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Abstract

The current paper briefly presents the infrastruetasset management (IAM) methodology developetein
framework of the AWARE-P project for the comparisbalternative rehabilitation solutions and ap@dié to a
Portuguese water supply system taking into conatder different criteria. These criteria incorpoeathree
assessment dimensions — performance, cost and—rigikpressed by several assessment measures (e.g.,
investment cost, risks of pipe leakage, risk o fiprst and infrastructure index value). Criterieeaaggregated

by a Multiple Criteria Decision-Aid (MCDA) technigu- the ELECTRE Ill method. Alternative rehabiltat
solutions were established and assessed usingphi®ach. Results are presented and discussed.
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1. INTRODUCTION

Most of water distribution systems (WDS) in Eurapere designed and built several decades ago arréndy,
water utilities are facing the challenge of keepthgir systems operational, efficient and reliatdeprovide
water in enough quantity and good quality. Detation of urban water infrastructures and equipnmisra
normal and inevitable process. Components reachritieof their useful life, and consequently proldesuch as
increase in leakage levels, breakdowns and suppdyruptions become more frequent and maintenaoses c
rise. As a consequence, water utilities face tleglne choose between different alternatives foalbéhation.

A study carried out in Portugal involving 200 mupadities has shown that the total extent of walistribution
assets were 42,743 km long and the wastewateradfaiassets were 40,313 km long [2]. If an average u
replacement cost of 100 €/m is considered, thd tefdacement cost of these assets is 8,306 bithfoaeuros,
representing around 3.5% of the Portuguese grasest product (GDP). This study only included 6d#the
Portuguese municipalities and did not include ariyape or public water company; stormwater drainagsets
were also not considered. If a replacement ra%fyear is considered, all assets will be replanesD years
and, in every year, about 166 million euros arensfe the rehabilitation of water assets in theseicipalities.
Due to the current economic situation, this represa significant amount of money and, thereforeagtive
rehabilitation approaches are required.

Rehabilitation of water assets is considered byPthetuguese Water and Waste Services RegulatorARRSs

a key issue to increase efficiency of water ugiiti A recently published Portuguese law imposewater
utilities, providing a service to populations abod®,000 inhabitants to develop Infrastructure Asset
Management (IAM) plans.

Infrastructure Asset Management is defined as tiparate strategy and the corresponding planniygiematic
and coordinated activities and practices througlichvian organization optimally manages its assetsthair
associated performance, risks and costs over lifegycle [1]. Regardless the complexity and magulével of
the water utilities, IAM involves three planning/éds: strategic, tactical and operational. At epleimning level,
performance, risk and cost should be taken intmwaaic[2; 3]. At the strategic level, the directiof the
corporation in terms of IAM for the long-term (1@-2rrs.) is defined. At the tactical level the way the
medium-term (3-5 yrs.) is defined, establishingeiéntion priorities and selecting solutions. Hiaat the
operational level the solutions selected at thédaiclevel are implemented considering short-t@eniods (1-2
yrs.), defining the programme of actions to beiedrout [4].



AWARE-P Project, involving R&D and technologicalrpeers, the Portuguese water regulator and seeerhl
users, aims at the development and implementatitruatured procedure for IAM in water utilities][Based
on previous and new R&D results, an open-sourcefepsional-grade computer application, togetheh wit
manuals of best practice [2;3] and e-learning neteare being developed and made public availafiese
materials aim to assist water utilities in definimdpjectives, performing diagnoses, setting up e,
comparing alternatives and selecting interventiotutons. The methodology developed in the AWARE-P
project is based on plan-do-check-act principled isnorganized in levels of planning (strategictital and
operational), where each level is composed of wiffestages and tasks: (i) definition of objectiaesl targets;
(i) elaboration of diagnosis; (iii) elaboration tfe plan; (iv) implementation; and (v) monitoriagd revision.
The proposed methodology for water supply and fastewater infrastructure asset management inclies
three levels of planning. The three different disiens - cost, risk and performance are incorporategach
level of planning to better support decision-makiparticularly at the tactical level. The aggregatof criteria
from these three dimensions for decision makirayiéultiple Criteria Decision-Aid (MCDA) problem.

In the AWARE-P methodology one of the steps is @i rehabilitation alternatives and prioritizeesle
interventions or choose the best alternative. y @ase the decision needs to consider multiplergaitand the
AWARE-P framework allows balancing the three assesgs. A method to aggregate the three assessamhts
select the best alternative is presented in thigipapplying it to a case study and discussingehbelts.

2. REHABILITATION: AMULTICRITERIA DECISION PROBLEM

In IAM, after the study of possible alternatives (i user defined actions), the selection of the b#ernative
should be based on the balance between three m&s#ss- performance, cost and risk — for the wheléod of
analysis. This means that the assessments shalldiénthe time dimension; the assessments may i ajo
one moment in time (a time frame) or a period ofeti(i.e., several time frames, e.g. at 0, 5, 10 Ehgears).
The evaluation can typically be made by compariaghealternative with thetatus quosituation {.e., the
alternative corresponding to maintaining the curf@&M practice).

Scenariosi(e., user defined events that affect decision) caruded to project time evolutiore.¢, demand
evolution). The alternatives should be assessefdidbrmance, risk and cost for one or more scesadnd the
different alternatives are compared by checking tteey respond to the different scenarios.

Generally, the maximization of performance and mination of risk and cost are conflicting objec8vé@he

aggregation of criteria from these three dimensfonslecision making can be formulated as a MCDabjem.

There are two approaches to formulate this muléide problem: (i), the first one is to aggregdte selected
criteria from the three dimensions simultaneousbe(Figure 1a), and (ii) the second is to aggretbatselected
criteria from each dimension into a single measurd then aggregate them (see Figure 1b). In thperpdhe

approach used to aggregate the selected critetlzeiormer, as presented in Figure 1(a). It is clear yet
which of these two approaches leads to betterteedading a current research issue of the authors.
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Figure 1. Multicriteria problem formulation: a) aggation of the three dimensions simultaneously;
b) aggregation from each dimensions into a sinfgibal criteria

3. MULTICRITERIATOOLS AND THE ELECTRE lI

The main purpose of MCDA is to provide decisionimidtools that help finding solutions for real-wabrl
problems, most often, problems having conflictimmings of view [4]. Decision aiding means the ad{ivof the
person who, through the use of explicit but notessarily completely formalized models, helps ofitejn
responses to the questions posed by a stakehdldedexision process [5]. The multicriteria probleselated
to the methods and procedures by which the diffecgteria can be formally involved in the decisiprocess.



Generally, these problems fall into multi-attrib(tBscrete problems) or multi-objective problemsr(inuous
problems). The main difference between these twedyof problems is the number of possible alteveati

ELECTRE (ELimination et Choix Traduisant la REglithethods are a family of MCDA techniques developed
in France. Since their development, which startethe 1960s, ELECTRE methods have been widely irsed
many real-world decision problems.g,. energy, transportation, environmental and watenagament) and
proved to be suitable for situations where at Iéigstdecision criteria are involved [6]. The maidvantage of
these methods is the possibility of evaluatingadi(or alternatives) using ordinal scales (similadifferent)

for assessing different criteria and not havingndomalise results. ELECTRE family includes sevenaithods
distinguished by the type of problems involved,sas choice, ranking or sorting.

ELECTRE methods involve two phases: the constroatfoone or several outranking relation(s) followsdan

exploitation procedure [6-8]. The concept of oukiag relations was created due to the difficuléesountered
with several real problems and is the basis ofstiealled French or European school of MCDA [9;Ie

outranking relation is built through the followisteps [8;11]: (i) computation of the partial corsamce indices
¢(a,b) and¢(b,a), (ii) computation of the overall concordance iraic(a,b) (iii) computation of the partial
discordance indicesi(a,b) and di(b,a); (iv) computation of the fuzzy outranking relatigmounded on the
credibility indiceso(a,b), (v) determination of a-cut of the fuzzy relation in order to obtain asprioutranking
relation [8].

Water asset interventions for rehabilitation carirbated either asranking or asorting problem. In this paper,
the comparison of different rehabilitation alteimes is treated as &nking problem and the ELECTRE IlI
method is used for the aggregation of criteria.

4. CASE STUDY

The case study presented in here to illustratepttoposed methodology is a water transmission plije t
supplies water to an important industrial park ortBgal. The system comprises a water treatment (V& TP)

at an elevation of 70 m, a pipe approximately 10l&ng with circular cross section dimension betwéeshm
and 1.0 m. Water flows by gravity and the pipe $iegpa distribution storage tank with 50,008 capacity at
53 m elevation. The pipe material is reinforcedarete, except when traversing the valve chambens (h
total) where the pipes are of steel with reduceaimditers. Local site inspections have showed thait mo
structural condition problems are located in thesdge chambers.

The maximum flowrate that the pipe can convey bgvity is 1.3 ni/s; however, it is currently operated at
0.3 ni/s. Two demand scenarios were considered in thidysScenario 1 corresponds to a continuous inereas
of demand in the period of analysis (2011-2035grfacio 2 presents an initial increase in demafidvied by

a reduction in the middle of the period of analydike time variation of demand for the two sceraii®
presented in Table 1.

Table 1. Time variation of demand for the two scergaconsidered in this study

Scenario 2011 2013 2015 2017 2020 2025 2030 2035
S1 25 30 30 30 60 60 60 60
S2 25 3C 3C 30 20 20 20 20

As mentioned in Section 2, alternatives consistifiérent approaches to resolve the problem(sjudys In this
particular case, the main problems of the watdribigion system are related with the lack of redmcy of the
system, its unsatisfactory structural conditionafaation based in known age and life cycle of micéd
concrete pipe), costumer sensitivity to interrupsiof supply and possible lack of hydraulic capafot future
demands. In order to address these problems, feunatives were considered:

—Alternative AO: thestatus qudi.e., keeping the current O&M practice) (no cpst)

—Alternative Al: the implementation of a set of gysatic repairs in the existing pipe (2.5 M€);

- Alternative A2: the construction of a new pipe &8 hnm/year + rehabilitation of the existing one (15.1)M€
- Alternative A3: the construction of a new pipe 68 hni/year abandoning the existing pipe (11.7 M€).

In order to evaluate each alternative, seven @it®ere considered, each expressed by means aiheasure.
Three criteria are related with risk: risk of lamkhydraulic capacity of pipes (R1), risk of pigmkage (R2) and



risk of pipe burst (R3). Three criteria are relateith performance: real water losses (P1), exceggipe
capacity (P2) and the Infrastructure Value Ind&i,(P3) [12]. One cost criteria is considered: totevestment
costs (C1).

5. RESULTS AND DISCUSSION

The time variation of four criteria (R2, R3, P2 dP8) for all alternatives (A0, Al, A2 and A3) arat the two
considered scenarios (S1 and S2) is presentedjime=R2. IVI does not depend on the scenarios.
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Figure 2. Time variation of four assessment citenisk of pipe leakage (R2); risk of pipe bursBfRexceeding
pipe capacity (P2); Infrastructure Value Index (P3)

Results have shown that only the criteria R1 angrié2ent different results for each scenario. Gaite1 is null

in scenario 2 for all alternatives because pipegayd have enough hydraulic capacity and, thereftre,
consequence is always null; in the case of scedaffiar alternatives A0 and Al, the risk R1 incesawith time,

beginning from null to moderate risk level at tmel®f the period of analysis. A moderate risk lexa@responds
in a coloured risk matrix of three levels to yellomhile the green colour corresponds to an accéptik level,

and the red colour to the intolerable risk levdieTriteria P2 is demand-dependent (i.e., the grélaé demand,
the lower this indicator, and vice-versa).

One question that arises is how to aggregate thétseof the risk and performance criteria of tiféedent time
instants into a single value. The cost criteria lsareasily aggregated in time because the netrreakies can
be summed up. The solution used herein was thegeaf the values obtained for each criterion ahdame
instant for the period of analysis. Figure 3 présehe results for each alternative and criterifam, both
scenarios. Note that the values were normalizeg fonlthe purpose of graphical presentation.
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Figure 3. Results of each alternative per assedsime) Scenario 1; b) Scenario 2

To evaluate the four alternatives with the selectéeria ELECTRE IIl/IV software was used. In tEsftware
the criteria, alternatives, performances and ttoleishshould be defined. Note that performances @DM are
the metrics of the criteria in each alternativereBholds are preference parameters of the methdd asithe
indifference, preference and veto thresholds. ThEs@ameters were considered to be null meaninge sinc



traditional model of preference is used. In a tiadal model a difference between two alternativeplies a
strict preference by one of them. In some situati@decision-maker is not sure if his preferergcstiict and
can hesitate. In this case other type of preferemagel using the thresholds should be used.

Table 2 presents the results obtained in the pedoce matrix of the ELECTRE Il software considgrife
different criteria, for the scenario 1. For sceoadtisimilar results were obtained. In the casehefrisk criteria
three methods to obtain the final value were catedl, namely, the sum, the average and the maxivailume.

Table 2. Performance matrix for ELECTRE Il

R1 R2 R3
P1| P2 C1 P3
Sum | Averagd Max| Sun] Average Max Sum Average Max

A0 | 0.69 0.03 0.06] 16.62 0.66 0.83 1.p0 0.04 0.04 | P12 0 0.41
Al | 0.6¢ 0.0z 0.0€ | 12.71 0.51 0.6z | 0.54 0.0z 0.04| 13 |0.1z| 25 | 0.6C
A2 0 0 0 11.44 0.46 0.56 0.20 0.01 0.p4 |7 Q31 15072
A3 0 0 0 5.23 0.21 0.52 0.2 0.01 0.p4 |5 034 11.0382

The units for P1, P2, and C1 ar&/km.day), %, and Million € respectively. P3 is hess.

If no weights are used the results obtained witEETLRE IIl software allowed to conclude that is fifiglient to
use a sum, average or the maximum value to aggreigitin the period of analysis. In this case ahder rank
is as follows (from the best to worst): A3, A2, atid AO. If the decision-maker argues that the bffié criteria
should not have the same relative importance, weighn be used. In Table 3 the weights definedhiay t
decision-maker are given, resulting in attributiigher importance to the risk of pipe burst (R3)l &mthe total
investment cost (C1).

Table 3. Weights attributed to each criterion

R1 R2 R3 P1 Pz Ci Pz
Weight 8 2 10 1 1 1C 2

Using weights to evaluate the four alternativesults in significant differences from those obtaimeeviously
where no weights were used (Table 4).

Table 4. Rank order for the four alternatives, aggting risk: a) by a sum or an average; b) bygie
maximum value.

a) Rank | Alternative b) Rank | Alternative
1 A2 1 A3
A3
2 A0
2 A0 Al
Al
3 A2

Table 4 shows that the best alternative is A2xraequawvith A3 when considering the sum or the average of
risk over time, and is A3 when using the maximurtugaNevertheless, this does not reflect the fgetihthe
decision-maker that the risk of pipe burst is hitpiat it is important to have redundancy and thiteynative A2

is the best choice. This result can be obtained whin the cost criteria has a lower weight ind@halysis.

6. CONCLUSIONS



The present paper presents the application of #wsidn making process part of the AWARE-P project
framework to real life case study. The aggregatibeach dimension into a global single criteriom isatter for
further research. ELECTRE Il is an easily impletedate method to aggregate different criteria altyvi
obtaining an overall measure to rank rehabilitatiiarnatives. The results obtained in this stutynsed that the
best alternative is A3 except when the cost ceatérave lower weight in the analysis. In this case hest
alternative is A2. Further research is also beimgied out to evaluate the sensitivity of the |léngt period of
analysis and of the weights used and to deal Wehuncertainty associated with several scenarios.
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