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University of Exeter, North Park Road, Harrison Building, Exeter, EX4 4QF, UK

Abstract

Despite providing water-related services as the primary purpose of urban water system (UWS), all
relevant activities require capital investments and operational expenditures, consume resources (e.g.
materials and chemicals), and may increase negative environmental impacts (e.g. contaminant
discharge, emissions to water and air). Performance assessment of for such a metabolic system may
require developing a holistic approach which encompasses various system elements and criteria. This
paper analyses the impact of integration of UWS components on the metabolism based performance
assessment for future planning using a number of intervention strategies. It also explores the importance
of sustainability based criteria in the assessment of long-term planning. Two assessment approaches
analysed here are: (1) planning for only water supply system (WSS) as a part of the UWS and (2)
planning for an integrated UWS including potable water, stormwater, wastewater and water recycling.
WaterMet? model is used to simulate metabolic type processes in the UWS and calculate quantitative
performance indicators. The analysis is demonstrated on the problem of strategic level planning of a
real-world UWS to where optional intervention strategies are applied. The resulting performance is
assessed using the multiple criteria of both conventional and sustainability type; and optional

intervention strategies are then ranked using the Compromise Programming method. The results
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obtained show that the high ranked intervention strategies in the integrated UWS are those supporting
both water supply and stormwater/wastewater subsystems (e.g. rainwater harvesting and grey water
recycling schemes) while these strategies are ranked low in the WSS and those targeting improvement
of water supply components only (e.g. rehabilitation of clean water pipes and addition of new water
resources) are preferred instead. Results also demonstrate that both conventional and sustainability type

performance indicators are necessary for strategic planning in the UWS.

Keywords: Urban water; water supply; integrated system; sustainability; multi-criteria assessment; performance indicator;

1. Abbreviations

BAU: business as usual

CP: compromise programming
CSO: combined sewer overflow
D: water demand

DM: distribution main

GHG: greenhouse gas

GWR: greywater recycling
KPI: key performance indicator
MCM: million cubic metres
O&M: operations and maintenance
POP: population

RWH: rainwater harvesting

S: water supply

SC: subcatchment

SN: sewer network

SR: service reservoir

TM: trunk main

RW: receiving water

RWH: rainwater harvesting
WR: water resource

WSC: water supply conduit
WSS: water supply system
WTW: water treatment works
WWTW: wastewater treatment works
UWS: urban water system

2. Introduction

Urban water system (UWS) is typically applied to description of the three main subsystems of
drinking water supply, stormwater and wastewater collection (Loucks et al., 2005). Assessment of each
subsystem separately for particular purposes is a traditional approach which can be done by using
physically based models such as the EPANET model to simulate hydraulic and water quality-water

quality behaviour of water distribution systems (Rossman, 2000) and the SWMM model to simulate



hydrology-hydraulic behaviour of urban drainage and sewer networks (Rossman, 2010). However,
impact assessment of the UWS performance on urban sustainable development would require a more
integrated approach for modelling UWS components (Makropoulos et al., 2008).

This aim for assessing the UWS performance can be achieved by conceptually-based models which
are able to capture the complex interrelations and interactions between the UWS subsystems (Savic et
al., 2013). These models have been widely developed to fulfil the requirements of integrated modelling
for assessment of various UWS components and subsystems such as water supply (Susnik et al., 2012;
Collet et al., 2013), drainage or combined sewerage (Fu et al., 2009) and integrated UWS (Makropoulos
et al., 2008; Mackay and Last, 2010; Mitchell and Diaper, 2010; Fagan et al., 2010; Willuweit and
O’Sullivan, 2013; Behzadian et al., 2014a, Venkatesh et al., 2014, Villarroel Walker et al., 2014;
Behzadian and Kapelan 2015). These models mainly evaluate urban water-related services as the
primary aim of performance metrics and thus are limited to the conventional performance indicators.
Some models deal with only water quantity-related metrics (e.g. Susnik et al., 2012) or water quantity
and quality (e.g. Fu et al., 2009) or water-energy nexus (e.g. Makropoulos et al., 2008; Mackay and
Last, 2010; Mitchell and Diaper, 2010). A literature review conducted by Nair et al. (2014) reveals that
integrated UWS modelling through a systematic framework is necessary to capture the dynamics of
multiple water—energy—greenhouse gas (GHG) linkages within their components. The performance
metrics related to water-energy-GHG nexus have also been provided by some integrated UWS models
(e.g. Fagan et al., 2010; Behzadian et al., 2014b). However, the impact of urban water cycle on other
sustainability dimensions such as socio-economic factors and environmental impacts are often
overlooked (Huang et al., 2013). This multi-dimensional impact on the UWS performance can be
envisaged by means of a metabolism concept for input, output fluxes and other processes in between
(Venkatesh et al., 2014; Behzadian and Kapelan, 2015).

The concept of UWS metabolism is driven from definition of urban metabolism as “the sum total of

the technical and socio-economic processes that occur in cities, resulting in growth, production of



energy, and elimination of waste” (Kennedy et al., 2007). The literature review conducted by Kennedy
et al. (2011) manifested the importance of urban water-related fluxes in an urban metabolism analysis.
In addition, while water is one of the four major components of urban metabolism (water, food,
construction materials, and energy) identified by Baccini and Brunner (1991), urban water cycle can
influence materials and energy in urban metabolism. In fact, the urban water cycle is a set of various
services resembling a human metabolic system (Huang et al., 2013). The UWS metabolism implies a
variety of required flows and fluxes (e.g. water, materials, chemicals and cost) to provide UWS services
which consequently generate a number of other fluxes (e.g. GHG emissions, acidification and
contamination discharge to air and water). Similar to other urban metabolic systems, the UWS
metabolism is influenced by and has considerable impacts on other spheres such as social, economic
and environmental. Understanding of these impacts is particularly important because this can affect the
selection of appropriate interventions including both operational strategies and new infrastructure. All
this requires a modelling approach for metabolism based assessment of the UWS performance.
Although numerous UWS models have been developed as listed above in the recent decades, the
metabolism based UWS performance was addressed by only a few of them which are briefly discussed
here. Fagan et al. (2010) presented a dynamic metabolism model which can provide a comprehensive
set of metrics related to sustainability and cost effectiveness in the UWS. Huang et al. (2013) developed
a conceptual metabolism model for integrated analysis of both real and virtual water in the UWS. The
DMM and WaterMet* models are two different metabolism based models developed respectively by
Venkatesh et al. (2014) and Behzadian and Kapelan (2015) under the EU TRUST (TRansition to
sustainable Urban Systems of Tomorrow) project (Behzadian et al., 2014a). Although both models
quantify a number of performance indicators related to various dimensions of future sustainability, the
functionality of these two models is quite different. The DMM is a lumped metabolism model based on
annually-aggregated of water flows within the entire UWS; hence, fluxes of water-related resources and

other environmental impacts are quantified by multiplying annual water flow by a suitable conversion



factor (Venkatesh et al., 2015). However, WaterMet? is a distributed metabolism model which simulates
water related and other resources flows throughout the UWS components with a higher resolution both
spatially (e.g. multiple water resources and service reservoirs) and temporally (e.g. daily and monthly)
(Venkatesh et al., 2015). The difference of functionality in these models has caused intervention
strategies are simulated differently in these models and due to this, some optional interventions cannot
be modelled using the DMM such as water recycling schemes and leakage. Villarroel Walker et al.
(2014) also presented a MSA (Multi-sectoral Systems Analysis) tool which explores the impact of
water-related strategic technologies on urban metabolism using systems analysis.

Furthermore, each potential and complex intervention in the UWS can result in specific performance
and environmental impacts which can be quantified by a metabolism based analysis or other tools. As
such, various dimensions of the UWS sustainability may be affected by these impacts (Alegre et al.,
2012). Therefore, an overarching analysis of various interventions necessitates considering a multi-
criteria performance assessment framework which can be linked to the simulation model (Chrysoulakis
et al., 2013; Morley et al., 2014). Various objectives and subsequently performance indicators can be
derived from these criteria in the UWS. Some of these criteria have been traditionally employed for
assessment of trade-offs between conflicting criteria such as cost versus reliability representing
economic and engineering criteria, respectively. This is due to the fact that conventional urban water
management aims to balance water supply-demand with respect to mainly economic criteria
(Makropoulos et al., 2008). Relative to these conventional assessment criteria in water systems,
assessments including new aspects of the sustainability framework (e.g. greenhouse gas emissions,
resilience and social acceptance) may result in lasting benefits for complex socio-ecological systems
and ecosystem services (Shah and Gibson, 2013). However, the impact of a holistic performance
assessment including both conventional and new sustainability criteria needs to be carefully analysed in
the UWS (Lai et al., 2008). Chrysoulakis et al. (2013) has recently employed multi-criteria analysis for

assessment of metabolism based performance of a number of urban planning alternatives such as



changing land use and urban design. They also benefited from other existing models for calculating
metabolic fluxes in urban areas and combined them into a structured geo-database (ESRI ArcGIS).
Despite plethora of recent advances in the development of urban water system modelling and
metabolism models, to the best of the authors’ knowledge, none of the previous works has investigated
a metabolism multi-criteria based performance assessment for strategic planning of the integrated UWS
including the main components of water supply, wastewater and stormwater subsystems. Hence, the
aim of this paper is to explore the detailed impact of integration of the UWS components on the
metabolism based performance assessment when a number of optional intervention strategies are
applied. This paper also aims to explore the impact of both conventional and sustainability type criteria
on this assessment for long-term planning (e.g. 20-40 years) in the UWS. Next section presents the
methodology followed by illustrating the case study and the analysed intervention strategies. The results

are then discussed along with summarising key findings and recommendations for future works.

3. Methodology

A number of potential intervention strategies are employed in this study for assessment of
metabolism based performance of the UWS based on two approaches: (1) planning for only water
supply system as part of the UWS and (2) planning for an integrated UWS including with potable water,
stormwater, wastewater and water recycling. The intervention strategy is defined here as a set of
individual intervention options occurring over the defined planning horizon, each with pre-specified
timing. Selection of an appropriate modelling approach is the first step for a strategic level assessment
of optional interventions. Drawing upon the aforementioned review of the existing approaches,
WaterMet? is used here to calculate quantitative performance indicators in the two UWS approaches
(Behzadian et al., 2014a). WaterMet® supports simulation of intervention option strategies (Morley et
al., 2015). Each intervention strategy is affected by modifying the relevant variables in WaterMet? once
reaching a pre-specified timing following the implementation of some intervention(s) and then

rerunning the simulation from that point onwards until the end of the planning horizon. The



performance of potential intervention strategies, quantified over the planning horizon, is then compared
with each other and subsequently ranked using a multi-criteria decision analysis (MCDA) method.

Further details of the models employed in this paper are described in the following.

3.1. Integrated UWS model in WaterMet?

WaterMet? is a conceptual, simulation-type, mass-balance-based model which is used here to
quantify metabolism related performance of the UWS over a long-term planning horizon (Behzadian et
al., 2014b; Behzadian and Kapelan, 2015). The WaterMet* model can simulate any combination of the
main UWS components in clean water supply, stormwater collection and wastewater treatment
infrastructures as shown in Fig. 1. Any arbitrary number of each type of the UWS components (e.g.
conveyance type, storage type and subcatchment) can be defined in WaterMet?. The model also adopts a
simplified approach for water supply in which 'source to tap' modelling is performed based on six types
of the UWS components (Loucks et al., 2005; Rozos and Makropoulos, 2013). More specifically, the
water supply infrastructure, as shown in Fig. 1a, is split into three conveyance components (water
supply conduits, distribution mains and trunk mains) and three storage components (water resources,
WTWs and service reservoirs). The clean water is consumed by customers, which can be supported in
WaterMet? by defining various types of water demand profiles shown in Fig. 1b. All this, in turn,
enables WaterMet? to simulate water recycling options (i.e., rainwater harvesting and grey water
recycling schemes). In particular, rainwater harvesting tank in WaterMet? can potentially provide
collected rainwater for all water demand profiles while grey water recycling tank can provide treated
grey water only for toilet flushing and irrigation (see Fig. 1b). In WaterMet?, grey water recycling tank
can collect grey water from consumption of some household appliances and fittings (i.e. hand basin,
shower, dish washer and washing machine), industrial & commercial and frost tapping. Similarly, a
simplified approach is adopted for modelling wastewater/stormwater infrastructure. The corresponding
key components modelled in this subsystem, shown in Fig. 1a, include combined/separate sewer

network ‘routes’, WWTWSs and receiving water bodies. WaterMet? can also support simulation of



treatment processes, chemicals consumption, sludge and typical resource recovery options (e.g. biogas,

ammonium nitrate and urea) in both WTWs and WWTWs. Thus, water recycling options can be defined

in WaterMet? by either decentralised schemes in subcatchments or centralised schemes such as treated

wastewater recycling from WWTWs (IWA, 2012).
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WaterMet® also tracks down a number of metabolism based fluxes within the operating phase of the
UWS by using a range of input mass fluxes (e.g. water inflow, precipitation, energy and chemicals used)
as shown in Fig. 2. This, in turn, will enable WaterMet? to calculate metabolism related indicators
including principal water-related flows and other environmental and financial fluxes. The principal
metabolism flows/fluxes quantified by WaterMet® include: (1) water flows (Makropoulos et al., 2008);
(2) energy; (3) GHG emissions; (4) acidification potentials; (5) eutrophication potentials; (6) chemicals;
(7) pollutants; (8) costs. Due to supporting strategic planning, WaterMet? will use daily time steps as the
default and smallest temporal scale to simulate the UWS performance for a period of N years which is
specified by the user. A minimum of one year taking into account any seasonal variations of water
demands can be envisaged but longer simulation durations typically spreading across multiple years
(e.g. 20-40 years) are more desirable to be defined over a long-term planning horizon. Further details of
WateMet? modelling processes and assumptions can be found in Behzadian et al. (2014a), Behzadian

and Kapelan (2015) and Venkatesh et al. (2015).
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Fig.2. Principle mass fluxes modelled within the UWS metabolism by WaterMet?

3.2. Compromise Programming (CP) method

Different intervention strategies, simulated by using WaterMet? model, need to be compared and

ranked with respect to a number of specified performance criteria. Here, the Compromise Programming



(CP) method is used as a MCDA technique to compare the calculated key performance indicators for
different intervention strategies. The CP method, originally proposed by Zeleny (1973), calculates a
distance function for each strategy based on a subset of efficient solutions (called the compromise set)
that is “nearest” to an ‘ideal’ point, for which all criteria are optimized (André and Romero, 2008). The
strategies are then ranked according to these distances. Without loss of generality, assuming all criteria
are maximising, the overall distance function for an intervention strategy with an evaluation function
(f), maximum absolute (ideal) value (f;"), minimum absolute (anti-ideal) value (fix), and weight or

relative importance (w;) for criterion i and a topological metric of p is calculated as

minimise L, = [ﬂcrizteria(wi(fi* -fi )/(fi* - fi*))pT/p W >0,1<p<co )

i=1

The magnitude of parameter p, ranging between 1 and infinity, indicates the maximum deviation
which can be reflective of decision makers’ concern (Fattahi and Fayyaz, 2010). The evaluation
functions in Eq. (1) are the UWS performance indicators derived from different aspects of sustainability
criteria. In other words, each term of Eq. (1) is the impact of one performance indicator, normalised
based on its distance from ideal point and the distance between ideal and anti-ideal points, on the
overall distance function. In particular, the ideal point for each indicator should be selected carefully
based on the real target points of decision makers (Fattahi and Fayyaz, 2010). This is important due to
the fact that the difference of performance between various intervention strategies may be negligible for
a performance indicator if the selected ideal point of that indicator is far away from all calculated

performance indicators.

3.3. UWS performance indicators

A plethora of performance indicators can be derived from a specific set of sustainability criteria for
assessment of intervention strategies in the UWS (Lai et al., 2008). This complexity will increase with

various classifications of sustainability criteria being defined in water systems by different researchers
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such as Ashley et al. (2004), Makropoulos et al. (2008) and Alegre et al. (2012). The key performance
indicators (KPIs) used here for comparison of intervention strategies have strived to cover five
dimensions of the sustainability framework (i.e. social, environmental, economic, governance and asset)
suggested by Alegre et al. (2012). On the basis of this framework, thirteen KPIs, listed in Table 1, were
carefully selected under two categories of six conventional KPIs and seven sustainability type KPIs
from the literature of sustainability assessments in the UWS (Sahely et al., 2005; Makropoulos et al.,
2008; Lai et al., 2008; Shah and Gibson, 2013; Willuweit and O’Sullivan, 2013; Venkatesh et al., 2014).
This selection was also made by taking into account the specific issues addressed in the case study
analysed. It should also be noted that other KPIs may be added to this list if and where decision makers
feel that they are required to address case study specific issues. The conventional KPIs which have been
widely evaluated by many models in the UWS are two economic indicators (capital and operations and
maintenance (O&M) costs), one social (reliability), two asset types (leakage and CSO volume) and one
environmental (total contaminants). The sustainability type KPIs are the measured metrics derived from
the generic concept of the sustainability criteria in the UWS. These KPIs which have received more
attention in recent decades focus mainly on reduction in adverse environmental impacts and public
concerns (Esty et al., 2008). Hence, three sustainability KPIs, selected from environmental aspects, are
(1) GHG emissions as the main sources of Global Warming Potential (GWP100) and climate change
presented in IPCC (2006) (2-3) other main environmental impacts on water quality (acidification and
eutrophication potentials) which are the most consistently reported indicators (Esty et al., 2008). The
three sustainability KPIs covering the social dimension here are (1) vulnerability as a measure for
sustainable livelihoods approach, (2) public acceptance as a factor of public awareness and satisfactory
and (3) company acceptance as sustainable willingness to support a strategy by experts for planning and
implementation (Cannon et al., 2003). Resilience is also considered as a measure of sustainability in
respect of asset and infrastructure, which indicates the reserved and redundant capacity provided for any

future failure periods (Todini, 2000).
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The first eleven KPIs in Table 1 are quantitative measures which can be calculated by WaterMet?
over the full length of the defined planning horizon using daily time steps. Note that some of these KPIs
(i.e. KPI1-2, KP14-6, KP19, KP110-11) are directly calculated from the output KPIs in WaterMet? while
others (i.e. KPI3, KPI7-8) are calculated from the time series of the basic water flows (supply and
demand) in WaterMet? as expressed in the table (Behzadian et al., 2014a). The last two KPlIs in the
Table (i.e. public and company acceptance) are qualitative criteria which are evaluated based on
experts’ opinions. To quantify these qualitative KPIs, they are assessed using five linguistic terms
(extremely low, low, medium, high and extremely high) by experts to represent different categories of
subjective judgments. After collecting linguistic terms of experts, they are converted as rating on a scale
of acceptance ranging from 1 (the worst) to 10 (the best) as: 1-2 for ‘extremely low’, 3-4 for ‘low’, 5-6

for ‘medium’, 7-8 for ‘high’ and 9-10 for ‘extremely high’ term.

Table 1 List of KPIs used in this study

No Name Units Description References
KPI1  Capital cost of Million€  Present value (first year) of total capital costs is calculated Makropoulos et al.,
interventions for the initial capital investment of intervention options. 2008;
Venkatesh et al.,
2014
KPI2  O&M cost Million Present value (first year) of total Operations and Makropoulos et al.,
€/year Maintenance (O&M) costs is calculated for any fixed and 2008; Venkatesh et
variable O&M costs. al., 2014
KPI3  Reliability of % The ratio of the total water delivered to customers (S;) to  Sahely et al., 2005;
water supply the total water demand (D;) is calculated over the total Loucks et al., 2005;
8 . ntimesteps  /ntimesteps Makropoulos et al.,
number of time steps: Z:;'S‘ izd“Di 2008;
KPI14  Leakage MCM/ Annual average of leakage volume is calculated in all Sahely et al., 2005;
year conveyance components of water supply assuming leakage Venkatesh et al.,
is a fixed percentage of water supply in water supply 2014;
conveyance components.
KPI5  CSO volume 10° Annual average of spill volume of CSOs is calculated Sahely et al., 2005;
MPlyear when daily flow in sewer network exceeds the capacity of ~Willuweit and
a CSO structure. O’Sullivan, 2013;
KPI6  Total 10° Total mass of contaminants (here total nitrogen, Willuweit and
contaminants ~ Tons/year  phosphorous and carbon) discharging from CSOs and O’Sullivan, 2013;
WWTWs (either treated or untreated) into receiving water Venkatesh et al.,
bodies is calculated. 2014;
KPI7  Vulnerability = No of The number of affected people for which water is not Sahely et al., 2005;

people

12



No Name Units Description References
of water supplied over a 24 hour period is calculated using water Loucks et al., 2005;
supply supply (S;) and demand (D;) and population (pop;) of each
time step over the total number of time steps:
ntlTij[eps(l—Si/Di)x pop;, ifS;,/D,, <land S;/D; <1
KPI8 Resilience of 10° Based on the resilience concept related to redundant Todini 2000;
water supply M?/ year capacity of water supply during pipe failure (Todini 2000), Sahely et al., 2005;
this indicator is calculated by averaging the redundant Loucks et al., 2005;
capacity over the number of independent failure states and
time steps:
ntimesteps nfailures
Z(Sij -D;) /ntimestep3x nfailures
i=1 j=1
Given the number of failure states in which one of the
water supply components is out of service, redundant
capacity (as either positive value for reserve water or
negative value for water deficit) in a time step is the
difference between water demand (D;) and potential
capacity of water supply (S).
KPI9 GHG 10° Annual average of the greenhouse gas emissions (caused Change, 2007;
emissions Tons/year and avoided) is calculated in kg of carbon dioxide Sahely et al., 2005;
equivalents (CO,-eq) for both gas emitted directly (e.g.
fossil fuel consumption) and indirectly (e.g. embodied
energies consumed for electricity and chemicals).
KPI1  Acidification Tons/ year  Annual average of acidification potential (caused and Willuweit and
0 avoided) is calculated in kg of SO, equivalents from the O’Sullivan, 2013;
major acidifying gas emissions. Venkatesh et al.,
2014;
PKI1  Eutrophication 10 Annual average of eutrophication potential (caused and Sahely et al., 2005;
1 Tons/ year  avoided) is calculated in kg of PO, equivalents from the Venkatesh et al.,
emissions to both atmosphere and water in different forms.  2014;
KPI1  Public - The extent an intervention strategy would be supported by  Sahely et al., 2005;
2 acceptance society, especially consumers, in order to fulfil the water Lai et al., 2008;
demands with respect to a number of factors such as water Makropoulos et al.,
quality, service quality. 2008;
KPI1  Company = The acceptability and willingness to support a strategy by  Willuweit and
8 acceptance water companies, either private or public. O’Sullivan, 2013;

Once the values of all analysed KPIs are obtained using WaterMet® and the qualitative method
outlined above, the overall distance of each intervention strategy with respect to multiple criteria is
calculated based on Eq. (1) and then the intervention strategies are ranked based on the CP method.
Note that the ideal point in the CP method can be either maximum absolute function for maximising a

KPI or minimum absolute function for minimising a KPI. The KPIs minimising here are capital cost,
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O&M cost, leakage, GHG emissions, acidification potential, eutrophication potential, CSO volume,
total contaminants and vulnerability. The remaining four KPIs, i.e. reliability, resilience, public

acceptance and company acceptance, are maximised.

4. Case Study
4.1. Problem description

The proposed methodology was demonstrated here for 30-year planning of a real-world UWS of a
northern European city. The UWS will face a number challenges among which population growth is
likely to impose significant strains on the UWS performance for future planning. As a result, it is
predicted that the city population with ~750,000 inhabitants in 2014 is estimated to reach approximately
1,240,000 inhabitants in 2045 based on the highest foreseen rate of population growth. A brief
description of the case study are outlined here.

Fig. 3 shows a schematic representation of the analysed UWS which comprises two distinctive water
supply routes (indicated as 1 and 2 with solid-line components in the figure), each including one Water
Resource (WR), Water Supply Conduit (WSC), Water Treatment Works (WTW), Trunk main (TM),
Service Reservoir (SR) and Distribution Main (DM). Out of the total fresh water supply, route 1 and 2
provides approximately 90% and 10% of total supply capacity, respectively. As such, the two existing
water resources are of limited capacity (120 and 13.8 million cubic metres (MCM)) and inflow (average
of 287 and 12 MCM/year). The single defined subcatchment accommodates various types of water
demands including domestic, commercial, garden watering, frost tapping and unregistered public use in
the UWS. The domestic (indoor) water demand per capita is further split into the six types of appliances
and fittings outlined previously. The current leakage from the pipelines is estimated to be approximately
22% of total water demand. There is also a single sewer network connected to two WWTWs collecting

63% (WWTW1) and 37% (WWTW?2) of the stormwater and sanitary sewage flow. Any treated
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wastewater from WWTWs and untreated wastewater/stormwater exceeding the sewerage capacities are

discharged into the only receiving water body (RW1) at the most downstream point of the UWS.

—» WR2 [ WSC2 [ WTW2 | TM2 [ SR2 —» DM2 WWTW2

\: WWTW1
P sc1 ] sni < @

| > WR3 i WSC3 i~#i WTW3 {-» TM3 {-» SR3 j-»i DM3 |
|

I
I
I
I
I
I
I
I
I
I
|
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I

Fig.3. Schematic representation of the main UWS components modelled in WaterMet?; The dashed components show the
new components related to the intervention strategy of “new water resource”; Also note that WR=water resource,
WSC=water supply conduit, WTW=water treatment works, TM=trunk main, SR=service reservoir, DM=distribution main,
SC=subcatchment, SN=sewer network, WWTW=wastewater treatment works and RW=receiving water body

Given the input data outlined here and the information provided by the relevant water company, the
WaterMet? model was built. The historic time series of rainfall and inflows to the water resources over
the past 30 years were used for this analysis assuming the same trend will happen over the planning
horizon. The model calibration in the current version of WaterMet? can be done using a manual, trial
and error approach and hence it was pursued here although the model calibration accuracy can be
improved by automated (e.g. optimised) calibration. As a result, the model was calibrated and validated
for both water supply and stormwater/wastewater subsystems sequentially using the historical daily
measurements available. In water supply subsystem, two years of recorded and available daily water
production at the WTWs were split into two periods of 2011 for calibration and 2012 for validation. The
stormwater/ wastewater subsystem was subsequently calibrated and validated for two years of 2010 and
2011 of recorded daily wastewater inflows to the WWTWs, respectively. The simulated values in both
subsystems were reasonably close to the observed values (not shown here) although the accuracy of the
calibration in the wastewater part is better than the water supply part. This can be attributed to the fact
that daily water demands are highly variable over a year, not necessarily corresponding with

temperature and calendar monthly variations defined by the WaterMet” model but other impacts such as

15



human behaviours (e.g. tourism and holidays). Further details of the calibration procedure in the

WaterMet? model can be found in Behzadian and Kapelan (2015).

4.2. Intervention strategies

In order to tackle the increased water demand due to high population growth in the future, a number
of intervention strategies were investigated for the future planning. Hence, the following five individual
intervention options which can be simulated by WaterMet® were employed here for developing
intervention strategies:

(1) New water resource: This option considers (a) adding a new water resource (with a large capacity

of 13,000 MCM) where no infrastructure exists for conveyance of raw water and (b) expansion of an
existing water resource. As a result, this option will add the new water resource (WR3) and subsequent
new water supply route 3 (i.e. WR3, WSC3, WTW3, DM3, SR3 and DM3) and expand the existing
water resource (WR1) by adding the new route 4 (i.e. WSC4, WTW4, DM4, SR4 and DM4), which are

shown in Fig. 3 as dashed-line components. (2) Increase in pipeline rehabilitation: A rehabilitation

strategy based on the ‘oldest-first’ principle is adopted here, in which, when additional annual
rehabilitation is applied, leakage decrease is proportional to the length and age of the rehabilitated pipes
(Behzadian et al., 2014b). At the current rate of pipeline rehabilitation (1%), three possible rates of
increase in annual rehabilitation (0.2%, 0.5% and 1.0% of the total length per year) are analysed as

intervention options. (3) Water meter installation in households: Given water meter installation would

result in an estimated reduction of 10% in water demand (Butler and Davies, 2004), the installation of a
fixed number of water meters for household users, per year, can be looked upon as an effective
intervention option. As no water meters are installed in households of the city in the first year of
analysis, two annual rates of water meter installation are investigated here, being 5% and 10% of the

total households. (4) Rainwater Harvesting (RWH) scheme: A single RWH scheme (Ward et al., 2012;

Behzadian et al., 2014c) representing many small domestic RWH units across the city is assumed in the

subcatchment. Two rates of adoption of the RWH scheme (25% and 50% of households) are analysed
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as intervention options. The RWH scheme collects runoff from roofs, roads and pavements and supplies

water for toilet flushing, garden watering and industrial usages. (5) Grey Water Recycling (GWR)
scheme: Similarly, a representative GWR scheme (Memon et al., 2005; Behzadian et al., 2014c) across
the city are considered with two rates of 25% and 50% of adoption in households. The GWR scheme
collects grey water (i.e. from the hand basin, dish washer, shower, washing machine and frost tapping)
and recycles the treated grey water for the provision of toilet flushing, irrigation and industrial uses.
Based on combining the aforementioned intervention options, Table 2 lists the eleven intervention
strategies derived from these options, each occurring at a specific point in time, to illustrate a number of
potential strategies for improving the UWS performance over the planning horizon. Strategy 1 ‘business
as usual (BAU)’ is effectively ‘do nothing’ in the UWS, leaving the water resource situation and the

pipe rehabilitation rates unchanged. To create the intervention strategies, up to four intervention options

have been combined with different levels of implementation.

Table 2 Intervention strategies analysed in this study

Strategy Description of intervention options Start
1D Rehabilitation Supply Metering year
augmentation
S1 (BAU) - - - -
S2 - new water resource - 2025
S3 1% additional - - 2020
rehabilitation annually
S4 0.5% additional - 5% additional water 2020
rehabilitation annually meter annually
S5 0.2% additional - 10% additional water 2020
rehabilitation annually meter annually
S6 - 25% RWH scheme 10% additional water 2020
meter annually
S7 - 25% GWR scheme 10% additional water 2020
meter annually
S8 - 25% RWH & 25% - 2020
GWR schemes
S9 - 50% RWH & 50% - 2020
GWR schemes
S10 0.5% additional 50% RWH & 50% 10% additional water 2020
rehabilitation annually ~ GWR schemes meter annually
S11 0.2% additional 25% RWH & 25% 5% additional water 2020
rehabilitation annually ~ GWR schemes meter annually
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5. Results and discussion

Intervention strategies were analysed here for two cases: (I) strategic planning for Water Supply
System (WSS) rehabilitation/upgrade only as a part of the UWS shown in Fig. 3 and (lI) strategic
planning for rehabilitation/upgrade of integrated UWS shown in Figs. 1 and 3. In addition, the
intervention strategies in each case were evaluated and ranked for two sets of criteria: (1) conventional
indicators only and (2) both conventional and sustainability type indicators. In all cases, WaterMet?
evaluated the eleven aforementioned intervention strategies in the system for a period of 30 years
starting from 2015 with daily time steps. All rankings obtained by the CP method in Eq. (1) assume
equal weights for the analysed criteria and topological metric (p) equal to 2. In addition, the minimum
and maximum absolute values in Eq. (1) are the extreme KPI values of the intervention strategies for

each criterion.

5.1. Case I: water supply system rehabilitation/upgrade only

The intervention strategies were first evaluated for the analysis of the WSS alone using the nine
criteria/KPIs including four conventional (capital cost, O&M cost, reliability and leakage) and five
sustainability type (GHG emissions, resilience, vulnerability, public acceptance and company
acceptance). GHG emissions, acidification and eutrophication potentials in the WSS analysis are all
obtained from electricity and fossil fuel consumptions only. Thus, GHG emissions were only considered
in this case as the other two environmental impacts are simply a factor of this KPI. The two remaining
KPIs (i.e. CSO volume and total contaminants) were excluded as they are only related to
wastewater/stormwater subsystem.

The KPIs assessment for the eleven intervention strategies applied to the WSS is presented in Table
3. It is evident that the suggested intervention strategies would result in noticeable improvements
compared to the BAU case (S1) though some deterioration in criteria values are observed in some cases

(e.g9. GHG emissions and leakage in S2 or public acceptance in S5-11). In particular, water supply
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reliability usually as the first priority of many water authorities improves in new intervention strategies
particularly Strategy 2 with the highest reliability value. In the case of strategies targeted at demand
management (S3-11), leakage reduction occurs owing to an increase in the annual rehabilitation rate
(direct impact) or the introduction of water metering, GWR and RWH schemes (indirect impact). The
highest reduction in annual average leakage is achieved by Strategy 10 which benefits from a high rate
of both direct and indirect impacts.

On the other hand, the highest leakage is seen to occur under the ‘new water resource’ strategy (S2)
due to the provision of additional water to meet future demands without any commensurate demand
management measures which would positively affect leakage. The fewest number of people affected by
interruption over 24 hours (vulnerability) occur in Strategies 2 and 10. The magnitude of difference
between these two strategies (particularly strategy #2) and the remainder is substantial for this indicator.
This can be linked to the largest capital investment made in these strategies relative to others. Moreover,
results also reveal that only strategy 2 can cause a positive value of resilience indicator (i.e. actual

redundant capacity) owing to the capacity obtained from a new water resource.

Table 3 Performance indicators of intervention strategies and their ranks in the WSS

Strategy Conventional criteria Sustainability criteria Rank based Rank based
number  Capital O&M cost Reliability Leakage | Vulnerability Resilience  GHG Public Company on on all
cost Emissions acceptance acceptance |Conventional  criteria
Million €  Million % MCM/ | No of people  10°M%  10° Tons/ - - criteria only
€/year year year year

S1 0 25 94 28 56 -162 37 5 3 5 10
S2 399 32 100 30 2 454 41 9 10 11 2
S3 135 25 96 22 36 -146 37 7 6 1 1
S4 127 25 96 25 37 -146 36 5 4 2 3
55 96 25 96 26 37 -145 36 4 3 3 6
S6 185 28 97 24 21 -106 33 3 2 7 5
S7 98 25 97 26 25 -129 37 2 2 4 8
S8 139 29 97 24 20 -102 35 2 2 6 7
S9 278 33 98 23 11 -80 35 1 2 9 11
S10 414 33 99 19 5 -60 34 1 4 10 9
S11 226 29 98 23 13 -92 34 2 3 8

In this case study, it was assumed that the ‘public acceptance’ criterion is mainly affected by the three

factors of water quality, availability and water pressure while the ‘Company acceptance’ criterion
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reflects the attitude of water companies with respect to the available facilities, capabilities and costs. For
instance, the BAU strategy (S1) has little support from either public or Water Company because of
relatively inappropriate performance of this strategy with respect to the criteria related water supply
(e.g. reliability, vulnerability, resilience) and thus they are ranked low. By contrast, the ‘new water
resource’ strategy is ranked the highest for both the public and water companies. The next most highly-
regarded strategies for the public and water companies are those containing rehabilitation, as in these
cases, both the incidence of breaks and the quantity of leakage is likely to be reduced. The strategies
containing RWH and GWR schemes receive the least support from both the public and water companies
owing to general concerns mainly relating to water quality and health issues.

The intervention strategies were then ranked using the CP method based on two sets of criteria as
shown in the two right-hand columns of Table 3. The first ranking is based on only four conventional
criteria of the WSS. The second ranking employs all nine criteria including both conventional and
sustainability type. The best ranked strategy (S3) in both rankings is the best with respect to only one
criterion (i.e. O&M) while it is ranked average in respect of other criteria. On the other hand, Strategy 2
even with the highest reliability is ranked the lowest in the first ranking because its position has been
among the worst ranked strategies in other conventional criteria. However, this strategy is ranked
number 2 in the second ranking in favour of the highest positive impact in respect of four out of five
sustainability type criteria. Furthermore, the strategies containing interventions in rehabilitation are
generally ranked high in the WSS while those strategies promoting ‘water demand’ management (e.g.
SS6-S11 with RWH and GWR schemes) obtain lower ranks. Interestingly, based on the result in the
first ranking, the BAU (S1) is prioritised over many ‘water demand’ management strategies. This is
because these strategies show no meaningful priority over other strategies with respect to many criteria
related to the WSS although they have been amongst the top ones in respect of few criteria. This

suggests that, in this instance, the strategies containing ‘water supply’ type interventions (i.e. new water
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resource) generally outperforms the ‘water demand’ type strategies (e.g. those containing RWH and

GWR schemes) when the analysis is focused on water supply systems and the relevant criteria.

5.2. Case Il: integrated urban water system rehabilitation/upgrade

The wastewater subsystem was added to the assessment approach in the second case to create the
integrated UWS. Thus, the existing sewer network, two WWTWs and single receiving water body
shown in Fig. 3 were added to the assessment. The same eleven intervention strategies were re-
evaluated for the integrated UWS against all thirteen assessment criteria given in Table 1. The newly
added criteria compared to those evaluated for the WSS include four quantitative criteria comprising
two related to the entire UWS performance (i.e. acidification and eutrophication) and the other two
related wastewater subsystem (i.e. total contaminants and CSO volume). Apart from energy
consumptions (here electricity and fossil fuel) contributing to environmental impact categories (i.e.
GHG emissions, acidification and eutrophication potentials), other caused and avoided emissions to air
and discharge to water resulted from wastewater subsystem (mainly from WWTWs) are included in the
integrated UWS.

Table 4 presents the performance of the intervention strategies in respect of 13 KPlIs in the integrated
UWS. Similarly, two rankings of the intervention strategies based on the same two sets of criteria is
presented in two right-hand columns of Table 4. It is readily apparent from the results that the
superiority of those strategies employing both RWH and GWR schemes (S6-S11) with respect to
recently added criteria and subsequently both rankings of the strategies. This can be attributed to the
fact that these schemes reduce both runoff entering the sewer network and potable water demand. It is
evident that adding sustainability type criteria for evaluating the strategies would rigorously adjust
ranking without significant changes being observed. This can be attributed to the fact that the impact of
the four newly added sustainability type criteria are somewhat embedded in other conventional criteria
of the integrated UWS (i.e. the two types of the criteria are not entirely independent from). This

suggests that, in this instance, an approximate ranking can be conducted based on only conventional
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criteria in the case of the integrated UWS but a more accurate ranking of strategies can be obtained once

sustainability type criteria are included in the assessment criteria.
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Table 4 Performance indicators of intervention strategies and their ranks in the integrated UWS

Strategy
number

Conventional criteria

Million  Million

€

€/year

%

MCM/
year

10°
M3lyear

10% Tons/
year

No of
people

10 M¥/
year

Sustainability criteria

10%Tons/ Tons/ year 10°Tons/ year - -

year

Rankin .
g Ranking
based on
. based on
conventional

- all criteria
criteria only

S2

399

60

100

30

346

13

454

171

944

S4

127

50

96

25

339

12

37

-147

164

927

17 5 4 8 9

S6

185

52

97

24

259

10

21

-106

155

871

15 3 2 2 1

S8

139

50

97

24

260

10

20

-103

158

866

15 2 2 1 4

S10

414

58

99

19

228

149

831

14 1 4 6 2
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Comparison of GHG emissions which are affected by all components in both cases shows that they
would increase approximately four times from the WSS to the integrated UWS. This is mainly due to
large amount of GHG emissions resulted from the treatment processes in the WWTWs (Metcalf and
Eddy, 2003). In this study, GHG emissions in WWTWs are caused from energy consumption, methanol
and ethanol usage, incomplete biogas combustion in the treatment processes. Therefore, to alleviate the
level of GHG emissions, the primary focus should be essentially on WWTWs as recommended by
previous researchers (Mouri and Oki, 2010). This aim is indirectly addressed in this study by reducing
the wastewater/stormwater inflow to WWTWSs using intervention options relating to water demand
management for customers. In addition, the minimum GHG emissions are incurred by Strategies 6 and
10 in both cases, indicating two efficient but different compositions of intervention options which result
in the lowest emissions. The improvement of GHG emissions in these ‘water-saving’ strategies can be
attributed to the drop in production of potable water and consequently reduction in energy requirements
for bulk transport, treatment and distribution.

Comparison of the variations in all four rankings of the two cases demonstrates that a more holistic
perspective assessment by considering an integrated UWS and sustainability type criteria can better
assist in selecting the most appropriate intervention strategies. For instance, when considering only
conventional criteria, solely the WSS, the top three strategies are Strategies 3, 2 and 4, respectively,
whereas these are replaced by completely different strategies (i.e. S6, S10 and S11, respectively) in the
integrated UWS ranking. On the other hand, the high ranked strategies in one case are ranked low in the
other case. This, of course, is due to the newly-added criteria in the second case. Strategy 2 is the best
strategy with respect to five criteria in both cases while its rank declined from 2™ to 7" in the second
case. The principal reasons for such a significant demotion in the second case is owing to its rank as the
worst in six criteria, including twice for leakage and GHG emissions and for all four wastewater-related

criteria. The best strategy in the integrated UWS modelling (i.e. S6), hold neither the best nor the worst
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rank with respect to any of the criteria separately, instead possessing reasonably good values with

respect to all criteria, i.e. representing a good compromise solution resulting in a high ranking.

5.3. Temporal analysis of top intervention strategies

The assessment of the strategies is further investigated by analysing the annual variations of some
KPIs for the top three strategies in case I (i.e. S2, S3, S4) and |1 (i.e. S6, S10, S11) in Fig. 4 and 5. This
has been done in order to discover the main reasons that cause these intervention strategies to be
selected as top strategies in each case. Introduction of some ‘water-demand’ management intervention
options (e.g. RWH or GWR schemes) in the top strategies of case Il would result in a better
performance of per capita value for four indicators shown in Fig 4 for the integrated UWS. However,
this trend for the top strategies of case I is almost unchanged compared to the BAU state. The variations
of annual per capita amount for GHG emissions (Fig. 4c) and acidification (Fig. 4a) follow a decreasing
trend due to high population growth. However, this trend for eutrophication (Fig. 4b) and total
contaminants (Fig. 4d) is almost steady although they have fluctuations over the planning horizon. This
can be linked to the fact that a high proportion of these indicators are resulted from CSO volume which
are strongly driven by precipitation time series (climate input) rather than population growth. In
particular, two peaks are observed for these two KPIs for all strategies in 2022 and 2034 due to a high
rate of annual stormwater in these two years (i.e. 120 and 140 MCM, respectively), when the average
annual stormwater over the planning horizon is 94 MCM. Given the uncertainty of the future climate,
this indicates that the UWS should expect such these shocks for these two KPIs for almost all
intervention strategies once the events of rainfall-induced runoff exceed the capacity of urban drainage

systems.
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Fig.4. Annual variations for per capita values of KPIs for the top strategies in cases | (i.e. S2, S3, S4) and 11 (i.e. S6, S10,
S11) for () acidification, (b) eutrophication, (c) GHG emissions and (d) total contaminants.

Strategy 2 as shown in Fig. 5 provides the best annual performance with respect to three water supply
related indicators (reliability, resilience and vulnerability) while it would increase annual leakage by
40%. All this is due to providing additional potable water in the water supply system. The privilege of
this strategy is particularly considerable in resilience in favour of new capacity for water resource and
treatment whilst this indicator for other strategies would have a relatively slight improvement and still
negative redundant capacity as shown in Fig. 5(d). For those three performances in which Strategy 2 is
the best, Strategy 10 is in the second position but the best with respect to annual leakage. The lowest
rates of reliability belong to Strategies 3 and 4 because of minimal impact of these strategies on water

deficit over the planning horizon. Similarly, this impact in these strategies would result in deteriorating
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of water supply vulnerability to a high annual rate as much as 100,000 people per day during the
finishing years of the planning horizon. On the other hand, Strategy 10 can considerably mitigate the
affected people to less than 20,000 people per day during those years whilst Strategy 2 can completely

resolve the UWS vulnerability over the planning horizon.
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5.4. Further discussions

The ranking of the strategies is highly dependent on some important factors which should be

carefully addressed. Firstly, the assessment criteria and their values should not only be mutually
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inclusive but also avoid being “double counting” relative to all evaluating strategies otherwise the
assessment could be skewed towards those strategies which have more supporting criteria (Lai et al.,
2008). Secondly, the relative importance (weight) of criteria (i.e. w; in Eq. 1), which may be a key factor
for some stakeholders, can have a significant impact on the ranking of strategies (Morley et al., 2014).
For instance, the environmental criteria such as reduction of GHG emissions and total contaminants
may be of higher priority to a stakeholder such as the Environment Agency whilst criteria such as
reliability of supply might be of higher priority to a water utility. In these cases, higher weight should be
allocated to high priority criteria or they are set as constraints to remove the strategies not satisfying the
thresholds of interest. Finally, the final ranking in the CP method can be somewhat sensitive to extreme
values of ideal and anti-ideal points of the individual criteria, which may need further attention from
decision makers (Fattahi and Fayyaz, 2010). Therefore, all these factors may affect the KPI values and
consequently change the overall ranking.

Furthermore, the above methodology shows that potential intervention strategies should be analysed
for an integrated urban water system and then ranked with respect to numerous quantitative and
qualitative KPIs covering full dimensions of the UWS sustainability. However, a conclusive ranking of
intervention strategies may require an uncertainty analysis owing to imprecision of the input data
collected for different parts of the analysis such as infrastructure, external scenarios (e.g. climate change
and population growth) and intervention strategies. The aim of uncertainty analysis for UWS
parameters is to include the effect of a broader range of nominal parameters values on the model
performance (i.e. KPI values), thereby obtaining the robustness of the resulting ranks. In these cases, the
relevant parameters with the highest uncertainty need to be incorporated into all this evaluation in an
appropriate fashion such as local (regional) and global uncertainty analysis (Saltelli et al., 2006; Fu et
al., 2009). For instance, the global analysis approach which considers the interaction between the
parameters simultaneously can be used efficiently for this purpose such that the uncertainty is reflected

in model KPI values (Fu et al., 2009).
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6. Conclusions

A multi-criteria assessment of strategic planning was analysed here to explore the importance of
integrated and sustainability type assessment for evaluation of intervention strategies in the UWS.
WaterMet* model was used to quantify the metabolism-based performance of the UWS. As a result,
eleven intervention strategies were evaluated for simulating two cases: (1) part of the UWS (i.e. the
WSS only) and (2) the integrated UWS. The strategies were then ranked for both conventional and
sustainability type criteria by using the CP method. Based on the results obtained, the following can be
concluded:

1. Assessment of the full urban water cycle in an integrated fashion is important in the context of
long-term (here 30 years) UWS planning as the resulting best intervention strategy(ies) can be
quite different when compared to the corresponding best intervention strategies identified by
considering only part of the urban water cycle.

2. Sustainability type criteria is undoubtedly important and should be included in the evaluation
of metabolism based UWS performance in the context of long-term planning of these
systems. In case of the integrated UWS, the results show that a reasonable approximation for
the performance assessment can be conducted based on only conventional criteria.

3. The water demand management-based intervention strategies (i.e. that make use of GWR
and/or RWH schemes) seem to outperform other strategies when evaluating the integrated
UWS performance because of impact on all subsystems (i.e. reduction of runoff and sanitary
sewage entering sewer networks and potable water demand in water supply subsystem).

The analyses and subsequent rankings conducted here is for illustrative purposes only, i.e. with the
aim of demonstrating the suggested methodology. Although the results express some potential and
promising strategies, further analyses including multiple future scenarios and risk type criteria are also
recommended to obtain a comprehensive solution for practical decision-making. It is also recommended

that the selection of KPIs is carefully made to cover the entire dimensions of future sustainability. In
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addition, inclusion of sensitivity analysis for the most uncertain parameters over their possible domain

can be undertaken in future works to obtain robust rankings of intervention strategies.
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