions results in a high computa-
tional burden for any application that involves realistic data sets. One
way to solve these problems is by looking for approximate solutions with
the aid of heuristics. Given the complexity of the problem of determin-
ing the ODC, finding approximate solutions with the aid of heuristics
is already a big step forward. Approximate solutions may still be very
useful for decision makers at those points in time when strategic deci-
sions must be made.

Compared to other network infrastructures, the management of waste-
water has some specific characteristics:

* There exists a long-known economic trade-off between installing
wastewater treatment plants and extending the sewer network
(inter alia Converse 1972). The literature suggests high econo-
mies of scale in the treatment of wastewater but a tendency for
diseconomies of scale in the construction of sewer networks.
This trade-off is further aggravated as typically more than 80%
of the investment costs have to be spent on sewer infrastructures
(Maurer et al. 2006). These cost calculations are based on typ-
ical infrastructure lifetimes of 25 years for WWTP and 80 years
for sewers.

» Water is quite bulky and heavy per source (household) and waste-
water generation rates vary depending on the geographical context
(UNEP 2015). As a consequence, topography has a strong influence
on network costs, especially as gravity-driven sewers are the pre-
ferred type of transportation.

» Sewers are usually considered to have a relatively high average

2 Fixed costs are assumed for locating a facility at a candidate site. For a detailed prob-
lem formulation, see Daskin (1995).
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life-span of about 80 years compared to approximately 25 years for
large scale WWTP. Larger uncertainties are attributed to the life ex-
pectancy of smaller WWTP.

2.1.3 Critical Literature Review

espite the fact that the problem of finding the ODC has been raised
D repeatedly (inter alia by Downing 1969, Abd el Gawad and Butter
1995, Ambros 1996) in various technological fields, only little research
has actually been conducted into this topic. However, we notice that re-
searchers are increasingly focussing on the transition to more decentral-
ised systems (inter alia Sitzenfrei and Rauch 2014, Bach et al. 2013) and
the question of the sustainability of the degree of centralisation (inter alia
Poustie et al. 2014).

The issue of the optimal degree of centralisation is crucial for many
network based infrastructures. Therefore, before focussing on the litera-
ture in the field of wastewater we will take a look at the available litera-
ture in other fields, especially that of electricity infrastructures. Although
a comparison with other infrastructures such as water distribution sys-
tems (inter alia Ostfeld 2015) would be interesting, we believe that the
link to the energy literature is especially fruitful given its extensive use of
heuristic approaches.

Recently, discussions about centralised versus decentralised technol-
ogies have taken place in the fields of electricity network infrastructures
(Kocaman et al. 2012, Levin and Thomas 2012, Sanoh et al. 2012, Parshall et
al. 2009, Deichmann et al. 2011), hydrogen distribution networks (Johnson
et al. 2008, Stiller et al. 2010, Baufumé et al. 2013) and district heating
(Moller and Lund 2010, Gils et al. 2013, Nielsen and Moller 2013). Different
types of methodological approaches such as mixed integer programming,
branch and bound methods or heuristic algorithms are used to determine
the optimal outlays for these infrastructures (Kocaman et al. 2012).

Zvoleff et al. (2009) use a heuristic network algorithm to access the
impact of geography on infrastructure costs and suggest a linkage between
the increasing distance per building connection (marginal distance) and
the increasing percentage of the connected population. The marginal dis-
tance indicates when connection expenses become unreasonable, thus
making a decentralised option economically preferable. Levin and Thomas
(2012) use similar techniques and create a least-cost transmission net-
work for connecting a given fraction of the population. Even though the
authors include decentralised technologies, they do not consider multiple
disaggregated networks. In contrast, Sanoh et al. (2012) and Parshall et
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al. (2009) start from a pre-existing network and try to determine wheth-
er specific still-unconnected nodes are better served with a decentralised
option or a network extension.

The most comprehensive approach so far considers multiple trans-
former stations and network sizes to determine the optimal infrastructure
outlay (Kocaman et al. 2012). The authors use an agglomerative hierarchi-
cal clustering method to find optimal locations of transformers and min-
imize overall grid costs. This approach consequently results in networks
of various sizes and thus produces hybrid solutions. Its limiting factor is
the large computation burden when the restrictions are more complex or
the algorithm is not based on straight-line distances alone.

For wastewater management, network infrastructures (simulated or
pre-existing) are also needed to estimate centralised and decentralised
costs. For a recent overview of integrated urban water modelling tech-
niques we refer to Bach et al. (2014). Even though a number of innova-
tive methods are available to design and automatically generate different
kinds of network infrastructure such as drinking water (inter alia Urich
et al. 2010) or sewer networks (inter alia Blumensaat et al. 2012, Bach et
al. 2014),? they are not used to address the question of the ODC. With the
few exceptions listed below, no geographically explicit analysis of where
to treat wastewater in a more decentralised or centralised manner has
yet been systematically elaborated. Brand and Ostfeld (2011) point out
the general lack of optimisation models incorporating all the most basic
system components such as sewers, WWTP and pumps at the same time,
and Sitzenfrei et al. (2013) observe that tedious handling and processing
of explicit geographic data is required to generate cost estimates for cen-
tralised infrastructures.

Nevertheless, there are important exceptions in the literature which cover
the optimisation of wastewater infrastructure: Schiller (2010) uses GIS to
determine where to start a transition towards decentralised wastewater
management systems from existing sewer networks in case of a shrinking
population. Zeferino et al. (2010) consider hybrid solutions and use sim-
ulated annealing to determine different optimal system configurations in
a multi-objective framework. Leitdo et al. (2005) compare a drop and a
add algorithm to solve a location model at regional level.

> Two sewer modelling approaches can be distinguished, namely those that model
actual case-specific sewer systems and those that estimate the material stock of the
sewer infrastructures with the aid of virtual network layouts. As we focus on the
optimisation process, and the detailed network design is of secondary interest, we
refer to Maurer et al. (2012) for an overview.
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2.1.4 Original contribution of the presented SNIP model

brief overview of the literature on heuristic network optimisation shows
A. that only few approaches consider hybrid constellations. In combina-
tion with sewer modelling, we can deduce four main shortcomings in the
literature that the SNIP approach takes as a starting point:

* Even though a number of innovative methods exist to model sewer
systems, only few of them explicitly address the ODC.

* Most optimisation approaches apply a dichotomic perspective, where-
as real cases require hybrid constellations such as distributed waste-
water systems with self-contained wastewater networks for any
given landscape.

e The optimisation rule in most ODC models is limited to invest-
ment costs and straight-line distance calculations on flat ter-
rain. Further costs are calculated independently of the po-
sition in the network and (dis-)economies of scale are not
considered.

* A common limitation of all the approaches to network infrastruc-
tures (wastewater or other networks) mentioned so far is that they
do not consider changes occurring in the physical network proper-
ties as the size of the network changes.

EX] Model Description

2.2.1 Optimisation Function

he SNIP algorithm is based on cost and sewer-design assumptions and
T aims to determine the ODC by minimizing the overall system costs
(C) of a wastewater system by considering the costs of WWTP of varying
sizes, pumping and sewer costs. We solve the cost objective function (Eq.
2.1) by numerical computation.

Min C (N Voo 1d,V,  H) (2.1)

WWwWTP, © WWTP?™ =2 © PUMP’

where the total system costs C depend on the number of WWTP (N, ..),
the wastewater volume treated per WWTP (V ), the sewer network
length (1), the sewer diameters (d), the pumped volume (V) and the
pump head at the duty point (H).

In each iteration step i, the values of the variables are changed and
the new cost function C, ,is g@pgrated and compared to C. The iteration
stops when C, > C, (see Fig. 2.1).
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Figure 2.1: SNIP algorithm workflow. The EM calculates an initial network layout until all nodes

have a sanitation solution, while the MM optimises the infrastructure layout gen-
erated by the EM.

2.2.2 SNIP Algorithm Modules
he SNIP algorithm is partitioned into two main consecutive func-
tional modules, namely the expansion module (EM) and the merg-
ing module (MM) (Fig. 2 L) The EM is responsible for calculating a first

system outlay whereas the MM improves overall cost savings by merging
or agglomerating WWTP.

In a first step, the EM determines an initial set of WWTP and sewers
which are defined from the bottom-up with shortest path-finding algo-
rithms. In a second step, the MM looks for further cost savings by check-
ing the potential merging of WWTP by means of heuristic agglomerative
hierarchical clustering (Kaufman and Rousseeuw 2005).

Both modules execute sub-modules: the path-finding module (PFM)
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determines the path along which sewers are constructed. The system option
module (SOM) identifies potential system options and the cost module
(CM) determines the overall costs of each option. The algorithm terminates
when no further cost decreases can be achieved by merging any WWTP.

The two main modules use greedy algorithms: these are characterized
by the assumption that selecting the best-looking choice at each iterating
step of the optimization procedure will yield an optimal global solution
(Cormen et al. 2009). The assumption that local optimal choices result in
a globally optimal solution is not generally true, even though it may be
valid for many problems (Cormen et al. 2009). Given the problem com-
plexity, finding reasonably approximate solutions is the only way forward
given the restrictions of computation time. As decisions made in the EM
can be altered in the MM, SNIP is neither an add nor a drop algorithm
(Daskin 1995), but a mixture of both.

In the following sections, we describe the algorithm workflow with all
sub-processes in more detail.

2.2.2.1 Expansion Module (EM)

The EM is based on Prim’s algorithm (1957), which is well-known and
widely applied in infrastructure planning and graph theory. It represents
the sewer network as edges and houses, and WWTP as nodes. It then cal-
culates a graph which connects all nodes with minimal edge weights to
produce a minimum spanning tree (MST). Edge weights are generally de-
rived from straight-line distances between nodes, but they can represent
any metric such as time or costs. Prim’s algorithm thus allows a least-cost
network connecting all nodes to be found.

The use of gravity-driven sewer lines means that the actual path be-
tween two nodes may not be a straight line. So costs cannot be derived
linearly from straight-line distances, and this makes it a complex task to
attribute real costs to each edge. Thus sewer costs may depend on the di-
rection of flow, the trench depth and any height differences encountered.
More sophisticated methods are consequently needed for estimating costs.

We choose the following five-step approach to build a minimum net-
work representing sewers and WWTP in a simplified manner (cf. Fig.2.1):

Step I We first select a starting node (household).* We then deter-
mine the minimum connection costs between this node and all still

* Due to the heuristic nature of the algorithm, the result is dependent on the start-
ing node. Therefore we recommend that the algorithm be run with different start-
ing nodes even though our case study results indicate low effects (Appendix B). Due
to the logic of the algorithm, it makes sense to start at a node which lies in an area
of high node density. These areas offer a greater chance that the total system costs
will decrease by connecting nodes.
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unconnected nodes. As the distance is important, the classical Prim-
based approach of approximating connection costs between two nodes
with straight-line distances seems plausible. Thus the assumption is
made that the closest node is the best one for iteratively considering a
network connection. In contrast to Prim’s algorithm, we ask in each it-
eration whether a connection leads to cost minimisation, an approach
which resembles the clustering idea of Zahn (1971), who removes edges
from a fully calculated MST.

Step II: The sewers between the two detected nodes from Step I are

designed with the path-finding module. The PFM determines the path
with the aid of the street network and a digital terrain model (DTM).
The motivation to use the street network is the close linkage between
the two networks that is often found (Blumensaat et al. 2012, Nielsen
and Moller 2013). However, this assumption may not always be true,
especially if the distance along the street network is significantly longer
where no street exists.
Our algorithm first identifies the direct distance d,  between the two
nodes from step I. The Dijkstra Algorithm (Dijkstra 1959) is applied to
a street network to find the shortest distance between the next node
to connect and the existing sewer network (d, ). The decision as to
which sewer path to take is based on the ratio f __ between the direct
distance (d, ) and the distance along the street (Eq. 2.2).

— dsmzet 2.2
f;tr@@t ddir‘ect ( )

We derive f, by comparing existing connection ratios in a given
sewer network for an area of interest. So by changing this ratio, we can
adapt the sewer design to local design practice. If f  is larger than the
derived ratio, an alternative sewer path following the local topography
is calculated with help of the a* algorithm (Hart et al. 1968).

For the 3D path-finding methodology along the terrain, we build a
graph from the raster-based DTM on which each centre raster point links
all neighbouring cell centre points (queen neighbourhood) (Leitdo et al.
2005). We derive the edge weights of the resulting graph from the height
difference Ah between the raster cells and a weighting factor f, used
to calculate a weighted distance d , (Eq. 2.3).

f
dw = ddirect |Ah| o (23)

where f, can be altered depending on how closely the sewers should

follow the topography. More sophisticated methods, such as land data

use, could be applied to determine the weighting on anisotropic surfac-

es (Yu et al. 2003). However, the weighting is not of primary interest
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in this paper and the only restriction is that sewers cannot cross raster
cells of the DTM containing buildings.

Step I1I: After the sewer path has been determined, three system op-
tions are always identified with the System Option Module (SOM, ex-
plained in Section 2.2.2.2), namely an option without sewer expansion
and two options with a sewer expansion in either direction. We use the
term system option to describe one system configuration. As different
system options are available for selection in each iteration, this allows
a cost-optimised system to be selected locally.

Step IV: Operation costs and replacement costs are attributed to the design
alternatives defined in step IIl with the aid of the cost module (Section2.2.2.4).

Step V:The choice for one of the options designed in Step III is made
by considering reasonable costs (cf ). These costs are politically de-
fined per capita cost values, which decide whether a decentralised
option may be legally considered. Below that value, sewer connections
are enforced. Similar criteria, such as distance measures, are used in
many countries in what is known as the mandatory connection rule
(e.g. Switzerland, Germany and Austria).

2.2.2.2 System Option Module (SOM)

The SOM creates different system options on the basis of the two nodes
considered for connection in each iteration of the EM. A local competitive
choice is then made from these options on the basis of cost calculations
relating to all system elements. The modelled system elements are gravi-
ty driven and pressurized sewage pipes and WWTP. See Table 2.1: for all
parameters influencing the design of the sewage system.

In each iteration, only two nodes are considered for designing system al-
ternatives: this results in three possible options (Fig. 2.2). For two of these,
the two nodes are connected and the network is consequently expanded.
The existing WWTP is then either enlarged (option A), or else abandoned
and a new one is built in the new node (option C). Alternatively, the new
node is not connected and serviced by a separate WWTP (option B).

2.2.2.3 Merging Module (MM)

In the second step of the algorithm (see lower part in Figure 2.1), the MM
optimises the configuration found by the EM by merging WWTP based on ag-
glomerative hierarchical clustering (HAC), where we consider each WWTP
with the corresponding network as a cluster. The motivation to merge plants
lies in the economies of scale achieved as the per capita treatment costs de-
crease with growing networks and consequently larger WWTP.
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Table 2.1:  Cost and design-related model parameters. The considered standard pipe diame-
tersare (inm):0.25.0.3,0.4,0.5,0.6,0.7,0.8,0.9.1,1.2,1.5,2,2.5,3,4,6, 8.

Maximum trench depth L. m 8 8 12
Minimum trench depth T m 0.25 - -
Minimum slope frninslope % 1 1 3
Sewer design factor f et - 1.7 1 5
Sewer design factor pro - 1.4 1 2
Merging factor fmerge - 3 1 5
Wastewater production Q,. m3d capita’ 0.162 0.1 04
Strickler coefficient k, m'3s 85
Pipe diameter d m standard

values

Sewers

Sewer operating costs (VSA 2011) Sm-! 3.6

Sewer pipe lifespan (?_\/T_a_l_i F_e_r_ e_a_ﬁ_d__l-_[e_ _rl_yr_w_ 'g(')_o'_d) sewerifespan y 80 60 100

Sewer replacement value (AWA 20071) of e % 0 -20 +20
Sewage pumps

Electricity costs (BFE 2011) $kWh" 0.14

Pumping operation cost function (Grundfos 2014) kwh Section

2242

WWTP

WWTP operating cost (VSA 2011) S % 0 -20 +20

WWTP replacement value (VSA 2011) S % 0 -20 +20

WWTP lifespan (Maurer and Herlyn 2006) Cf ipitespan y 33 30 40

OtherParameters

Real interest rate (Maurer and Herlyn 2006) Cf et % 2 0 6
Reasonable costs (AWEL 2005) cf $ 5357 0 14286

——————— rc

HAC is a distance-based bottom-up clustering algorithm in which each
single object is treated as a cluster and then iteratively agglomerated until
all objects are either merged or the algorithm is aborted on the basis of de-
is that the number of clusters does not need to be defined a priori, which
suits our need to find the optimal number of plants. The challenge of HAC
methods is finding dissimilarity coefficients for cluster building. These co-
efficients reflect the dissimilarity between clusters and are often obtained

________________

WWTP as dissimilarities.
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Figure 2.2: System design options (SOM module) for an exemplary initial situation. Options
A and Cshow a network expansion in combination with a WWTP enlargement. In
option B the network is not enlarged and a new WWTP is installed instead.

Because of the high calculation intensity of testing all merging possibil-
ities or calculating the dissimilarity coefficients of all WWTP in each iter-
ation, a heuristic selection of possible merges is made in the MM. The se-
lection takes place in three major steps (compare Fig. 2.1):

Step I: As possible economies of scale can most probably be exploited
by merging larger plants, each merge check is always started with the
largest WWTP and is terminated as soon as all plants have been checked.

Step II: The three most promising WWTP to be considered for merg-
ing are determined with the aid of the SOM. The SOM finds the clos-
est WWTP, the WWTP of the closest sewer network and the network
with the highest merging potential f, . . This potential is a distance-
to-WWTP size ratio and is expressed as (Eq. 2.4)

=d (WWTP. )'f'”“”g“ (2.4)

fMeryePot size

where dis the distance between two nodes, f _ _ the weighting factor
and WWTP__the size of a WWTP given in population equivalents. The
exponent f _ allows us to increase the weighting for the size of the
WWTP, thus decreasing the importance of the distance when choos-
ing a WWTP to merge. This means that a higher merging potential is
assigned to larger and more distant WWTP. We consider distance and
size to be good criteria for selecting WWTP as the high cost of con-
necting more distant WWTP could be compensated thanks to econo-
mies of scale in wastewater treatment. Figure 2.3 explains the various
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possibilities of the SOM. Let us consider facility C in the illustrated ex-
ample and determine the three WWTP to be checked for a merge. The
closest facility is B, the facility with the closest sewer D and the facili-
ty with the best merging potential index is A because of its larger size.

Step III: The WWTP identified in Step II are tested for a merge. The
sewer path between two WWTP is derived from the PFM (Illa), the
sewage system options found (IlIc) and the costs calculated (IIId). In
the process of finding interconnecting sewer paths between WWTP,
other sewer networks may be crossed. In such cases, the intersected
network elements are removed from the current network (IIIb) and are
reconnected with the EM in case of reduced system costs.

2.2.2.4 Cost Module (CM)

The SNIP algorithm finds an optimal wastewater management config-
uration by minimizing operation and capital replacement costs, which
are calculated with help of the CM. In order to compare the different
costs, we calculate the total replacement costs and convert them to
equivalent uniform annual cash flows or annuities. The annuities A
can be calculated from a net present value (NPV) written as (Eq. 2.5)
(Crundwell 2008).

q'(q-1)

A = NPV q"-_l

(2.5)

where q is the (real) interest rate + 1 and n the number of years for
depreciation. All local currencies are converted to US$ using purchase
power parities for the year 2013 (World Bank 2014). All cost factors used
are listed in Table 2.1..

-..Ce 550

Closest network
Q;o
—>

M sink @ Source —> Pipe with flow direction

Figure 2.3: Exemplary representation of the WWTP selection by the SOM heuristic for WWTP
C. Bis closest to C, D has the closest network to C whereas A has the best merging
potential for C due to its size (see Equation 4).
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Sewers

As sewer construction costs depend on numerous factors, it is problemat-
ic to derive general costs. We reduce the cost factors to the trench depth,
pipe diameter and sewage pipe length in accordance with a cost model
from the case study area (AWA 2001) which relies on Swiss sewer con-
struction standards. The sewage replacement costs c are calculated with
the aid of the average trench depth 7, and the cost coefficients a and b
relating to the pipe diameter (Eq. 2.6):

c = aTm}g+ b (2.6)

We calculate the sewer diameters using a standard engineering ap-
proach according to Manning-Strickler (compare for example Maurer et
al. 2012). A maximum trench depth restriction 7D prevents the con-
struction of sewage pipes too deep underground. If the minimum slope re-
striction (fminslope) cannot be maintained because of TD ,the wastewater
is pumped. The parameter f ~ describes the slope of the sewers which
need to be constructed in order to allow gravity-driven flow. Therefore
minslope does not represent the slope of the terrain. In case of steep terrain,
the sewer slope is similar to the terrain slope. In flat terrain, the slope cor-
responds to the value given by f . . Sewer operation costs are taken
from the literature and set to average costs per metre per year (VSA 2011)
(see Appendix A).

Pumps

Wastewater is pumped wherever the topography does not provide enough
downward gradients. We use a very simplified approach for calculating
pumping costs. Given the genericness of the plain model design, we do
not consider costs resulting from the need to provide pumping redun-
dancy, potential wastewater storage costs for pump sumps, or cost dif-
ferences depending on the pump size. Furthermore, we do not consider
economies of scale, but only assign a fixed cost for a pumped volume. As
a consequence, SNIP does not minimize the number of pumps but only
the sewer length where pumping is required. Further SNIP generally ne-
glects different kinds of implications such as odour problems or hygienic
challenges resulting from long residence times.

We choose a methodology to estimate the needed power input P, from
a standard engineering sewage pumping handbook (for example Grundfos
2014) (Eq. 2.7):

64



65

gQH

— 2.7
n, *1000 27

Pgr:
Pgr: motor power input [kW]
Q: pump volume flow at duty point [l/s]
H: pump head at duty point [m]
g: gravitational constant [m/s°]
n,: overall energy conversion efficiency
The total cost of the energy consumption for one year is calculated
by multiplying P with the running time per year and the specific av-
erage pumping costs.

Wastewater treatment plants
According to Friedler and Pisanty (2006), WWTP cost functions are best
expressed by a power law (Eq. 2.8)

c = ar’ (2.8)

where the costs c are estimated by defining x as the plant capacity in
population equivalents and using the cost coefficients a and b.

We found it challenging to determine a single generic cost function
over the entire range of possible WWTP sizes. The available data indicate
that smaller package treatment plants show a different cost scaling behav-
iour than the larger custom-built ones. The operating-cost and replace-
ment-cost functions for the WWTP used in this paper are taken from VSA
(2011) derived from larger WWTP.

E Materials and Methods

n order to test the adequacy of the SNIP algorithm, we carried out the

following analysis steps. First we defined the degree of centralisation.
Second we determined the influence of SNIP variable changes with the
aid of a sensitivity analysis in order to determine whether we could dis-
tinguish between important and less important variables. Third, we con-
ducted a total of 250 model runs for different topographies in order to de-
termine whether SNIP gives reasonable representations of possible WWTP
and sewer outlays.

2.3.1 Defining the Degree of Centralisation

he current discussion about central or decentral infrastructure plan-
T ning is often fuzzy due to a lack of clear definitions. In practice, simple
measures, such as the dimension (e.g. treated volume) or vague terms
relating to the served area (e.g. small) or distance (e.g. close) are often
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used to define decentralised treatment plants (cf. Makropoulos and Butler
2010, DIN 4261 2010, EPA 2005, Cook et al. 2009). However, such a defi-
nition is problematic in two ways: first, the understanding of the terms
“centralised” or “decentralised” depends on the chosen system bounda-
ries, as we can define a continuum of different wastewater system scales
(Hamilton et al. 2004). Second, the definition of the ODC is often limited
to two categories: a source is either fully connected or entirely decentral-
ised. Such a dichotomic definition of system alternatives is unrealistic as
a whole range of intermediate solutions may be possible.

A more systematic definition taking into account the continuum of pos-
sible facility sizes is adapted from Ambros (1996) (Eq. 2.9):

. w M
zz:z Nz - z,;‘:z B
J

DC = (2.9)

z N,

where we define a weighted degree of centralisation (DC). For this paper,
M denotes the volume of wastewater which needs to be treated at a sink
(treatment plant), N the volume of wastewater originating from a source
(household) and B the number of sources connected to a sink. We sum
over all sources (i = 1,..,n) and sinks (j = 1,..,m). Compared to the orig-
inal definition, the DC allows us to consider different source weights, as
the required wastewater quantity to be treated at the sources may differ.
If DC is 0, we find complete decentralisation with a sink placement at
each source. If treatment takes place only outside the considered area,
the DC reaches 1 (Fig. 2.4).

2.3.2 Case Studies
n order to test SNIP under varying system conditions, we introduce vir-
tual case studies (Section 2.3.2.1) and apply SNIP to a real-world case
(Section 2.3.2.2). It is problematic to validate the model results with real
world data because existing systems have grown historically and mostly
constitute combined sewer systems. This means that even newly designed

DC: 0 DC: 0.56 DC: 1
(=Y
L N E {
g e
o-a IO o—a o-m O—g
(071 =1
om

[ sink @ Source (Number indicates weight)

Figure 2.4: Example calculations of DC. The characteristic of DC can be seen in the situation in
the middle, where on average two nodes are connected to a plant, but we calcu-
late a value higher than 0.5 because of the merging of nodes with higher weights.
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systems would look different. An advantage of the virtual case study ap-
proach is that we can easily generate and test SNIP for a broad set of dif-
ferent conditions. On the basis of the real world application, we can show
the potential of SNIP for a given Swiss context in an exemplary way.

2.3.2.1 Virtual Case Studies

In order to better understand our algorithm, we generate contrasting
virtual cases with real world topographies but virtual settlement distri-
butions and use face validation to see whether the input-output rela-

NNI: 0.4 RTI: ~1 VRM: 0.00001 NNI: 0.6 RTI: 5 VRM: 0.00089
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Data Source: Federal Office of Topography

° Random Building Distribution Street Network Altituﬂ?gh
NNI: Nearest Neighbour Index
Contour Lines (20m Equidistance) RTI: Ruggedness Terrain Index
VRM:  Vector Ruggedness Measure Low

Figure 2.5: Overview of virtual case studies. A different exemplary settlement distribution
is displayed for each topography. We use real world topography and street
networks but redistribute the buildings in order to achieve a different source
clustering.
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tionships of the model are reasonable (Sargent 1991). The virtual case
study allows us to observe whether the model can be sensibly applied in
different contexts considering completely different topographies or set-
tlement distributions. We use the ruggedness terrain index (RTI) (Riley
et al. 1999) and the vector ruggedness measure (VRM) (Sappington et al.
2007) to quantify terrain complexity, and the nearest neighbour index
(NNI) (Clark and Evans 1954) to quantify the degree of clustering of the
inhabited buildings.

The virtual case studies (Fig. 2.5) are created as follows: we select four
clippings (of 9 km? each) from the digital elevation model of Switzerland
and the respective street networks. By calculating the RTI and VRM, we
are able to select topographically contrasting cases. We then create differ-
ent virtual settlement distributions (with 200 buildings) on the selected
clippings with nearest neighbour indices ranging from 0.2 to 1. We assume
that the amount of wastewater flow is equal for each building.

2.3.2.2 Real World Case Study

The SNIP model was applied to the community of Trubschachen (~1500
inhabitants, 365 buildings) in the Emmental region of western Switzer-
land. This region is hilly, relatively sparsely populated and makes network
infrastructure planning challenging because of its complex topography
and settlement distribution. Today’s relatively high presence of on-site
solutions in this region already indicates a borderline situation for the cen-
tral network paradigm. Based on the current distribution of small WWTP
and network outlay of Trubschachen, we calculate the actual DC as 0.85.

We assign an average wastewater production to the number of people
living in a building. Access to population distribution data on a high spatial
scale is often problematic either because of missing data or due to privacy
concerns. Therefore we spatially disaggregate the population with the aid of
a dasymetric mapping technique developed by Lwin and Murayama (2009).

We run a variance-based sensitivity analysis in order to quantify the
total effect of each parameter on the model output for the real world case
study. The extended Fourier Amplitude Sensitivity Test (eFAST) of Saltelli
et al. (1999) allows us to cope computationally with a large number of fac-
tors and take the interactions between them into account (Crosetto et al.
2000). The analysis is performed in R with the R package “sensitivity” of
Pujol (2014). As there is no exact rule for finding an adequate sample size
of eFAST, we use a number close to the minimum known value (Marino
et al. 2008). For eFAST, we do not consider changing starting nodes and
start with a node located in a densely populated area.
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2.3.3 Data and Software
NIP was developed to be as economical as possible with regard to
data requirements. All data are generally easily accessible and were
obtained from the Swiss Federal Office of Topography (see Appendix C).
SNIP is implemented in Python 2.7.3. ArcGIS® 10.2 is used for reading
and visualisation purposes.

m Results and Discussion

2.4.1 Sensitivity Analysis

he result of the sensitivity analysis in Table 2.2 for the real world case
T study shows that sewer design factors have a predominantly greater
effect on the ODC even though the differences between individual factors
are generally not very distinct. The analysis shows that the sewer design
factor f __ (main effect of 0.34) that characterises when to follow the
street and when to build sewers along the terrain has a particularly large
impact on the ODC. This emphasises the importance of determining the
relationship between the given street network and the sewer outlay for
each case study. Similarly, other sewer-related design factors such as the
minimal slope, f __ (main effect of 0.20), or the maximum trench depth
T _ . (main effect of 0.16) are also sensitive. The high general interaction
effects of all parameters, indicating a high correlation between them, are
not unexpected, as many of these parameters have a direct influence on
costs, and thus to a change of DC. As many of these parameters relate to
real-world characteristics, it is possible to treat them as input parameters

Table 2.2:  eFASTresults (sample size = 70). See Table 2. I for a more detailed description of the

parameters.

Parameter Description Main Effect Interaction Effect
Q.. Wastewater production 0.0364 0.4390
Chuwipliespan WWTP lifespan 0.0665 0.4928
cfthpopex WWTP replacement value 0.0881 0.4104
cf e Sewer replacement value 0.0884 0.5283
- Sewer pipe lifespan 0.0886 04113
et Real interest rate 0.0973 0.8000
ftopo Sewer design factor 0.0993 0.5585
wtpcapex WWTP replacement value 0.1318 0.4111
merge Merging factor 0.1518 0.6279
o Maximum trench depth 0.1567 0.5760
cf Reasonable cost 0.1762 0.6142
minslope Sewer design factor 0.1977 0.5927
et Sewer design factor 0.3408 0.8657
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and obtain sensible values for a given application case. As a consequence,
only three ‘real’ model parameters remain, f ,f andf__  all three of
topo’ “merge street

which are sensitive and correlated with other parameters.

2.4.2 Face Validation Virtual Case Studies

e are testing the proposed SNIP algorithm in the four virtual case
W studies shown in Fig. :_25. They differ with respect to terrain rug-
gedness and source clustering. We expect lower degrees of centralisation
(lower DC values) wherever we encounter high terrain complexity and
distributed sources due to higher network construction costs. We find this
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Figure 2.6: SNIP results for virtual case studies with different degrees of source clustering and
different topographic complexities. We distributed 200 buildings and generated 50
model runs in each case. The error bars show the standard deviation of the 50 set-
tlement distributions for each situation.

general pattern to be true for our virtual case studies. Figure 2.6 shows
a very distinctive dependency of DC on the NNI. The effect of the terrain
complexity is much less visible.

We notice that the DC does not always decline with increasing RTI
values. Despite high RTI values due to large even flanks, such a topogra-
phy favours gravity-driven sewer construction. This is reflected in the VRM
index, which we use to distinguish steep even terrain from steep uneven
terrain (Sappington et al. 2007). Therefore the choice of index matters
when relating topographical complexity to DC.

2.4.3 RealWorld Case Study

e ran our algorithm for the community of Trubschachen and cal-
W culated an ODC of 0.76 (Appendix B). Figure 2.7 shows annuities
for different DC for this catchment. We see that the overall costs decrease
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Figure 2.7: Total system annuities of Trubschachen as a function of DC. The cost shares of the
different system elements shift with increasing DC from WWTP costs towards sewer
and pumping costs until minimum total system costs are reached at DC = 0.76.

with increasing centralisation due to a decrease of WWTP costs and a rel-
atively slow increase in sewerage costs. This is valid to the proposed opti-
mal centralisation degree where DC = 0.76. After this, the costs for sewer
lines and pumping costs exceed the economies of scale of the WWTP. We
have extended the calculations of the total system costs represented in Fig.
2.7 beyond the ODC in order to illustrate the consequences of forced cen-
tralisation and as well as to allow a comparison with the actual degree of
centralisation. The initial gradual decrease takes place in the EM whereas
the cost drop at about 0.72 results from merging (agglomerating) WWTP
within the MM. The increasing marginal sewer connection costs are par-
ticularly noticeable where DC is close to 1, which shows the high costs of
connecting the most remote settlements.

The calculated DC is lower than the effective centralisation achieved
in Fig. 2.8. We observe that sewers follow the street network in the urban
area more closely and deviate more for single rural buildings, which is
plausible and corresponds to the real situation (compare Blumensaat et
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Figure 2.8: Today’s wastewater system connecting the inhabited buildings (left) and opti-
mum system design calculated with SNIP using the base parameters (right). We
assume that all inhabited buildings which are not connected to the sewers cur-
rently have an on-site treatment solution.

al. 2012). Figure 2.8 indicates that in reality more buildings were con-
nected to the central system than the economically optimal number.
In the real case, the implementation of sewer lines stopped only when
pumping costs substantially increased. Visual inspection of Fig. 2.8 con-
firms that the two system settings differ mostly by quite remote settle-
ments (blue sewers in Fig. ,_28)

Nonetheless, the difference between today’s DC and the ODC fits well for
Switzerland in general as well as for Trubschachen, whose wastewater in-
frastructure was largely built during the economic boom of the 1960s, 70s,
and 80s, when on average 37% of wastewater evacuation costs was sub-
sidized (Miiller and Kramer 2000, Maurer and Herlyn 2006). Additionally,
a lot of infrastructure was planned and built at a time when small treat-
ment plants had a distinctly worse performance compared to large ones,
which was the reason for the subsidies. So it is not surprising that today’s
network system is over-dimensioned from a cost efficiency point of view.
We see that SNIP allows decision makers to re-asses the economic effi-
ciency of a given system and to consider disconnecting certain house-
holds or at least delay rehabilitation projects until decentralised sys-
tems can be implemented.

2.4.4 Limitations and Research Needs
hese results highlight an important aspect of the SNIP approach, namely
that it is a single-objective approach exclusively focussing on cost min-
imisation and thus ignores other performance or sustainability goals that
a wastewater system could fulfil. An important assumption underlying the
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current approach is that all possible system configurations (from fully cen-
tralised to fully decentralised) achieve the same performance. There are
good indications that this last strong assumption might become supersed-
ed by current research efforts on small-scale treatment systems (see also
Larsen et al. 2013). Other important limitations of the SNIP approach are:

* The presented cases contained only foul sewers. For storm sewers,
it is less a question of treatment than of transportation, and is dealt
with in the literature (inter alia Urich et al. 2013, Bach et al. 2014).
Expanding SNIP with combined sewers is fairly simple, as it only
requires the design rain input for each source and the identifica-
tion of suitable combined sewer overflow points.

e It does not consider the currently existing network infrastructure.
SNIP provides a pseudo- or quasi optimal situation for a given catch-
ment, ignoring any transition scenarios needed to transform an ex-
isting infrastructure.

e SNIP is static, ignoring dynamic changes in settlement patterns
or changing input parameters. The results for the presented case
studies show that changing settlement structures are of particular-
ly great importance for the ODC.

The last two points (transitions and scenario planning) in particular
need to be addressed if SNIP is to serve as a more realistic planning tool.
It is important to realise that SNIP cannot currently be seen as a prescrip-
tive tool for system implementation, but more as a form of guidance about
the momentary sensible extent of the network infrastructure. SNIP can
contribute an additional perspective in a system planning process by provid-
ing cost-effective alternatives. We believe that SNIP not only has value for
planning new infrastructure but also in guiding or stimulating infrastructure
transitions for existing sewer networks. This is increasingly important in con-
texts where major investments need to be made in existing infrastructures.

Additionally, more research is needed to determine better cost functions
depending on the particular case study. Whereas we consider model un-
certainty as a minor problem, the standard deviation of our random distri-
that different results may be obtained depending on the chosen input pa-
rameters. But we argue that such uncertainty could even serve as a valu-
able input for a planning process.

There are a number of other ways in which the SNIP approach may be fur-

ther developed. We especially see potential in broadening the set of criteria to
address the sustainability of network infrastructure planning in a holistic way.
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m Conclusions

e present the heuristic SNIP algorithm as a tool to model the optimal
degree of centralisation (ODC) for wastewater infrastructures. We
consider the optimal number, placement and sizing of wastewater treat-
ment facilities, gravity-driven and pressurised sewer networks as a fixed-
charge location problem and use heuristics to find cost-minimised solutions.
SNIP is generic and uses only basic data input, thus allowing easy
transfer to other case studies. We find that the SNIP algorithm can gener-
ate interesting plausible suggestions for sewer networks on a small scale
and also produce face-value plausibility in virtual case studies. In-depth
analyses will need to follow in the event of possible implementation. The
approach presented here considers economies of scale, calculates costs
depending on network position and considers the influence of the topog-
raphy on sewer design when addressing the question of ODC. Most im-
portantly, it takes into account different sizes of treatment plants and is
applicable to local scale analysis. It also allows us to go beyond the often
fruitless discussion about the appropriateness of on-site versus fully cen-
tralised solutions. Moreover, the combination of quantitative measures
for settlement distribution and topographic complexity used for the cal-
culated ODC allows us to quickly derive estimates of the ODC for differ-
ent case studies. The real-world application of SNIP to a Swiss communi-
ty suggests that the prevailing sewer system is over-centralised. Thus the
SNIP-ODC may guide decision-makers to ask the right questions about the
cost-efficiency of the current infrastructure layout and demonstrates that
questions relating to current planning approaches need to be addressed
in more detail. Knowing the ODC represents valuable information, espe-
cially in those cases in which new infrastructure needs to be built or al-
ready built infrastructure has to be redeveloped.

SNIP is based on heuristics, so the ODC solutions found are (pseudo-)
optimal with regard to a rather restricted set of criteria. Even though its
artificially generated wastewater systems are based on real world sew-
er-design principles, our model in no way replaces detailed engineering
decisions on the ground. SNIP depends on generic design and cost param-
eters, and in combination with the model uncertainty it is obvious that DC
values obtained can only be approximate.

The application of tools such as SNIP is especially promising in the context
of changing futures such as changing settlement patterns and shrinking or
growing populations. SNIP has so far been applied on a local scale and needs
to be extended to a regional scale. We believe that further improvement of
our static one-dimensional optimisation process towards a multi-objective
framework taking into account different context conditions will deliver in-
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sights into a possible sustainability transition (Coenen and Truffer 2012).
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Appendix C

Digital terrain model with a resolution of 25m x 25m
Population data on community level

Street network

Buildings

Raster swisstopo

swisstopo
Vector swisstopo
Vector swisstopo

Table C.2.1: Data sets used for SNIP.
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Abstract

Decentralised wastewater treatment is increasingly gaining interest as a
means of responding to sustainability challenges. Cost comparisons are a
crucial element of any sustainability assessment. While the cost charac-
teristics of centralised waste water treatment (WMS) have been studied
extensively, the economics of decentralised WMS are less understood. A
key motivation for studying the costs of decentralised WMS is to com-
pare the cost of centralised and decentralised WMS in order to decide on
cost-efficient sanitation solutions. This paper outlines a model designed
to assess those costs which depend on the spatial density of decentralised
wastewater treatment plants in a region. Density-related costs are mostly
linked to operation and maintenance activities which depend on trans-
portation, like sludge removal or the visits of professionals to the plants
for control, servicing or repairs. We first specify a modelled cost-density
relationship for a region in a geometric two-dimensional space by means
of heuristic routing algorithms that consider time and load-capacity re-
strictions. The generic model is then applied to a Swiss case study for
which we specify a broad range of modelling parameters. As a result, we
identify a ‘hockey-stick’-shaped cost curve that is characterised by strong
cost reductions at high density values which level out at around 1 to 1.5
plants per km?. Variations in the cost curves are mostly due to differenc-
es in management approaches (scheduled or unscheduled emptying). In
addition to the well-known diseconomies of scale in the case of central-
ised sanitation, we find a similar generic cost behaviour for decentralised
sanitation due to economies of density. Low densities in sparsely populat-
ed regions thus result in higher costs for both centralised and decentral-
ised system. Policy implications are that efforts to introduce decentralised
options in a region should consider the low-density/high-cost problem
when comparing centralised and decentralised options.
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m Introduction

3.1.1 Comparing central and decentral sanitation costs

osts are an integral criterion for decisions on suitable wastewater man-
C agement systems (WMS) for both centralised and decentralised sce-
narios (inter alia Hamilton et al. 2004, Maurer et al. 2006, Libralato et al.
2012, Truffer et al. 2013). Decentralised WMS are increasingly considered
as potential substitutes for centralised WMS with sewer networks (inter
alia Tchobanoglous et al. 2004, Massoud et al. 2009, Larsen et al. 2013,
OECD 2015). Typically, decentralised WMS - also called on-site (OST) —
treat small wastewater flows in individual residences or residential clus-
ters (cf. Tchobanoglous and Leverenz 2013), which can, as a consequence,
save on extensive sewer networks (Libralato et al. 2012). However, it is a
complex task to determine the optimal degree of centralisation in water
and wastewater management (Eggimann et al. 2015, Poustie et al. 2014,
Adams et al. 1972, Guo and Englehardt 2015, Lee et al. 2013) because the
overall costs in a region depend not only on the sum of the costs of all in-
dividual technological components but also on how they are spatially dis-
tributed. This implies that besides the usual cost-driving factors like con-
text uncertainties, economies of scope, economies of scale or high network
infrastructure life-spans (Hansman et al. 2006, Markard 2009, Starkl et al.
2012), space-dependent cost items such as economies of density and net-
work externalities have to be taken into account.

In the case of centralised WMS, space-dependent cost effects play out
in the form of major economies of scale at the level of the wastewater
treatment plant (i.e. per capita costs decrease with the number of people
in a catchment connected to it), whereas the costs of building up a sewer
system show diseconomies of scale (i.e. to reach full connection more dis-
tant settlements need to be connected). These cost characteristics have
been intensively discussed in the literature (cf. Townend 1959, Downing
1969, Adams et al. 1972, Haug 2004, Friedler and Pisanty 2006, Maurer.
et al. 2006/2010). Nevertheless, the cost characteristics of OST systems
are much less well known. In general, unit prices of OST plants do not
depend on the number of units installed in a specific region. However,
management, maintenance and regulation schemes may turn out to be
very costly, because travel costs for service teams may become important
(inter alia Kennedy-Walker et al. 2014, Semiyaga et al. 2015, Hamilton et
al. 2004, Kaminsky and Javernick-Will 2013). An integrated assessment
of these different cost components for determining the optimal degree of
centralisation in a region is however lacking (Hamilton et al. 2004, OECD
2015, Eggimann et al. 2015). The optimal degree of centralisation is direct-
ly linked to the OST plant density, as this increases in response to grow-
ing population percentages serviced by on-site treatment plants. In this
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paper we examine an essential parts of such an integrated cost assessment,
which are arguably the least well understood, namely those that are relat-
ed to spatial density of OST plants. We present a model-based approach
to examining the economies of density' of OST plants and conduct a sen-
sitivity analysis of different management approaches. A model-based ap-
proach is needed because cost-data collection is challenging and there is
a lack of available data to carry out a systematic comparison of the costs
of different WMS in a region.

3.1.2 How space and transportation influence costs

n the field of spatial economics, the important influence of spatial dis-
I persion on service provision has long been postulated (Wegener 2011):
many different theoretical models based on transportation-cost consid-
erations have been developed, such as von Thiinen’s (1875) ring model,
Christallers’ (1933) model of optimal provision or the optimal city-size
model of Arnott (1979). Such studies highlight the fact that the transpor-
tation of material or personnel are critical for efficient service provision.
Much research has consequently evolved around space-dependent cost ef-
ficiencies in many different infrastructure fields,? including the water and
wastewater sector (cf. Guerrini et al. 2013, Alvarez et al. 2014). The find-
ing that the operation and maintenance (O&M) costs of point-type infra-
structures are particularly dependent on the settlement or population den-
sity is especially interesting with respect to OST systems (inter alia Schiller
and Siedentop 2005, Wenban-Smith 2009). As a consequence, we expect
the haulage distance to be crucial for assessing the O&M costs of OST sys-
tems (Semiyaga et al. 2015). Despite this long-known influence, the spa-
tial cost effects concerning the O&M of OST plants have not been system-
atically estimated. Furthermore, the literature often focuses on single cost
aspects of decentralised wastewater O&M such as monitoring (inter alia
Hug and Maurer 2012) or sludge transportation (inter alia Steiner et al.
2002). Nevertheless, there are some notable exceptions explicitly focus-
ing on the road-based transportation needed in the case of OST plants:
Steiner et al. (2002) propose a simple method for estimating the haulage
costs on the basis of geometrical and economic criteria, and have used

! Gonzélez-Gémez and Garcia-Rubio (2008) differentiate between economies of prod-
uct density and economies of customer density. The former denotes the marginal
cost savings of a fixed number of consumers due to increased consumption. The
latter refers to the cost savings achieved by the higher efficiency resulting from a
larger number of consumers. We focus on economies of customer density, implying
that the marginal costs of providing services decrease with an increasing number
of customers in a spatially defined area. We refer to Holmes (2011) for an overview
of the literature focusing on economies of density in other thematic fields.

Typically, examples can be found in solid waste management (inter alia Zamorano
et al. 2009, Tavares et al. 2009, Ghose et al. 2006). See Section 3.4.3 for further
applications.
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it to find decreasing costs with higher population densities. Flotats et al.
(2009) show that minimising transportation costs is vital for manure man-
agement, a factor that is highly relevant to wastewater transportation in
OST plants. The authors compare on-farm and centralised treatments and
conclude that transportation costs are crucial for deciding between cen-
tralised and decentralised strategies. Marufuzzaman et al. (2015) present
a method to compare pipeline and truck-based transportation of wastewater
sludge and perform a cost analysis based on transported volumes and dis-
tances. Whereas different treatment options might result in different oper-
ating and maintenance requirements, Etnier et al. (2000) note that cost dif-
ferences can be expected to result from the different strategies of collecting
and maintaining WMS.

We believe the paucity of literature about O&M for OST systems to be
responsible for rather speculative and vague overall cost claims (Hamilton
et al. 2004, Dodane et al. 2012, Singh et al. 2015, Hendrickson et al. 2015,
Truffer et al. 2013, Etnier et al. 2000). As a result, many authors conceive
O&M of OST systems as costly, which adds to the conventional wisdom
that decentralised WMS are challenging to operate and manage (inter alia
Bakir 2001, Parkinson and Tayler 2003, Maurer et al. 2006, Buchanan et
al. 2014). The methodological framework introduced in this paper ena-
bles the systematic assessment of cost effects relating to OST plant den-
sity by examining the most important space-related costs (residual trans-
portation, service and repair costs), and in doing so prepares the ground
for an integrated assessment of the optimal degree of centralisation in the
provision of regional wastewater infrastructure. It is not the aim of this
paper to perform a comprehensive overall cost analysis.

m Materials and methods

e first identify those cost items which depend on the spatial den-
W sity of plants in a region and differentiate between two manage-
ment approaches for sludge emptying at OST plants. We then give a gen-
eral methodological overview and explain the routing algorithms in detail.
Section 3.2.5 presents the distance parameter estimation, followed by in-
formation on cost parameters and a sensitivity analysis. Section 3.2.8 in-
troduces the case study.

3.2.1 Tasks sensitive to economies of density

e do not intend to perform a full cost comparison of OST systems or
W a complete analysis of O&M costs, but only aim to identify space-re-
lated costs. Therefore we do not consider investment or capital costs or
all fixed costs, and particularly not costs independent of space. By the
same logic, we also treat variable costs which depend on the chosen OST
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system or specific external conditions being constant, such as sludge treat-
ment, energy consumption, chemical acquisition or other expenses such
as taxes (see i.e. Fletcher et al. 2007, WERF 2015). Such costs can simply
be added as fixed baselines to the costs calculated in this paper, depend-
ing on the chosen technological solution. Further items such as regulato-
ry costs may also be included in this broad conceptualisation. However,
we maintain that these items follow the same logic and could therefore
be easily added to an overall cost assessment.

We consider three typical tasks that exhibit cost characteristics which
are space-dependent; namely, i.) residual (sludge and scum) emptying,
ii.) service and iii.) repairs, as detailed below. Specific task execution may
differ depending on the technical details of the chosen OST plant. As we
outline below for each specific task, depending on the decentralised WMS,
less service and repairs may be needed or the amount of sludge and scum
may differ* (we exemplarily refer to Singh et al. (2015) and Crites and
Tchobanoglous (1998) for various technology options). We assume that
these tasks are carried out by specialised external contractors (operator
model) who have to travel to the treatment plants, as proposed for exam-
ple by Massoud et al. (2009).

i.) Residual emptying: Wastewater treatment produces sludge and scum
which needs to be disposed of within certain time intervals. We assume
that this disposal is performed by a specialised contractor. The accu-
mulated volume per population equivalent (PE) depends on the given
technical system and the sludge residence time. The haulage of these
residuals is context-dependent (Mikhael et al. 2014) but is commonly
road-based and is typically carried out by a suction truck with a spe-
cific load capacity and an average travelling speed for collection. The
process of emptying is time-consuming, as the treatment plants need
to be accessed, the sludge pumped, and further tasks such as filling
out paperwork completed.

ii.) Service: The long-term reliability of OST systems depends on mainte-
nance and reporting (Bradley et al. 2002). In order to perform main-
tenance work (such as membrane regeneration or similar) or simply

> The same is true for the amount of time needed for system maintenance, which might
differ considerably (e.g. the maintenance time of a reed-bed treatment plant system
differs from that of a sequencing batch reactor). However, these three tasks must be
performed in some way, irrespectively of the choice of OST system. For this paper,
the chosen parameter values apply especially to membrane bio-reactors (MBR) or se-
quencing batch reactors (SBR). However, the previously outlined operationalisation
of space-dependent costs can be specifically adapted to other systems such as septic
tanks or reed-bed based systems.
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to check functionality, OST systems typically need to be visited by
a competent service contractor. How often this has to be done de-
pends on the complexity of the OST system, the sensor technology
equipment and the required level of monitoring (ibid.). Depending
on the management model, legal situation and treatment system, the
number of visits or the type of tasks to be performed differ. We make
the simplifying assumption that the service task is independent of the
residual emptying and performed within certain time intervals by a
mobile technician spending an average amount of service time per
OST system plus travelling time.

iii.) Repairs: If an OST system fails, a technician needs to visit the plant
and perform specific repairs. We assume that enough funds are avail-
able for these repairs and that failing systems require mandatory
repair. How often the system fails depends on its type and the quali-
ty of its service and control. In reliability engineering, the frequency
of failure is commonly expressed as a failure rate (Finkelstein 2008).
We consider the repair tasks to be similar to service tasks by assum-
ing that a technician has to visit the plant in a vehicle and needs an
average repair time to do the job. Given the scope of this paper, we
do not relate service frequency with failure rates.

3.2.2 Differentiating management approaches
fficiency and cost-effectiveness are major goals of logistics manage-
ment. Therefore it is important to consider different management ap-
proaches in order to assess their impact. In this section, we present two
ideal types of management for residual emptying which represent a worst
(unscheduled) and best-case (scheduled) emptying approach.

 Scheduled: For scheduled emptying, we assume that the plants are
evacuated periodically and an optimal routing plan can be set up.
We make the simplifying assumption that all OST plants are full at
the time of emptying. This assumption allows each OST plant to
be visited along an optimal collection tour and the truck’s storage
capacity to be exploited to the maximum at all times. We consider
this emptying approach to be the most efficient one from a logis-
tics point of view, yielding the best theoretical solution.

* Unscheduled: For unscheduled emptying, the collection tour is deter-
mined on the basis of whether the OST plant emptying is needed due
to critical tank filling. We assume that the plant owners will call the
operator (or the plant will send a signal) when the tank capacity limits
are reached. This results in different daily collection tours depending
on the number of people calling and their geographical position.
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In real world situations, tank filling rates will in general not be con-
stant. As a consequence, some tanks will have to be evacuated earlier
than expected or would not be full at the time of emptying. Differences
in filling rates may be due to variations in the number of users per plant,
particularly over time. Examples with highly varying rates would in-
clude tourist regions with many part-time residences. The two ideal ap-
proaches of scheduled and unscheduled emptying therefore represent
best and worst-case scenarios. More realistic situations can be consid-
ered as lying somewhere between these two extremes.

3.2.3 Modelling setup

he proposed modelling procedure derives a cost-curve for different

treatment plant densities. The basic idea is to assess the costs of the
tasks outlined in Section 3.2.1 for a specific number of OST plants with a
given treatment volume. For modelling purposes, we identify density values
by calculating the space-dependent costs for a sequence of circular catch-
ment areas. Different densities result from an incremental decrease of the
catchment area diameter (see Fig.3.1).* For each catchment, we randomly

* A more intuitive operationalization of densities would have been to increase the
number of OST plants in a given region. Instead we chose a fixed number of OST
plants in a decreasing set of smaller areas. The main reason for this is that we
wanted to correct for influences of specific geographical clustering, while still

reduce r by
r

shrink

Model Element
* Depot (D)

XN | . Set of OST plants (P)

Y W W W Set of residual deposit (S) L
~r
e =
Low
v OST plant density
High

Figure 3.1: Visualisation of the schematic modelling approach.
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distribute a fixed number n of OST plants, and a relative number m of re-
sidual deposits (places where the sludge can be discharged).® Additionally,
one depot (the operating basis for the emptying vehicle and its driver) is
positioned near the most central residual deposit. The following cost cal-
culation steps are executed for each catchment area (cf. Fig. 3.2 for more

being able to run meaningful routing procedures. Holding the number of OST
plants constant has the advantage that different density values remain large-
ly comparable. Geographical variations will be taken into consideration by the
values of parameter f,.

We assume that the sludge can be treated at large conventional treatment plants,
which allows us to easily calculate p,, . based on the number of today’s existing
plants of this kind. Depending on the specific application case, the rationale for
defining the deposit density may be different (for example whether we assume
that additional special sludge treatment units are constructed or that all residu-
als are transported to existing treatment plants).

start algorithm

Step | C generate catchement with radius r )4—
Step I (generate OST plalnt_s (P) and resid- )
ual deposits (S)
Step Il Crandomly distribute S, assign depot (D))
Step IV C distribute P ) -
|
| scheduled emptying | | unscheduled emptying |

(assing random load VPE) ( assing full load V. )

( selectallfullpofP ) ( select all p, of P )

( generate route (R) ) C generate route (R) )

Yes

no time left

VISIt D ) ( visit depot (D) 1o fime feft

get next not yet fully get next not yet fully time loft
emptied p, along R ™ emptied p along R

Not enough time

to empty next p,

time left

Step V
A

Not enough time
to empty next p,

visit closest residual
deposit s and
empty vehicle

enough time

( drive to p, start to empty ) ( drive to p, start to empty )

visit closest residual
deposit s, and
emply vehicle

route reached

* An exception is made in case the OST
plant is so far away that it can only be
reached by creating overtime.

Step VI

abort algorithm

Figure 3.2: ULM diagram of the methodological approach.
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details and Table 3.1 for a overview T~

of all model parameters): Ve \\
/i \
Step I: In each iteration step, the // i \
. " -
catchment area of the system is de- ! ~* \
fined as a circle of radius r, which l P, . &
we denote in the first iteration as \ S JE T /
r... . We define the initial radius \ /
initial . . . \ *
as the maximum distance a vehi- g 4
cle can reach within one working \\_,//
day (Eq. 3.1): Optimal route
//*\
*
Ut’ruck tdri’ve (3 1) / :" ? \\
Tinitial = ’ / -
it 2 A \
5 Rdm
where: v . = average vehicle i e \
ruck

sible driving time per day. The ra-

speed and t,. = maximum pos- l/ * \
tionale for choosing this maximum \

radius is that even the most dis- \ N /
tant OST plants can be reached A\ //
from the depot within one work- ~—
ing dayﬁ Scheduled emptying tour
—
Step II: S N
tep II: We generate a set of / \
OST plants P = {p,, p,, .-, P} / \
consisting of a fixed number (n) of / . \
individual plants (p). To each of l ok, tourdayt,,
these individual plants we attrib- \ e
ute a load (within a given range) \0“”' tour day t,, g /
given in population equivalents \\ " //
VPE. On the basis of this load V™ \\ -

and the sludge accumulation rate
(r,..), we then calculate the total
sludge and scum accumulation for
all p.. In the case of scheduled emp- ~ Figure 3.3: fchenzlatic :gilqmplre; C;;; dif;:efenrj
tying we attribute the maximum e%’; Styisg e;p p’r O th b
possible load V" to each plant. In deviations from the optimal
the unscheduled mode, V** are set tour due to time and capacity
at a random level. restrictions.
Additionally, we create a set S = {s, s,, ..., s_} of individual residual

deposits (sj). The number of deposits m is calculated on the basis of the

Unscheduled emptying tour
® OST plant * Residual deposit ¥ Depot

¢ Because of distance weighting, travelling times might be longer than the daily work-
ing time. Including the time needed to empty the sludge at the disposal point might
therefore result in daily overtime.
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deposit density factor (p deposit) for each radius. This way we assume that
the total number of deposits in a region is set largely constant despite a
density increase.

Step III: We randomly distribute all 5, within the catchment area and
assign a single depot to the s, closest to the centre of this area.

Step IV: We randomly rearrange all p, until we reach a Nearest
Neighbour Index (Clarke et al. 1964) of f = 1 in order to ensure the
same degree of clustering for all r. This allows a like-for-like compari-
son, independent of the catchment radii, and ensures that the cost dif-
ferences found do not result from different degrees of clustering. An
alternative to a random distribution of OST plants within the catch-
ments would be a selection of possible OST plant sites with the aid of
real settlement structures. However, the formulation of detailed (spa-
tial) technological transition models is complex (cf. Zeppini et al. 2014)
and not appropriate given the generality of the modelling approach.

Step V: We calculate the costs for a contractor travelling to the plant
by means of a routing algorithm (described in Section 3.2.4). This pro-
vides us with a point estimate for the respective density measure.

Step VI: We decrease the catchment radius r by Ar, keeping r >r__
and loop back to Step II. Ar and r__ are technical parameters for de-
termining the number of iterations in the algorithm. Choosing smaller
values for Ar simply increases the number of iterations, while r_.de-
notes the maximum density beyond which we no longer observe any
significant cost reductions.

3.2.4 Routing algorithms

I n this section, we explain our cost calculations for the logistics of OST
plant O&M services in detail for the case of residual emptying (cf. Fig.

3.2 Step V). We apply different routing algorithms depending on the

chosen management approach (Section 3.2.3). A schematic example of

scheduled and unscheduled emptying approaches is visualised in Fig. 3.3.

We generate collection tours for both emptying modes with the aid
of route optimisation techniques. We use algorithms based on heuris-
tic routing (Cormen et al. 2009) with the aim of finding a minimum path
between a given set of destinations. This is commonly referred to as the
Vehicle Routing Problem, which adds capacity constraints to the common
Travelling Salesman Problem (Lawler et al. 1985). We refer to Gendreau
et al. (1996) for an overview of the numerous approaches to address-
ing the Vehicle Routing Problem. We use heuristics in order to avoid a
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heavy computational burden and choose the classical Nearest Neighbour
Algorithm because of its intuitiveness (Johnson and Papadimitriou 1985).
Heuristically determined solutions rarely constitute an optimum: howev-
er, they give good approximations in many applications with a reasonable
computational burden (Michaelewicz and Fogel 2004). For validation pur-
poses, we compare the applied Nearest Neighbour algorithm with a compu-
tationally more expensive algorithm developed by Clarke and Wright (1964).

The various tasks such as emptying an OST plant (t ), travelling
. X emptyOST
to th.e dep(?t or to an OST plgnt and emptymg a suct}on truck (temptmick)
require a time t. We determine the required travel time on the basis of
the distances travelled and average travelling speed (v_ ) and choose
reasonable value ranges for the remaining time parameters. We then use
cost parameters (C , C ,Cc__. ) to convert the time taken or distances
p’ truckrent’ truckfix:

travelled into total costs.

The routing algorithms for the different tasks are based on the follow-
ing logic:

* Scheduled emptying tour: We assume that the collector can set up
an optimal route for the entire catchment, so all OST plants are
considered for optimal tour calculations and are always filled to a
maximum V* (compare Fig. 3.2). The tour starts at the depot and
continues along the optimal route until all OST plants are emp-
tied.” For the case of residual emptying, we consider two restric-
tions which influence the theoretical optimal route, namely the
maximum vehicle load capacity (cl_ ,) and the maximum number
of working hours per day (tpmax).These restrictions primarily influ-
ence the degree to which the suction truck deviates from its optimal
route. For every OST plant visit, only as much sludge is emptied as
fits the free capacity of the suction truck. If the maximum load is
reached, the truck visits the closest residual deposit in order to dis-
pose of its load. If some daily working time is left to continue the
tour, the truck resumes its emptying work, otherwise it returns to
the depot for the night. If the time restriction is reached even though
the truck is not completely filled, it first visits the closest residual
deposit and then returns to the depot in order to start a new work-
ing day. Cost calculations for scheduled emptying are based on a
single tour where all OST plants are visited only once (see Fig. 3.2).

” We do not differentiate between the directions of the tour and randomly decide be-
tween a clockwise or anticlockwise direction starting from the depot.
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We further assume that within a certain probability (pemp) an OST
plant may be not emptied due to unexpected events (such as the
absence of the house owner making the property inaccessible). This
results in distances travelled and time spent without task accom-
plishment and leads to tour deviations, since OST plants need to
be visited again in a later tour.

e Unscheduled emptying tour: In the case of unscheduled emptying we
initially assign a random tank filling level to each OST plant. Then
we increase the level iteratively by a constant daily sludge and sum
accumulation rate (r, ) over a number of years (y). Finally, we cal-
culate collection tours for each day based on the OST plants filled
on each respective day. The procedure of collection and transport
for the individual daily tours is analogous to the scheduled tour
calculation. However, itis repeated for unscheduled emptying over
several years (y) in order to calculate average costs.®

* Service tour: The algorithm for the service tour is very similar to
that for scheduled emptying. The sole methodological difference is
that we only consider the restriction on maximum working hours
and use different values for the corresponding parameters (v_, c

car’ ca-
C

,n.. .t ).
rrent’ carfix? " visits? " service

* Repair tour: The repair task tour calculation is similar to that for
unscheduled emptying. We set up the tours daily only on the basis
of the failed OST plants. In order to calculate the average repair
costs per year, we also perform an iteration over a number of years
(v). As only limited knowledge is available about the failure rates
of OST plants, we use linear failure rates (p,, ) taken from the
literature (EPRI 2000). The only restriction on the repair task is
the maximum number of working hours per day for the tour gen-
eration. Corresponding time and cost parameters are also used

(t_ ).

repair

3.2.5 Distance factor estimation
he model distance calculations are based on straight-line distances.
In order to derive more realistic distances, we introduce a weight-
ing factor (f,). This f, enables the model to be adapted to different ge-
ographies where distance calculations differ because of topographical

& Most management approaches probably lie somewhere between the scheduled and
unscheduled emptying tours, as we often find intermediate approaches where for
example certain geographical regions are scheduled to be served within a certain
time window and OST plant owners need to call if they want to have their OST ser-
viced or emptied within this time frame. Furthermore, due to discontinuous OST
plant filling rates, it may not be feasible to set up a purely scheduled approach.
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characteristics and the existing road network (e.g. objects like lakes
or mountains which require detours). We use different weighting fac-
tors for scheduled and unscheduled emptying and estimate the dis-
tance factor for different distance radii. For the case study (see Section
3.2.8) we estimate f, for scheduled and unscheduled emptying with
the aid of the Dijkstra (1959) algorithm by comparing the road-based
and straight-line distances for all calculations on the basis of the actual

3.2.6 Cost parameters

he estimation of transportation costs is central for the proposed mod-
T elling approach. Fuel consumption, wear, repairs, insurances, payload,
truckload, routine maintenance and depreciation are typically considered
in estimating transportation costs (inter alia Barnes and Langworthy 2003,
Cambridge Systematics 1995). For this study, we calculate fixed transpor-
tation costs per km by assuming constant fuel consumption independent-
ly of the load (c__,. ). We further assume that our vehicles are rented in
order not to incorporate idle capacities in our study. This means that all
costs relating to maintenance, repair or insurance of the vehicle etc. are
included in the rental costs (c_, . ). All costs are given per capita and
year and we convert local currencies to US$ using purchase power pari-
ties for the year 2013 (World Bank 2014).

Table 3.2: Comparison of the Clarke and Wright (CW) algorithm with the Nearest Neighbour
(NN) algorithm for sludge emptying (n = 10).

Scheduled Emptying Unscheduled Emptying
cw NN cw NN

¢ [S/PE/year]  [S/PE/year]  [%] [$/PE/year] [$/PE/year] [%]
10 3.3 33 0 49 4.8 1
20 3.9 3.7 43 6.9 6.7 34
30 44 43 3 8.8 8.6 1.5
40 5 5 0.8 11 104 1.4
50 5.9 5.8 1.4 124 12.2 1.6
60 7 6.9 1.7 14.2 14.1 0.8
70 8.4 8.2 2 16 15.8 0.7
80 104 10 3.6 18.2 17.5 3.8
90 14.7 14.2 3.2 20 19.7 1.2
100 20.5 19.7 4.2 22.2 21.7 2.2
110 27 25.7 5 24.2 239 1.3
120 329 31.3 5.2 26.4 26 1.7
130 37.5 375 0 28.2 28.5 -1.1
140 43 41.9 2.6 31 30.6 1
150 48.6 46.8 3.8 34.2 334 2.1
160 529 50.6 4.6 371 36 3
170 57 55 3.6 40.4 39.8 1.4
180 62.7 60.2 4.1 445 43.5 2.3
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3.2.7 Sensitivity analysis

e assess the model sensitivity by a fixed sampling-based approach

(Saltelli et al. 2004). We assess the model sensitivity by determin-
ing all model parameters resulting in possible rout1ng changes and thus
cost changes in a first step (first selection in Table 3.1). Parameters influ-
encing only the absolute costs for all modelled catchments are merely of
secondary interest, as they only increase or decrease costs proportional-
ly over all OST plant densities (for example, by changing the fixed travel
costs per km).These parameters need to be adapted to the case study. In
a second step, we select all parameters relating to residual management,
as this is the most cost-intensive task (compare Fig. 3.5). This leaves us
with eleven parameters for which we define reasonable value ranges and
use the extreme and base values to create a set of parameter configura-
tions (see Table 3.T). From this set, we randomly select and calculate fifty
parameter configurations for each emptying approach. This results in a
range of different cost curves (Fig. 3.5) representing the sensitivity of the
spatial dependence of the costs.

3.2.8 Case study Canton of Bern (Switzerland)
W e apply our model toan administrative area in Switzerland (Canton

covers ~6000 kmz, contains 65 large (>1000 PE) wastewater treatment
plants and roughly 1000 OST systems (AWA and UWE 2010). We there-
fore calculate an overall den51ty of ~0.19 OST plants per km? with local

is an area where the provision of centralised wastewater services has al-
ready reached its limits today. This is confirmed by the higher OST plant
density compared to the whole of Switzerland. In the case study area,
each community is responsible for the operation and maintenance of OST
plants and the regulatory agency is responsible for ensuring that the laws
are observed. For instance, local regulations require that OST plants are
emptied at least once a year (AWA 2014).

The calculation steps outlined in Section 3.2.8 are applied to the case study

calculate truck-based transportation costs for the case study on the ba51s of pa-
rameters collected by the Swiss Federal Statistical Office (BFS 2009, BFS 2013,
BFS 2015). For the suction truck, we assume average fuel consumption of 33
litres per 100 km at a diesel price of $1.34/litre for the year 2014 (BFS 2015b).
The average speed is set at 50 km per hour, which corresponds to the official
speed limit within settlement areas and is similar to average speed assumptions

° Because there are significant areas covered with glaciers or without vegetation on
the borders of the case study area, we subtract these for the density calculation (see
Appendix A).
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in other logistics studies (inter alia Zamorano et al. 2009). The accumulation of
sludge per year typically depends on the residence time in the OST plants, and
we refer here to the literature for the accumulation rates (inter alia Franceys
et al. 1992). We did not perform a detailed time analysis assessment (e.g. with
method-time measurements) but chose a time interval for each time parameter
on the basis of our own expertise. The chosen standard parameter values can
be used as a starting point for further detailed analysis (cf. Table 3.1)). We use
typical transportation costs per km and Swiss hourly rental costs for a minivan
used to perform repair and service tasks (Mobility 2015), and calculate hourly
rental costs for the suction truck with the aid of cost data from a rental compa-
ny for these trucks (Amphitec 2015).

m Results

W e normalise all costs in order to highlight the cost relationship and
not the absolute cost level, which depends on cost- and technology
assumptions specific to the case study.™

3.3.1 Costs of space-sensitive tasks

ig. 3.4 shows that costs decrease exponentially with increasing plant

density and that emptying costs are the highest for the defined tasks.
The shape of this density-cost relationship can be described as a ‘hock-
ey-stick’. As expected, scheduled emptying is more efficient than unsched-
uled emptying, especially for low OST plant densities. For lower densities,
the scheduled and unscheduled curves approximate as more time is spent
driving to the depot, making less time available for possible route optimi-
sation by visiting multiple OST along the same route.

3.3.2 Model sensitivity

ig. 3.5 shows the average cost curve of the different input parameter
F sets with respective sensitivity bands. We generally find the highest
model sensitivity in the range where the cost-density relationship starts
to level out (~0.1 — 0.5 OST/km?). Comparing the current average OST
density for the whole case study area, we notice that we are close to the
range where costs start to level out (see blue line in Fig. 3.5), even though

3.3.3 Routing algorithm comparison

he calculated cost differences arising from selecting either the Clarke
T and Wright algorithm or the Nearest Neighbour algorithm are very
minor. On average, the differences between these two algorithms are less
than 3% (see Table 3.2).

10 Results with absolute costs are given in Fig. A.3.3.
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3.3.4 Distance factor f,
F ig. 3.6 shows the results of the estimation of the distance factor for the
case study area (compare Section 3.2.5). The street network (shown

in Fig. A.3.2) needed for this parameter estimation tends to show slight
star-like behaviour with more streets oriented towards the capital city in
the centre of the catchment. Street density is also higher for central areas
and those with higher population densities. Two things stand out from
this parameter estimation: first we see a significant difference between the
two emptying approaches and note that the straight-line distance approx-
imation is more realistic for the case of unscheduled emptying; second,
the factors are relatively constant for larger areas and we have more var-

iation for smaller areas.

We explain the differences between the cost factors by the geography of
the case study. There is a tendency for the centre of the catchment (where
the depot is located) to have better straight road connections to reach its
periphery. Scheduled emptying requires vehicles to travel across more sin-
gle-tour segments in parallel to the catchment centre, resulting in longer
distances travelled.

m Discussion

3.4.1 Economies of density and emptying approaches

here exists a technological variety of different decentralised WMS

(cf. Tchonablous et al. 2004) such as for example MBR systems, con-
structed wetlands, SBR systems and many more. In this paper, we how-
ever argue that generic space-dependent expenditures arise in form of re-
sidual emptying, service and repair costs which are mainly irrespectively
of the system choice (see Section 3.2.1 for an more comprehensive dis-
cussion). We see a highly non-linear relationship between space-depend-
entcosts and low OST densities, but low spatial cost dependencies at high
densities. Sewer-based centralised sanitation shows diseconomies of scale
for scattered settlements and has well been studied (inter alia Townend
1959, Downing 1969). We also find decreasing economic efficiency for de-
centralised sanitation, although this is due to economies of density. The
knowledge gained about economies of density becomes indispensable in
integrated cost comparisons of centralised and decentralised WMS (cf.
Eggimann et al. 2015).

The numbers show clearly that the sludge disposal costs dominate
the spatial cost behaviour. We define a saturation point of the economies
of density as the point at which costs do not decrease by more than 5%
of the minimal costs calculated on the basis of the minimum catchment
radiusr___. This percentage seems plausible given the noise of the modelling
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approach. Considering the average cost calculation of all potential input

minish at a plant density of equal to or greater than 1.3 OST/km? (decreas-
ing returns to density). This saturation point will shift depending on the
emptying approaches and input parameters: we see that saturation is gen-
erally reached more quickly with scheduled than unscheduled emptying.

The identification of a saturation point and the ‘hockey-stick’ shaped
cost relationship in the economies of density are the major findings of this
investigation. They indicate that costs will be exceedingly high in the in-
itial phase of introducing OST systems in a region until the density sur-
passes the saturation point. The saturation point enables the “true” costs of
OST systems to be estimated if they are implemented in a certain number.
This could be used as an argument for centrally regulating the introduc-
tion of OST systems (at least in an early introduction phase). Economies
of density may also be moderated by the number of operators compet-
ing for service contracts in a region. As a result, effective OST plant den-
sities will be reduced by each additional company entering the market.
The number of competitors will therefore increase the necessary numbers
of OST plants in a given region before their costs can be considered to be
constant. This could be used as an argument to limit the number of com-
petitors in a region (or alternatively to put out a call for tenders for ser-
vicing contracts for the entire region) in order to reap economies of den-
sities more quickly.

A further major result relates to the outlined emptying approaches to
test our model for worst and best case scenarios. On the basis of Fig. 3.4,
we conclude that the choice of emptying approach is particularly cost-rel-
evant in low plant densities. Scheduled emptying is greatly preferable to
the unscheduled alternative for low-density situations, whereas the differ-
ences decrease in high-density situations. However, even though a sched-
uled emptying approach is more cost-efficient, setting up a scheduled
emptying tour may not be realistic because of factors such as highly fluc-
tuating filling rates (e.g. in tourist regions). We notice that despite sched-
uled emptying being generally more efficient, scheduled costs are higher
at very low densities because of the greater distance weighting factor (cf.
Section 3.3.4). This preliminary result helps us to identify the optimisa-
tion potential in choosing the appropriate technology and management
approaches as the specific sludge production of an OST technology seems
to be more relevant than maximising the robustness of the plant."

' We would need to assume very high failure rates or a high number of service visits
in order for this cost relationship to change.
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3.4.2 Validation

systematic validation of our results was not possible because no ex-
A. tensive cost data with respect to different treatment plant densities
were available. We would need to know the costs for different point den-
sities to validate the saturation point. It is therefore essential to use real-
istic values for the model parameters specific to the particular case study
(see Table 3.1). Information provided by a local service operator allows us
to estimate the real emptying cost of sludge and scum to be around $50
to $100 per m? (Fritzsche and Maurer 2013) and the service cost to be be-
tween $10 and $50 per year (Creabeton 2015). As expected (see the limi-
tations outlined in Section 3.4.4), our model underestimates both values.
Whereas values could be derived from the literature for most parameters
(see Table B.1), we had to work with reasonable ranges for the time pa-
rameters. If more detailed time parameter estimates were required, more
elaborate method-time measurements (cf. Karger and Bayha 1987) could
be carried out by splitting tasks into subtasks and systematically collecting
and evaluating the respective required times. In terms of the chosen rout-
ing heuristics, we believe that the Nearest Neighbour algorithm is suita-
ble for use here, as model uncertainties resulting from different routing
algorithms are minor. The results obtained are very similar to those of
the computationally much less efficient Clarke and Wright algorithm. We
conclude from this that it is ineffective in improving the model by heuris-
tic optimisation.

We have shown that we can deduce a robust and distinct relationship
between the infrastructure layouts of OST plants and space-dependent
costs despite the abstract model design. The cost-space relationship re-
mains robust even when our parameter sets are randomly varied (cf. Section
3.2.7). This robustness improves the validity of our assessed ‘hockey stick’
shaped cost-density relationship, as this consequentially holds for many
different case studies where the individual cost parameters vary depend-
ing on the context.

3.4.3 Different application contexts

Ithough we do not carry out a comparative analysis across different
A. infrastructure domains (Hansman et al. 2006), we are convinced that,
given the generality of the presented problem, our results are not of inter-
est only for the case of waste water management. The issues highlighted
in this work are generally encountered in solid-waste handling and man-
agement and many further application contexts involving similar prob-
lems of location-routing modelling (see e.g. Yang and Ogden 2007, Nagy
and Salhi 2007 or Current et al 2002 for different application areas).The
analogy to further management applications is evident, as many different
household devices also depend to some degree on road-based operation
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and maintenance schemes (e.g. heating systems or washing machines).
The findings concerning optimal logistics and costs relating to the distri-
bution and density of such devices or systems are therefore applicable to
fields beyond on-site sanitation.

3.4.4 Limitations and future research needs

he absolute resulting cost values are subject to several limitations: first
T and most important the cost structure used reflected Swiss conditions
and might change in other markets. Other factors that influence costs are:
first, we do not consider idle capacities of collection trucks and personnel
but assume a rental system. We make this simplifying assumption as full
utilisation of personnel or vehicles is often hard to achieve in real world
applications if trucks are acquired and personnel is hired for sludge col-
lection only. However, idle capacities become less important in the case
of increasing densities and thus larger service organisations. This means
that we generally underestimate the costs for lower densities. Second, our
analysis uses underlying simplifying assumptions which need to be adapt-
ed for case study applications. For example, more sophisticated schedul-
ing schemes could be set up taking into account increasing emptying de-
mands after weekends. Additionally, more complex tank filling rates could
be implemented or more detailed analysis could be made of the differ-
ences in space-dependency with respect to different on-site technologies.
Furthermore, we neglect any potential profits made by the operators. In
summary, we see many possible modifications or extensions of our anal-
ysis, such as increasing the level of realism of the modelling approach or
improving the cost model. However, the main conclusions about the econ-
omies of density drawn from this model exercise still hold. Many of the
mentioned limitations have an influence on the level but not on the shape
of the cost curve (e.g. profits). Others are considered by using best and
worst case assumptions (e.g. scheduling schemes).

Finally, we want to emphasise that in practice the discussion about on-
site treatment often revolves around technology, performance and public
acceptability (inter alia Massoud et al. 2009, Larsen et al. 2013). An analy-
sis focusing on cost alone is therefore incomplete. However, costs specif-
ically related to transportation and space are essential for decentralised
WMS and it is therefore important to assess them (inter alia Kennedy-
Walker et al. 2014).

m Conclusion

I n this study, we examine the spatially dependent costs of decentral-
ised WMS. The main goal was to address the lack of knowledge about
the density-related cost characteristics (i.e. economies of density) of OST

109 Chapter 3 | Conclusion



systems. Economies of density are closely linked to the operation and
maintenance of OST, and in-depth knowledge concerning this specific cost
aspect of O&M is needed to obtain improved true cost comparisons of cen-
tralised and decentralised WMS. Our model-based approach allows us to
calculate economies of density for non-sewer based WMS in a systemat-
ic way for the first time. The input parameters can be adapted to specif-
ic real-world applications, and the distance parameters can be estimated.

We summarise our main findings as follows:

* In sparsely populated regions, we not only find a reduced economic
efficiency for centralised WMS but also for decentralised ones due
to economies of density.

* Economies of density for OST plants are highly non-linear and take
the form of a ‘hockey stick’.

* Economies of density depend on the chosen management approach,
i.e. whether optimisation of road-based transportation is feasible or
not. This is especially true for residual emptying at low plant den-
sities where high cost savings can be achieved by optimised rout-
ing through scheduled emptying.

We argue that knowledge about economies of density is especial-
ly important in the early introduction phases of OST systems in a
region. This is because very low densities are reached in the initial
introduction phase of on-site technology as only a small number
of systems are implemented by first-movers. At low densities, OST
costs will therefore be unduly high compared to a centralised WMS.
Only after a minimum number of plants have been installed will
be space-dependent costs of OST plants decrease. This cost behav-
iour might provide a rationale for subsidising the first OST plants
in a region in order to achieve attractive prices for these services.

* Based on today’s number of OST plants in the Swiss case study
region, potential cost savings could be realised if more plants were
installed in order to reach higher densities treatment plants. We
find that the saturation point for economies of density is between
1 and 1.5 OST plants per km?. The current relatively high plant
density in the overall region is close to the saturation point, even
though differences exist between the various sub-regions, indicat-
ing locally distinctive costs for service, repairs and residual empty-
ing. However, a comprehensive full-cost analysis of centralised and
decentralised WMS would be needed to decide on the economically
optimal number of OST plants in a region. The knowledge present-
ed here prepares the ground for such an integrated cost assessment.
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Source Code
The model is implemented in Python 2.7 and the source code is available
under https://github.com/eggimasv/EcoDen.
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Figure A.3.1: Land use of the Canton of Bern. For the density calculation we do not consider
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study application up to 100km are indicated with dotted circles.
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Abstract

To determine the optimal connection rate (CR) for regional waste water
treatment is a challenge that has recently gained the attention of academ-
ia and professional circles throughout the world. We contribute to this
debate by proposing a framework for a total cost assessment of sanita-
tion infrastructures in a given region for the whole range of possible CRs.
The total costs comprise the treatment and transportation costs of cen-
tralised and on-site waste water management systems relative to specific
CRs. We can then identify optimal CRs that either deliver waste water ser-
vices at the lowest overall regional cost, or alternatively, CRs that result
from households freely choosing whether they want to connect or not.
We apply the framework to a Swiss region, derive a typology for region-
al cost curves and discuss whether and by how much the empirically ob-
served CRs differ from the two optimal ones. Both optimal CRs may be
reached by introducing specific regulatory incentive structures.
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‘%N Introduction

anitation services in a region may in principle be provided by central-
S ised or decentralised on-site waste water management systems (WMS)
(Libralato et al. 2012). On-site WMS enable waste water to be treated geo-
graphically close to the point of generation (Tchobanoglous and Leverenz
2013), making costly investments in sewer networks obsolete and poten-
tially allowing cost savings. Despite the potential advantages, however,
centralised WMS have gained much higher market shares in most OECD
countries over the past century. The primary rationale for this was to assure
high levels of ‘urban hygiene’ (O’Flaherty 2005, Sedlak 2014). Moreover,
centralised WMS were promoted by public regulators because of compat-
ibility with currently existing systems, known manageability, well-defined
performance as well as economies of scale in both waste water treatment
and sewer management (Townend 1959, Downing 1969, Abd El Gawad
and Butter 1995, Libralato et al. 2012). Over the years, institutions, or-
ganisations and the technology have co-evolved, leading to shared values,
a professional culture based on civil engineering competences, and par-
ticular organisational forms dominated by utilities under public owner-
ship (Dominguez 2008, Kiparsky et al. 2013, Fuenfschilling and Truffer
2014, Fane and Fane 2005, Lieberherr and Truffer 2015, Lieberherr and
Fuenfschilling 2016). These alignments created strong path dependen-
cies (Arthur 1989), so that today’s catchments are dominated by large
centralised waste water treatment plants (WWTP) and extensive sewer
networks connecting large percentages of the population. Empirically,
we observe a wide variety of connection rates (CR): whereas most
emerging economies and developing countries are characterised by
very low (typically << 50%) CRs (UN 2015), some OECD countries
(e.g. Switzerland, Austria, the Netherlands and the United Kingdom)
have pushed for very high CRs (CR_,,,) of >95%, whereas other OECD
countries (e.g. Ireland, Slovenia or Poland) have a CRpresent of between
60 and 70% (OECD 2015).

The long-term superiority of very high CR has lately been questioned,
and this has led to a call for a ‘sustainability transition’ towards more
hybrid configurations combining centralised and on-site WMS (Fane and
Fane 2005, Daigger 2007, Truffer et al. 2010, Larsen et al. 2013, Marlow:
et al. 2013). A wide range of criteria (e.g. technical, environmental, pub-
lic-health related, institutional, social, economic) can be used to determine
the optimal mixing rate. In recent years, however, we can observe an in-
creasing predominance of economic efficiency criteria in the planning of
network-based infrastructures (Knops 2008). Economic assessments of op-
timal infrastructure dimensioning have also gained increasing attention

Chapter 4 | Introduction



in the field of water management, not only for waste water (Eggimann et
al. 2015, Lee et al. 2013), but also for drinking water (Poustie et al. 2014,
Guo and Englehardt 2015), hydro power (Kaundinya et al. 2009) and sea-
water desalination (Shahabi et al. 2015). This heightened interest is due to
strained public budgets, often leading to infrastructural underinvestment
(WEF 2010), the demand for more infrastructure flexibility and recent ad-
vances in on-site treatment technology. Furthermore, a modular approach
to infrastructure planning is becoming increasingly cost competitive: new
sensor and communication technologies allow automation and mass pro-
duction which drive down the cost of small standardised units (Dahlgren
et al. 2013). Determining the optimal connection rate (OCR) therefore re-
mains a relevant question to reconsider.

In the present paper, we focus exclusively on cost assessments, as they
often play an important role in designing WMS (Maurer et al. 2006).
The goal is to develop an encompassing framework for assessing the
total costs of hybrid WMS (Tchobanoglous and Leverenz 2013) in a
given region. Even though much effort has been spent on the cost con-
siderations of WMS (Townend 1959, Downing 1969, Adams et al 1972,
Etnier et al. 2000, Hamilton et al. 2004, Maurer et al. 2010, Libralato et
al. 2012, Eggimann et al. 2015), there is a paucity of conceptual work
focusing on systematic total cost assessments. We build on an extensive
body of work and present a framework within which we deduce gener-
ic cost curves for all key cost elements of a hybrid WMS. On the basis
of these considerations, we will provide alternative interpretations of
the OCR depending on specific institutional arrangements and organi-
sational set-ups of providers of WMS services. This will enable us to dis-
cuss just what ‘more sustainable’ WMS configurations in specific regions
could be, and in particular to discuss to what extent the CR__ deviates
from the various OCRs.

‘%A Material and methods

4.2.1 Framework for total cost assessment
his section starts by introducing the general assumptions of our frame-
work (Section 4.2.1.1), and continues by identifying all key cost com-
ponents of centralised and on-site WMS needed for a total cost assessment
of hybrid WMS in a region (Section 4.2.1.2).

4.2.1.1 General assumptions
The framework for assessing total costs of hybrid WMS in a region pre-
sented here draws on the following general assumptions:
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* Households and utility operators prefer each system only on the
basis of average cost considerations.!

* All households have to be served either by being connected to the
sewers or installing on-site WMS.

* The average regional total costs at each CR are defined by the av-
erage per capita costs of both systems as well as being annualised
on the basis of the expected life-spans of the corresponding assets.

* We use average costs as a meaningful approximation for individu-
al household sanitation costs. We are aware that actual tariff sys-
tems often diverge from these average costs, as they may include
block tariffs, subsidies, base fees or connection fees (OECD 2010).

e To ensure human and environmental health, centralised and on-site
WMS need to fulfil the same functionality and provide an equiva-
lent service. This implies that on-site WMS have to be equipped with
treatment performance comparable to that of centralised WWTPs,
and that on-site effluent disposal is possible (e.g. infiltration or
on-site discharge into waters). We consequently assume that the
sewers are built exclusively for waste water transportation and no
synergies with storm water evacuation have to be accounted for
(cf. Section 4.4.3).

* We assume that our region consists only of households and aggre-
gated households in urban structural units (see Section 4.2.1.2)
and no industry.>

4.2.1.2 Total costs of hybrid WMS
The total WMS costs C_ can be subdivided into waste water treatment
weamen: A11d Waste water transport C - costs. For centralised WMS,
treatment occurs in one large WWTP Ce»  whereas for decentralised

treatment

WMS, treatment is on-site Cd< Transportation is either road-based in

treatment”

case of decentralised WMS Cdec or sewer-based for centralised WMS

transport

co The total regional cost C'*®°" of a WMS can thus be specified as:

transport”

tot treatment treatment transport transport

region _ ~cen ec cen dec
creEr — o + +C +C 4.1)

treatment transport

' We conduct the entire cost assessment procedure by means of average cost calcula-
tions for each system. As we are interested in long-term optimal equilibrium solutions,
this assumptions may be justified.

2 However, this restriction is not decisive for the general argument that we develop and
merely implies that the cost curves of the centralised WMS have a much bumpier shape
than our idealised representation.
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Figure 4.1: Idedalised average per capita cost functions over all CRs. The final cost curve (con-
figuration g.) corresponds to the cost type C in Figure 4.10. See also Section 4.2.2.3

Fig. 4.1: shows the generic functional forms of the cost components of
Cregor as a function of the CR along the respective sensitivity bands. The
average total costs of either system (e, f) can be calculated on the basis of
the cost function of the centralised (a, ¢) and decentralised WMS (b, d).
Finally, the average total regional costs at a specific CR (assuming that
this CR corresponds to a share p of households connected to the central-
ised system, whereas 1-p have on-site treatment) can be expressed as the

for underlying material and methods.

weighted sum (dotted red line in g):4
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CIF(CR) = C'(CR) + (1-p)* C(CR) (4.2)

Each of the specific shapes of the cost curves is based on different as-
sumptions (outlined below): they are either derived directly from explic-
it cost data (a, b) or are model-based (c, d). The shapes are idealised, i.e.
they vary depending on the specific case study. However, although we have
varied the underlying assumptions to obtain cost ranges for each cost el-
ement, we find that the behaviour of each cost curve can be described in
fairly generic terms:

Centralised treatment (C Fig. 4.Ta): the prevailing key
economic argument given in the literature to realise high CRs
relates to economies of scale (inter alia Townend 1959, Downing
1969, Libralato et al. 2012). The likely decrease in average per
capita costs for a large WWTP is inversely proportional to the
number of households connected. In the literature, it is common-
ly implicitly assumed that the WWTP perfectly fits the demand
of the connected users for each CR, and idle capacities are ne-
glected. However, as investments in WWTP are typically based
on the peak performance during the planning horizon (typical-
ly 20 to 30 years) (Hug et al. 2010), neglecting idle capacities
underestimates treatment costs in catchments with positive or
negative growth. The sensitivity indication in Fig. 4.1a reflects
two extreme cases of idle capacities: the bottom border neglects
idle capacities altogether while the top border indicates an in-
vestment scenario that considers maximum idle capacities. For
the latter scenario, we calculate an initial expenditure of one
WWTP serving the whole catchment and distribute this invest-
ment equally amongst the connected population at each CR.

Centralised transportation (Cffaisport, Fig. :_4_.-]_Ec): sewer networks
enable the transportation of waste water to the WWTP. Sewer
construction and operation costs are heavily influenced by geog-
raphy, settlement distribution or population density. We conse-
quently find decreasing marginal costs for higher CRs and com-
plex cost functions depending on the geography (cf. Adams et
al 1972, Hamilton et al. 2004, Maurer et al. 2010, Eggimann et
al. 2015). In reality, most sewer systems are built up iterative-
ly, where each new settlement structure to be connected leads
to particular cost curves in terms of shape and cost level. Thus
clustered settlement structures prevent constant cost increas-
es and lead to jumps’ (Zvoleff et al. 2009) in the cost curve.

. 1 . . . . .
Fig. 4.1c shows a generic sewer cost function with increasing
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average per capita costs for higher CRs as a result of heteroge-
neous settlement structures, and correspondingly higher costs
for connecting more distant settlements.® The sensitivity indi-
cation reflects differences in the cost curve depending on the
catchment context factors outlined above. Whereas cost curves
can be derived from the detailed cost data of existing networks,
model-based approaches allow us to overcome the lack of data
or the influence of legacy infrastructures and to systematically
assess sewer costs across different catchments.

Decentralised treatment (Cgigtmem, Flg Lb) the costs of on-
site treatment are largely independent of spec1ﬁc CRs, and the
generic cost function is thus constant (Fig. -4 Lb) However, the
installation costs may differ depending on local conditions (e.g.
rural or urban setting) and on the system type (Singh et al. 2015).
We also find economies of scale for on-site treatment, i.e. per
capita costs are typically lower for a 20-person system than a
4-person one. The level of the cost curve can consequently differ,
which we represent by the respective shaded area. We assume
that the housing structure does not change for different CR, so

that the cost curve remains constant over the entire CR range.

Decentralised transportation (Cfref1 port Flg 1'd) in the case of
on-site WMS, well-functioning operation and maintenance (O&M)
schemes are necessary to achieve full functionality. Road-based
transportation needs result from professionals having to access
the plants as well as from residual evacuation. For operating and
managing on-site WMS, we find economies of density (Eggimann
et al. 2016), i.e. cost savings due to the numbers and spatial prox-
imity of on-site WMS. However, this effect is limited to a rather
small range of treatment plant densities. A generic cost func-
tion describing all transport-related costs is given in Fig. 4.1d,
where the range of different cost functions is due to different
O&M concepts.

Total costs: the total cost curve of centralised WMS is
shown in Fig. 4.le with its characteristic ‘u-shaped’ form
(Adams et al. 1972). The total cost curve of on-site WMS re-
sults in a ‘hockey-stick’ shape as seen in Fig. 4.1f (Eggimann

3 For the idealistic cost curve representation in ig. 4.T'c we assume that the dimension
of the CRis ordered in a way that enables a monotonic presentation of the sewer cost
curve, i.e. the x-axis proceeds from houses that are near the WWTP to those more dis-
tant from it. At the same time, we assume that the settlement density is highest around
the WWTP and decreases over distance.
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Figure 4.2: Calculated OCR, costs and distribution of central and on-site WMS from an ex-
emplary cost curve configuration. A CResent of 95% is shown. With help of the
bar charts, the costs of the three total cost curves are visualised for all three CR. The
numbers on the bar charts show the percentages of the population serviced with
centralised or decentralised systems respectively for each CR

et al. 2016). The resulting total average regional costs
(C:jtgi"“) for hybrid WMS can now be derived from the total costs
of both centralised and decentralised WMS (Eq. 4.2).

4.2.1.3 Optimal connection rate

The total regional cost curve and the respective centralised and on-site
total cost curves exhibit some notable characteristics (Fig. 4.1g, Fig. 4.2).
Firstly, we argue that the basic shapes of these curves are quite generical-
ly valid: both the ‘u-form’ shape of the centralised system and the ‘hockey
stick’ of on-site systems have been identified in earlier literature (Adams
et al. 1972, Eggimann et al. 2016). Secondly, by ignoring the trivial cases
where one curve dominates the other, we expect two intersection points be-
tween these curves to exist almost independently of the specific cost charac-
teristics. Thirdly, there will be a minimum on the regional total cost curve.

These points may be interpreted as different candidates for potential
OCRs. The difference between these OCRs and the CR can be inter-
preted as the regional cost improvement potential of WMS. The two rel-
evant OCRs can be characterised as follows:

* The OCR_,, is defined by the minimum on the regional total cost
curve where the average aggregated costs for the entire region are
minimal. However, the specific costs of the different systems are
not equal at this point, in view of higher costs for on-site treatment.

Chapter 4 | Material and methods



e The lower intersection point OCR,atcost marks the CR where the
specific costs of the two WMS options are equal. This point would
be reached spontaneously if all households could opt for the cheap-
est system in their specific location.* The sanitation costs for each

household are the same, irrespectively of the system choice.

4.2.2 Case study application

n this section, we apply the framework outlined here to an empirical
I case-study region in order to test whether and how the different OCR
can be identified. We aim to derive general cost patterns in the form of a
configuration typology from the various case-study catchments.

4.2.2.1 Canton of Glarus

We select the Canton of Glarus, a region with a population of ~40,000
in the north-east of Switzerland and covering an area of 685 km? (Fig.
#4.3). We chose Glarus because it is a diverse region in terms of to-
pography and settlement distribution which provides diverse contexts
with respect to cost-curve configurations. This can be seen in the fact
that we already find different CRs there (F1g_43.) The region under-
went an organisational reform in 2011 - the ‘Glarner Gemeindereform’

* The higher-level intersection would fulfill the criterion of equal costs equally well, but
it represents a substantially higher level of total regional costs, so we do not elaborate
further on its significance.

~~E
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Figure 4.3: Case study area showing the present and former community boundaries as well
as different WWTP catchments. White areas belong to external catchment areas
or are not part of the Canton of ‘Glarus:
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- where 25 communities were merged into three. We will consequent-
ly calculate cost curves for both sets of communities, before and after
the merger.

In Switzerland, waste water catchments are not organised purely
along administrative borders but depend on topographic settings. That
is why we currently find three different waste water catchments, indi-
cated with red borders in Fig. 4.3. In this paper, we only focus on the
largest WWTP catchment, which we henceforth call the ‘case-study
catchment’.

4.2.2.2 Aggregation of urban structural units

For regional or medium-scale analysis, data aggregation is generally re-
quired to reduce computational complexity (Haggag and Ayad 2002). To
run the heuristic sewer generation algorithm efficiently (Section 4.2.2.3),
we choose an aggregation technique based on urban structural units (USU),
as sanitation planning is closely linked to urban patterns (Spirandelli 2015,
Bach et al. 2015). USU are defined as ‘areas with a physignomically homo-
geneous character, which are marked in the built-up area by a characteris-
tic formation of buildings and open spaces’ (Wickop 1998). With the emer-
gence of geographical information systems, USU are increasingly used in
different contexts (inter alia Osmond 2010, Wang et al. 2013, Behling et
al. 2015), but have so far been rarely applied to the field of sanitation (for
exceptions, see Schiller 2010, Eggimann 2013). Different approaches have
been developed to classify the physiognomies of urban building which can
be used to define USU (Steiniger et al. 2008, Meinel and Burgdorf 2008,
Liischer et al. 2009). To derive USU, we choose an approach based on the
spatial intersection of linear urban features (street and railway networks)
within the settlement area. This intersection is followed by a post-process-
ing step in which USU containing no buildings are removed and small-
er USU (<0.5 km?) are merged with neighbouring ones. To estimate the
population per USU, we disaggregate the community population data

[ Settlementarea [ Post-processing area E Building ~\— Streetnetwork * USU centroid - Projection

Figure 4.4: Schematic representation of USU generation.
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according to a volumetric estimation by Lwin and Murayama (2009). The
population data of the USU centroids is in a last step projected to the clos-
est point on the street network (see Fig. -4 4)

4.2.2.3 Key cost components

For the cost calculation of the case study, we convert all local curren-
cies to US$ using purchase power parities for the year 2014 (World Bank,
2015). All levelised costs are given in annuities (A) calculated from the
net present value (NPV):

A= vaqiql) (4.3)

where q is the discount rate + 1 and n the number of years over which
the infrastructure is depreciated (Crundwell 2008). We adjust on-site treat-
ment costs to the year 2014 using conversion factors for the U.S. price
index (U.S. Census Bureau 2015). We derive the various cost elements as
follows (cf. Section 4.2.1.2):

Central treatment: we use typical Swiss replacement costs to estimate
the large-scale WWTP costs (Fig. 4.5). As centralised costs are very unre-
liable for small treatment plants, we use on-site treatment costs for plants
smaller than 20 population equivalents (PE).

Central transportation: in order to estimate the costs of the sewer net-
work along the whole CR spectrum, we adapt and apply a heuristic sewer
network generation algorithm developed by Eggimann et al. (2015) which
is based on sewer-design principles from the real world. The adapted al-
gorithm allows us to iteratively simulate a sewer network starting from
a single connected household up to full catchment connection to a single
WWTP. For in-depth explanations of the applied algorithm and the ter-
minology used as outlined below, we refer to Eggimann et al. (2015).
Compared to the original algorithm, we make three adaptations:

400 y =410.05x°%%
R?=0.519

Annuities
[$ per capita per year]
S
o

8 oo et e —

0 20,000 40,000 60,000 80,000 100,000
Population equivalent

Figure 4.5: Swiss capital and O&M expenditures for centralised treatment (VSA 2011), assum-
ing an average lifespan of 30 years and a discount rate of 2%
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We do not consider semi-decentralised solutions but iteratively simu-
late an interconnected network. So there is no need to execute the merg-
ing module, as only a single WWTP exists at each iterative step. We there-
fore always force a sewer connection in each iteration, and thus reduce
the system design module to two options.

Due to this conceptual change, the introduction of further distance
weighting factors of the Prim-based expansion module yields visually more
realistic sewer networks. At each iteration step, we check whether there
is a local elevation or depression (‘hill’ or ‘valley’) <25m between two
nodes under consideration. If so, we multiply this distance by a weight-
ing factor d  (d, = 30). Moreover, we always weight nodes which are
topographically lower by d A (d = 10), as pumping is necessary and is to
be avoided.> The only exception is where the nodes under consideration
form edges leading to the WWTP. This is because the network position
of the WWTP can be switched with the considered node so that pumping
can also be avoided.

We remove the a* algorithm in the case of missing connections to street
networks to reduce the computational burden, and use straight-line dis-
tance approximations instead.

Decentralised treatment: it is challenging to determine the average on-
site treatment costs because a wide variety of possible system alterna-
tives exist (Maurer et al. 2012). But even more importantly, the function-
al equivalence of on-site WMS is hard to operationalise. We therefore opt
for a fail-safe option and include disinfection costs derived from systems
based on sodium hypochlorite and UV radiation (WERF 2010). We addi-
tionally assume that further costs arise due to the need to dispose of ef-
fluent on-site, ignoring possible synergies with storm-water management
systems. We estimate the average non-spatially dependent costs of on-site
WMS on the basis of a selection of international cost literature consider-
ing the costs of materials, planning and installation, sludge treatment and
electricity (Fletcher et al. 2007, WERF 2010, JECES 2015). The assessed
treatment systems are either of class C according to DIBt (2014), or where
the provision of nitrification or denitrification was not specified we classi-
fy the systems with a range as class C-D.°

> The choice of these distance weighting factors is arbitrary and based only on visual qual-
ity inspection. We consider this a valid approximation given the intention and scope of
this paper and the low sensitivity of this parameter.

© Nutrient recovery is especially promising for on-site WMS and affects the overall eco-
nomic performance. However, we do not include this analysis in view of the scope of
this paper.
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Figure 4.6: Average treatment cost data for on-site WMS.
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Figure 4.7: Calculated relationship between the CR and the treatment plant density for the
whole case study region as a basis for estimating local transportation-related costs.

Fig. 4.6 shows the total cost function, including the costs of a drip dis-
posal system and for a UV disinfection unit (WERF 2010) which fall in line
with other cost estimations for Switzerland (cf. Abegglen 2008).

Decentralised transportation: To derive transportation-related costs for
on-site WMS, we use model-based cost data from Eggimann et al. 2016,
who provide a cost-density relationship (treatment plants per km?) at re-
gional level for a Swiss case study. The authors model a cost-density re-
lationship in a two-dimensional geometrical space by means of a heuris-
tic routing algorithm. To estimate the transportation costs in relation to

Table 4.1:  Overview of cost scenario assumptions for all key cost elements. Standard scenar-
io values are given in bold.

o ment Assume idle capacity 0, 50, 100
cen D'ifferent minimum sewer slope (f_ ) for run- % 01.1,15
transport ning the sewer network generation algorithm

f,:tmem Assumed on-site WMS dimension PE 5,10, 15
dec Systematic cost variatio % -20, 0, +20

transport
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the treatment plant density on a local scale, we derive the relationship
between the CR and the on-site WMS density over all CRs for the whole
case-study region (Fig. 4.7).

4.2.2.4 Sensitivity analysis

To evaluate the model sensitivity, we calculate three different cost
functions for each key cost element by systematically varying the under-
lying assumptions (Table 4.1)). A systematic combination of all resulting
cost functions yields 81 different scenarios. With this approach, we aim
to produce diversity in order to indicate sensitivity rather than statistical
representativeness.

‘% ¥ Results

4.3.1 Cost curve configurations
ppendix A gives all standard parameter calculations of the former
communities of Glarus. Fig. 4.8 shows the results over all cost sce-
narios with respect to the different OCR. We find very diverse OCR at the
former communal level with broad sensitivity ranges resulting from the cost
scenarios. For today’s more dispersed southern community ‘Siid’, we find
lower OCRs than for the more urbanised communities of ‘Nord’ or ‘Glarus’.

100 A
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Figure 4.8: Visualisation of the cost scenario calculations for all former (black) and current
merged communities of the case study region ‘Glarus’ (coloured), including the
case study catchment. The scenario sensitivity is indicated by error bars represent-
ing one standard deviation.
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Figure 4.9: Thick lines show standard parameter calculations, shaded areas indicate scenar-
io uncertainties (maximum extent over all 81 scenarios).

The detailed cost curve configuration of the case study catchment in
Glarus is given in Fig. 4.9. We notice that the OCR_ . _and the OCR

L2 . gion equalcost

are at very low CR of around 0.2 and 0.4 respectively. However, the total

regional cost curve is more or less horizontal until a CR of around 0.6 -

0.7. The standard parameter calculation is thus very sensitive to small

changes of any single cost component.

4.3.2 Typology
e can identify basic cost-shape behaviours on the basis of the con-
figurations of all the communities. This enables us to build a typol-

ogy that distinguishes between three major configurations (see Fig. 4.10
for typical examples):

e Type A: This cost curve configuration type has no OCR, 1050 a0
centralised WMS costs are typically lower for all CR. The OCR
is typically very high.

* Type B: For this type, we do not find a distinct OCR_,,,..,. because
the intersection point is highly sensitive to cost-curve changes due
to a more or less horizontal total regional cost curve (we may find
multiple cost curve intersections). The OCR ,  is typically in the
middle CR range. On-site WMS costs only become noticeably ex-

pensive at very high CR.
* Type C: For this type, we find distinctive OCR and OCR

; X . equalco§t ] . region
with clear cost differences. Typically, we observe a distinctive expo-
nential increase of the centralised costs at relatively low CR, lead-

ing to low OCRs.
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Figure 4.10: Cost curve configuration typology with examples. For each example type, standard
parameter runs (thick line) and scenario uncertainties are provided (cf. Figure :fl._gl).

‘W:d Discussion

e now reflect critically on the case study application and our frame-

work in general. We then elaborate the institutional conditions under
which the different OCRs could be realised. Finally, we identify potential
research needs.

4.4.1 Case study application and OCR typology

T he case study application confirms that we can indeed identify the
conceptually outlined OCRs on a real example. We find very differ-

ent OCR . and OCR_ . for the former and merged communities de-

pending on the local geography, ranging from very low to very high CR.

For example, we note that the WWTP catchment along the new commu-

nity ‘Stid’ is unsuitable for a large centralised WMS. We see that the OCR
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depends on the chosen scale and catchment boundary, which is to be ex-
pected, as the topographic characteristics also depend on the chosen system
boundaries. Specific characteristics of the various catchments enabled us
to derive a typology of cost curves. However, the boundaries of this typol-
ogy are fuzzy, so it only represents a broad classification.

An important finding for our case study catchment is that both the cal-
culated OCRs are lower than the CR, eqene We argue that this is because
these sewers were not constructed primarily from a cost optimisation point
of view and the regulators have often introduced a mandatory connection
rule in order to force a higher number of households to connect to the
sewers than a direct cost comparison would suggest. The reason for these
regulations often lie in the argument that centralised systems are easier
to control than a myriad of on-site WMS, or that the latter cannot cope in
terms of treatment performance criteria (inter alia Moelants et al. 2008,
Buchanan 2014). However, for this paper we assume that neither of these
arguments will be valid if on-site WMS are properly designed and if ap-
propriate business models are installed to run them. We thus presume that
the role of institutions responsible for applying the mandatory connection
rule or investment subsidies for centralised WMS explain why CR, is

resent

much higher than OCR or OCR in countries like Switzerland (cf.

equalcost region

Eggimann et al. 2015).

High uncertainties result from the various cost scenarios. This is large-
ly due to the cost curve configurations: for many communities (including
the case study catchment estimated here), the total regional cost curve
is rather flat and the cost values of OCR _,  and OCR__,., are thus very
close. Consequently, only minor cost differences would lead to very dif-
ferent intersection points on the cost curve. This suggests that a focus on
OCR, 1005 Might be a viable option if OCR _,  is hard to implement.

Finally, territorial reforms are a challenge in water governance (OECD
2015b). The organisational centralisation in Glarus is in line with the gen-
eral tendency to centralisation throughout Switzerland. We argue that this
creates an opportunity to reach lower-cost CR because larger organisa-
tions are likely to develop higher professional competencies to run both
centralised and on-site WMS (Maurer et al. 2012b). This is especially in-
teresting in the case of on-site treatment, where larger contracts result in
more standardised and professional operation and management.

4.4.2 Theinstitutional and organisational setting of OCR

n order to decide which of the two candidate OCRs is more likely to be
I implemented, we have to take a closer look at the incentive structures
and regulatory arrangements in the specific regions:
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i.) To reach the OCRregion, a central decision maker would have to
determine the total regional cost curve and identify the lowest
cost point. In most empirical cases, this will coincide with the
lowest cost point of the total centralised cost curve. It would
therefore be sufficient to require central operators to connect
new households as long as their total average cost curve de-
creases.” Beyond that point, households would have to seek ser-
vices from companies that offer on-site alternatives. As a con-
sequence, users connected to the centralised WMS would have
lower costs than those serviced by on-site WMS. The rationale
for this arrangement is that the total amount of money spent in
the region would then be lowest. However, this solution would
imply that users connected to the centralised WMS would pay
substantially lower tariffs for their WMS services than those that
have to rely on on-site solutions.® Such price differences could
lead to political protests. This problem could be circumvented
if the provision of WMS services for the whole region was dele-
gated to a monopoly provider who would be obliged to charge
households equal tariffs while minimizing the overall costs in
the region. One way to implement such a solution would be
for a public utility to build up equal professional competence
in both centralised and decentralised WMS and be subject-
ed to tight price regulation. Alternatively, the OCR ,  could
be reached by a private monopoly operator who bids for a
long-term service contract through a public call for tenders
(Demsetz 1968).

ii.) However, it may not be feasible to reach the OCRPegion under
specific conditions: there may be strong political preferences in
the region for individual households to choose their service pro-
vider freely, and monopoly providers (public or private) may
meet with resistance. Moreover, it may prove difficult to build
up professional competencies in both centralised and decentral-
ised WMS within a single organisation. In these situations, the
OCR, 1005 Mgt be a second-best option, as the costs would be
the same for all households while various organisations could
compete to supply them. The OCR, ., could be reached if a

public or private organisation running the centralised system
were required to offer its services at average cost and would be

7 Following this logic, the central operator may not maximise his profit and consequent-
ly needs to be regulated, as he would otherwise connect too many households (the
profit maximum lies somewhere between both OCR).

& In order not to complicate matters, we assume that utilities would be able to charge
tariffs on a cost-plus basis.
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prohibited from turning down customers. Households would be
free to choose either to connect to a sewer or to accept servic-
es from one of the potentially many suppliers of on-site WMS.
In this case, the centralised system would expand to the point
where the average cost curves of the two systems intersect, i.e.
the OCR_ 105

We can deduce from the general cost-curve characteristics of our case
study that the following relationship holds for countries with very high

sresentt OCRegion < OCR o < CRgenee The first inequality is given by
the shape of the cost curves and is generic. The second is very likely to
hold in countries which have installed regulations such as mandatory con-
nection rules. Otherwise, competition would likely lead to market shares
that are close to or at around the OCR__ ...

We may summarise our framework for calculating the total region-
al cost for hybrid WMS systems as follows: the shape of the type C cost
curve indicates two potential OCR that would be superior to the present
CR. However, which of these OCR is actually reached depends on the role
specification of households, the central system operator, the on-site suppli-
ers and the regulator. Getting away from current mixing ratios will there-
fore depend on comprehensive reforms (including organisations and reg-
ulations) and cannot be considered purely as a matter of cost.

4.4.3 Critical reflection and research needs

he full cost assessment for regional WMS represents at least a first
T step towards determining more sustainable WMS services. However,
it is not enough merely to assess the costs.

Most cost assumptions relating to the costs of on-site treatment were
chosen on the conservative side in this paper (including for disinfection
and on-site infiltration). However, these may be subject to considerable
changes in the future, for instance if economies of scale could be reaped
in manufacturing (Adler 2007, Dahlgren et al. 2013). On the other hand,
assumptions about effluent disposal would require a more sophisticated
analysis including storm water evacuation. As far as transportation costs
are concerned, lacking economies of scale and the challenges involved in
establishing fully functional O&M schemes are usually considered as the
key disadvantages of on-site WMS (cf. Eggimann et al. 2016). However,
off-grid infrastructure systems also possess specific advantages, although
these are hard to express in monetary terms: the independence from a sewer
network increases the flexibility to respond to socio-economic or techno-
logical boundary conditions (Panebianco and Pahl-Wostl 2006, Hug et al.
2010). It also reduces interdependence-related disruptions (Rinaldi et al.
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2001) and lessens the potential environmental impact in case of failure of
a single plant, whether due to malfunctions, earthquakes (Hamada 2014)
or terrorism (Panebianco and Pahl-Wostl 2006). Centralised and on-site
WMS thus offer unique strengths and weaknesses which are often intangible
and difficult express in to monetary terms (cf. Gikas and Tchnobanoglous
2009, Libralato et al. 2012, Larsen et al. 2013, Vousvouras 2013). However,
the quantification of non-monetary advantages or disadvantages goes far
beyond this study as it would require a research approach of much greater
scope (cf. Morera et al. 2015, Arora et al. 2015, Naik and Stenstrom 2016).

With the aid of the framework presented here, we can address the ques-
tion of the degree to which on-site WMS can be considered as substitutes
from an economical point of view. However, we refer to the literature
(inter alia Larsen et al. 2013, Libralato et al. 2012) concerning the key as-
sumption as to whether on-site WMS can be considered as functionally
equivalent from a technological point of view.

In this study, we assume stable context conditions even though many
exogenous factors affect infrastructure planning, such as changing public
goals or environmental concerns (Hansman et al. 2006). Furthermore,
WMS are exposed to different long-term dynamics (e.g. population, role
of industry, water consumption trends), making it very challenging to
plan optimal systems (Dominguez and Gujer 2006). However, this study
provides valuable insights into changing population and settlement dy-
namics related to sanitation costs: we showed that different catchments
result in diverse characteristic cost configurations, which gives an indica-
tion of what cost configurations may look like and evolve for future pro-
jected catchments. For instance, let us assume an anticipated increase in
settlement area together with sprawling tendencies of the settlement dis-
tribution for an urban catchment classified as type A. For such a case, we
might expect a cost configuration shift from type A towards type C. On
the other hand, for catchments classified as type A, urban infill or settle-
ment shrinking in rural areas (Siedentop and Fina 2010) shifts the cost
curve from type A towards type C. A final assumption of the framework
outlined here is that the basic choice for households in a particular region
is either between a fully centralised or a small-scale on-site WMS. We be-
lieve that in reality the choice is indeed often limited to these basic two
options, namely either to connect to a large centralised WWTP or to select
small-scale package treatment plants.

143  Chapter 4 | Discussion



Conclusion

n this paper, we have prepared the way towards achieving a cost-based
I identification of lowest cost connection rates (CR) in a given region. We
thus contribute to the broader debate about sustainable CR with a cost
analysis over the whole CR continuum. In particular, we identify a poten-
tially optimal CR (OCRregion) from a total regional cost point of view, and
a second-best CR (OCR ) which may be easier to implement under

equalcost

specific institutional and organisational conditions.
The framework presented here suggests that the OCR_,  may be achieved
if the operator of the centralised WMS is required to expand his service as
long as his average costs decrease. Alternatively, the OCR,;ion is reached
if a single operator runs both WMS alternatives and tariffs are regulated
either explicitly or through a call for tenders relating to service contracts.
The second-best OCR,tcost could be reached if individual households can
choose freely between central and on-site WMS. A potentially intermedi-
ary form would be for households beyond the OCR_; to be charged tar-
iffs proportional to the costs for a sewer connection on the basis of actual
household connection costs, thus increasing their incentive to choose on-
site WMS. In our case study, we find relatively small cost differences be-
tween the two OCR, which suggests that opting directly for the OCR,1cost
is an advisable option. We argue that neither OCR can be reached without
regulating the centralised WMS and introducing adequate policy measures.

We optimise CR by building on long-term average costs, thus assuming
that the context conditions remain static in the long run. In further elab-
orations of the framework, it would make sense to include dynamic con-
siderations (e.g. changing settlement patterns or population dynamics).

Finally, we believe that a holistic consideration is needed in view of the
complexity of the question of cost-efficient CR for sustainable urban water
management. We conclude that this discussion cannot be separated from
analyses of the respective organisational, institutional and regulatory ar-
rangements in a region and argue for a co-evolution of technological ad-
vances in on-site WMS with the prevailing institutional and organisation-
al arrangements.
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‘%Y References

Abd El Gawad, H., Butter, J., 1995. Clus- Adams, B.J., Dajani, J.S., Gemmell, R.S.,

tering of towns and villages for central- 1972. On the centralization of wastewa-
ized wastewater treatment. Water Sci- ter treatment facilities. Water Resources
ence and Technology, 32(11), 85-95. Bulletin, 8(4), 669-678.

Abegglen, C.K., 2008. Membrane bioreac- Adler, C., 2007. Market potential of a mem-
tor technology for decentralized waste- brane based wastewater treatment plant for
water treatment and reuse. Dissertation, decentralised application in China. Master
ETH Zirich, Switzerland. Thesis. Eawag, Diibendorf, Switzerland.

145 Chapter 4 | References



1,000 —— 1,000 1,000 -
Mitlodi Sool Engi
o 800 800 800
o
g 600 600 600
@
£
w400 400 400
?
3 | .
200  — 200 200 O
0
20 60 80 100 0 20 40 60 80 100
1,000 —
Elm Rt
o 800
o
g 600
@
£
* 400
2
° P 2004 — =
0 0 0
0 20 40 60 80 100 0 20 60 80 100 0 20 40 60 80 100
1,000 1,000 1,000
Braunwald Linthal Betschwanden
iy 800
o
g 600
@
£
n 400
g N
o
o 200 =T
0 0 0
0 02 40 60 80 100 0 20 60 80 100 0 20 40 60 80 100
1,000 Riedern Connection rate [%] Connection rate [%]
o 800
o
g 600
2 Total cost
‘» 400 .
2 —— decentralised
3 | o .
© 200 —— centralised
0 = regional
0 02 40 60 80 100 ¢ OCR

region

Connection rate [%]

Figure A.4.1: (continued).

Arora, M., Malano, H., Davidson, B., Nelson,
R., Geroge, B., 2015. Interactions be-
tween centralized and decentralized
water systems in urban context: A
review. WIREs Water 2015(2), 623-634.

Arthur, W.B., 1989. Competing technolo-
gies, increasing returns, and lock-in by
historical events. The Economic Journal,
99(394) 116-131.

Bach, P.M., Staalesen, S., McCarthy, D.T., De-
letic, A., 2015. Revisiting land use classi-
fication and spatial aggregation for mod-
elling integrated urban water systems.
Landscape and Urban Planning, 143, 43-55.

Behling, R., Bochow, M., Foerster, S., Roess-
ner, S., Kaufmann, H., 2015. Automat-
ed GIS-based derivation of urban eco-
logical indicators using hyperspectral
remote sensing and height information.
Ecological Indicators, 48, 218-234.

Buchanan, J.R., 2014. Decentralized
wastewater treatment. Book chapter,
volume three, ‘Remediation of Pollut-
ed Water’, in the Series ‘Comprehensive
Water Quality and Purification. Elsevi-
er, Oxford, UK.

Crundwell, F.K., 2008. Finance for engi-
neers. Springer, London, UK.

146



147

Dahlgren, E., Go¢men, C., Lackner, K., Vvan
Ryzin, G., 2013. Small modular infra-
structure. The Engineering Economist,
58(4), 231-264.

Daigger, G.T., 2007. Wastewater Manage-
ment in the 21st Century. Journal of envi-
ronmental engineering, 133(7), 671-680.

Demsetz, H., 1968. Why Regulate Utilities?
Journal of Law and Economics, 11(1), 55-65.

DIBt, 2014. Approval guidelines for small
wastewater treatment plants (Zulas-
sungsgrundsitze Kleinkldranlagen).
Berlin, Germany.

Dominguez, D., Gujer, W., 2006. Evolution
of a wastewater treatment plant chal-
lenges traditional design concepts. Water
Research, 40(7), 1389-1396.

Dominguez, D., 2008. Handling future un-
certainty: Strategic planning for the in-
frastructure sector. Dissertation, ETH
Ziirich, Switzerland.

Downing, P.B., 1969. The economics of
urban sewage disposal. Praeger, New
York, NY, USA.

Eggimann, S., 2013. Potential for a sustaina-
bility transition of decentralised wastewa-
ter systems for Switzerland on the level of
urban structural units (Potenzial fiir eine
Nachhaltigkeits-Transition dezentraler
Abwassersysteme auf Strukturtypebene
in der Schweiz). Master Thesis, Univer-
sity of Ziirich, Switzerland (in German).

Eggimann, S., Truffer, B., Maurer, M., 2015.
To connect or not to connect? Modelling
the optimal degree of centralisation for
wastewater infrastructures. Water Re-
search, 84, 218-231.

Eggimann, S., Truffer, B., Maurer, M., 2016.
Economies of density for on-site waste

water treatment. Water Research, 101,
476-489.

Chapter 4 | References

Eetnier, C., Nelson, V., Pinkham, R., 2000.
Economics of decentralised wastewater
treatment systems: Direct and indirect
costs and benefits. In: National research
needs conference proceedings: Risk-based de-
cision making for onsite wastewater treat-
ment. St. Louis, MO, USA.

Fane, A.G., Fane, S.A., 2005. The role
of membrane technology in sustaina-
ble decentralized wastewater systems.
Water Science and Technology, 51(10),
317-325.

Fletcher, H., Mackley, T., Judd, S., 2007. The
cost of a package plant membrane bioreac-
tor. Water Research, 41(12), 2627-2635.

Fuenfschilling, L., Truffer, B., 2014. The
structuration of socio-technical re-
gimes—Conceptual foundations from
institutional theory. Research Policy,
43(4), 772-791.

Gikas, P., Tchobanoglous, G., 2009. The
role of satellite and decentralized strat-
egies in water resources management.
Journal of Environmental Management,

90(1), 144-152.

Guo, T., Englehardt, J.D., 2015. Principles
for scaling of distributed direct potable
water reuse systems: A modeling study.
Water Research, 75, 146-163.

Haggag, ML.A, Ayad, H.M., 2002. The urban
structural units method: a basis for eval-
uating environmental prospects for sus-
tainable development. Urban Design In-
ternational, 7(2), 97-108.

Hamada, M. (eds), 2014. Critical urban in-
fratructure handbook. CRC Press, Boca
Raton, FL, USA.

Hamilton, B.A., Pinkham, R.D., Hurley, E.,
Watkins, K., Lovins, A.B., Magliaro, J.,
Etnier, C., Nelson, V., 2004. Valuing de-
centralised wastewater technologies: A
catalog of benefits costs and economic



analysis techniques. Rocky Mountain
Institute, Snowmass, CO, USA.

Hansman, R.J., Magee, C., Neufville, R.
DE., Robins, R., Roos, D., 2006. Re-
search agenda for an integrated ap-
proach to infrastructure planning,
design and management. Internation-
al Journal of Critical Infrastructures,
2(2/3), 146-159.

Hug, T., Dominguez, D., Maurer, M., 2010. The
cost of uncertainty and the value of flexibil-
ity in water and wastewater infrastructure
planning. Proceedings of the Water Envi-
ronment Federation, Cities of the Future/
Urban River Restoration, 487-500.

Jeces, 2015. Personal communication
with Satoru Takahashi, Japan Educa-
tion Center of Environmental Sanita-
tion, 22 October 2015.

Kaundinya, D.P., Balachandra, P., Ravin-
dranath, N.H., 2009. Grid-connected
versus stand-alone energy systems for
decentralized power—A review of liter-
ature. Renewable and Sustainable Energy
Reviews, 13(8), 2041-2050.

Kiparsky, M., Ssedlak, D.L., Thompson, B.H.,
Truffer, B., 2013. The innovation deficit
in urban water: The need for an integrat-
ed perspective on institutions, organisa-
tions, and technology. Environmental En-
gineering Science, 30(8), 395-408.

Knops, H., 2008. The impact of techni-
cal characteristics of network indus-
tries upon the governance of infra-
structure adequacy. In: Arts, G., Dicke,
W., Hancher, L. (eds). New perspec-
tives on investment in infrastructures.
Amsterdam University Press, Amster-
dam, The Netherlands.

Larsen, T.A., Udert, K.M., Lienert, J. (eds),
2013. Source separation and decentrali-
zation for wastewater management. IWA
Publishing, London, UK.

Lee, E.J., Criddle, C.S., Bobel, P., Freyberg,
D.1.., 2013. Assessing the scale of resource
recovery for centralized and satellite waste-
water treatment. Environmental Science and
Technology, 47(19), 10762-10770.

Libralato, G., Ghirardini, A.V., Avezzu, F.,
2012. To centralise or to decentralise:
An overview of the most recent trends
in wastewater treatment management.
Journal of Environmental Management,
94(1), 61-68.

Llieberherr, E., Truffer, B., 2015. The
impact of privatization on sustainabil-
ity transitions: A comparative analysis
of dynamic capabilities in three water
utilities. Environmental Innovation and
Societal Transitions, 15, 101-122.

Llieberherr, E., Fuenfschilling, L., 2016. Ne-
oliberalism and sustainable urban water
sectors: A critical reflection of sector
characteristics and empirical evidence.
Environment and Planning C: Govern-
ment and Policy, 1-16.

Liischer, P., Weibel, R., Burghardt, D., 2009.
Integrating ontological modelling and
Bayesian inference for pattern classifi-
cation in topographic vector data. Com-
puters, Environment and Urban Systems,
33, 363-374.

Lwin, K., Murayama, Y., 2009. A GIS ap-
proach to estimation of building popu-
lation for micro-spatial analysis. Trans-
actions in GIS, 13(4), 401-414.

Marlow, D.R., Moglia, M., Cook, S., Beale,
D.J., 2013. Towards sustainable urban
water management: A critical reassess-
ment. Water Research, 47(20), 7150-61.

Maurer, M., Rothenberger, D., Larsen, T.A.,
2006. Decentralised wastewater treat-
ment technologies from a national per-
spective: at what cost are they compet-
itive? Water Science and Technology:
Water Supply, 15(6), 145-154.

148



149 Chapter 4 |

Maurer, M., Wolfram, M., Herlyn, A., 2010.
Factors affecting economies of scale in

combined sewer systems. Water Science
and Technology, 62(1), 36-41.

Maurer, M., Bufardi, A., Tilley, E., Zur-
briigg, C., Truffer, B., 2012. A com-
patibility-based procedure designed to
generate potential sanitation system
alternatives. Journal of Environmental
Management, 104, 51-61.

Maurer, M., Chawla, F., Horn, J., Stauffer, P.,
2012B. Water Sanitation 2025 (Abwas-
serentsorgung 2025 in der Schweiz).
Schriftreihe der eawag, Diibendorf,
Switzerland (in German).

Meinel, G., Burgdorf, M., 2008. Automatic
derivation of urban land use pattern and
integration in a Geographical Information
System. Forschungen, Bundesministeri-
um fiir Verkehr, Bau und Stadtentwick-
lung, Bundesamt fiir Bauwesen und Rau-
mordnung, Bonn, Germany (in German).

Moelants, N., Janssen, G., Smets, I., Van
Impe, J., 2008. Field performance as-
sessment of onsite individual wastewa-
ter treatment systems. Water Science and
Technology, 58(1), 1-6.

Morera, S., Comas, J., Poch, M., Coromi-
nas, L., 2015. Connection of neigh-
boring wastewater treatment plants:
economic and environmental assess-
ment. Journal of Cleaner Production,
90, 34-42.

Naik, K.S., Stenstrom, M.K., 2016. A feasi-
bility analysis methodology for decen-
tralized wastewater systems — Energy-ef-
ficiency and cost. Water environment
research, 88(3), 201-209.

Panebianco, S., Pahl-Wostl, C., 2006. Mod-
elling socio-technical transformations
in wastewater treatment—A methodo-
logical proposal. Technovation, 26(9),
1090-1100.

References

Poustie, M.S., Deletic, A., Brown, R.R.,
Wong, T., De Haan, J., Skinner, R.,
2014. Sustainable urban water futures
in developing countries: the centralised,
decentralised or hybrid dilemma. Urban
Water Journal, 1-16.

Rinaldi, S.M., Peerenboom, J.P., Kelly, T.K.,
2001. Identifying, understanding, and
analyzing critical infrastructure interde-
pendencies. IEEE Control Systems Mag-
agine, 21(6), 11-25.

Schiller, G., 2010. Cost evaluation of the ad-
aptation of wastewater treatment systems
under shrinkage (Kostenbewertung der An-
passung zentraler Abwasserentsorgungssys-
teme bei Bevolkerungsriickgang). IOR
Schriften, 51, Rhombos (in German).

Sedlak, D., 2014. Water 4.0: The past, pres-
ent, and future of the world’s most vital
resource. Yale University Press, New
Haven & London.

Shahabi, M.P., McHugh, A., Anda, M., Ho,
G., 2015. Comparative economic and en-
vironmental assessments of centralised
and decentralised seawater desalina-
tion options. Desalination, 376, 25-34.

Siedentop, S., Fina, S., 2010. Urban sprawl
beyond growth: the effect of demograph-
ic change on infrastructure costs. Flux
(n° 79-80), 90-100.

Singh, N.K., Kazmi, A.A., Starkl, M., 2015. A
review on full-scale decentralized waste-
water treatment systems: techno-eco-
nomical approach. Water Science and
Technology, 71(4), 468-478.

Spirandelli, D., 2015. Patterns of wastewater
infrastructure along a gradient of coastal
urbanization: A study of the Puget Sound
Region. Land, 4(4), 1090-1109.

Steiniger, S., Burghardt, D., Weibel, R.,
2008. An approach for the classification
of urban building structures based on



discriminant analysis techniques, Trans-
actions in GIS, 12(1), 31-59.

Tchobanoglous, G., Leverenz, H., 2013. The
rationale for decentralization of wastewa-
ter infrastructure. In: Larsen, T. A., Udert,
K. M., Lienert, J. (eds). Source separation
and decentralization for wastewater man-
agement. IWA Publishing, London, UK.

Townend, C.B., 1959. The economics of
the disposal of sewage and trade efflu-
ents. Bulletin of the World Health Organ-
ization, 20, 535-562.

Truffer, B., Stormer, E., Maurer, M., Ruef,
A., 2010. Local strategic planning pro-
cesses and sustainability transitions in
infrastructure sectors. Environmental
Policy and Governance, 20, 258-269.

UN, 2015, Environmental Indicators. Inland
Water Resources, Wastewater. Archived
by WebCite® http://www.webcitation.
org/6gQ6z23bk

U.S. Census Bureau, 2015. Construction
Price Indexes. Archived by WebCite®
http://www.webcitation.org/6d6sN7StR

OECD, 2010. Pricing water resources and
water and sanitation Services. OECD
Publishing, London, UK.

OECD, 2015. Environment at a Glance
2015: OECD Indicators. OECD Publish-
ing, Paris, France.

OECD, 2015B. Water and cities. Ensuring
sustainable futures. OECD Studies on
Water. OECD Publishing, Paris, France.

O’Flaherty, B., 2005. City economics. Har-
vard University Press, USA.

Osmond, P., 2010. The urban structural
unit: towards a descriptive framework

to support urban analysis and planning.
Urban Morphology, 14(1), 5-20.

Vousvouras, C.A., 2013. Large-scale, small-
scale, and hybrid water utilities in cities of
the developing world: The impact of scale
beyond “economies of scale”. Disserta-
tion, University of St. Gallen, Switzerland.

VSA, 2011. Costs and performances of
sewage disposal (Kosten und Leistun-
gen der Abwasserentsorgung). Verband
Schweizer Abwasser- und Gewdasser-
schutzfachleute, Glattbrugg, Switzer-
land (in German).

Wang, H.F., Qiu, J.X., Breuste, J., Fried-
man, R.C., Zhou, W.Q., Wang, X.K.,
2013. Variations of urban greenness
across urban structural units in Beijing,
China. Urban Forestry and Urban Green-
ing, 12(4), 554-561.

WEF, 2010. Global Risks 2010: A Global
Risk Network Report. A Global Risk Net-
work Report. Geneva, Switzerland.

WERF, 2010. Performance and cost of de-
centralised unit processes. Archived by
WebCite® http://www.webcitation.
org/6d6qEmdU6.

Wickhop, E., 1998. Environmental quali-
ty targets for urban structural units in
Leipzig with a view to sustainable urban
development. In: Breuste, J., Feldmann,
H., Uhlmann, O. (eds). Urban Ecology.
Springer, Berlin, Germany.

World Bank, 2015. PPP conversion factor. In-
ternational comparison program database.
Available at: http://data.worldbank.org/

Zvoleff, A., Kocaman, A.S., Huh, W.T.,
Modi, V., 2009. The impact of geog-
raphy on energy infrastructure costs.
Energy Policy, 37(10), 4066-4078.

150



151



152



153



6

‘Tlll[ll

Chapter 5

General discussion




155



I n this chapter, the most important limitations and potential research
needs are discussed (Section 5.1), followed by recommendations for
policy and practice based on the findings of this dissertation (Section 5.2).

m Limitations and research needs

he question of central or decentral wastewater treatment can be ad-

dressed with varying degrees of complexity and with very different
thematic foci. Given the broadness of the overarching research question, it
is inevitable that various aspects are neglected or simplified in this thesis.
A non-exhaustive selection of key research areas and shortcomings relat-
ed most closely to this thesis is provided in the following sections. These
shortcomings constitute recommended fruitful strands of further research
in these areas in order to refine our understanding and assessment of more
sustainable connection rates. The order of presentation does not reflect
any order of priority.

5.1.1 Integrated planning and multi-objective optimisation

lanning regional sanitation systems has long been formulated as a
P classic multi-objective optimisation problem (inter alia de Melo and
Camara 1994). Multi-objective approaches are necessary to determine the
ODC in an encompassing way as various criteria are relevant for planning
WMS (inter alia Ho 2005, Weber et al. 2007, Arora et al. 2015). Different
criteria can be used to assess and compare system adequacy: these may
be economic (e.g. total costs), environmental (e.g. effluent quality with
respect to micro-pollutants, dissolved oxygen, phosphorus or ammonia),
social (e.g. protectlon of public health) or technical (e.g. system reliability)
(see Table '5 1.) To find appropriate sanitation systems among the mani-
fold alternatives appropriate decision support methodologies must be de-
veloped to weight these different criteria, such as multi-criteria decision
analysis (inter alia Maurer et al. 2012, McConville et al. 2014, Poustie et al.
2014). The focus within this thesis was placed on economic assessments.
As regards the cost model, however, different degrees of complexity can
be applied when comparing centralised and decentralised WMS. From an
economic point of view, additional elements such as resource recovery,
wastewater recycling or reuse are increasingly expressed in monetary terms
and included in the (cost) analysis and optimisation with respect to scale
(inter alia Liang et al. 2010, Suriyachan et al. 2012, Naik and Stenstrom
2016, Cornejo et al. 2016). Clearly, an almost unlimited number of pos-
sible further cost elements could be considered (e.g. cost of traffic diver-
sion whilst renewing sewers etc.). However, to minimise the overall eco-
nomic costs is only one (however important) criterion among the many
required for successful wastewater infrastructures. Integrating more than
purely economic criteria with integrated modelling procedures is a highly
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Table 5.1:  Collection of possible categories and criteria which can be used for multi-objective
evaluations. The table is partly based on Zeferino et al. (2010), Bradley et al. (2002),
Scholten (2013), Ho (2005).

Economic Environmental Social Technical

Total cost Effluent quality Public health Reliability

Fixed cost Resource use Acceptance Flexibility/adaptability

Variable cost  Resource recovery/recycling Accessibility, equality Durability

Externalities Emissions Aesthetics Performance

Affordability ~ Transport requirement Risks Interdependence
Ground and surface Social inclusion Resource efficiency
water protection Intergenerational equity  Space requirement

relevant current research area (inter alia Bach et al. 2014): thus Morera et
al (2015) present a more integrated approach which combines econom-
ic and environmental aspects by considering minimum river flow criteria
when treatment plants are merged. Lienhoop et al. (2014) use cost-ben-
efit analyses and include non-monetary benefits (especially environmen-
tal criteria) in their case study overview, and Haghighi and Bakhshipour
(2015) take reliability criteria (e.g. clogging performance) into considera-
tion. To achieve more sustainable infrastructures in our society, more sys-
tematic attention should also be given to cross-sectoral approaches (Hall
et al. 2016), i.e. integrating different sectors such as energy, agriculture
or solid waste management (inter alia Starkl et al. 2012). A closely relat-
ed issue with respect to different sectors therefore relates to infrastructure
dependencies (inter alia Hall et al. 2016), because critical infrastructures
such as WMS, ‘are not isolated, but instead are tightly coupled, creating a
complex system of interconnected infrastructures. Dependencies between crit-
ical infrastructures can cause a failure to propagate from one critical infra-
structure to other critical infrastructures’ (Laugé et al. 2015). Such consid-
erations were completely left out of this thesis but would offer a fruitful
strand of research. Overall, however, there is still a lot of room for im-
provement and an ambitious integrated research agenda is needed which
combines technical, social, ecological, economic and institutional aspects
(Hansman et al. 2006). The close link between wastewater and water in
particular calls for an integrated perspective (Daigger 2007, Arora et al.
2015) and decentralised approaches need to be integrated into the urban
environment (Urich and Rauch 2014). However, one critical thought on
this matter may be allowed from a modeller’s perspective: the question of
choosing the right level of model complexity remains. The models present-
ed in this thesis involve some strong assumptions and limitations which
do, however, makes it easy to put the derived conclusions into context.
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These models and tools should not be seen as detailed engineering solu-
tions to be followed uncritically. More complex and integrated models
will certainly make the interpretation of their results more difficult and
there will be a stronger temptation to trust them blindly (cf. Cook 2016).

5.1.2 Including uncertainty and flexibility

esides the obvious single-objective optimisation, one of the most fun-

damental modelling limitations and shortcoming of this thesis is static
optimisation, even though the tools developed for this purpose can pro-
vide insight into possible transition pathways (cf. Section 2.4.4, Section
4.2.2.1 for more specific model limitations). No elaborate scenario analysis
is included in this thesis and new approaches need to capture the tempo-
ral and spatial dynamics of the urban environment more effectively (inter
alia Urich and Rauch 2014). More research is necessary to assess optimal
investment strategies and quantify the benefits of flexibility (inter alia Hug
et al. 2010). Robust strategies need to be found which consider not only
the optimal distribution of wastewater systems dimensioning on ‘green
field sites’ but include currently built infrastructures which cannot be ne-
glected in serious decision-making. This would allow improved mapping
of the transition towards new system configurations and allow dynamic
transformations to be better captured. The methods presented here only
allow for very crude mapping with the focus on screening for potential
niches. In accordance with Morera et al. (2015), it remains a challenge to
quantify the benefits of hybrid systems whilst considering the associated
risks, flexibility and uncertainty.

5.1.3 Storm water and effluent removal

he transition towards decentralised WMS and a modification of ex-
T isting centralised systems affects not only the remaining centralised
infrastructure (e.g. Sitzenfrei et al. 2013a) but also poses new challenges.
Thus in the case of the decentralised provision of drinking water, new solu-
tions need to be found for fighting fires (Global Water Intelligence 2016).
For decentralised wastewater treatment on a larger scale, the most impor-
tant and open questions are the disposal of the treated effluent and the
evacuation of storm water (inter alia Sedlak 2014, Manning et al. 2016).
The approaches developed in this thesis do not consider storm water and
effluent removal in depth and do not restrict the geographical placement
of treatment units with respect to effluent criteria. However, the receiving
water bodies and alternative ways of draining effluent would need to be
considered for situating facilities. Even in the case of economically com-
petitive treatments, decentralised systems cannot break free from drainage
or sewer networks unless the excess water can be either safely (re-)used
(Harris-Lovett et al. 2015) or released to the environment, e.g. via local ef-
fluent percolation or transportation to near receiving waters. Effluent and
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storm water disposal is especially important for urbanised areas, where
limited space and the limited availability of receiving waters is general-
ly used to argue against on-site solutions (cf. Rendings and Tranow 2006
who critically evaluate this argument) and the limited availability of re-
ceiving waters. Wastewater effluent and storm water would need to be
integrated into urban-sensitive designs (Grant et al. 2016). However, a
shift towards dispersed storm water management in urban situations can
already be observed today and cost-effective systems are increasingly be-
coming possible with a smart combination of green infrastructures (e.g.
vegetated swales, detention ponds, constructed wetlands, green roofs...),
even though more research effort is clearly needed (cf. Raja Segaran et
al. 2014). Bach et al. (2013a) show that on-site infiltration systems may
often offer feasible opportunities for lot-scale storm water management.
However, they stress the relationship between infiltration capacity and soil
and that the percentage of the available lot size for percolation is impor-
tant. Finally, to truly assess the effluent percolation potential and decide
on decentralised treatment, extensive geographically explicit data are
needed with respect to factor such as slope, soil characteristics, geologi-
cal characteristics, groundwater depth, land use etc. (cf. Makropoulos et
al. 2007, Deepa and Krishnaveni 2012), thus highlighting the importance
of GIS (inter alia Ellis et al. 2013, Raja Segaran et al. 2014).

Fully or highly decentralised UWM may still depend on networked in-
frastructures, but only for draining waters (instead of combined sewers
transporting different types of water to a central WWTP). Such networks
would be much smaller, fractured and oriented with respect to the avail-
ability of the receiving waters. The challenge of disposing of storm- and
effluent water is a promising research area, where approaches such as
fully integrated modelling could be fruitfully applied to explore and find
new ways of dealing with these waters (cf. Bach et al. 2013b/2014). The
challenge of environmental (water, groundwater...) quality is natural-
ly closely related to distributed effluent, but is discussed elsewhere (e.g.
Morrissey et al. 2015).

5.1.4 Spatial price differentiation & incentivisation

olicymakers can influence the uptake of distributed urban water sys-

tems by creating cost incentives and disincentives (inter alia Arora et
al. 2015). Just as the centralised building of sewer networks was heavily
controlled and subsidised, financial incentives may be necessary to achieve
more sustainable overall connection rates. There has been little spatial
price differentiation for consumers so far (e.g. Moss 2001). With respect
to the challenges of storm water and effluent removal as well as cost in-
centivisation (see previous section), one suitable research area would be
the setting up of tax regulations, rather like charging storm water fees on
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the basis of the available impervious surfaces, which might be one way to
incentivise behaviour in order to increase the percolation potential (e.g.
Parikh et al. 2005, OECD 2015). Overall, more analysis is needed to pro-
mote water sensitive urban design (Iftekhar et al. 2016). Generally, munic-
ipalities may be forced to introduce incentives because of the reluctance
of homeowners (for whatever reasons) to go off-grid (Wood et al. 2015).
O’Flaherty (2005) argues that if households don’t have to pay the actual
connection costs, this affects where people live and how densely regions
are populated. Network infrastructures tend to distribute costs evenly
among space as costs are usually averaged among users connected to a
network if no additional financial instruments are put in place (e.g. users
must pay to connect to the sewer networks depending on their location).
However, it remains a challenge to determine the actual network connec-
tion costs (and not average costs) of central sewers for a single household.
There has so far been a lack of spatial price differentiation, and more re-
search is needed on how to set prices in networks according to the prin-
ciple that the polluter pays. Haug (2004) writes that ‘if households choose
their residence on the outskirts of town or in sparsely populated, remote re-
gions it ought not to be debated in a market economy that they have to pay
the adequate market price of housing and local public goods.” Which finan-
cial mechanisms or institutional forms should be chosen may differ from
case to case, and this leaves room for further research. Instead of distrib-
uting the high costs of a central connection over the whole network, it
is worthwhile to start thinking about charging households according to
their real connection costs, which would incentivise decentralised solu-
tions (Reese et al. 2015). Eggimann et al. (2016a) touch on the issue of
applying different tariffs within the same region for centralised or decen-
tralised systems. However, the political implications of this step could be
studied in more detail.

5.1.5 Decentral operation and management

any different research needs and open questions remain, especially
M relating to the successful operation and management of decentral-
ised systems (cf. Etnier et al. 2000). One recurring theme in infrastruc-
ture sectors is whether public or private ownership and/or operation au-
tomatically implies that a more cost effective service will be achieved.
Both public and private modes come in many different guises (Marques
et al. 2010, Lieberherr and Truffer 2015), and research efforts could look
in more detail into this issue with respect to hybrid systems in particular.
Furthermore, the implementation of cost-effective logistics and systems
for decentralised operation was touched upon in Chapter 2. The relevant
questions for widespread decentralised installation naturally go beyond
road-based faecal sludge emptying and transportation and its cost effec-
tiveness. Thus much more in-depth analysis is necessary with respect to
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safe operation via remote control thanks to new developments in sen-
sors (cf. Eggimann et al. 2016b). But here too, the technological innova-
tions designed to improve the O&M of new WMS configurations repre-
sents only one dimension: questions remain with respect to institutions,
regulations and organisational forms (cf. Eggimann et al. 2016a), what
kind of business model adaptations would be necessary (cf. Bolton and
Hannon 2016, Hannon 2012) or with respect to how best to set up the
required controlling institutions (inter alia Geyler and Hollander 2005).
Learning from other systems such as the heating sector looks potentially
promising, so scientific approaches must be developed that focus increas-
ingly on decentralised solutions in diverse academic disciplines as a fruit-
ful basis for further research.
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m Recommendations for policy and practice

ne basic underlying assumption of the research focus chosen for this

dissertation is that wastewater management systems undergo trans-
formations, i.e. technologies, practices, costs and many more boundary
conditions change over time. This thesis argues that such a perspective is
highly recommended as a means of getting away from the view that infra-
structure systems are set in stone. The findings of this dissertation allow
different recommendations for policy and practice to be deduced (see
also concluding remarks of all individual publications for more detailed
information in Chapters 2, 3 and 4). All the following recommendations
are made in order to achieve more optimal degrees of centralisation with
the goal of minimising overall costs. However, these general recommen-
dations need to be considered against the background of the limitations
outlined in the previous section (see Section 55.1). The recommendations
for policy and practice can be summarised as follows:

* Increasing the spatial price differentiation is necessary to facilitate
the introduction of decentralised WMS and eliminate price distor-
tions resulting from current practices in network infrastructure con-
struction. Central networks should be regulated so that they con-
nect households only for as long as the average central costs of all
users connected to the network decrease (cf. Eggimann et al. 2016a).

* The strict enforcement of regulations such as the mandatory con-
nection rule should be reconsidered. Adaptations to the regulato-
ry framework for countries such as Switzerland are needed so that
decentralised systems are not excluded a priori (cf. Truffer et al.
2013). Instead of continuously asking the question to whether a
household should be allowed ‘to go off-grid’, it should also be asked
whether it should be ‘allowed to connect’, even though this might
be counter-intuitive to existing practices. Such alternative thinking
should be applied especially when infrastructures are being con-
structed or renovated.

e Optimal CR are best achieved with hybrid WMS in many empirical
cases. Countries with barely existing sewer infrastructures would be
well advised to leapfrog the age of fully-centralised sewer systems,
such as are the norm for Switzerland (cf. Poustie et al. 2016). This
is especially true where today’s local configurations clearly do not
support the introduction of centralised infrastructures. Furthermore,
the extension or construction of large sewer networks should espe-
cially be critically evaluated, especially in areas with complex to-
pographies and low population densities.
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* Rural areas with complex topographies offer particularly good niches

for introducing the transition towards more decentralised WMS.
Today’s sewer-based systems such as the Swiss one could be trans-
formed gradually if decentralised solutions are made to fit and
complement the existing system. A shift from a centralised to a de-
centralised system could take place ‘through a stepwise process of re-
configuration’ (Geels 2002). This thesis demonstrates that the build-
up of decentralised infrastructures may become market-driven in
some parts of the world as the installation of decentralised systems
often makes economic sense. There is a need to integrate a long-
term planning perspective where existing and still incompletely de-
preciated infrastructure networks constitute an economic challenge
to the introduction of alternative WMS.

Policy makers should be aware of ‘threshold-effects’ and chang-
ing on-site treatment costs. Even though a transition might be in-
cremental due to of path-dependent investments (cf. ‘hybridisation
process’ by Marlow et al. 2013), this process may achieve radically
new dynamics when certain connection rates are achieved so that
the cost differences between centralised and decentralised systems
could become negligible. Furthermore, the cost of decentralised sys-
tems should not be considered as static and it makes good sense to
envision future scenarios with much lower on-site treatment costs.

The spatial influence on the operation and maintenance (O&M) costs
of decentralised systems is minor. However, smart O&M schemes
need to be put in place in order to prevent costly idle capacities.

Economic geospatial modelling tools are recommended for use in
infrastructure planning, especially for screening potential spaces
for niche experiments and to identify where centralised approach-
es prove to be economically less efficient. Investing in the develop-
ment of off-the-shelf and easy-to use software might be one way
forward to achieve the more widespread application of similar and
adequate decision-making tools. ®
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his dissertation has addressed hitherto neglected economic aspects of
T assessing the optimal degree of centralisation for wastewater infra-
structures within a geospatial modelling framework. By applying a more
comprehensive full-cost framework, it is increasingly becoming possible to
go beyond vague and unsubstantiated economic speculation about central
versus decentral service provision in urban water management. Despite
the limitations of the framework presented here, which calls for further
analysis, this socio-technical approach to infrastructure transformation
represents an innovative and much-needed research effort for UWM in-
frastructure planning. An exploration of how socio-technical innovations
in wastewater treatment affect the transformation of existing infrastruc-
ture systems on the basis of a spatial and economic focus has so far been
lacking. The economic geospatial modelling tools developed here con-
tribute to the discussion about the ODC not on a purely theoretical level
but allow us to explore optimal UWM system layouts and detect poten-
tially interesting case studies for further in-depth analysis. This disserta-
tion makes it very clear that the seemingly straightforward research ques-
tion about the ODC becomes truly challenging if additional complexities
are included in the analysis. By including the socio-technical dimension
in particular, it becomes evident that it is not only important to promote
technological advances but also to suggest appropriate institutional and
organisational arrangements. The main contributions of this thesis are
summarised concisely below:

* This thesis clearly shows that geography impacts the costs and plan-
ning of wastewater management infrastructures in different ways.
Spatial influences therefore need to be considered when seeking
economically more sustainable connection rates. Space has a signif-
icant influence on the costs of centralised, decentralised and hybrid
WMS, and any assessments of optimal infrastructure planning that
ignore spatial aspects must consequently be critically evaluated in
this respect.

* So far very few in-depth and (economic) geospatially explicit tools for
determining optimal system layouts have been presented in UWM.
However, they offer a meaningful approach for considering spatial
influences in the cost calculation. In this thesis, cost-optimised hybrid
WMS layouts are found within a heuristic geospatial optimisation
framework consisting of centralised and decentralised WMS. In the
process, this thesis argues in favour of embracing a more hybrid sys-
tems thinking in the field of UWM. In several Swiss case studies, con-
siderable potential was shown to exist for more decentralised system
configurations from an economic point of view. Regulations such as
the mandatory central connection rules which make the introduction
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of decentralised technologies more difficult should consequently be
reconsidered (see Section 5.2 for more specific policy advice to be de-
rived from the findings of this dissertation).

This thesis provides a first cost assessment of the economies of den-
sity for decentralised WMS with the aid of a geospatial model based
on a heuristic routing algorithm. Our theoretical understanding
of the operation and maintenance costs relating to spatial aspects
was improved by this modelling exercise, indicating that these are
generally overestimated and may not constitute a major stumbling
block to decentralised WMS.

Different optimal connection rates can be determined depending on
the institutional and organisational setting. Cost-efficient infrastruc-
ture planning is therefore inherently linked to non-technical aspects
and cannot be analysed separately. Even though technological in-
novations are important, the same applies to innovations relating
to the institutional framework of the UWM. The co-evolution of in-
stitutional, organisational and technological innovations in the field
of UWM is necessary and once more underlines that the successful
introduction of decentralised approaches would require highly fo-
cused action which ‘would involve engineers as well as social scien-

Today’s way of thinking about the service provision of households is
often dominated by the question as to whether households should
be allowed to go off-grid. This dissertation encourages a complemen-
tary approach to current ways of thinking by asking the question of
whether households should be allowed to be connect to the network.

The research has so far not seriously considered the implications
of the costs for decentralised WMS becoming truly competitive to
centralised WMS. This thesis provides a first indication of ‘thresh-
old’ effects: As the costs of decentralised systems continue to fall,
the connection rate will first start to decrease slowly, especially as
marginal population living in peripheral areas are disconnected.
However, if the central connection rate falls low enough, the cost
differences between central and decentral systems may become
minimal because of the interplay of the various cost elements in-
volved (see Chapter 4). This would result in questioning the cen-
tral approach even in regions where it has so far been clearly con-
sidered as being more cost-effective.

Improved (modelling) efforts are needed to assess the ODC in a more
holistic way. Further promising strands of research which would im-
prove this analysis are suggested in Section 5.1. The development of
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multi-objective modelling approaches as well as research on how to
deal with effluents are particularly necessary to improve our under-
standing of the ODC. Furthermore, future research needs to include
more sophisticated uncertainty analyses, especially with the focus
on flexibility and the question about ‘when’ and ‘where’ to invest.

The fundamental question of whether to connect as many households
as possible to a centralised WMS or whether it would make more sense to
invest in decentralised systems remains challenging and urgent. It is ex-
citing to see how (future) changes in the socio-technical configuration in
UWM will influence the transformation of today’s WMS with respect to the
optimal degree of centralisation. I hope that the findings of this thesis will
encourage to envision and reflect more thoroughly on radical approach-
es for future UWM infrastructure provision, not least from an economic
perspective, with the aim of providing UWM services that are more eco-
nomically sustainable. ®
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In many-high income countries, enormous investments
have been made in the last century to build a centralised
urban water management system with vast infrastructure
networks and centralised treatment facilities. This histor-
ically evolved centralised infrastructure paradigm is in-
creasingly being questioned with respect to sustainability
challenges, and a trend towards decentralisation can be
observed. Today, large differences exist with respect to the
population percentages connected to the centralised sys-
tems of different countries and it is clearly unclear to what
degree centralised or decentralised wastewater systems
should be installed in a region from an economic point of
view. This thesis develops spatio-economic modelling tools
to assess the optimal degree of centralisation and presents a
cost framework to develop the argument for a transition to-
wards more sustainable wastewater management systems.
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