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Abstract

Emerging threats such as climate change and udigmispose an unprecedented challenge to integrated
management of urban wastewater systems, which xgyeced to function in a reliable, resilient and
sustainable manner regardless of future conditiofsaditional long term planning is rather limitéa
developing no-regret strategies that avoid malagapbdck-ins in the near term and allow for flexity in

the long term. In this study, a novel adaptatiothyways approach for urban wastewater management is
developed in order to explore the compliance araptibility potential of intervention strategiesarong
term operational period, accounting for differeatufe scenarios and multiple performance objectines
terms of reliability, resilience and sustainabilifyhis multi-criteria multi-scenario approach implents a
regret-based method to assess the relative penicenaf two types of adaptation strategies: (I) dédone
strategies (i.e. green or grey strategies onlyyl @) hybrid strategies (i.e. combined green amdyg
strategies). A number of adaptation thresholds {he points at which the current strategy caronger
meet defined objectives) are defined to identifyjnpbant domains (i.e. periods of time in a futucesario
when the performance of a strategy can meet tigets)r The results obtained from a case studytiditesthe
trade-off between adapting to short term pressanes addressing long term challenges. Green stesteqi
show the highest performance in simultaneously mgetear and long term needs, while grey strategjies
found less adaptable to changing circumstancesontrast, hybrid strategies are effective in delivg both

short term compliance and long term adaptabilityis lalso shown that the proposed adaption pathways
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method can contribute to the identification of adtipn strategies that are developed as futureitonsd
unfold, allowing for more flexibility and avoidingpng term commitment to strategies that may cause
maladaptation. This provides insights into the rtean and long term planning of ensuring the rdiigb

resilience and sustainability of integrated urbeairthge systems.

Key words: Adaptation pathways; green strategies; hybridtagies; resilience; sustainability; urban wastewat

systems

1 Introduction

Urban wastewater management has become increasihglienging due to deep uncertainties posed by
global climate change, urbanization, populationwghp economic and technological developments, and
other unforeseen changing factors such as sopetspectives and preferences. As such, the levsdroice
delivered by urban wastewater infrastructure inftliere can deteriorate, causing important systatares
(Brugge et al., 2005; Offermans et al., 2011). Aie &nd, there is a growing interest to manageepitesnd
future uncertainties, particularly those in thenfoof exceptional disturbances that could lead toeexely
adverse consequences (Maier et al., 2016; Pechligaet al., 2017). In the context of urban wastewa
management, emphasis has shifted towards adapt@iBnien, 2012), and addressing the short and long
term challenges posed by deep uncertainties (Manaok Babovic, 2018) rather than simply focusing on

how change has occurred in the past (Fazey &(l6).

In the face of deep uncertainties and their unknowpacts and consequences, it is essential to demtie
indicators that can measure system performancedrfuture, such as those of reliability, resilierzoced
sustainability. The reliability of a system is maaexl under design conditions, whereas, resilieneasores

the system performance under extreme conditionswine required level of service is not achievedti@u

et al., 2017). Sustainability measures system pmdace from economic, environmental and socio-cailtu
consequences over the life span. Although theseetlmoncepts measure different aspects of system
performance (Butler et al., 2017), they are interaxted to each other (Blockley et al., 2012).alt been
suggested that reliability is necessary but nofigent for resilience, and resilience is necesdauy not

sufficient for sustainability (Butler et al., 2014)
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There is a lack of understanding regarding the kamngn and short term impacts of adaptation strategn

the system performance in terms of reliabilityilresce and sustainability. The understanding iscad to
avoid maladaptive lock-ins, reduce potential regad allow flexibility as conditions change oviened
(Maru and Stafford Smith, 2014). Such a courseabiba allows decision makers to consider a strategy
limited in time and resources (and therefore redfifneeded) whilst still permitting them to fores¢he
possible long term consequences of specific adaptpaithways (Dessai and van der Sluijs, 2007; Kaeh

al., 2015). In recent years, several planning nmagtamd policy-making approaches within the fieldvater
and wastewater management have been developedamnibally respond to changing circumstances and
deep uncertainties (Manocha and Babovic, 2017; Waelen et al., 2015), including Robust Decision
Making (Casal-Campos et al., 2015; Lempert et24lQ6; Mortazavi-Naeini et al., 2015), Adaptive ewpli
Making (Walker et al., 2013), Adaptation Pathwayloémen et al., 2018; Haasnoot et al., 2019;
Kingsborough et al., 2016; Manocha and Babovic,72aru and Stafford Smith, 2014), Uncertainty
Framework/Assessment (Kundzewicz et al., 2018; dRefil et al., 2013), Dynamic Adaptation Policy
Pathways (Haasnoot et al., 2013; Kwakkel et al1520Risk Model (Merz et al., 2009; Zhou et al.12))

Real Option Analysis (Deng et al., 2013; Zhang Batdovic, 2012).

Among these, Adaptation Pathway (AP) methods atkesadaptability potential of management strategie
and evaluate system performance in different ep@otistransient scenarios from the baseline yeahe
future horizon) with respect to different objecvand indicators to identify pathways without any
maladaptive lock-ins. An adaptation pathway prosidevisual representation of the potential sequgnci
and type of actions to be implemented (or stragetpebe considered) in the future (Kingsborouglalet
2016). The core of AP approaches lies in adaptdticesholds or tipping points, which are definedtas
points where changing conditions force a normatble state of a system into another state oritiel
adaptation of the system (van Veelen et al., 20IB¢se methods take system vulnerabilities asntitiali
point to identify a range of adaptation optionauk#n et al., 2015). Such approaches have mainly bsed
within the fields of stormwater management anddlogk management; for example: Barnett et al. 4201
Bloemen et al. (2018); Haasnoot et al. (2019, 204@)adijk et al. (2010); Manocha and Babovic, (2017

Ranger et al. (2013); van Veelen et al. (2015); Wes et al. (2013). A number of studies have agplie
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adaptation pathway methods for long term plannihgrban water supply systems (Cradock-Henry et al.,

2020; Forsythe et al., 2018; Haasnoot et al., 2Birgsborough et al., 2016).

Some of these approaches need to be reorientedd®wesilience assessment (Juan-Garcia et al.) 2087
to consider both short and long term adaptationrptey (Hecht and Kirshen, 2019). According to Gaigs

et al. (2013), some of these approaches may faéliably addressing uncertainties and non-statitnan
future drivers such as climate change. This istdube fact that they only consider one future adenat a
time and cannot identify solutions with high levefsconfidence (Adger et al., 2009; Jafino et2019). To
date, APs have not been applied to IUWWSs with cssecbnomic complexities that assess reliability,

resilience and sustainability simultaneously.

The aim of this paper is, therefore, to developAfhapproach to assess the compliance and adagtabili
potential of various strategies in reliability, itesice and sustainability domains, both individyand
conjunctively along the pathway of transient scersaffuture scenarios every 5 years) in an IUWW3ill

focus on the identification and application of ad#ipn strategies associated with the management of
stormwater and wastewater in urban areas as tdaatel a number of impacts and consequences used to
describe system performance. Casal-Campos et G5 2assessed the relative performance of green and
grey strategies in multiple impact categories onirdagrated catchment using a regret-based approach
Casal-Campos et al. (2018) further investigated rotmustness of a number of strategies in delivering
reliable, resilient and sustainable wastewaterieesvin the future. Although these two studies ss=@ the
performance of strategies in the year 2050 (lomg)kethey did not identify possible adaptation petiis

that span from the baseline year to the futurezbariln the present study, a novel approach isldped for

the dynamic assessment of interventions that leaddaptive management of the [IUWWS in both thetsho
and long terms. The proposed approach brings e diomain to adaptation planning and identifie sinbs
adaptation pathways based on different adaptaticesholds for individual and conjunctive performanc
domains of under different future scenarios (defias transient scenarios assessed every 5 yeary) v

years (here they are defined as epochs or trarsienarios) for the period 2015-2050.

Section 2 provides an overview of the proposechodlogy through two steps: Step 1: Identificatain
compliant domains and Step 2: Evaluation of compl@omains via regret indices. Section 3 describes

case studies including definition and descriptibthe integrated urban wastewater system, futueeaios,
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adaptation strategies and decision indicators.i@eet reports the results and a wider discussiothar

implications. Finally, Section 5 summarises theatosions and implications of this study.

2 Methodology: Adaptation Pathways

Mathematical models are developed and used in dodeinderstand the current and future states of the
wastewater system (Haasnoot et al., 2011). Theremamerous uncertainties that hinder our understgnd
of the system and constrict the predictive capaafitnodels regarding its future state (Asselt, 200@lker

et al., 2003). If future conditions happen to biedent from the predicted conditions, adaptatitrategies
may fail to deliver their expected performance (Mzhey et al., 2012). Adaptation strategies areefbee
required to respond to the new conditions wherfuh&e state unfolds (Manocha and Babovic, 201 H)elW/

the future is revealed, adaptation measures neé@ topdated based on what is experienced and .learnt
Therefore, in order to establish a framework to aggnthe future, a planning approach is requiretl tha
consists of a strategic vision of the future (Kingough et al., 2016), committing to both shortrteand
long term plans and actions (Bloemen et al., 20T8g approach of adaptation pathways has recently
received growing attention from researchers andgsmecmakers (Fazey et al., 2016) and is beingiegls

a planning and foresight tool to help evaluateataptability of management strategies in both bogtsand

the long terms. Adaptation pathways have severfahiiens, and different studies examine the apphoa
from distinctive perspectives (Wise et al., 20)r example, Leach et al. (2010) defined this apgncas:
“alternative possible trajectories for knowledgatervention and change, which prioritize differguatals,
values and functions”. They considered temporateutainties in the long term future for adaptatton
climate change. Haasnoot et al. (2013) defined ltaa analytical and foresight approach for expigrand
sequencing a set of possible strategies along ldrnipg timeline”. Haasnoot et al. (2019) adapteeirt
aforementioned definition to the following: “an appch that explores alternative sequences of imeyst
decisions to achieve objectives over time in thetext of uncertain future developments and enviremtal
changes”. In this study, an adaptation pathwaefsdd as a pathway in which a strategy (or a coathon

of strategies) is compliant with the adaptatioreshiold(s) along the planning timeline. An overviefv

definitions for the adaptation pathways is presgmdhe Supporting Information (Sl), Section S1.



138 Fig. 1 illustrates a flow chart of different stepsnsidered in the proposed AP approach, highhighthe
139  preliminary steps (Steps 0.1 to 0.5) and main sf8feps 1 and 2) of the methodology. In this stadgpvel
140 AP approach is introduced to identify possible patys (the possible compliant domains in differertife
141  states) along the planning timelines with respedifferent adaptation thresholds (Step 1: Secidr), and
142  facilitates a detailed regret-based analysis oh @aganagement strategy in the form of reliabiligsilience
143 and/or sustainability (Step 2: Secti®i2). Prior to the above steps, the following pnatiary steps should be
144  considered: specifying the water systems and iyemdi the variables (Step 0.1: Secti8}y identifying or
145  defining future scenarios (Step 0.2: Sect®h); identifying adaptation strategies (Step &8ction3.2);
146  identifying the performance domains and assessmditiators/criteria (Step 0.4: SectiBB); and defining

147  suitable adaptation thresholds (Step 0.5: Se&idn

148

149 Fig. 1 around here

150

151 2.1 Step 1: Identification of compliant domains

152  The core of the AP approach is the “adaptationstiwkel”, which is defined as the condition beyondchta

153  management strategy is no longer able to meetinedebbjective (or objectives) across a timelirtethés

154  point, alternative adaptation strategies shoulddresidered. This is similar to an “adaptation tiygppoint”,

155  the term which is normally used in the climate @g@nommunity (Manocha and Babovic, 2017; Renaud et
156  al., 2013). An adaptation threshold is also knowntre “recovery threshold” i.e. at this point measu
157  should be adopted to meet the objectives (van Viestlal., 2015). Adaptation thresholds are useddntify

158  the compliant domain of each strategy (describeSlection 3.2) along the planning timeline; furtdetails

159  on adaptation thresholds are discussed in Se8tibnin this study, each strategy is assessed dotiee

160  scenarios (defined in Section 3.1) at time intlsned 5 years (i.e. epochs or transient scenaraef)ning a

161  pathway that spanned from the baseline year 20fttettuture horizon 2050.

162  The particular scenario conditions and their vaotatlong the timeline are considered by settingeér
163  assessment periods, i.e. epochs in 2020, 2025, 2036, 2040, 2045 and 2050, see Fig. 2. The tjpoele
164  when a strategy violates an adaptation threshblel gystem no longer complies with a specific object
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value) is referred to as its “sell-by-date” (Haasnet al., 2013), i.e. the period when a stratsggxpected to
require adaptation or additional measures due tongrruption of its satisfactory performance asros
pathway of transient scenarios (van Veelen eR@all5). The assessment at the end of each epoci2(2Q
for the period 2015-2020) is assumed to be reptatea of the full period, which may well be thesea
when considering, for example, asset investmemtspiia the UK or similar regulatory or planning tamms

in other contexts.

In the proposed method, the compliant domain idueted in two complementary ways: (i) the number of
complying epochs across the scenarios and (i) velnghe pathways are uninterrupted (i.e. compliant)
interrupted (i.e. non-compliant) in relation to omemore adaptation thresholds across the entireline.
This is achieved by assessing the compliance d¢f strategy with specific adaptation thresholdsifferent
future scenarios and epochs. When an adaptatieshbid is reached, another strategy or measurddsheu
considered for implementation (van Veelen et @15). For example, in Fig. 2, Strategy A is commlia
along the Lifestyles and Innovation scenarios. Hawethe Market and Austerity scenarios (see the
description of each future scenario in Sectior) aré interrupted after 10 years and 25 yearsentisely.
Therefore if future conditions resemble those af tusterity scenario, for instance, another admptat

strategy is required in 2040.

Fig. 2 around here

2.2 Step 2: Evaluation of compliant domainsviaregret indices

The first step of the proposed AP approach, desdnb Section 2.1, is to identify the compliapbehs and
uninterrupted pathways in accordance with the adigpt thresholds. The identified compliant epochd a
pathways are further assessed using a regret-bvaskdcriteria analysis model that provides addiab

benefits and details of system performance. Regneiscalculated in the form of reliabilitRél(s, f)),

resilience Res(s, f)) or sustainability Sus(s, f)) indices, see Eq. (1), Eq. (2) and Eq. (3):

_ _ f Regret;(s, f) o
Rel(s, f) -Z[Wf * mpdRegretra Dl O M @

i
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Res(s,f) = z w/ x Regret; (5. ) ] for j=1,..,N (2)

|/ max[Regret;(Syes, f)]
il s

Sus(s,f) = 2 ka X Regrety (s, /) ] for k=1,..,0 3)

— | n}?X[Regretk (Ssus) )]

Wherew/

- wjfandw,{ are the importance weights (assigned by a grougatér experts) of the® reliability
indicator,j ™ resilience indicator, ankt" sustainability indicator in future staferespectively. In this study,
five reliability indicators 1 =5), five resilience indicatorsN(=5) and eight sustainability indicators
(@ = 8) are taken into account. The adaptation indicatarsl the assigned weights in different future
scenarios are discussedSection 3.3Regret;(s, f), Regret;(s, f) andRegret, (s, f), see Eq. (4), Eq. (5)
and Eq. (6), represent the regret (or opportunisg) of strategy under a future staewith respect t", j"

or K" indicator, respectively (Casal-Campos et al., 20The regret of strategy under a future stateis
defined as the difference between the perform&nees (for reliability objectivel, resilience objectivg or

sustainability objectivek) and that of the best-performing strategjyfor the same future scenaricand

objectivei, j, ork.

Regret;(s,f) = |maxs/ [Pl-(s ' ,f)] — Pi(s, f)| (4)
Regret;(s,f) = |maxy|[Pi(s", )] — Pi(s, )] )
Regrety (s, f) = |maxg [Pe(s', )] = Pi(s, I (6)

max_- [P(s ", f)] is the best-performing strategyunder future scenariowith respect to indicatdr j or k.
P(s, f) represents the performance of strategynder the same future scenario and allied withstime
indicator (Lempert et al., 2006). Regret indexrairltiple (i.e. conjunctive or mutual) performancanthins
(Index,,), e.g. reliability + resilience + sustainabiliig, determined as the average of reliability, resite
and sustainability indices for each epoch withiohescenario (Eq. (7)):

Rel(s,f) + Res(s,f) + Sus(s,f)
n

Indexy (s, f) = (7)
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wheren denotes the number of individual indices (relidpil resilience and sustainability) considered

concurrently.

For this assessment, if a strategy’s regret is(o@efull-regret) in any transient scenario, beihgrefore the
worst performing solution for all category objeetdy then the strategy is defined as “non-complitortthat
transient scenario, regardless of compliance vhighadaptation threshold as described in Sectibr(tBat
transient scenario is added to those epochs thabdocomply with the adaptation threshold in a gsbgde
in Fig. 2). This means that if a regret index dftiategy is 0.99, the strategy is still compliaot transient
scenario, but the level of reliability, resiliemtddor sustainability is very low. In Fig. 2, coledr shades refer
to different levels of regret expressed by relighilresilience or sustainability indices for eathnsient
scenario. For example, in Fig. 2, Strategy A inltie@vation Scenario for the epoch between 202528930
(in green colour) performs well and is highly relie, resilient, and/or sustainable, as the levelegfet is
very low or nearly zero. Whereas, this strategysdoet perform well under the Austerity Scenarionfro
2045 to 2050 (the epoch is in orange colour) meaptiie regret index is high (i.e. not very reliabksilient

and/or sustainable).

If there are more than one performance domain arafie adaptation threshold (which is the case e th
current study), the domains for each strategy needbe first identified for reliability, resiliencand
sustainability thresholds individually for singlenda multiple thresholds. The domains will then be
overlapped to recognize the multiple domain ofatdk, resilient and sustainable performance for the
adaptation thresholds (individually and mutuallihe overlapping process is done using the matheatati
intersection where a multiple domain X%fn Y (the intersection of X and Y) is formed of the eip®
compliant in bothX andY (see Fig. 3). This can also be calculated by thieruof X’ U Y’; whereX’ andY’
denote the non-compliant epochs>ofindY, respectively. The identified compliant domaingl wien be
further analysed by the regret indices relativethi® strategies (in terms of reliability, resilienaad/or

sustainability regret).

Fig. 3 around here
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One of the main benefits of the AP approach is thaakes a step further in operationalizing multi-
objective/criteria planning, which would be crucialthe future as adaptation thresholds changetiower
and require improved performance; for example, mitegn for multi-functionality to incorporate ecosgst
services (Hansen and Pauleit, 2014). The methodatsm help to balance between addressing current
pressing issues in the IUWWS and increasing thaaigpto adapt to future needs and challengesntiagt

emerge in the long term.
3 Case Study Overview

The integrated urban wastewater system (IUWWS)bwen used as a case study to test the previously
described approach. This hypothetical IUWWS cossitthree subsystems (Casal-Campos et al., 2Q15; F
et al., 2008): (1) an urban watershed with a coetbisewer system: this consists of 15 urban subrsletds

with a total area of 758.8a and a population of 181,000 inhabitants; (2) atewsater treatment plant
(WWTP) with a conventional activated sludge procéSASP) and average dry-weather flow (DWF) of
377.1l/s; and (3) an urban river with the mean flow rate~@) of 129,60am%d. The catchment is modelled
using SIMBA 6.0 (Ifak, 2007), a simulation tool trelows users to create and develop specific niodel
modules tailored to the requirements of their projEurther details on the IUWWS and the simulatiooi

can be found in the SI, in the S1 Section of Ca&sahpos et al. (2015), and in the S1 Section of ICasa

Campos et al. (2018).
3.1 Futurescenarios

The uncertain nature of threats affecting the perémce of the IUWWS in the future requires expiorabf
internal and external driving forces that may casigaificant physical or social changes. The eqbpble
socio-economic scenarios considered in this study haracterized by two main drivers, namely:
governance (economic growth vs environmental avem®nand values (consumerism vs. conservationism)
(Casal-Campos et al., 2018). Based on these drifeus future scenarios are considered to asseass th
reliability, resilience and sustainability of thWWS in the planning timeline between 2015 and 2050
under various conditions: (1) Markets, (2) Innowati (3) Austerity, and (4) Lifestyles. The general

description of each future scenario is illustratedable 1.
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Each of the above future scenarios is characterigedour key scenario factors associated with the
management of the IUWWS, namely: regulation (ievel of regulatory control of stormwater and
wastewater management activities); centralized teaamce (i.e. the level of activity in each scemaiined

at preserving and caring the existing wastewat&asiructure); public attitudes (i.e. public williness
towards the decentralization of responsibilitieaa@ning urban drainage); and technology (i.e lekel of
technological development occurring under eachaegn(Casal-Campos et al., 2015). The future stena
differ from one another with respect to nine parerge(variables), indicative of various [IUWWS urieér
conditions: (1) Misconnections (L/s); (2) Urbanepgha); (3) Water use (L/head/day); (4) Infiltoati(L/s);

(5) Siltation; (6) Population (inhabitants): (7)eBipitation uplift (%); (8) Impervious area in new
developments (ha); and (9) Acceptability preferefide selected parameters address main issueametev
the management of stormwater and wastewater incdmext of UK sewer systems which have been
investigated in the past and can therefore be resdigvith reasonable estimates in the year 2050a(Cas
Campos et al., 2018). The description of each patanand their values in different scenarios aowiged

in the SI, Section S2. Further details about theatizes of the future scenarios, modeling of sdena
parameters, definitions of uncertainties future naci®s and literature estimates of uncertain future
threats/parameters can be found in Section 2.2ratie S| Section S2 of Casal-Campos et al. (2@h8)in

the Sl Section S2 of Casal-Campos et al. (201&. dllocation of specific estimates from the litera to
each scenario was carried out through the follovihmge steps: 1) Associating internal threats Wiy
scenario factors; 2) Estimating the relative sttengf threats under each scenario; 3) Allocatingdh

estimates to each scenario.

For simplicity, it is assumed that all scenariogmaeters vary linearly along the 2015-2050 timelimél
they reach the levels defined for the year 205@ iffplementation of each strategy along the tineelin
also assumed to occur in a linear fashion, so ¢aah 5-year epoch represents the lead-time reqtored

implement the proportional fraction of each strgtegachieve completion in 2050.

Table 1 around here
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3.2 Adaptation strategies

Various adaptation strategies are considered tesitgate their effects on two types of urban areabe
catchment: 1) the existing baseline area: thermilgirban area, presented in Casal-Campos ettdl5)2nd

2) the new development area (occurring as a coeseguof urbanization due to population growth ia th
catchment under future scenarios. In this contsixgtegies only implemented in the baseline area ar
defined as “retrofit” strategies (Casal-Campos let 2018), as opposed to those strategies which are
implemented in new developments, or those thateskoth area types (e.g. rehabilitation of the comdbi
sewer network). To this end, adaptation strategiedivided into the following two categories: staalone

(Section 3.2.1) and hybrid strategies (Sectior23.2

3.21 Stand-alonestrategies

Stand-alone strategies can be categorized inte tinaups:

a. Green strategies: (JourceControl of Pavements (SCP): stores and infiltrate half of roaabff
through retrofit bio-retention planters; (@yurceControl of Roofs (SCR) strategy: disconnects roof
downspouts into retrofitted rain gardens; and $8urce Control of urbanCreep (SCC) strategy:
mitigates the effects of urban creep (the termdarbreep” is used in the UK to describe the gradual
loss of permeable area to impermeable area inrfaienvironment (Casal-Campos et al., 2015) by

using permeable pavement in residential driveways).

b. Grey strategies: (1peparation of combine@ewers (SS): Separates the existing combined sewer
system by retrofitting storm sewers; (2) Rehaltibtita of CombinedSewer infrastructure with a new
storagelank (CST): Rehabilitates the existing combined sewmes without a new storage tank; (3)
Rehabilitation ofCombinedSewer infrastructure (CS): Rehabilitates the exigtiombined sewer
pipes but does not include a new storage tank;(dn®n-site Treatment (OT) is considered for

wastewater treatment and disposal of half of neveld@ments.

c. “Do-Nothing” (D-N) is considered to estimate thepiacts of future scenario conditions without any

interventions and is regarded as a base case rigrar@son.
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3.22 Hybrid strategies

In this study, four hybrid strategies are consideeach developed as a combination of two origsteahd-
alone strategies out of the four: (1) roof discaiom (SCR), (2) sewer separation (SS), (3) on-site
wastewater treatment (OT), and (4) rehabilitatibcambined sewers in the network (CS). Table 2 show
the hybrid solutions by integration of stand-aldreetions. The first three stand-alone strateg®GR, SS,
and OT) are selected as representative for rewlefientralized, retrofit centralized and new depalent
solutions, respectively (Casal-Campos et al., 20T8p SCR strategy is used as the reference toelefi
hybrid options, mainly due to the results reporirdthe literature that SCR strategy shows the most
promising stand-alone performance (Casal-Campas.,2015). For each hybrid solution, two standialo
strategies were combined so that the resultingtisaluemoves an annual volume of stormwater and
wastewater equivalent to that of runoff removedIBR from the system. The only hybrid strategy tiwds

not consist of SCR is H3 representing 20% sewearsd¢ipn in the existing catchment (SS) and 31.5% of
new developments (OT). The assumptions made ineTalkare in accordance with common practice in the
UK and based on what has been proposed in Casgb@aet al. (2018 and 2015). The main design

considerations for hybrid strategies are presentéite Sl, Section S4.

Table 2 around here

3.3 Rédiability, resilience and sustainability indicators

The level of reliability, resilience and sustainépiof each adaptation strategy is assessed bydpeet-
based model (described in Section 2.2) using tibgc and indicators presented in Table S3, inShe
These are the key objectives (or criteria) considdry the UK water industry to make strategic denisfor
improving urban wastewater infrastructure and tbeels of service. These objectives characterise the
concepts of reliability, resilience and sustairigbthrough impacts and consequences occurring rasat
of system failure. The operational side of fail@ire. reliability and resilience) was therefore negented by
impacts (for example, flooding probability, duratior magnitude) affecting these performance objesti

whereas the strategic side (i.e. sustainability$ wavered by the wider consequences of failureotiesy,

13



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

the environment and the economy (for example, nater environmental damage). It is noteworthy that
weights (shown in Table 3Table 3 around here) asgaed to each objective by scenario, so thaethes
reflect the relevance of each objective under aiipeworld view. The importance of the objective i
irrespective of the metric that it is used in eaelse, whether resilience, reliability or sustailigbiAs a
consequence, the numerator of the weight (reldtiygortance) within each scenario for each objective
remains the same for reliability/resilience/susthitity; the only difference is the amount of olijees taken

into account in each case (five for reliability anedilience, and eight for sustainability).

As mentioned in Section 2.2, there are weight®a@ated with objectives/indicators (Table 3), whiate
calculated using the method of “swing weightin@'he swing weighting approach allows decision makers
assess weights by “swinging” the value measure ftsrworst to its best level (Parnell and Trair2d09).
The swing weighting approach allows allocationta telative preference of criteria as well as ipooating
an evaluation of their importance in the contexthef decision (DCLG, 2009; Zheng and Lienert, 20The
weights were selected by a panel of six experthdrfield of urban water and wastewater manage finemt
both academia and regulatory authorities in the Thé weight assignment task was performed by e
based on the defined future conditions and unceiai described for each future scenario in the B&ch
panel member individually assigned weights to déffi¢ indicators based on their expertise, opiniang
preferences. The weight of each objective was wdextrmined as the arithmetic mean of the weights
assigned by all experts for that particular objextiThe result was then discussed within the pamel, all

panel members agreed to proceed with the calcuhagzth weights without applying any changes.

Table 3 around here
3.4 Adaptation thresholds

Adaptation thresholds are defined as a representaif organizational, regulatory or personal views.
Potentially, any objective (or combination of oltjees) could be used to set an adaptation threshold
(Haasnoot et al., 2013), for example, an econohrieshold that reflects the willingness to pay feoided
impacts, or environmental thresholds that repretentacceptable level of environmental damage (Poff
al., 2016). In this study, the following objectivae used (individually and conjunctively) to sdaptation
thresholds in the future scenarios: 1) sewer flogdR) river flooding and 3) Combined Sewer Overflo
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(CSOs). Reliability thresholds are defined as @etage of time free of failure, whereas, resilience
thresholds are presented as duration-weighted ralgs of failure. Sustainability thresholds arevahas
magnitude of failure associated with economic daedge to flooding and aesthetic/health effects ®OE€.
The values in Table 4 are based on the baselirierpemnce of the IUWWS in the year 2015, as desdribe
Casal-Campos et al. (2015). Each adaptation obgectfers to its threshold in terms of the relidypil
resilience and sustainability indicators discusseflection 3.3. These are considered the mairctgs in
the context of urban drainage planning in the UKaf&r et al., 2010; Stovin et al., 2013), althougls

noteworthy that adaptation thresholds could chavge time (Carpenter et al., 2006).

The adaptation thresholds assume that the perfaenainthe IUWWS in 2015 (the baseline performatise)
an acceptable level of performance for the futlreeality, adaptation thresholds should be sebitiog to
changing circumstances (e.g. ecological, economgooial) and management shifts as new informadiuh
views become available (Carpenter et al., 2006). dtoplicity in presenting the method, the adaptati

thresholds have been maintained constant acrag® fsitenarios from 2015 to 2050.

Table 4 around here

4 Resultsand Discussion

The performance domains for each strategy wertifiesitified for reliability, resilience and sustability
individually, using single and multiple adaptatidhresholds. The domains were then overlapped to
recognise the multiple domain of reliable, resiliand sustainable performance for the adaptatim@stiolds
(individually and mutually). Table 5 categorises tiesults based on adaptation thresholds agaliaiiligy,
resilience and sustainability. The table also sigtgpall the result figures (whether they are preskin the
paper or in the Sl). Here, an example of the resuitindividual domain using a single adaptatioeghold

is presented (see Section 4.1), then the resultthe multiple domains of transient scenarios Wil

discussed (see Sections 4.2 and 4.3).

Table 5 around here
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4.1 Individual domainsfor single adaptation threshold

In this section, the resilience domains for sevd@oding (Fig. 4) and for CSOs (Fig. 5) are preserdaad
discussed (as examples of the results on the thdiVYidomains for single thresholds). The resultstlie
other domains are illustrated in the Sl (see Tabfer the caption number of each figure). The coanmpl
domain of each strategy in the AP approach is shasva two-dimensional space illustrating: 1) timeeti
periods when a strategy is expected to fulfil e&s€a of) adaptation threshold(s) before it requftether
adaptation; and 2) the color-coded regret indises fig. 4 and Fig. 5) of that strategy for ea@mago and

epoch (5-year tiles).

As shown in Fig. 4, the H4 strategy (the combinmatiof rain gardens for roofs (SCR) and sewer
rehabilitation (CS)) illustrated greener shadesman®d to the other alternatives; this means thsisthategy
has the largest satisfactory resilience domaineaniing sewer flooding. Improved sewer capacity amgw
storage tank (CST) and CS also show an ample doofiaatisfactory performance; however, the resigen
indices obtained across objectives are more regr@té. lighter green and yellow shades) than ¢hosH4
(i.e. green shades). It can also be seen that @Sssesilient (i.e. more regretful in the domaiimesilience)

than CST, as the tiles presenting the CS strategyedlower throughout the domain.

Fig. 4 around here

Both rain gardens for roofs (SCR) and sewer separd6S) lead to less compliant domains: for SCR’s
compliance is interrupted in two scenarios (Markatsl Austerity), but still showing less regretful
performance. Although SS’s compliance is interrdpte the Austerity scenario, it generally presemth
regrets throughout (i.e. yellow shades). From #sailts shown in Fig. 4, different decision makexrs select
different adaptation pathways, pertaining to theiliefs and views (Haasnoot et al., 2013). For etanan
environmentalist or a drainage engineer might canst pathway of strategies that would have theekl
impacts on sewer flooding. In such a case, seviabikitation (CS) may be initially implemented toseire

compliance with the adaptation threshold (seweodiong), however its regret indices are relativeighh
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Consequently, if necessary (based on the futureitions), it would be possible to switch to the w

regret CST strategy (CS plus a new storage tankdcommodate for new future conditions.

Fig. 5 illustrates the resilience domains for tla@ation threshold of CSOs. Again H4, CST and SS
outperform the other strategies across scenaridsepochs. CS, however, does not perform well fer th
CSOs adaptation threshold when compared to therdéeeling threshold. There are many non-compliant
epochs (i.e. interrupted pathways) under three s (namely, Markets, Austerity and Innovation).
Comparing Fig. 4 and Fig. 5, it can be seen thaesdooding is more restrictive (as a thresholdfdwuse it
causes more interruption in the pathways of tramséeenarios and consequently, the reduction of the
compliant domains across strategies. The mosiaegtrthreshold in this study is found to be riVi@oding
(see Fig. S4, in the SI), where only two strateiage potential to achieve compliance for the lLifes,
Innovations and Austerity scenarios: 1) the stdndeaimplementation of rain gardens for roofs (SCR)

the Lifestyles scenario, and 2) its combinatiorhveéwer rehabilitation (H4). The results concerrsager
flooding (Fig. 4) show three strategies (D-N, S@&d OT) without any compliant epochs (i.e. all neyg
colour), whereas five strategies (D-N, SCC, OT, 6S,and H3) did not show compliant domains for any
transient scenario regarding the river floodingedold (see Fig. S4, in the Sl). Conversely, tlilte
concerning resilience domains for the CSOs adaptatireshold illustrate that all strategies presgnt

compliant domains for at least in three epochs. (blig

Fig. 5 around here

4.2 Multipledomains of transient scenarios for two adaptation thresholds

The compliant domains are jointly analysed to idgnthose resulting in mutually (conjunctively)
satisfactory reliability, resilience and sustaitigbifor each set of adaptation thresholds. As akmd in
section 4.1, river flooding is found to be the masstrictive threshold. Therefore, in this section,

performance domains for resilience and sustainglaite aggregated for sewer flooding and CSO obgxt
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(See Fig. 6). The results for the multiple domdimetiability, resilience and sustainability areosin in Fig.

7. Other domain combinations are presented in thBegtion S6.

The coloured shades (see Fig. 6) representing rpeaiftce regret for multiple objectives are determhine
the average of resilience and sustainability inglioe each epoch within each scenario. H4 outper$athe
other strategies in all the four scenarios. SCR, &%l H2 also have un-interrupted pathways in the
Innovation and Lifestyles scenarios. SCR is leggettéable than the SS and H2, as it has greenelesha

compared to the other two.

The most noticeable difference in the results shiowkig. 6 and Fig. 7 is that the satisfactory donfar the
most compliant strategies (SCR, SS, H2, H4 and @&J3rding resilience and sustainability threshlids

6) is superior to the satisfactory domain regard@iigbility, resilience and sustainability thresde(Fig. 7).

Most strategies are affected by a deterioratiothei regret indices when the reliability adaptatibreshold
is removed from the assessment (Fig. 6 and th8eitions 5 and 6). This effect is more obviousgiay
infrastructure strategies (SS, CST and CS) as tladteenatives are generally favoured by reliability
assessments due to their focus on failure frequandyomission of failure magnitude and duratione Th
details on the domain (multiple) compliance andetgqdices are presented in the Sl (Sections 8653h

respectively).

Fig. 6 around here

Given the domains presented in Fig. 6 and Fig.eveml strategies could be combined to comply with
adaptation thresholds while allowing for flexibfiand delaying decisions until future conditione arore
certain (formation and selection of different paslys). For example, the H4 strategy (rain gardedssemwer
expansion) could be implemented for the first tyoahs (until 2025) to ensure compliance and, ifireit
conditions are similar to those in the Innovatiowl &ifestyles scenarios, then continue with SCRialf.e.
stopping the expansion of sewers and requiringitegstment effort). Alternatively, sewer sepanat{(&S)
could initially be implemented (with additional nsemes to comply within Austerity) and then respblesi
parties could wait for future conditions to unfafdorder to shift to the lower-regret H2 stratege.(slow

down the implementation of separate sewers andsdif{ethat of rain gardens for roofs in half of iceEsntial
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areas). The compatibility of strategies could bprimmed by increasing lead times and implementatibes
as required by the adaptation thresholds. Mordesfies and adaptation thresholds can be incormbiesde
information becomes available and conditions charf§ech a process would improve the potential

consideration of combined strategies and the filityilof investment in the decision making process.

Fig. 7 around here

4.3 Multipledomains of transient scenarios for three adaptation thresholds

The addition of river flooding adaptation threst®ltbr reliability, resilience and sustainability the
assessment (Fig. 8) shows that this adaptatioshhla has a limiting effect in the compliant dom#an all
the strategies. In particular, those involving grefrastructure interventions have a detrimenté¢afin
increasing risk of flooding in downstream sectiafighe river. This can also be seen in the resfltsoth
individual and multiple domains for the single ai@dijon threshold of river flooding (Fig. S3, Figs,Jig.

S9, and Fig. S12, in the SI).

Fig. 8 around here

Fig. 8 illustrates that SCR and H4 strategies ganathe most viable options for compliance alohg t
scenarios, although with very limited compliancefufure conditions move away from the most lenient
conditions for these alternatives (i.e. LifestyléE)e consideration of resilience and sustainghdione for
the three adaptation thresholds (see Fig. S3MeirSt) ensures the compliance of these stratetyieg the
Lifestyles scenario; however, any of the remainsegnarios is continuously disrupted, failing to pbm

after 2025 (similar to the results shown in Fig. 8)

The reliable-resilient-sustainable and resiliergtainable regret indices shown in Fig. 8 and Fig0 S
respectively suggest that SCR and H4 could proeidéitional benefits (associated with a larger det o
objectives) to the IUWWS given the low regret oéithsustainability indices. These additional besedire
particularly important in the sustainability assesat as a larger number of objectives and trade-arfé

involved. Given these integrated assessments @drpaance, the implementation of rain gardens (SfoR)
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499 'roof runoff infiltration and its combinations witbther alternatives (e.g. sewer rehabilitation in ét4
500 separate sewers in H2) are the most promising rmpiio order to comply with adaptation thresholdslevh
501  providing lower regrets along the timeline. Thisfpamance is substantially improved compared ta tia
502 stand-alone grey infrastructure strategies, whakidt potentially provide an acceptable level of ptiamce
503 regarding water quantity objectives at the cosinofeased regrets associated with additional dbpgsct
504  along the timeline, reducing the adaptability af thWWS to changing adaptation thresholds and asing

505 the likelihood of lock-in (or maladaptation) withilhe scenarios.

506

507 4.4 Adaptation pathways and robustness

508 The attribute of robustness, as defined in (Casaiids et al., 2018) (i.e. low regrets across sas)ais
509 not a definitive characteristic to ensure complemdth adaptation thresholds for reliability, résiice and
510  sustainability along the planning timeline. Howevwabustness may facilitate adaptation as threshsfht
511 and additional or alternative objectives are inticeltl to redefine our views on reliability, resilienand
512  sustainability in the future. In this sense, thexe tension between adapting to short term isgud¢ke
513 IUWWS (e.g. flooding, CSOs) and avoiding maladdptatvhen increasing the capacity to adapt to future
514  needs and challenges that may emerge in the long Eor example, in Fig. 7, CST is compliant witfe t
515  conditions up until the year 2025 (for three futsoenarios), but for the epochs after that, otlretegies

516 (SS, H2, or H4) should be considered.

517  The compliant domains described in this study ektdre concept of robustness by: (i) considering the

518 performance of each strategy relative to the otliegsregret) across scenario epochs; (ii) intobuly the

519 dynamic assessment of robustness along transiemaos (robustness understood as the capacity to
520 maintain low regrets as scenario conditions deveknpd (iii) identifying the ability of a stratedy satisfy a

521 set of adaptation thresholds along time and acsesmarios (i.e. to maximise the compliant domain

522  regardless of future conditions or even as adaptdkiresholds change). In this sense, this studtribotes

523 to a growing body of knowledge concerned with tbhbustness of urban drainage options in the face of
524  future uncertainty (both short and long terms) ahdds light into the existing relationships betwéems

525 qualities of reliability, resilience and sustainapiin the [UWWS.
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5 Conclusions

This paper presented a novel adaptation pathwagyoagh for the dynamic assessment of green, gréy an
hybrid strategies for urban wastewater managemerd long term. The approach first identifies the
compliance of the strategies with three adaptatiwesholds (i.e. regarding sewer flooding, riverofling
and CSO spills) across four future scenarios, aed tstablishes the compliant domain for eachegtyat
The adaptability potential is measured using reigidites for reliability, resilience and sustairigi which

are calculated by the weighted aggregation of tedoe various performance indicators from watearfity,
water quality, and other social, economic and emvitental aspects. The key findings of this study ar

summarised below:

» This new approach is able to identify adaption watfs under deep uncertainties, allowing for more
flexibility and avoiding long-term commitment taategies that may cause maladaptation. Delayed
or staged investments can also be incorporatedintb pathways to maximize their compliance and

adaptability.

» Green strategies outperform grey strategies innbalg near-term and long-term needs for
reliability, resilience and sustainability, as themg able to comply with adaptation thresholds evhil
keeping low regrets across the compliant domainsy Gtrategies are compliant with the considered

thresholds but cast doubts regarding their addfjats changing circumstances.

* Regardless of the context, the proposed hybridegfies are shown more feasible and achievable
compared to the stand-alone individual stratedieéss is due to the fact that the robustness of grey
strategies regarding reliability, resilience andtaimability is enhanced using green strategieb wit

low regret values.

* One key strength of the proposed adaptation pathapproach is its scalability, in other words, it
can easily be applied to other contexts or cagdiestiin the water sector. Although the current and

future conditions can vary in different parts of tlvorld, the proposed approach could be applicable
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551 to any regions and catchments considering varyalges of parameters, objectives and indicator

552 weights.

553 « The present study has focused on dynamic adaptati@aiegies considering a fixed set of
554 performance thresholds. Future research would dnah including uncertainties associated with
555 the concept of compliance and the possibility aiidtion thresholds changing in the future, i.e.
556 changing perceptions and values that influenceettir@gsholds.

557

558  Appendix A.

559 Supporting Information (SlI): Adaptation pathways terminology; parameters used t
560 distinguish different future scenarios from eacheot results on reliability, resilience and/or
561 sustainability domains for single adaptation thoédhresults on reliability, resilience and/or
562 sustainability domains for multiple adaptation #ivelds; detailed results on adaptation
563 compliancy of the strategies; detailed results o dssessment of strategies by the regret
564 indices.

565
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Table 1: General description of future scenarios considered in this study and key driving factors in the

management of the lUWWS (after Casal-Campos et al. (2015))

Future

: Market Innovation Austerity Lifestyles
scenarios
Low value on Reliance on High val High value on
resources technology 'gh vaiue on resources
resources due to
i _ economic decline
Lenient regulations | A q
to maintain ”2;‘1’”6:]‘{; e";‘j” Individual lifestyles
Characteristics unrestricted offici i ok - are key meansto
of society economic growth iciency to Weak regulations address strict
address stringent and lack of &t d
olicy issues whilst investment in regulations arn
P o . support sustainable
Highly consumerist enjonng public development
gnly prosperous life infrastructure

society

Characteristics
of IUWWS

Low regulations
Medium
maintenance

Low public attitude
Medium technology

High regulations

High maintenance

Low public attitude
High technology

Low regulations
Low maintenance

Medium public
attitudes
Low technology

High regulations
Med-low
maintenance

High public attitude

Low technology




Table 2: Hybrid strategies and their fractions across the case study catchment (adapted from Casal-Campos et al.

(2018))
Areatypeor system I mpervious ar ea served
Strategy [SCR SS OT CS served s % of catchment Strategy type
Hvbridl 50% of residential roofs
. - ) - and 31.5% of new ecentraliz
3(’H1) 0.50 0.315 d 31.5% of 22 Decentralized
devel opments
. 50% of residential roofs .
Hzﬁg;ﬂ 2 050 020 - - and 20% separation in 22+ 20 Dgcei?:;?: sz;jd/
the existing catchment
20% separation in the
Hybrid3 existing catchment and Centralized/
(H3) - 020 0315 - 31.5% of new 20 Decentralized
devel opments
. All residential roofs and .
Hybrid4 . Decentralized/
(H4) 1 - - 1 combined sewer system 44 + 56 Centralized

improvement

SCR: Roof Disconnection;
OT: On-Site Wastewater Treatment;

SS: Sewer Separation;
CS: Rehabilitation Of Combined Sewers In The Network;




Table 3: Adaptation objectives and their assigned weights (normalized) in different future scenarios (first row refersto
reliability and resilience weights wlf , w;.' ; second row denotes sustainability wei ghtsw,fc ). In bold, the preference value
of objectives within each scenario (1: low; 2: medium; 3: high; 4: very high).

wl =w/ Objectives
Sewer River River  River GHG -
w‘,f( Flowing  Flooding DO AMM Cols Emissions coss menpEallily ek
Market 217 217 7 7 7 - - - m7
2/13 2/13 1/13 113 1/13 1/13 4/13 1/13 13/13
Innovation 3/12 3/12 2/12 2/12 2/12 - - - 12/12
3/18 3/18 2/18 2/18 2/18 2/18 2/18 2/18 18/18
Ay 2/8 2/8 1/8 1/8 2/8 - - - 8/8
2/15 2/15 1/15 115 2/15 1/15 4/15 2/15 15/15
. 11 vi11 3/11 3/11 3/11 - - - 11/11
Lifestyles

1/18 1/18 3/18 3/18 3/18 3/18 1/18 3/18 18/18




Table 4: Adaptation thresholds considered in this study for reliability, resilience and sustainability.

Sewer Flooding CSOs River Flooding
Reliability 95.68 [%] 95.61 [%] 99.63 [%]
Resilience 5.4 [m] 1565.4 [m] 185.3 [m’]
Sustainability 663.3 [nT] 1,343,674.0 [m] 98,002.4 [’]




Table 5: List and caption numbers of the results (figures) presented in this study categorized by the adaptation domains
and adaptation objectives; the figures highlighted in bold are presented in the main text; the rest are shown in the Sl.

el Individual thresholds Multiple thresholds

Domaine ~Qbiective) Sewer 08 River | Sewerflooding | SSherflooding
ooding flooding + CSOs flooding
o REL Fig. S1 Fig. S2 Fig. S3 Fig. S20 Fig. S21
”(‘j‘mgi‘:]a' RES Fig. 4 Fig. 5 Fig. S4 Fig. S22 Fig. S23
SUs Fig. S5 Fig. S6 Fig. S7 Fig. S24 Fig. S25
REL-RES Fig. S8 Fig. S9 Fig. S10 Fig. S26 Fig. S27
Multiple REL-SUS Fig. S11 Fig. S12 Fig. S13 Fig. S28 Fig. S29
domain RES-SUS Fig. S14 Fig. S15 Fig. 516 Fig. 6 Fig. S30
REL-RES-SUS| Fig. S17 Fig. S18 Fig. S19 Fig. 7 Fig. 8




SteP 0.1 SteP 0.2 SteP 0.3 SteP 0.4 SteP 0.5
: To define/identify iy . L
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system and identify future S(ffr.‘oﬂ.s a.nd strategies: stand-alone and domains and reliability, resilience To dflt':[ne];ifijp;tdm
the varisbles | [ |FPety the dilfesag b, hybrid and sustainzbility indicators | eshe
dlements (see Section 3.4)

(see Section 3)

(see Section 3.1)

(see Section 3.2)

(see Section 3.3)
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Strategies: SCR: roof gardens; SCP: bio-retention planters; SCC: permeable pavement, 55: sewer separation; CST: improved sewer capacity and a new
storage tank; CS: improved sewer capacity only; OT: on-site wastewater treatment; H1: SCR + OT; H2: SCR + §§; H3: S5 + 0T, H4: SCR +C5.

Domains: REL: reliability, RES: resilience; SUS: sustainability
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Fig. 1. The adaptation pathways methodol ogy




Interrupted compliant
pathways of transient
scenarios (with sell-by-dates) STRATEGY A
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Uninterrupted
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Fig. 22 An example representation of adaptation pathways for a generic strategy. The compliant domain
(coloured) and non-compliant domain (grey) of transient scenarios are shown relative to adaptation
threshold(s). Coloured shades refer to regret expressed by reliability, resilience or sustainability indices for

each transient scenario.



Reliability domain for the sewer Resilience domain for the sewer Reliability-Resilience domain for the
flooding threshold (Strategy A) flooding threshold (Strategy A) sewer flooding threshold (Strategy A)
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Fig. 3: An example of how to identify multiple domains for a specific threshold using the mathematical
inter section



Resilience domains for the sewer flooding adaptation threshold
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Fig. 4: Resilient domains for sewer flooding adaptation threshold. The compliant domain (coloured tiles) is described

by scenario indices for each epoch, ranging from low (green) to high regret (red). Non-compliant and full-regret epochs
are shownin grey.



Resilience domains for the CSOs adaptation threshold
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Fig. 5: Resilient domains for CSO adaptation thresholds. The compliant domain (coloured tiles) is described by
scenario indices for each epoch, ranging from low (green) to high regret (red). Non-compliant and full-regret epochs are

shown in grey.



Resilient and sustainable domains for sewer flooding and CSO adaptation thresholds
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Scenarios [M: Markets; A: Austerity; I: Innovation; L: Lifestyles] - Strategies [D-N: do-nothing; SCR: roof gardens; SCC: Zero Regret Full Regret
permeable pavment; SCP: bic-retention planters; SS: sewer separation; CST: improved sewer capacity & storage tank; I
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Fig. 6: Resilient and sustainable domains for sewer flooding and CSO adaptation thresholds. The compliant domain
(coloured tiles) is described by mean scenario indices for each epoch, ranging from low (green) to high regret (red).

Non-compliant and full-regret epochs are shown in grey.



Reliable, resilient and sustainable domains for sewer flooding and CSO adaptation thresholds
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Fig. 7: Reliable, resilient and sustainable domains for sewer flooding and CSO adaptation thresholds. The compliant
domain (coloured tiles) is described by mean scenario indices for each epoch, ranging from low (green) to high regret

(red). Non-compliant and full-regret epochs are shown in grey.



Reliable, resilient and sustainable domains for sewer flooding, CSO and river flooding adaptation thresholds
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Fig. 8 Reliable, resilient and sustainable domains for sewer flooding, CSO and river flooding adaptation thresholds.
The compliant domain (coloured tiles) is described by mean scenario indices for each epoch, ranging from low (green)

to high regret (red). Non-compliant and full-regret epochs are shown in grey.



Highlights
e Adaptation pathways approach developed for dynamic assessment of wastewater systems
¢ Adaptability potential for reliability, resilience and sustainability explored
e Hybrid strategies effectively deliver short-term compliance and long-term needs
¢ Trade-off between adapting to short-term burdens and addressing long-term needs shown

¢ The proposed approach can easily be replicated for other contexts in the water sector
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