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Preface to “Advanced Hydroinformatic Techniques
for the Simulation and Analysis of Water Supply and
Distribution Systems”

More than half of the world’s population live in cities—with an increase of 1.5 billion city dwellers
in the last 20 years. The United Nations predicts that this trend will continue; it is expected that up
to 6.5 billion people will be living in cities by 2050. One of the main challenges for managers and
authorities is to provide an adequate quality and quantity of water to people living and working
in cities. This book encompasses 18 articles that comprise the special issue of the MDPI journal
WATER, entitled: ‘Advanced Hydroinformatic Techniques for the Simulation and Analysis of Water
Supply and Distribution Systems’. A wide range of topics is presented by world-class researchers
and academics that covers water distribution system design, optimisation of network performance
assessment, monitoring and diagnosis of pressure pipe systems, optimal water quality management,
and modelling and forecasting water demand. The book also explores new research avenues in urban
hydraulics and hydroinformatics to aid the decision-making processes of water utility managers and
practitioners.

Manuel Herrera, Silvia Meniconi , Stefano Alvisi and Joaquin Izquierdo
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Abstract: This document is intended to be a presentation of the Special Issue “Advanced
Hydroinformatic Techniques for the Simulation and Analysis of Water Supply and Distribution
Systems”. The final aim of this Special Issue is to propose a suitable framework supporting
insightful hydraulic mechanisms to aid the decision-making processes of water utility managers and
practitioners. Its 18 peer-reviewed articles present as varied topics as: water distribution system
design, optimization of network performance assessment, monitoring and diagnosis of pressure pipe
systems, optimal water quality management, and modelling and forecasting water demand. Overall,
these articles explore new research avenues on urban hydraulics and hydroinformatics, showing to
be of great value for both Academia and those water utility stakeholders.

Keywords: water distribution design; water network performance; pressure pipe system;
water quality; water demand

1. Introduction

One of the most complex structures that an intelligent city has to manage is its water distribution
system (WDS), which must provide water to citizens in adequate quantity and quality. This complexity
is twofold. On the one hand, it is well known that the classical hydraulic models that describe
the phenomena that take place in a WDS are of a complex nature, given the characteristics of the
equations that describe these phenomena and their eminently distributed nature. On the other hand,
the galloping recent need to handle large amounts of data obtained from the monitoring of systems
has brought classical complexity to new paradigms that need new ways of addressing the problems of
Urban Hydraulics. In this regard, special attention should be given to the achievement of an adequate
digital connection related to the availability of data in real time, which allows effective solutions for
demand prediction and other water utilities operations.

In essence, WDSs must be adequately designed (in the case of new systems) and adequately
rehabilitated (extensions, renovation, restoration, etc., in later stages) so that they supply the user
at all times and places under given satisfactory conditions. WDSs must be adequately monitored in
order to obtain quality data in real time that allows an efficient control of the system. In addition,
suitable (optimal) operation for the quality service to be provided continuously, without interruption,
is essential. Finally, intelligent management that is capable of reconciling conflicting objectives such as

Water 2018, 10, 440 1 www.mdpi.com/journal /water
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economic benefit and social satisfaction, among others, must be an inescapable condition for ruling
a WDS.

To achieve these objectives, efficient techniques are necessary to overcome the complexity of the
associated problems. For example, in the tasks of design and rehabilitation, optimization algorithms
are needed that are capable of manipulating nonlinearity, the coexistence of variables of different types,
the discrete nature of some processes, etc.; these requirements impose the need to transcend classical
optimization and to use modern techniques of evolutionary optimization. The real-time monitoring
of the quality of the service will be greatly benefited by efficient time series processing techniques
and several other forms of intelligent data manipulation. The operation of a system can be defined
in terms of certain operators and variables of Boolean type, which must be optimally defined and
integrated into the models and data structures in an appropriate manner; again, efficient techniques of
optimization and fusion of methodologies that are able to work with data in real time will be necessary.
Finally, the management of WDSs is currently carried out through a wide range of elements, such as
demand prediction, network sectorization, leak detection, system maintenance through appropriate
policies, control of transients, evaluation of user satisfaction, etc. Moreover, some of the elements that
intervene in decision-making are quantifiable, while others must be classified as intangible; therefore,
it is crucial to have adequate techniques for handling the information to be manipulated, which will
frequently be affected by uncertainty and subjectivity.

In the water supply industry, as in other fields, any improvement that can occur in the treatment
and handling of big data will produce considerable and obvious benefits. For example, through
the installation of advanced measurement infrastructure (AMI) and the more efficient treatment of
the data obtained, it will be possible to reduce more effectively the unaccounted-for water in the
short term. More generally, in the long term, a more efficient operation that is expected from such
improvements will contribute to the excellence of the urban water cycle, one of the objectives of
an intelligent city. The idea is to promote the implementation of the smart city concept from the
perspective of water supply.

2. Overview of This Special Issue

This issue contains 18 papers which focus on some of the mentioned problems of water
distribution system management. The key points are: (i) design of water system [1-4]; (ii) optimization
of network performance assessment [5-8]; (iii) monitoring and diagnosis of pressure pipe system [9-11];
(iv) optimal water quality management [12-14]; and (v) modelling and forecasting of water
demand [15-18].

2.1. Design of Water System

Four papers of this issue examine the first key point that is design of water system. Firstly,
Mala-Jetmarova et al. present a systematic literature review of optimization of WDS design since the
end of the 1980s [1]. The review classifies the examined papers by the following issues: the type of
design problems (i.e., static or dynamic), the application area (i.e., new or existing systems, with the
optional inclusions of system operations), the optimization model (i.e., objective functions, constraints,
and decision variables), and the analysed networks. It pinpoints trends and limits and suggests further
research directions. Specifically, it reveals that there is not a consensus about the best WDS design
optimization model, and consequently, researchers would force themselves to compare and validate
different methods on real case studies.

Secondly, different multiobjective evolutionary algorithms (MOEAs) are compared in [2] on four
well-known benchmark networks (i.e., two loop, Hanoi, Fossolo, and Balerma irrigation networks),
by taking into account two objective functions: cost minimization and resiliency index maximization.
A new hybrid algorithm that combines differential evolution and harmony search algorithm has
been proposed for WDS design and compared with five MOEAs (i.e., NSGA2, AMALGAM, Borg,
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“e-MOEA”, and “e-NSGA2”): the comparison shows that the new approach outperforms the
previous MOEAs.

Thirdly, in [3] a new approach has been developed: to reduce the search space it bounds the
pipe diameter values by analysing two opposite extreme flow distribution scenarios (i.e., uniform and
maximum flow distribution) and applying velocity constraints. This model has been coupled to a
genetic algorithm (GA) to improve its performance. The approach is applied to two benchmark
networks (i.e., again two-loop network and Hanoi networks) by taking into account the cost
minimization as objective function. By means of the new approach, the search space is reduced
to less than 3% of the total search space for both the analysed networks. The results are compared to
the classical GA: the comparison shows that the new approach is much faster and more accurate.

Finally, Zheng et al. describe experimental tests aimed at the optimal design of circular drop
manholes in urban drainage networks [4]. Particularly, free, pressurized, and constrained outflow
conditions have been tested for different manhole heights. Tests show that the local head loss coefficient
of the manhole strictly depends on the outflow conditions. As a concluding remark, some empirical
equations have been proposed to evaluate this coefficient.

2.2. Optimization of Network Performance Assessment

Four papers refer to the second key point that is optimization of network performance assessment.
First, Sadatiyan and Miller [5] introduce a multiobjective version of the Pollution Emission Pump
Station Optimization tool (PEPSO). It can be used to find a pump schedule of a WDS to reduce both
the electricity cost and pollution emissions, by measuring the Undesirability Index in a nondominated
sorting genetic algorithm. Tests carried out on the WDS of Monroe City (ML, USA) and Richmond (UK)
show that PEPSO can optimize and provide useful information in a very limited amount of time.

Second, the main aim of the paper by Zischg et al. [6] is to assist decision makers in testing various
planning options and design strategies during long-term city transitions. The procedure consists of the
automatic creation, simulation, and analysis of different WDS scenarios. The pressure head, water age,
and pressure surplus have been taken into account. Moreover, if data are not available, the approach
uses alternative systems with strong similarity to WDSs. The proposed methodology is applied to the
Swedish town Kiruna, in which it allows understanding the lack of the sole design at the final-stage
WDS for most of the future scenarios and planning options.

Third, a procedure has been developed by Ilaya-Ayza et al. [7] to define district metered areas
(DMAs) in WDSs with intermittent supply. The chosen objective function is the water supply
equity. The approach uses soft computing tools from graph theory and cluster analysis and both the
company expert opinions and adequate supply times for each DMA have been taken into account.
The considered case study is the water supply network of Oruro (Bolivia), for which the proposed
sectorization allows a clear improvement of the resilience index of the entire network.

Fourth, di Nardo et al. [8] propose the application of graph spectral theory (GST) for the optimal
network sectorization. The approach is applied to two case studies (i.e., the well-known C-Town
network and a real small WDS of Parete, Italy), and GST allows ranking WDS nodes and selecting
the most important nodes for monitoring water quality, flow, or pressure, and for defining the DMAs.
The main advantage of such an approach is that this is based only on topological and geometric
information and no hydraulic data—often not available—are required.

2.3. Monitoring and Diagnosis of Pressure Pipe System

Three papers are part of the third key point that is monitoring and diagnosis of pressure pipe
systems. First, Duan [9] investigates analytically and numerically the impact of nonuniformities of pipe
diameter on transient wave behavior. Specifically, it demonstrates the dependence of wave scattering
on the relationship between the incident wave frequency and nonuniform pipe diameter frequency,
and nine numerical tests have been carried out by varying the pipe diameter nonuniformities (i.e.,
regular or random) and this relationship. As a result, the wave scattering has a nonnegligible effect



Water 2018, 10, 440

on wave reflections and attenuation, and, consequently, it has to be taken into account in transient
modelling—along with both the unsteady friction and viscoelasticity—and in the application of
Transient Test-Based Techniques (TTBTs) for the diagnosis of pressure pipe systems.

Second, Lin [10] presents a hybrid heuristic optimization approach called leak detection ordinal
symbiotic organism search (LDOSOS) for locating and sizing leaks in a WDS. This approach combines
the ordinal optimization algorithm (OOA) and the symbiotic organism search (SOS) in an inverse
transient analysis (ITA). Moreover, the problem of generation of pressure waves is discussed and SOS
is used to determine the optimal transient generation point. The procedure is tested on two numerical
case studies: a two-loop network with a constant head supply reservoir and two very closed leaks,
and a more complex network with a supply node with a constant inflow rate, a larger range of pipe
diameters and lengths, and two distant leaks. Tests show that the LDOSOS has the ability to detect
leak number, location, and size, by speeding up the ITA convergence and improving the reliability of
the results.

Third, in Meniconi et al. [11] TTBTs are used to detect system defects and characteristics by
monitoring the pressure waves at key points. The transmission main of the city of Trento (I) was
analysed and transient tests were executed by pump shutdown. By means of the comparison
of the numerical model and the acquired pressure signal, the relevance of the topology, pipe
material characteristics, transient energy dissipation, and defects has been explored. Specifically,
two malfunctioning valves have been detected and a preliminary criterion for the skeletonization of
the transmission mains has been proposed.

2.4. Optimal Management of Water Quality

Three papers of this issue analyse the optimal management of water quality. Specifically, in
Meyers et al. [12] a long-term continuous study of discolouration mobilisation is presented along with
a methodology to determine the approximate amount and origin of hydraulically mobilised turbidity
in trunk mains. The methodology is validated on three UK trunk main networks, observed over a
period of about three years. The results show that the mobilisation of discolouration material is mainly
determined by hydraulic forces, and consequently can be modelled and predicted, and its origin can
be approximately determined.

Furthermore, in de Melo et al. [13], the factors that influence the water quality of the Jucazinho
reservoir in northeastern Brazil have been pointed out by a data base of nine years of water quality
reservoir monitoring and a multivariate statistical technique (i.e., the Principal Component Analysis,
PCA). The study points out the connection between water quality parameters and the rainfall that
has an annual or seasonal pattern. Precisely, two principal components of the water quality of this
reservoir have been selected by PCA. The first, ranging from an annual basis, explains the increase in
the concentration of dissolved solids and the cyanobacteria proliferation as a function of the drought
period, during which the turbidity and the levels of total phosphorus decrease. The second, ranging
from a monthly basis, indicates the connection between the process of photosynthesis performed by
cyanobacteria with the percentage of the volume of the dam.

Finally, Reynoso-Meza et al. [14] have incorporated two decision-making methodologies (i.e.,
Technique for Order of Preference by Similarity to Ideal Solution—TOPSIS, and Preference Ranking
Organisation Method for Enrichment of Evaluations—PROMETHEE) in a Multiobjective Evolutionary
Algorithm (MOEA). The analysed multiobjective problems are two typical water quality problems:
the dissolved oxygen problem for the activated sludge wastewater treatment process and the water
quality of a river polluted by a cannery industry (Pierce-Hall Cannery) and the effluent from three
treatment plants. The case studies have validated the reliability of such approaches for the degree of
flexibility to capture designers’ preferences.
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2.5. Modelling and Forecasting of Water Demand

Four papers of this issue examine the last key point, modelling and forecasting of water demand.
Firstly, Letting et al. [15] present a water demand calibration approach. The approach is aimed
at estimating the water demand multiplier at each node of a water distribution system model by
minimizing the error between observed and simulated nodal head and pipe flow rates. An optimization
approach based on Particle Swarm algorithm is used. Application to a simple case study (Epanet
example Netl) and a medium-sized real network highlights that the approach can provide an
accurate water demand multiplier estimation by using data observed in a limited number of properly
placed sensors.

Secondly, Pastor-Jabaloyes at al. [16] present an automatic tool for smart metered water demand
time series disaggregation into single-use events. The tool is based on a filter automatically calibrated
by using NSGA-II algorithm, and on a cropping algorithm. Furthermore, a semiautomatic classification
is subsequently performed in order to categorize the obtained single-use events into different water
end uses in a household such as shower, toilet, etc. The tool is applied to water demand time series
collected from 20 households featuring very different characteristics in terms of geographical location,
number of inhabitants, and average daily consumptions.

Thirdly, Anele et al. [17] provide an overview of some methods for short-term water demand
forecast pointing out their pro and cons. The methods considered are univariate time series, time
series regression, artificial neural network, and hybrid methods (i.e., a combination of two or more
of the previous methods). The methods are applied to a case study highlighting that univariate time
series, time series regression, and hybrid models may be accurate and appropriate for short-term
water demand forecast. However, these methods are not applicable in more general decision problem
frameworks. Indeed, these methods cannot be used to understand and analyse the overall level of
uncertainty in future demand forecasts and thus much more attention needs to be given to probabilistic
forecasting methods for short-term water demand forecast.

Finally, and strictly related to the previous considerations, a Markov-chain-based approach for
probabilistic short-term water demand forecasting is presented by Gagliardi et al. [18]. In particular,
two models based on homogeneous and nonhomogeneous Markov chains are proposed. The models
are capable of providing both a deterministic forecast of the future values of water demand, and
a characterization of the stochastic behaviour of the forecasted values. The models are applied to
water demand time series of three district metered areas in the UK, and the deterministic forecast
compared with those provided by neural network-based and naive forecasting models, highlighting
that the homogeneous Markov chain model provides both an accurate deterministic forecast and
useful information regarding the probability distribution of the forecast itself.

3. Conclusions

In addition to the complexity inherent to WDS management, there often is a need for online
actions to accomplish decision-making processes in real time. Another challenge that water companies
should face nowadays is handling the huge amount of data generated by supervisory control and data
acquisition (SCADA) systems, smart water meters, and other cyber-physical systems. This Special
Issue on “Advanced Hydroinformatic Techniques for the Simulation and Analysis of Water Supply and
Distribution Systems” presents a number of powerful techniques able to cope with such a complexity
associated with: the nature of the hydraulic models, real-time requirements, and large scale databases.
Bio-inspired and evolutionary algorithms play an important role in dealing with these issues. This is
the reason why various contributions presented herein are based on these techniques. Overall, the
Special Issue encompasses a collection of proposals that can be classified as follows:

e  optimization, both classical and evolutionary;
e  definition of structures and tools for big data;
e neural networks, support vector machines, and other Machine Learning techniques;
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e  graph theory and methods for complex networks;

e efficient treatment of time series;

agent-based systems;

multi-attribute decision-making techniques;

transient test-based techniques for the diagnosis of pressure pipe systems; and

other mathematical and computational tools and techniques

These techniques have been developed within the field of the so-called Hydroinformatics in
Urban Hydraulics, that is, with application to problems such as:

e smart water networks (intelligent measurement, intelligent analysis of measurement data, ... );

e online analysis of WDSs (prediction of online demand, estimation of states, ... );

e water quality aspects (water quality characterization, prediction of discolouration, ... );

e reduction of unaccounted-for water and optimization of operation (sectorization, leak detection,
operation indicators, water balance, and benchmarking, ... );

e  optimal operation (of pumping stations, scheduling, transient control, ... );

o efficient utilization of real-time monitoring signals through smart treatment of online raw data
using suitable learning approaches

Contributions to this Special Issue, exploring those new research avenues on urban hydraulics
and hydroinformatics, are expected to be of great value for both Academia and all water utility
stakeholders. On top of this, important social benefits are expected from a number of research
objectives that ultimately aim to guarantee a regular supply of clean water at the pressure and quality
required at the network consumption points.

Author Contributions: Each of the authors contributed to the design, analysis and writing of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Optimisation of water distribution system design is a well-established research field, which
has been extremely productive since the end of the 1980s. Its primary focus is to minimise the cost of
a proposed pipe network infrastructure. This paper reviews in a systematic manner articles published
over the past three decades, which are relevant to the design of new water distribution systems, and
the strengthening, expansion and rehabilitation of existing water distribution systems, inclusive of
design timing, parameter uncertainty, water quality, and operational considerations. It identifies
trends and limits in the field, and provides future research directions. Exclusively, this review paper
also contains comprehensive information from over one hundred and twenty publications in a
tabular form, including optimisation model formulations, solution methodologies used, and other
important details.
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1. Introduction

Water distribution systems (WDSs) are one of the major infrastructure assets of the society, with
new systems being continually developed reflecting the population growth, and existing systems being
upgraded and extended due to raising water demands. Designing economically effective WDSs is a
complex task, which involves solving a large number of simultaneous nonlinear network equations,
and at the same time, optimising sizes, locations, and operational statuses of network components such
as pipes, pumps, tanks and valves [1]. This task becomes even more complex when the optimisation
problem involves a larger number of requirements for the designed system to comply with (e.g.,
water quality), includes additional objectives beside a least-cost economic measure (e.g., potential fire
damage) and incorporates more real-life aspects (e.g., uncertainty, staging of construction).

The early research related to the design optimisation of WDSs can be dated from the 1890s to
1950s. It was based on the principle of economic velocity [2-4], which was gradually reviewed and
replaced by establishing the minimum (annual) costs of the system (i.e., least-cost design) [5-7]. Due to
lack of computational technology in that period, those previous studies involved manual calculations
combined with graphical methods, often resulting in practical charts to derive economic pipe diameters.
The development of the optimisation of WDS design, therefore, had been an incremental process over
time and may have appeared to be “only too true that the design of the transmission and distribution
system receives [at that period] little attention in spite of the great sums of money invested in such
installations” [8].

A successive period from the 1960s to 1980s displays a more rapid progression, which was
initiated by the introduction of digital computers to network analysis in 1957 [9]. The introduction of
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computers was subsequently followed by the development of iterative methods [10,11] and simulation
packages [12,13] to solve simultaneous nonlinear network equations, and eventuated in the application
of mathematical deterministic methods to solve WDS design optimisation problems. These methods,
including linear programming (LP) [14], nonlinear programming (NLP) [15,16], and others [17],
typically minimised the design or capital (and operational) costs of the system, which were combined
into one economic measure.

Another significant advancement in the optimisation of WDSs represented an introduction of
stochastic methods using principles of biological evolution [18] and natural genetics [19]. Nonetheless,
it was not until the 1990s when these methods became more popular [20] due to their ability to solve
complex, real-world problems for which deterministic methods incured difficulty or failed to tackle
them at all [21,22], and to also control multiple objectives. The popularity of metaheuristics has resulted
in a dramatic increase in the application [21,23] to optimal design of WDSs, with “the several hundred
research papers written on the subject” by 2001 [24]. Optimisation of WDS design has also progressed
from a cost-driven single-objective framework to multi-objective models, when various objectives that
continually gain importance (e.g., environmental objectives, community objectives reflecting the level
of service provided to customers) can be evaluated on more equal basis [25]. Some of the most recent
developments include the use of an engineered (as opposed to a random) initial population to improve
the algorithm convergence [26], application of online artificial neural networks (ANNSs) to replace
network simulations [27], analysis of the algorithm search behaviour [28] in relation to the WDS design
problem features [29], and reduction of the search space [30] to increase computational efficiency.

2. Aim, Scope and Structure of the Paper

This paper aims to provide a comprehensive and systematic review of publications since the
end of the 1980s to nowadays, which are relevant to the optimisation of WDS design, strengthening
(i.e., pipe paralleling), expansion and rehabilitation. The purpose of the review is to enable one’s
speedy familiarisation with the scope of the field, insight in the overwhelming amount of publications
available and realisation of the future research directions. This paper contributes to and goes beyond
the existing review literature for the optimisation of WDS design and rehabilitation [20,21,31-39] by not
only identifying trends and limitations in the field, but also by providing comprehensive information
from over one hundred and twenty publications in a tabular form, including optimisation model
formulations, solution methodologies used, and other important details.

The paper consists of two parts: (i) the main review and (ii) an appendix in a tabular form
(further referred to as the table), each having a different structure and purpose. The main review is
structured according to publications’ design problems and general classification. The design problems
cover application areas, such as new system design, existing system strengthening, expansion and
rehabilitation, and time, uncertainty and performance considerations. The general classification
captures all the main aspects of a design optimisation problem answering the questions: what is
optimised (Section 4.1), how is the problem defined (Section 4.2), how is the problem solved (Section 4.3)
and what is the application (Section 4.4)? The purpose of the main review is to provide the current
status, analysis and synthesis of the current literature, and to suggest future research directions.

A significant portion of this review paper is represented by the table, which refers to over
one hundred and twenty publications in a chronological order. Each paper is classified according
to an optimisation model (i.e., objective functions, constraints, decision variables), water quality
parameter(s), network analysis, optimisation method and test network(s) used. Obtained results
as well as other relevant information are also included. The purpose of the table is to provide a
representative list of publications on the topic detailing comprehensive information, so that it could be
used as a primary reference point to identify one’s papers of interest in a timely manner. Hence, it
presents a unique and integral contribution of this review.

The structure of the paper is as follows:
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e The main review: Design problems (Section 3), General classification of reviewed publications
(Section 4), Future research (Section 5), Summary and conclusion (Section 6), List of terms
(Section 7), List of abbreviations.

e  The table: Appendix A.

3. Design Problems

Two types of a design problem have been identified based on the field progression as follows:
(i) a traditional design (i.e., theoretical or static design) of a WDS with a single construction phase
for an entire expected life cycle of the system usually considering fixed loading conditions reflecting
maximum (and other) future demands (Section 3.1); (ii) an advanced design (i.e., real-life or dynamic
design) of a WDS capturing the system modifications and growth (due to the development of the
populated area) over multiple construction phases, including future uncertainties (e.g., in demands,
pipe deterioration) and other performance considerations (Section 3.2).

3.1. Application Areas

3.1.1. New Systems: Design

Critical infrastructure, including water, energy and transport systems, is essential in ensuring
the survival and wellbeing of populations worldwide. Since the ancient Greek civilisations, WDSs
have been an important part of making human settlements sustainable, thus optimising these systems
to meet various requirements has over time gained interest of researchers and practitioners alike.
Generally, optimisation of WDS design involves determining sizes, locations and operational statuses
of network components such as pipes, pumps, tanks and valves, while keeping the system design or
capital (and operational) costs at their minimum. The problem scope is primarily dependent on a type
of a WDS under consideration, which is either a branched or looped and gravity or pumped system.

A network topology, branched or looped, represents a fundamental distinction in the problem
complexity at the network analysis stage due to a way of determining flows in pipes. In branched
networks there is a unique flow distribution calculated directly using nodal demands, while in
looped systems flows can undertake multiple and alternative paths from a source to a customer [40].
This possible variability results in iterative methods being required to solve pipe flows in looped
networks, such as that described in [41].

Regarding gravity WDSs, a basic optimisation model minimises the design cost of the network
subject to the nodal pressure requirements, with pipe sizes or diameters being the only decision
variables [42—-48]. Popular test networks used to solve such a problem are the two-loop network [14],
Hanoi network [49] and Balerma irrigation network [50]. As far as pumped WDSs are concerned,
the optimisation problem becomes more complex than in the case of gravity WDSs, because of the
presence of pumps and tanks (see Section 3.1.3), which require selecting not only their sizes and
locations [14,26,51,52], but also their operational statuses [14,29,53,54], as well as often running an
extended period simulation (EPS) for multiple loading conditions. Unlike for gravity WDSs, there
does not seem to be any test network that is frequently used by multiple authors for pumped WDSs.

Regarding test networks, nevertheless, study [26] comments that they are limited, in general,
to simple transmission networks, so-called benchmark systems, excluding local distribution lines.
This exclusion is mainly due to a dramatic increase in the problem dimension, thus computational time,
if local pipes were included. A problem of excluding smaller distribution pipes from the optimisation
is in oversizing the transmission mains, as local distribution networks provide alternative pathways
and display significant capacity to carry when the transmission lines are out of service [26]. The lack of
large and complex test networks has recently been addressed by a number of researchers [55-57] who
developed methodologies for generating synthetic networks of varying sizes and complexity levels.
Furthermore, several real-world networks have been used for the design competitions by international
research teams working in the area of WDS design, including those that are described by [58,59].
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The problem complexity further increases by considering multiple simultaneous objectives.
Initially, single-objective optimisation models were used to formulate WDS design problems, in which
all objectives are combined into one economic (i.e., least-cost) measure (see, for example, [14,51,60-62]).
A multi-objective optimisation approach was possibly first applied in the late 1990s (Figure 1),
maximising the network benefit on one hand and minimising the system cost (of network rehabilitation)
on the other hand [63]. In studies of newly designed WDSs, in addition to the economic
measure, the other objectives considered were the pressure deficit [30,62,64—67] or excess [68,69] at
network nodes, the penalty cost for violating the pressure constraint [70], greenhouse gas (GHG)
emissions [71-76] or emission cost [77], water discolouration risk [68] and water quality [78].
A multi-objective optimisation approach is considered “very appealing for engineers as it provides a
tool to investigate interesting trade-offs”, for example, a marginal pressure deficit can be outweighed
by a considerable cost reduction [67].
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Figure 1. Papers (from Appendix A Table Al) by year and optimisation approach.

The single-objective approach benefits from being able to identify one best solution, which is
then easy to analyse and implement. Multi-objective methods, on the other hand, result in a set of
tradeoff (Pareto, non-dominated) solutions, which requires an additional step to select only one or
a limited number of the promising solutions. Choosing such a reduced number of solutions from a
potentially large (or even infinite) non-dominated set is likely to be difficult for any decision maker.
This task makes the multi-objective approach less desirable as there is often a requirement to make
a clear decision to be implemented. The research question resulting from this challenge is how to
select the best solution(s) from the Pareto set, which may involve providing the decision makers with a
practical and representative subset of the non-dominated set that is sufficiently small to be tractable [22].
For example, study [79] introduced game-theoretic bargaining models to take into account conflicting
requirements and managed to reduce the solution sets to a reasonable size. Further investigation of the
methodologies for identifying a handful of useful solutions, such as those where a small improvement
in one objective would lead to a large deterioration in at least one other objective, is thus warranted.
In addition to game-theoretic models, the approaches that are based on identifying ‘knees’ of the Pareto
front or expected marginal utility, maximum convex bulge/distance from hyperplane, hypervolume
contribution and local curvature [80] are all promising methods that require a thorough analysis on
WDS problems.
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3.1.2. Existing Systems

As a consequence of the development/growth and population density increase within urban
areas, existing WDSs require to be upgraded to satisfy raising water demands. These upgrades
involve system strengthening (i.e., pipe paralleling), rehabilitation (e.g., pipe cleaning and relining)
and expansion. Even though these processes often take place within one WDS thus some of the
research articles fall under all system strengthening, rehabilitation and expansion, they are divided
into separate subsections in order to provide a systematic overview.

Strengthening

System strengthening represents a reinforcement of an existing WDS to meet future demands,
through lying duplicated pipes in parallel to the existing water mains. It is also sometimes referred
to as parallel network expansion [42] or pipe paralleling. The main objective and decision variables
are, similar to the design of new WDSs, the minimisation of the design (or capital) cost and pipe
diameters of duplicated pipes, respectively. Publically available test networks involving purely
system strengthening include the New York City tunnels [81] and EXNET [82]. In addition, there are
test networks considering system strengthening together with other design strategies (e.g., system
expansion, rehabilitation), which include the 14-pipe network with two supply sources [20,83] and
Anytown network [84]. Of those publically available test networks, the most frequently applied is the
New York City tunnels, which was often the only network used to test the proposed methodology.
These studies used genetic algorithm (GA) [85,86], combined with ANNSs [87], fast messy GA
(fmGA) [88] and non-dominated sorting genetic algorithm II (NSGA-II) [89] as a solution algorithm.

The complexity of an optimisation problem involving exclusively system strengthening as a design
strategy can be substantially increased by incorporating water quality considerations. Such applications
include, apart from pipe sizes as decision variables, also water quality decision variables that can be in a
form of disinfectant (i.e., chlorine) dosage rates [27,87]. In order to reduce computational effort of those
problems, ANNs were implemented to replace network simulations to a large extent. Further increase
in the complexity presents the use of a multi-objective approach, with additional objectives being
system robustness [89] (uncertainty and system robustness are contained in Section 3.2.3), the pressure
deficit at network nodes [62,65], and the number of demand nodes with pressure deficit [65,90].
In those studies, a conflicting relationship was identified between the economic (i.e., least-cost)
objective and pressure deficit/the number of nodes with pressure deficit. Based on such information,
the decision maker is able to “quantitatively evaluate the cost of pressure constraints attenuation
which implies a reduction in the system service to its consumers.” Optimisation methods used in those
studies were NSGA-II [65,89,90], strength Pareto evolutionary algorithm 2 (SPEA2) [65] and cross
entropy (CE) [62].

Rehabilitation

Due to aging water infrastructure, which causes a decreased level of service in terms of water
quantity as well as quality for customers, increased operation costs and leakage, pipe breaks and
other issues, existing WDSs require rehabilitation in a timely manner. Large investments are and
will be needed in the future to rehabilitate ever deteriorating pipe networks [91] reaching the end of
their lifecycle. Network rehabilitation consists of the replacement of pipes with the same or larger
diameter, cleaning, or cleaning and lining of existing pipes; with the main objective to minimise the
pipe rehabilitation cost. Within an optimisation model, pipe replacement options can be represented
by binary [17] or integer [92] decision variables to identify the pipes selected for replacement, and
continuous [17] or integer [92] diameters, respectively, of the replaced pipes. Pipe rehabilitation
options are often binary decision variables (i.e., 1 = cleaning/lining, 0 = no action) [17,93]. If a pipe
is not scheduled for rehabilitation, it is expected to be subject of break repair over a longer planning
horizon. Hence, study [17] added the expected pipe repair costs to the rehabilitation cost of the
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network. Because a network rehabilitation strategy also has a direct impact on pump operating costs
and GHG emissions due to pumping (i.e., they are reduced with an increased quantity of rehabilitated
pipes) [94], pump energy costs have been added to the total least-cost objective [17,95].

Some studies consider only a single economic objective to formulate a network rehabilitation
problem [17], while other investigations apply a multi-objective optimisation framework in order to
incorporate measures affecting the level of service provided to customers (i.e., ‘community objectives’).
Accordingly, additional objectives considered, beside the economic measure, include the network
benefit [63], pressure violations at network nodes [68,95], velocity violations in pipes [95] causing
potential sedimentation problems and subsequent water discolouration, water quality (i.e., disinfectant)
deficiencies at network nodes [92], and potential fire damage expressed as lack of available fire
flows [92]. To generate multi-objective optimal solutions, those studies use mainly metaheuristics or
hyperheuristics, such as structured messy GA (SMGA) [63], NSGA-II [95], non-dominated sorting
evolution strategy (NSES) [92], and evolution strategy (ES)/SPEA?2 in a hyperheuristic framework
with evolved mutation operators [68]. The resulting Pareto fronts can then serve decision makers in
selecting a rehabilitation strategy that balances community objectives with a capital expenditure.

Note that publications included in this section belong to the category of static design, which
involves a single network rehabilitation intervention for a near planning period, designed based on
the current network status. Publications, which are concerned with staged rehabilitation interventions
involving their timing over an extended planning horizon, are reviewed in Section 3.2.1.

Expansion

An expansion of a WDS means developing or expanding the existing system beyond its
current boundary, with the main objective to minimise the total design (or capital) and operation
cost. System expansion can be thought of as the following two interdependent design problems:
(i) developing a new network that is connected to the existing one, and simultaneously (ii)
strengthening, rehabilitating and upgrading the existing system in order to convey increased water
demands. Hence, system expansion is the most complex WDS design problem as it can ultimately
contain all aspects of designing new as well as existing systems. A typical example of the optimal
network expansion is the Anytown network problem [84]. Essentially, the objective is to determine
least-cost design and operation, using locations and sizes of new pipes (including duplicated pipes),
pumps and tanks, as well as pipe rehabilitation options (i.e., cleaning and lining) as decision variables.
Such extensive problems are often solved by combining a power of optimisation algorithms with
“manual calculations and a good deal of engineering judgement” [84].

Although some studies solved the Anytown network problem as initially formulated [84], for
example, study [83] by enumeration and [96] using GA, others included new aspects to the (original
or modified) problem. Those aspects represent, for example, water quality [97] inclusive of the
construction and operation costs of treatment facilities [53], new tank sizing approach (further
discussed in Section 3.1.3) [93,98], and additional objectives, such as the network benefit incorporating
multiple system performance criteria [93,99] or the hydraulic failure, fire flow deficit, leakage and water
age with visual analytics used to explore the tradeoffs between numerous objectives [97]. These studies
used SMGA [99], GA [53,93], and e-NSGA-II [97] to solve the problem. Study [93] combined GA with
fuzzy reasoning, where system performance criteria are individually assessed by fuzzy membership
functions and combined using fuzzy aggregation operators.

An example of large system expansion represents the battle of the water networks II (BWN-II)
optimisation problem, which involves the addition of new and parallel pipes, storage, operational
controls for pumps and valves, and sizing of backup power supply, and includes the capital
and operational costs, water quality, reliability and environmental considerations as performance
measures [58]. This problem was solved by multiple authors within the Water Distribution Systems
Analysis (WDSA) conference series [58]. Another example of large and real-world system expansion
is presented in [100]. Apart from the decision variables for the BWN-II, it also includes selections
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of pipe routes, expansions of water treatment plants (WTPs) and configurations of pressure zones.
The common approach that is applied to solve both of those optimisation problems was the use of
engineering judgement, which led to a reduction in the number and type of decision variables. In the
case of the study of [100], some eliminated variables were included in separate optimisation problems.
Study [58] demonstrates that “different combinations of engineering experience, computational power
and problem formulation can give similar results”.

Despite the advances in optimisation methods developed for new system design, rehabilitation
and/or expansion of WDS, most notably over the last three decades, the large, complex systems
still represent a significant challenge to solve using a fully automated optimisation procedure.
There are several reasons for that, including: (i) complexity resulting from a mixed-discrete, nonlinear
optimisation problem with often conflicting and difficult to assess objectives and performance
measures; (ii) the large network sizes normally encountered in practice, which translates into large
search spaces where a global optimum is almost impossible to find; (iii) the so called No-Free-Lunch
theorem [101], which says that not all of the optimisers are well suited to solving all problems,
in other words, slow convergence of general population-based optimisation methodologies that
do not utilise some form of traditional engineering experience/heuristics; and (iv) the lack of
computational efficiency of network simulators required by modern population-based optimisation
methods. A number of approaches have been developed to deal with these challenges, mainly aimed
at increasing the computational efficiency of the optimisation process. Those improvements often
include the division of a design problem into multiple phases [58] that can be solved separately,
the involvement of engineering expertise and manual interventions [59] to reduce the search space, or
the use of surrogate and meta-modelling to speed up the simulation process [27]. The work that is still
needed in the WDS design optimisation area is to understand the link between the performance of an
algorithm (and its operators) and certain topological features of a WDS (e.g., existence of pumps/tanks,
loops), as indicated in [29].

3.1.3. Problem Elements
Pipes

Unlike other network elements (e.g., pumps, tanks, valves), pipes are always included in the
optimisation of WDS design, as the basic model is to determine such pipe sizes (or diameters)
for which the design cost of the network is minimal, subject to the nodal pressure requirement.
Even though pipe decision variables are incorporated in every optimisation model, they do not
seem to have been unified. Assuming a given layout of the pipe network, there are two types of a
decision variable, pipe sizes/diameters, and pipe segment lengths of a constant (known) diameter.
Pipe sizes/diameters are discrete by nature of the problem, because they are to be selected from a
set of commercially available sizes, however both discrete and continuous values are used mainly
depending on the optimisation method. Discrete sizes are used mostly for stochastic algorithms (i.e.,
metaheuristics) [42,70,85,88,102-109], whereas continuous sizes for deterministic methods [16,110,111].
In regards to continuous sizes, the final solution can be modified by splitting a link into two pipes of
closest upper- and lower-sized commercially available discrete diameter [16].

WDS design optimisation problems, which use pipe sizes/diameters as decision variables, can be
referred to as a single-pipe design [112,113], while problems with pipe segment lengths of a constant
(known) diameter as a split-pipe design [112,113]. Pipe segment lengths of a constant (known) diameter
are predominantly used in conjunction with deterministic algorithms [14,114,115] or hybrid methods
(i.e., combined deterministic and stochastic methods) [113,116,117]. Single-pipe design with discrete
decision variables can provide, compared to split-pipe design and continuous diameters solutions,
high quality [102], or good quality results without unnecessary restrictions imposed by split-pipe
design [42]. Even if only pipe diameters are optimised, the design of WDS is a complex problem that
requires a careful selection of decision variables as to minimise the search space. The choice between
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direct representation of discrete pipe diameters and split-pipe solutions has largely been resolved in
favour of the former, but further improvements in decision variable coding might be possible.

In cases of an unspecified network layout (e.g., when designing a new or extending an existing
WDS), additional decision variables are required in order to determine or select pipe routes [52,100].
These variables can be formulated, for example, as binary selecting a link which should be included
into the pipe route [52]. Pipe routes can also be considered when strengthening an existing WDS, as
“parallel pipes do not necessarily have to be laid in the same street”, they “may be laid in a parallel
street or right-of-way that may not have existed at previous construction times” [118]. Another possible
type of a pipe decision variable are pipe closures/openings to adjust a pressure zone boundary within
a WDS [100].

Pumps

There are two main aspects of including pumps into the optimisation of WDS design. First,
the pump design or capital cost and second, the pump operating cost due to electricity consumption.
Typically, electricity consumption is one of the largest marginal costs for water utilities, with the price
of electricity rising globally making it a dominant cost in managing WDSs. Therefore, “the presence
of pumps requires that both the design and the operation of the network should be considered in
the optimisation” [99]. Accordingly, the minimisation of the pump design or capital cost as well
as the pump operating cost to achieve minimal amount of electricity consumed by pumps ought
to be included in an optimisation model. Pump operating cost is usually calculated on annual
basis using the typical daily demand patterns (i.e., EPS), but a longer period can be considered
depending on the planning horizon of a case study, for example, 20 years [17,119], 100 years [72,76,77].
Because this cost occurs at different times in the future, its present value is required to be included in
the objective function. This conversion of future economic effects into the current time is undertaken
via a present value analysis (PVA), described in detail in [71,72,77], using zero, constant or time varying
discount rates.

In the model, pumps are controlled by three types of a decision variable. Firstly, a pump location,
which are used when designing a new or extending and upgrading an existing WDS. Possible options
to consider are, for example, to predetermine a limited number of potential pump locations [93,120], to
evaluate network nodes as potential pump locations (yes/no) via binary variables [52] or to upgrade the
current pump stations where new pumps are to be installed in parallel to existing ones [99]. Secondly, a
pump size, which can be included as a pump capacity [14,121], pump type [75,76], pumping power [17],
pump head/height [52,122], pump operation curve/head-flow [93] or pump size in a combination
with the number of pumps [26]. Thirdly, a pump schedule, which describes when the pump is on
and off during a scheduling period (e.g., 24 h). It can be specified by a pumping power [53,54] or
pump head [123] at each time step, the number of pumps in operation during 24 h [97], binary pump
statuses [29], continuous options representing on/off times with a limit imposed on the number of
pump switches [76], discrete options representing the time at which a pump is turned on/off using a
predefined time step (e.g., 30 min) [75]. All of these decisions impact on the size of the search space and
eventually on the computational efficiency of the optimisation algorithm used. A comparative study
of various approaches would be useful to help determine what their advantages and disadvantages
are and which one to use for a particular situation.

In terms of the model objectives, the pump design or capital and/or operating costs were
mostly incorporated together with the costs of other network elements (e.g., pipes, tanks, valves)
into one economic function (see, for example, [17,26,51,60,93,95,96,119]). Although a few studies,
which considered the design and operating costs as part of separate objectives (e.g., [124]), reported
on their conflicting tradeoff, this relationship was not confirmed for a higher-dimensional space
when required to balance numerous objectives [97]. Additionally, the pump maintenance cost (see,
for example, [61,62,121]) as well as the pump replacement and refurbishment cost [71,72,77] were
accounted for. More recently, GHG emission cost or GHG emissions due to the electricity that is
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consumed by pumps [71-77] were introduced as an environmental objective. Similar to the pump
operating cost, a PVA can be used for the pump maintenance, replacement and refurbishment costs,
as well as GHG emissions/cost. Even though there is a significant tradeoff between economic and
environmental objectives (i.e., GHG emissions decrease with the increasing costs and vice versa), GHG
emissions can be considerably reduced by a reasonable increase in the costs [71,72]. Additional results
indicate that the price of carbon has no effect on the tradeoff [77], whereas the discount rates do [72],
the use of variable speed pumps (VSPs) (rather than fixed speed pumps (FSPs)) leads to significant
savings in both total costs and GHG emissions [74].

The mixed-integer nature of pumps as decision variables and their often significant impact in
terms of hydraulic behaviour of the entire system, makes them a difficult element to include and
control its impact during an optimisation run. Furthermore, the increased complexity of modelling
VSPs and their incorporation into the optimisation problem pose another difficulty that has to be
tackled by modern optimisation algorithms. Finally, the formulation of various objectives, including
maintenance requirements (i.e., often surrogated by the number of times a pump is switched on
during the optimisation period), represents another challenge for including pumps into overall WDS
design studies.

Tanks

In spite of having a valuable role in WDSs contributing to their reliability and efficiency [125],
storage tanks (further in the text referred simply to as tanks) are not often included in WDS design
optimisation problems. Several types of a decision variable have been used in the literature to control
tanks in the model, and a few objectives (or objective functions) have been developed to mainly evaluate
tank performance. However, the use of those variables as well as objectives seems to vary across
studies with no general framework on how to model tanks available. As far as decision variables are
concerned, they include tank locations [71,72,96-99,120], tank volumes [16,53,93,96,98,99], minimum
(and maximum) operational levels [93,96,98,99], tank heads [78], tank elevations [14], ratio between
diameter and height [98], ratio between emergency volume and total volume [98]. Study [99] compared
two approaches to model tanks in terms of operational levels, first of which calculates tank levels
analytically during the network analysis, and second of which includes tank levels as independent
variables. Although they yielded similar results, the former approach obtained more robust solutions.

In regard to objectives, the most frequently used account for the tank design or capital cost,
which is normally part of the total system costs (i.e., pipes, pumps, etc.) [16,53,76,93,96-99,120].
Furthermore, additional objectives have been introduced evaluating, along with others, the tank
performance. These objectives are the network benefit, including storage capacity difference [99],
safety and operational volume capacities, and the filling capacity of the tank [93], and system hydraulic
failure including tank failure index [97]. A positive relationship was identified between the total cost
of the system and network benefit [93,99], whereas a negative relationship exists between the cost and
failure index [97]. The effect of changing the tank balancing volume, so called tank reserve size (TRS),
on the minimisation of system cost and GHG emissions was also investigated [76]. It was identified
that a larger TRS could assist in reducing GHG emissions with no additional cost by modifying
pumping schedules.

In addition to pumps, the presence or absence of a tank can also play a significant role in changing
hydraulic behaviour of a WDS. This presents a large challenge for any optimisation approach as it
creates a discontinuity (i.e., a large change in behaviour with or without a tank at a particular location),
which has to be properly managed by the algorithm. Additionally, the setup of the tank (i.e., the link to
the system, overflow valve operation, consideration of upper/lower level limits) within a simulation
model can also play a significant role in the efficiency of the optimisation run.
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Valves

The inclusion of valves in WDS design optimisation problems appears to be rather sporadic
and descriptions related to their implementation are often very brief with not many details provided.
Studies [14,26] accounted for valves in the overall costs of the system, based on optimal valve locations.
The optimisation of a real-life scale WDS incorporating not only transmission pipelines, but also local
distribution pipelines, concluded that optimal valve locations are to be affected by the presence of local
lines which “provide alternative pathways when the main lines are out of service” [26]. As shutdown
of valves used to isolate a portion of the WDS during an emergency (e.g., pipe break or a water
quality incident) creates a change in hydraulic behaviour, the valve numbers and locations play part in
the overall system design, particularly when the reliability or resilience of the system is considered.
For example, study [126] presented a methodology for optimal system design accounting for valve
shutdowns. Another application of valves is using their settings to influence the pressure distribution
in the network (via pressure reducing valves (PRVs)) [16], or to determine timing of flows and flow
rate values (either via flow control valves (FCVs) or PRVs) [127].

Valves were also used to incorporate a simpler model of VSPs into the multi-objective optimisation
of WDS design including total economic cost of the system (i.e., design and operation) and GHG
emissions [74]. In such an application, a pump power estimation method uses a FCV combined with
an upstream reservoir to represent a pump in the system, with the aim to maintain the flows via the
FCV into the downstream tanks as close as possible to the required flows. Hence, the determination
of the most appropriate FCV setting for calculating pump power is formulated as a single-objective
minimisation problem that is subject to multiple flow constraints, which is implemented within a
multi-objective GA (MOGA) framework [74].

A combined design of the isolating valve system and the pipe network presents a considerable
challenge to optimisation methods. Not only that the number of decisions increases exponentially
with the addition of valves, but also the consequences of various valve system designs can only
be evaluated by investigating a large number of (probabilistic) scenarios making the whole process
computationally inefficient. Furthermore, the location and status of isolating valves can form decision
variables also when a WDS is to be divided into manageable subsystems. This is the case with the
so-called district metering areas (DMAs), which have been first implemented in the UK primarily
for leakage management purposes [128]. Due to the fact that the DMA optimal design is normally
performed after a system has been constructed, this problem was deemed beyond the scope of this
review paper.

3.2. Time, Uncertainty and Performance Considerations

3.2.1. Staged Design

A staged design represents an optimisation of a WDS over a long planning horizon divided
into several construction phases, without considering future uncertainties (e.g., in demands, pipe
deterioration). In other words, it is a deterministic dynamic design either over several prefixed time
intervals or with timing decisions (i.e., year of action execution). The planning horizon can spread
across a number of years to an expected life cycle of the system.

Initial work in the staged design is related to the development of multiquality water resources
systems using a single-objective approach, which minimised the costs of water allocation, facilities
expansion, water transportation, and losses caused by insufficient supply [129]. It was formulated as
a LP optimisation problem, into which nonlinear water quality equations were incorporated using
a successive linear approximation iterative scheme. An advantage of using a staged design was
demonstrated by realising linkages between certain management processes and variables, and a
particular planning period (prefixed time interval).

Concerning WDSs, the staged design is often applied to rehabilitate an existing system
as this problem inherently involves the timing of ongoing works over an extended planning
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horizon. Both single- and multi-objective optimisation models were proposed to solve such
problems. Single-objective models included beside the network rehabilitation [130], also network
strengthening [131] and expansion [124,132] combined into one least-cost objective, while
multi-objective models incorporated the network benefit [131] or the system operating costs [124,132] as
additional objectives. Optimisation methods used were GA [130], SMGA [131] and NSGA-II [124,132].
As opposed to the study of [129], these models do not define prefixed time intervals, but include timing
decision variables to schedule works, also referred to as event-based coding [124,132]. This coding
dramatically reduces the search space, thus the computing and memory requirements, because it
eliminates unnecessary zero values of a traditional coding based on a time-interval (e.g., yearly)
basis [124]. A further search space reduction can be achieved by so called limited pipe representation
introduced by [130], which involves placing an upper bound on the number of pipes considered
for rehabilitation. These reductions in the search space and computing requirements are especially
important for large size WDSs.

Moreover, the staged design was applied to extend and strengthen existing wastewater, recycled
and drinking water systems applying an integrated optimisation scheme within a single-objective
framework using GA [127], and to plan a new WDS considering two objectives, the construction
costs and network reliability, using NSGA-II [118]. Both of these studies used prefixed time
intervals to schedule the construction. In addition, study [118] analysed the effect of the scheduled
construction on the network design using a set of scenarios reflecting different lengths of planning
horizons (25-100 years), time intervals (25-100 years) and the number of construction phases (1-4).
Both studies [118,127] confirmed that for long planning horizons, the staged design is cost effective.
The system upgrades guarantee a predefined reliability and there is always opportunity to modify
or redesign subsequent upgrades at the later stage, based on new up-to-date predictions of potential
future development [118].

By introducing staged design to WDSs, it is obvious that the search space increases almost
exponentially to accommodate decisions at various times in the planning horizon. This is one of the
key challenges for deterministic staged design, as computational efficiency of optimisation algorithms
plays even more significant role than with static design. Another difficulty for achieving the optimised
staged design is that even if an optimal solution can be found for each of the intermediate time steps, the
algorithm has to ensure that contiguity among the staged decision is maintained, i.e., that the decisions
selected in the previous stages are retained in the subsequent ones. An approach by [133] presents
one way of obtaining that contiguity of decisions, starting from the solution at one extreme of the
Pareto front. However, this issue is still an under-researched area, which requires more investigation.
All of the above challenges apply even when the future is assumed to be perfectly known, which is
unfortunately not the case.

3.2.2. Flexible Design

A flexible design represents one of the most recent developments in the design optimisation
of WDSs. Similar to a staged design, a flexible design represents an optimisation of a WDS over a
long planning horizon divided into several construction phases, but with the consideration of future
uncertainties (e.g., in demands, pipe deterioration, urban expansion scenarios). Specifically, it is a
probabilistic dynamic design over several prefixed time intervals and with the planning horizon
ranging from a number of years to an expected life cycle of the system. Such a design allows for flexible
and adaptive planning, which is favoured by water organisations that are often encouraged to include
risk and uncertainty in their long term plans.

Uncertainties included in the flexible design are related to future demands [122,134-136] and
future network expansions [137]. They are implemented using either a probabilistic demand
assessment [135] or scenario-based approach via demand/expansion scenarios [122,134,136,137].
A decision tree has been introduced to combine the uncertain demands and intervention measures
into optional decision paths [135]. Analogously, studies [122,137] have proposed the use of real options
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(ROs) approach, which is also based on decision trees that reflect future uncertainties. In ROs approach,
a decision tree is formed by independent decision paths with assigned probabilities to each of the
scenarios. This approach enables flexibility to be incorporated into the decision making process and to
subsequently change the investment plan based on new circumstances [122].

The majority of the above studies apply multi-objective optimisation approach, including, besides
an economic (least-cost) objective, the system resilience [135], reliability [136] or total pressure
violations [137] as another objective. Stochastic optimisation algorithms, such as NSGA-II [135,136],
simulated annealing (SA), and multi-objective SA [122,137] have been employed to solve flexible
design problems, except for [134] who applied integer LP (ILP) combined with preprocessing methods
to reduce the dimensionality of the problem. These preprocessing methods included separating
the (branched) network into subnetworks, reducing the number of decision variables (e.g., velocity
constraints were used to eliminate unsuitable pipe diameters) and solving each subnetwork separately.
As a consequence, the quality of the solution was improved and the proposed methodology [134] can
be applied to large size WDSs.

While comparing to a traditional deterministic design, the results indicate that a flexible design
has a higher initial cost (i.e., in the first construction phases) [122,136], which enables the system to
adapt to various future conditions. However, it outperforms a traditional design in terms of the total
cost over the entire planning horizon [122,135].

The application of flexible optimisation methodologies in WDS design that consider long-term
uncertainty and management options, is yet to be explored to a larger extent in the literature. One of
the key reasons is that it is not clear how various types of uncertainties, i.e., stochastic vs. deep
uncertainty or aleatoric vs. epistemic uncertainty, are best represented in the optimisation process.
The other possible reason is that the flexible design incurs additional computational costs that affects
the overall computational efficiency of the optimisation algorithm. However, as the planning and
design exercises are done sporadically, the additional computational burden and costs are often
justified. Future uncertainties that might have an impact on WDS design, including climate change,
population movements and economic development, make flexible design probably the most promising
area of research over the next few decades.

3.2.3. Resilient, Reliable and Robust Design

System resilience, reliability and robustness present performance characteristics of a WDS in
relation to current and most importantly future uncertain conditions. Although there is no universally
agreed definition of any of these measures, the resilience can be defined in broadest terms as the ability
of a WDS to adapt to or recover from a significant disturbance, which can be internal (e.g., pipe failure)
or external (e.g., natural disaster) (adapted from [138]). Similarly, the reliability can be defined as the
ability of a WDS to provide expected service, and can be expressed as the probability that the system
will be in service over a specific period of time (adapted from [139]). The robustness represents the
ability of a WDS to maintain its functionality under all circumstances (adapted from [138]), or over
everyday fluctuations that have the potential to cause low to moderate (i.e., not catastrophic) loss of
performance [89].

A robust design problem of a WDS is primarily concerned with uncertainties in model parameters.
These uncertainties are related mainly to future demands [89,110,121,123,140,141], but can also
consider pipe roughnesses [89,110,140,141], minimum nodal pressure requirements [110], network
expansions [137] and others [142]. Study [89] states that “neglecting uncertainty in the design process
may lead to serious underdesign of water distribution networks”.

Several approaches have been proposed in the literature to formulate a robust design problem
for WDSs. Firstly, a redundant design approach which adds redundancy to the system to account
for the uncertain parameters by assuming that those parameters are larger than expected [140].
Secondly, an integration approach where uncertainties are incorporated into the model formulation
via either objective function [89] or constraints [140] sometimes referred to as a chance-constrained
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model [110]. Both of those approaches assume a probabilistic distribution of uncertain parameters and
convert an original stochastic optimisation problem into a deterministic one. Thirdly, a two-phase
optimisation approach that initially solves an optimisation problem with deterministic parameters
(i.e., no uncertainties), and subsequently uses those obtained solutions as an initial population
for a stochastic problem where future demands and pipe roughnesses are considered uncertain
variables following a probability density function [141]. Fourthly, a scenario-based approach where
the uncertainty is implemented via a set of scenarios, each assigned a probability [121]. Lastly and
most recently, a robust counterpart (RC) approach which is non-probabilistic and incorporates the
uncertainty through an ellipsoidal uncertainty set constructed according to the user-defined protection
level [123].

Despite a number of approaches to incorporate robustness into the design of WDSs, the measure
has been defined fairly well and consistently in the literature, and consequently it has been used in
optimisation studies. This may be due to the advances in robust optimisation in other fields and/or
due to the focus on non-catastrophic loss of performance that is associated with robust operation.
However, the other two measures, reliability and most notably resilience, have not been defined
consistently in the WDS literature or have been considered seriously only fairly recently. Therefore,
this section focuses on robust design of WDSs, with resilience and reliability being outside of the
scope of this review paper. This also indicates that future research efforts could be directed toward a
consistent and agreed definition of reliability and resilience, with optimisation methods being capable
of solving WDS design considering them as objectives/performance measures.

Robust design optimisation problems are mainly solved using stochastic methods, such as
GA [140], NSGA-II [89,121], optimised multi-objective GA (OPTIMOGA) [141], PSO [142] and CE [123],
except for [110], who solves it as a NLP problem.

3.2.4. Design for Water Quality

In the literature, water quality is incorporated into the WDS design optimisation problems in
various ways concerning both an optimisation model and water quality measure used. In terms
of optimisation models, single-objective as well as multi-objective exist which include water
quality considerations. In the former, water quality related expenditures, such as the cost of
disinfection [27,120], cost of water treatment [53] or cost of losses incurred by insufficient quality [129],
are combined with the system design/capital (and operation) costs into one objective. Alternatively,
water quality is included as a constraint to a single-objective model in a form of minimum (and
maximum) disinfectant concentrations at the network nodes [87,143]. In the latter, water quality
presents a sole objective, which is either water quality benefit (being maximised) [63,131], water
quality deficiencies (being minimised) [92,97,144] or water quality reliability (being maximised) [78].
Regardless of an optimisation model used, study [120] highlighted an importance of incorporating
water quality considerations with system design and operation in one optimisation framework,
which enables promoting water quality in the design stage, rather than leaving potential water quality
issues to be resolved during the system’s operational phase. Indeed, study [78] reports a significant
tradeoff between water quality objective based on disinfectant residual and the system capital costs (i.e.,
the best quality solutions correspond to higher costs and vice versa), and demonstrates the sensitivity
of the obtained solutions to a disinfectant dosage rate. Interestingly, there was not tradeoff found
between water quality objective based on water age and the cost.

Regarding the water quality measure, it is dependent on the system specifics, its requirements,
and also the optimisation model advancements progressively implementing water quality objectives
useful to system operators. Basic water quality parameters that are used in optimisation models
of drinking WDSs are chlorine [27,87,120,143] and chloramine [120], modelled as non-conservative
applying first order decay kinetics, adjusted by a higher decay rate in parts of the system when
needed [120]. In contrast, conservative water quality parameters are typically important for regional
multiquality WDSs. These parameters are either specified within an optimisation model, such as
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salinity [129] or unspecified being modelled in conjunction with the operation of treatment facilities [53].
In multi-objective optimisation models, both specific parameters and surrogate measures are used to
quantify water quality objectives. Water quality benefit is expressed as a function of the length
of renewed and/or lined old pipes, as aged pipes are considered to cause the development of
microorganisms and water discolouration [63,131]. Water quality deficiencies can be represented
by a performance function on disinfectant residual reflecting governmental regulations [92], water
age [97], or the risk of water discolouration due to the potential material after daily conditioning shear
stress [144]. Water quality reliability is based on disinfectant residual [145] and /or water age [78].

Optimisation methods used to solve WDS design problems including water quality considerations
were LP [129], GA [53,87,100,120,143] and differential evolution (DE) [27] for single-objective
models, and SMGA [63,131], NSES [92], e-NSGA-II [97], NSGA-II and SPEA?2 integrated with a
heuristic Markov-chain hyper-heuristic (MCHH) [144] and ant colony optimisation (ACO) [78] for
multi-objective models. These algorithms were mainly linked with a network simulator EPANET
to solve network equations. Because these EPANET simulations, in particular water quality
analyses, are very computationally demanding, they were replaced by ANNs [27,87,143] to reduce
computational effort.

Unsurprisingly, introduction of water quality considerations increases the complexity of the quest
for the optimal design considerably. This increased complexity is caused not only by the more complex
simulations required to predict the temporal and spatial distribution of a variety of constituents
within a distribution system, but also by the requirement to run shorter time step water quality
computations [22]. Furthermore, computational efficiency is affected by the ability to model multiple
constituents throughout the WDS via the EPANET Multi-Species Extension, EPANET-MSX [146].

4. General Classification of Reviewed Publications

Based on the selected literature analysis, the following are the four main criteria for the
classification of design optimisation for WDSs: application area (Section 4.1), optimisation model
(Section 4.2), solution methodology (Section 4.3) and test network (Section 4.4).

4.1. Application Area

As outlined in Section 3, there are four application areas: design of new systems (Section 3.1.1),
strengthening, expansion and rehabilitation of existing systems (Section 3.1.2). Numerous publications
do not deal only with those design optimisation problems, but also with the operational optimisation
(see, for example, [14,26,53,71,120,135]), which is an equally important area if the total cost (i.e.,
including capital and operation expenditure) is considered. Hence, the system operation has been
added to the following analysis. It represents papers optimising (mainly) the pump operation together
with the system design, strengthening, expansion and/or rehabilitation. Figure 2 displays distribution
of the application areas across the papers analysed and listed in Appendix A Table Al as follows:

e Design of new systems is an application area with the highest representation (41%). Interestingly,
an almost identical percentage (43%) totals applications for existing systems (i.e., strengthening,
expansion and rehabilitation).

e An application area with the second highest representation (25%) is strengthening of
existing systems.

e Expansion and rehabilitation of existing systems are both represented evenly by 9% of
applications each.

e  Optimisation of the system operation is represented by 16% of applications.
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Figure 2. Application areas (of papers from Appendix A Table A1).

It is not surprising that design (and mostly using pipe diameters as decision variables) dominates
the literature, which occurs mostly due to historical reasons. Namely, the sizing of pipes was addressed
first in the literature, even before WDS simulation was possible. Other design variants, such as
strengthening, expansion and rehabilitation, followed on, but use the same or quite similar performance
measures and optimisation tools. The introduction of other network elements, such as pumps,
tanks and valves, as well as various performance criteria, including water quality and operational
considerations, appeared much later in the literature. Lately, more emphasis was put on robustness,
reliability and resilience assessment of WDS design and operation, which seems to be the trend for
the future.

4.2. Optimisation Model

An optimisation model is mathematically defined by three key components: objectives, constraints
and decision variables. Figure 3 shows how many of these components are included in the optimisation
models (of papers analysed in Appendix A Table A1), which indicates the degree of complexity
of the formulation. Note that not all of the reviewed papers include mathematical formulations
of an optimisation model used. Therefore, our assessment is limited to our interpretation of the
provided information in the publications, where explicit formulation was partially presented or
missing altogether.

e The number of objectives included in optimisation models ranges from one to six. The majority of
models (69%) are single-objective, determining the least-cost design. The second largest proportion
(27%) represents two-objective optimisation models. Multi-objective models including more than
two objectives (i.e., 36 objectives) are very sparse as they represent only 4% of all formulations.

e Thenumber of constraints incorporated in optimisation models ranges from zero to ten. Hydraulic
constraints (such as conservation of mass of flow, conservation of energy and conservation of
mass of constituent) are normally included as implicit constraints and are forced to be satisfied by
a WDS modelling tool, such as EPANET, and thus are not included in these statistics. There are 5%
of models with no constraints, which are mainly multi-objective optimisation models where the
pressure requirement is defined as an objective rather than a constraint. Almost half models (48%)
include only one constraint (mostly the minimum pressure requirement). A quarter of models
(25%) incorporate two constraints. The proportion of optimisation models with exactly three or
more (i.e., 4-10) constraints is 13% and 9%, respectively.

e The number of types of a decision (i.e., control) variable included in optimisation models ranges
from one to 13. The majority of optimisation models (60%) uses one type of a decision variable,
being a pipe diameter/size or pipe segment length of a constant (known) diameter. The use of
more than one type of a decision variable is considerably less frequent and is represented by 16%,
11% and 13%, respectively, for two, three and more (i.e., 4-13) types of a decision variable.
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Figure 3. Optimisation models (of papers from Appendix A Table A1) by: (a) number of objectives, (b)
number of constraints, (¢) number of types of a decision variable, in an optimisation model.

Inspecting Figure 3, the question arises as to how many optimisation models there are, which
include only one objective, one constraint and one type of a decision variable? There are, in total,
129 optimisation models formulated and solved in 124 papers listed in Appendix A Table Al.
From those optimisation models, 30% (i.e., 39 models) consist of one objective (mostly design costs),
one constraint (mostly the minimum pressure at nodes) and one type of a decision variable (mostly
pipe diameters).

As indicated, the prevailing use of single-objective optimisation is probably caused by the
preference to arrive at a single solution, which can be implemented by decision makers. On the
other hand, the preference for one constraint seems surprising as the number of constraints of the
problem depends on the complexity of the system and the number of criteria expressed as constraints
rather than objectives. Finally, the number and types of decision variables appearing in the literature is
a function of historical developments in the field and the increasing trend is expected in the future.
Research questions still remain as how to best formulate the optimisation model for a particular case,
and what effect the model formulation has on obtained solution(s) [22,23].

4.2.1. General Optimisation Model

A general multi-objective optimisation model for optimal design of a WDS can be formulated as:

Minimise/maximise (fi(x), f2(x), ..., fu(x)) (1)
subject to:
ai(x)=0, iel={1,...,m}, m>0 )
bj(x)go, jel]={1,...,n}, n>0 3)
c(x) <0, keK={1,...,p}, p>0 4)

where Equation (1) represents objective functions to be minimised (e.g., system capital costs) or
maximised (e.g., system reliability), Equations (2)-(4) present three types of a constraint, with x
representing decision variables.

Objectives

Objectives of a general optimisation model of WDS design are listed in Table 1. They can be
divided into four distinct groups according to their type. The first group represents economic objectives
such as capital and rehabilitation costs, and expected operation and maintenance costs of the system.
The second group are community objectives, which report on the level of service provided to WDS
customers, and which, if inadequate, could eventuate in water supply related issues for those customers.
Those objectives include, for example, a benefit function (using various performance criteria), water
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quality deficiencies, pressure deficit at demand nodes, hydraulic failure of the system and potential fire
damages. The third group presents performance objectives, reflecting the operation of a WDS, specifically
system robustness, reliability and resilience. These objectives, although ultimately indicating the
level of service for WDS customers, have separate classification, due to their primary purpose to
report on the performance in relation to a WDS rather than to customers. The fourth group represents
environmental objectives, namely GHG emissions, consisting of capital emissions due to manufacturing
and installation of network components applicable at the WDS construction phase, and operating

emissions due to electricity consumption occurring during the WDS life cycle.

Table 1. Objectives of a general optimisation model.

Objective Type Objectives Reference (An Example)
Capital costs of the system, including purchase,
installation anc% construction of network [53,74121]
components (pipes, pumps, tanks, treatment
Economic plants, valves, etc.)
Rehabilitation costs of the system, including
pipe/pump replacement, pipe cleaning/lining, [17,124] (pipes), [77] (pumps)
pipe break repair
Expected ogemhon costs of the system, including [53] (pump stations and treatment plants),
pump stations, treatment plants and [27] (disinfectant dosage)
disinfectant dosage 8
Expected maintenance costs of the system [121]
[131] (welfare index to place greater
Benefit/benefit of the solution (i.e., rehabilitation, importance on early improvements), [99]
expansion and strengthening) using various (quantity shortfalls as criteria), [93] (e.g.,
performance criteria by authors safety volumes and operational capacities
Community as criteria)
Water quality (e.g., disinfectant, sedimentation,
discolouration) deficiencies or water age at [92,120] (water quality deficiencies), [97]
customer demand nodes, water discolouration (water age), [144] (water discolouration),
risk, velocity violations (causing [95] (velocity violations)
sedimentation/discolouration)
Pressure deficit at customer demand nodes [65] (maximum individual deficit), [66,68]
(maximum individual or total), or the number of  (total deficit), [90] (the number of
demand nodes with the pressure deficit demand nodes)
Hydraulic failure of the system expressed by the [97]
failure index
Potential fire damages using either expected [142] (expected conditional fire damages),
conditional fire damages or fire flow deficit [92] (fire flow deficit)
System robustness using either a redundant design  [140] (redundant design), [89] (integration
approach, integration approach (via objective via objective function), [110,140]
function or constraints), two-phase optimisation  (integration via constraints), [141]
Performance approach, scenario-based approach or (two-phase optimisation), [121]
RC approach (scenario-based), [123] (RC)
System reliability [118]
System resilience [135]
GHQ emissions or emission costs conS}stmg of [77] (capital and operating GHG emission
capital emissions (due to manufacturing and g .
. . . costs), [73,75] (capital and operating GHG
Environmental installation of network components) and S .
. L emissions), [132] (operating GHG
operating emissions (due to .
.. . emission cost)
electricity consumption)
Constraints

Constraints of a general optimisation model of WDS design are described in Table 2 and divided
into three groups as follows. Hydraulic constraints are given by physical laws governing the fluid flow
in a pipe network. These constraints are incorporated in an optimisation model either explicitly often
in conjunction with deterministic [147] and hybrid optimisation techniques [116,117], or implicitly by a
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WDS modelling tool (e.g., EPANET) [26] and /or ANNSs [27,87] normally in combination with stochastic
optimisation algorithms. System constraints arise from limitations and operational requirements of a
WDS, and include tank water level bounds, pressure/water quality requirements at demand nodes,
etc. The ways to manage these constraints include an integration of EPANET (e.g., tank water levels),
the augmented Lagrangian penalty method [17], a penalty function [26], a penalty function with a
self-adaptive penalty multiplier [45,88], or a (modified) constraint tournament selection [148-150].
Constraints on decision variables, such as pipe diameters being limited to commercially available sizes
and others, are handled explicitly by an optimisation algorithm.

Table 2. Constraints of a general optimisation model.

Constraints Reference (An Example)

Hydraulic constraints given by physical laws of fluid flow in a
pipe network: (i) conservation of mass of flow, (ii) conservation
of energy, (iii) conservation of mass of constituent

[41]

System constraints given by limitations and operational

requirements of a WDS, for example, minimum /maximum
pressure at (demand) nodes and flow velocity in pipes, water
deficit/surplus at storage tanks at the end of the simulation
period, maximum water withdrawals from sources

[54] (limits on nodal pressure, storage tank deficit and
water withdrawals from sources), [127] (limits on
pipe velocity)

Constraints on decision variables x, for example, limits on pipe
diameters, pipe segment lengths (so called split-pipe design),
pump station capacities

[92] (limits on pipe diameters), [117] (limits on pipe
segments), [121] (limits on pump stations)

Decision Variables

Decision variables of a general optimisation model of WDS design are listed in Table 3. They are
grouped according to an element or aspect that drives the optimisation (i.e., pipes, pumps, tanks,
valves, nodes, water quality and timing). In general, a pipe diameter/size is often the main (or the
only) decision variable used in design optimisation of WDSs. Accordingly, a total of 60% optimisation
models (of papers listed in Appendix A Table A1) use only one type of a decision variable (see
Figure 3c), which is either a pipe diameter/size or the pipe segment length of a constant (known)
diameter. As the complexity of an optimisation model increases, so does the number of types of a
decision variable. An example of such an optimisation model could be an expansion and rehabilitation
of an existing WDS with pumps, tanks and a treatment plant to meet future demands and water

quality requirements.

Table 3. Decision variables of a general optimisation model.

Decision Variables

Reference (An Example)

Pipes: pipe diameters/sizes, pipe duplications, pipe

rehabilitation options (pipe replacement, pipe cleaning/lining),

pipe break repair, pipe segment lengths (so called split-pipe
design), future pipe roughnesses, pipe routes, pipe
closures/openings (to adjust a pressure zone boundary)

[75] (diameters), [132] (duplications, replacement,
lining and break repair), [117] (segments), [141]
(roughnesses), [52] (routes), [100] (routes and
closures/openings)

Pumps: pump locations, pump sizes (pump capacities, pump
types, pumping power, pump head /height or head-flow), the
number of pumps, pump schedules (pumping power or pump
head at each time step, the number of pumps in operation
during 24 h, binary statuses at time steps, on/off times)

[52,99] (locations), [14] (locations and capacities), [75]
(types), [17] (power), [52,122] (head /height), [93]
(head-flow), [26] (sizes and the number of pumps),
[53,123] (power or head at each time step), [97] (the
number of pumps in operation), [29] (binary statuses),
[75] (on/off times)

Tanks: tank locations, tank sizes/volumes, minimum
operational level, ratio between diameter and height, ratio
between emergency volume and total volume, tank heads

[98] (locations, sizes/volumes, minimum operational
level, ratios), [78] (heads)

Valves: valve locations, valve settings (headlosses or flows)

[14] (locations), [16] (headlosses via a roughness
coefficient), [127] (headlosses and flows)
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Table 3. Cont.

Decision Variables Reference (An Example)

Nodes: flowrates from sources, future nodal demands,

threshold demands, hydraulic heads at junctions [127] (flowrates), [135,141] (demands), [147] (heads)

Water quality: disinfectant dosage rates (at the sources, at the [143] (dosage at the sources), [27] (dosage at the
treatment plants, in the tanks), treatment removal ratios, treatment plants), [78] (dosage in the tanks), [53]
treatment plant capacities (removal ratios), [121] (capacities)

Timing: year of action (e.g., network expansion, rehabilitation, [131] (network expansion and rehabilitation), [130]
pipe replacements) execution (pipe replacements)

Tables 1-3 provide a generic set of components used for formulating an optimisation problem
involving initial design with subsequent operational management of a WDS. Particular circumstances
being considered in different case studies may warrant only a portion of those components to be used.

4.3. Solution Methodology

An enormous effort has been dedicated to the application and development of optimisation
methods to solve WDS design optimisation problems since the 1970s. Initially, deterministic
methods namely LP [14,114,129], NLP [16,110] and mixed-integer NLP (MINLP) [17,115] were
used. In the mid 1990s, after the first popular applications of a GA [20,151], there was a swing
towards stochastic methods and they dominate the field since (see Figure 4). A great range of
those methods has been applied to optimise design of WDSs to date, inclusive of (but not limited
to) a GA [42,45,50,85,86,152-154], fmGA [88], non-crossover dither creeping mutation-based GA
(CMBGA) [149], adaptive locally constrained GA (ALCO-GA) [155], SA [60], shuffled frog leaping
algorithm (SFLA) [103], ACO [104,156], shuffled complex evolution (SCE) [157], harmony search
(HS) [105,158,159], particle swarm HS (PSHS) [160], parameter setting free HS (PSF HS) [161], combined
cuckoo-HS algorithm (CSHS) [162], particle swarm optimisation (PSO) [106,153,154], improved PSO
(IPSO) [163], accelerated momentum PSO (AMPSO) [164], integer discrete PSO (IDPSO) [165], newly
developed swarm-based optimisation (DSO) algorithm [150], scatter search (SS) [166], CE [61,62],
immune algorithm (IA) [167], heuristic-based algorithm (HBA) [168], memetic algorithm (MA) [107],
genetic heritage evolution by stochastic transmission (GHEST) [169], honey bee mating optimisation
(HBMO) [170], DE [46,153,154,171], combined PSO and DE method (PSO-DE) [172], self-adaptive DE
method (SADE) [173], NSGA-II [70], ES [68], NSES [92], cost gradient-based heuristic method [119],
improved mine blast algorithm (IMBA) [174], discrete state transition algorithm (STA) [175],
evolutionary algorithm (EA) [109], and convergence-trajectory controlled ACO (ACOcrtc) [176].
The vast majority of those studies solely solve a basic single-objective least-cost design problem
(i.e., pipe cost minimisation constrained by the nodal pressure requirement) and use a small number
of available benchmark networks (e.g., Hanoi network [49], New York City tunnels [81], two-loop
network [14]) to test the proposed optimisation method. The usual result obtained was a better or
comparable optimal solution reached more efficiently than by algorithms previously used in the
literature, without providing an explanation as to why the selected algorithm performed better for a
particular test network. It seems, therefore, that research have been trapped, to some extent, in applying
new metaheuristic optimisation methods to relatively simple (from an engineering perspective) design
problems, without understanding the underlying principles behind algorithm performance. Moreover,
study [177] stresses that there has been “little focus on understanding why certain algorithm variants
perform better for certain case studies than others”.
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Figure 4. Optimisation methods (of papers from Appendix A Table Al) by year.

Over the past decade, an increase in the use of deterministic and hybrid methods (i.e., a combined
deterministic and stochastic method) can be observed from Figure 4. These methods, which are
computationally more efficient when comparing to stochastic methods, thus more suitable for
large real-world applications, include ILP [51,134], MINLP [147], a combined GA and LP method
(GA-LP/GALP) [113,117], combined GA and ILP method (GA-ILP) [178], combined binary LP and DE
method (BLP-DE) [179], combined NLP and DE method (NLP-DE) [111], hybrid discrete dynamically
dimensioned search (HD-DDS) [180], decomposition-based heuristic [52], optimal power use surface
(OPUS) method paired with metaheuristic algorithms [47], and modified central force optimisation
algorithm (CFOnet) [181]. However, WDS simulations may still be computationally prohibitive even
with more efficient deterministic or hybrid optimisation methods, especially as the fidelity of the
model and the number of decision variables increase [22].

The choice of the solution methodology depends on the type of problem being considered,
the level of expertise of the analyst and the familiarity with the particular method/tool. Nonetheless,
there is often no clear justification provided as to why a particular methodology has been selected
over another and/or why an alternative methodology has not been tested. Quite often, this choice
is based on the analyst’s preference, level of familiarity, and software availability, rather than on a
comparison of the tests performed using two or more solution methodologies. This practice makes it
difficult to progress towards the development of meaningful guidelines for the application of different
optimisation methods [177]. An interesting research question for further studies would be how to
characterise and select the best optimisation method for a particular WDS design problem.

However, that being stated, several attempts have been made to compare or evaluate algorithm
performance for both single- and multi-objective WDS design problems, but with an absence of a
universally adopted method to date. A methodology for comparing the performance of various
single-objective algorithms involves assessing the best solution obtained (which is straightforward
contrary to multi-objective optimisation), the convergence speed, and the spread and consistency of
the solutions using a number of random starting seeds and evaluations [153,154]. A methodology
has also been developed to evaluate the performance of a particular algorithm by assessing the
effectiveness of its parameters (such as crossover and mutation) applying their different values [182].
In multi-objective optimisation, in general, performance metrics were proposed and are commonly
used to compare performance of various algorithms in terms of the quality of the Pareto fronts
obtained (see, for example, [183-185]). A comparison of solutions is substantially more complex
than in single-objective optimisation as there is no single performance metric both compatible and
complete [186]. Possibly for that reason, some WDS design studies have limited their analysis to a
visual comparison of solutions only (i.e., two-objective Pareto fronts), which was criticised by [187].
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Most recent research, progressively, evaluates the performance and search behaviour of multi-objective
algorithms in relation to their parameters and/or WDS features [28] (more such studies are listed in
Section 4.3.2).

4.3.1. Computational Efficiency

Numerous advancements have been reported in the literature to improve the computational
efficiency of both optimisation algorithms and network simulators. These developments
include methods for search space reduction [45,63,88,95,99,120,131,188,189], parallel programming
techniques [109], hybridisation of the evolutionary search with machine learning techniques to
limit the number of function evaluations [67], surrogate models (metamodels) to replace network
simulations [27,43,67,87,143], approximation of the objective function by shortening the EPS [119],
and enhanced methods for speedy network simulations for large size WDSs [190].

Various techniques for search space reduction have been proposed, which can be broadly
classified as algorithm-based and network-based methods. The algorithm-based techniques include
the method for more efficient encoding of decision variables [63,99,131], a self-adaptive boundary
search strategy for selection of the penalty factor within the optimisation algorithm to guide the
search towards constraint boundaries [88], and the application of an artificial inducement mutation
(AIM) to acceleratingly direct the search to the feasible region [95]. The network-based techniques
analyse either the network as a whole or individual pipes. The former include a network stratification
into upper, middle and lower diameter sets using engineering judgment [188], and the critical path
method [45,191]. The latter involve the elimination of certain pipes from the optimisation based on
their preliminary capacity assessment [120], application of a pipe index vector (PIV), a measure of
the relative importance of pipes regarding their hydraulic performance in the network, which assists
in exclusion of impractical and infeasible regions from the search space [189], and introduction of
upper/lower bounds on pipe diameters based on the initial analysis [30].

In terms of replacing time consuming network simulations with faster means, three types of
a surrogate model have been applied to the design optimisation of WDSs to date. These models
include a linear transfer function (LTF) [43], Kriging [67] and ANNSs [27,87,143], which are used more
frequently than two previous ones. The purpose of a surrogate model is to approximate network
simulations (hydraulics and/or water quality), hence reduce the calls of the simulation model during
the optimisation. Kriging uses solutions visited during the search to model the search landscape [192].
ANNSs can be divided into two groups, offline ANNSs, which are trained only once at the beginning
of the optimisation, and recently proposed online ANNs, which are “retrained periodically during
the optimisation in order to improve their approximation to the appropriate portion of the search
space” [27]. ANN metamodels are often used in conjunction with water quality simulations [27,87,143].

All of those methods have shown promise on a limited number of test cases or a specific case
study. It would be interesting to conduct a thorough comparison of all of those on a selection of
benchmark cases of various sizes and complexity.

4.3.2. Recent Developments

More recently, a number of advancements, such as improving and understanding the algorithm
performance and others, have been proposed in the literature indicating potential directions for future
research. Some of those developments are a consequence of an appeal of [23,177] “to counteract
potential repetition and stagnation in this field” to continually produce too many papers using “an
ever increasing number of EA variants” and “theoretical or very simplistic case studies”.

Firstly, to improve the algorithm performance regarding the solution quality, an engineered initial
population has been suggested [26,30,44,66,108]. Traditionally, a random (or naive) initial population
of solutions (expressed as pipe sizes) is used as a starting point for algorithms. An engineered initial
population, in contrast, is created by taking into account the rules and hydraulics principles of water
flow in a pipe network, or by performing pre-optimisation runs under various parameter scenarios
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(e.g., [30]). Another way to achieve better algorithm convergence, particularly for design problems
incorporating water quality, is to run the algorithm with hydraulic analysis only for several first
generations, and subsequently add water quality analysis [120]. Furthermore, a postoptimisation
technique can be used to refine the solutions that are found by an optimisation algorithm to
get closer to the global optimum [193]. Secondly, a range of strategies have been introduced
to eliminate the tedious and time demanding process of calibrating algorithm parameters (i.e.,
selecting the best performing combination of parameter values) for a particular test problem.
These strategies involve the use of a statistical analysis [158], evolved heuristics (i.e., hyper-heuristic
approach) [68,144,194], and convergence trajectories [176]. Thirdly, several studies focused on
analysing algorithm performance [195] and search behaviour [28,48,196] in relation to the WDS
design problem features [29]. Lastly, methodological improvements using existing methods have been
proposed rather than applying /developing new algorithms, with the aim to improve computational
efficiency. Those improvements represent multiple-phase optimisation concepts [30], which can be
combined with graph decomposition [46,69] or clustering [90] techniques.

4.4. Test Network

An enormous diversity exists among test networks used in optimisation of WDS design.
These networks vary in size, complexity, and the types of network components that they contain
(i.e., nodes, pipes, pumps, tanks, reservoirs/sources and/or valves). The simplest networks are
small gravity WDSs with one source, a few nodes and pipes (see, for example, [14,60]), or simplified
pumped WDSs including only one source, one pump, one pipe and one tank (see, for example, [71]).
An example of a large network represents EXNET [82], which is a realistic WDS comprising two
sources, control valves and almost 2500 pipes. Figure 5 categorises test networks that are used (in the
papers listed in Appendix A Table A1) by network size. In order to be consistent with the previous
review [22], network size is expressed by the number of nodes within a network. Networks, for which
the number of nodes cannot be identified from the reviewed paper or the references provided, are
excluded from the analysis. Figure 5 reveals that nearly a half of the networks (49%) is limited in
size to 20 nodes and the majority of the test networks (84%) contains up to 100 nodes. This finding is
analogous to operational optimisation of WDSs, where networks with up to 100 nodes represent 80%
of applications [22].

Figure 5 illustrates that in the large body of literature, various WDS design formulations
and optimisation methods have usually been tested using small, computationally cheap networks.
This prevalent usage of small networks is in contrast to the requirement to optimise design of
real-world systems that contain hundreds of thousand elements (including pumping stations, tanks
and valves) causing a single EPS simulation to take minutes or even hours to execute even on powerful
desktop computers. Consequently, large networks are not often considered by optimal design studies.
This situation can be remedied by using latest developments in methods capable of generating realistic
WDS networks by [55-57], who have each developed their own automatic network generation software.

39% 2% Number of nodes
11% in the network,
A reflecting the
network size:

1-20

21-100

101-500
= 501-1000
= >1000

49%
35%

Figure 5. Test networks (of papers from Appendix A Table Al) by network size.
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Real-world WDS design optimisation problems normally involve large size, complex-topology
networks, comprising a number of elements of various types. Such a problem is often solved by
combining a sophisticated simulation model (to potentially analyse both hydraulics and water
quality) with a non-trivial optimisation method. The approach ought to satisfy the requirements
of a water utility and other stakeholders for objectives, constraints, decision variables, as well
as model assumptions. Although studies exist that report on successful solutions to such
problems [100,127,197-199], they are limited possibly due to the complexity associated with
mathematically formulating objectives and constraints and/or finding the best solution. Study [200]
even speculates that the real-world considerations need to be explicitly quantified, “if it is possible to
do so at all”, otherwise the water industry will apply engineering judgment instead of any optimisation
method to design WDSs.

Similar to network size, the frequency of use of test networks varies considerably, as some
networks have been used only once, while others have been used repeatedly and by multiple authors.
In particular, the prevalence of some networks attributes to their use as benchmark problems to test
optimisation algorithms. These benchmark networks, all of which have been used (in the papers
listed in Appendix A Table A1) 10 or more times, are listed in Table 4 in order of their usage count.
They are, except for the Anytown network, gravity-fed WDSs with the common objective to determine
the most economical pipe design. The popularity of those benchmark networks contributed to high
percentages of the first two categories in Figure 5, because the majority of them are limited in size to 20
and 100 nodes, respectively.

Table 4. Frequently used test networks.

Test Network - Optimisation Network Modified Network
Name No. of Nodes Network Description Problem Versions Usage Count *
Hanoi network Eﬁtw?rk orgamsﬁd dlrtl’ N tem desi Double Hanoi
A 32 ree torf)ps Supp lel Y ( oW s)y stem design network, triple Hanoi 55
[49] f;i‘;:ey romasingle pipes network (both [113])

Tunnel system supplied ~ Existing system
New Yoili City by gravity fr(?m a single st_rengthenmg (ie., Double New York City
tunnels 20 source, constituting the  pipe paralleling) to tunnels [201] 42
[81] primary WDS of the meet projected

New York city demands
Two-loo Small network with two Adapted to system

PH loops supplied by New system design strengthening and

network 7 X . X . 40
[14] gravity from a single (pipes) expansion over a

source planning horizon [118]

Large looped network
Balerma supplied by gravity from
irrigation four sources, adapted New system design
network ** 447 from the existing (pipes) N/A 20
[50] irrigation network in

Balerma, Spain

Existing system

Anvtown Hypothetical looped strengthening, ** With additional
n tz] K 19 system supplied by three  expansion and source and tank [53], 15
[884] © parallel pumps from a rehabilitation (pipes, with additional tank

single source pumps, tanks) to meet  [119] proposed by [83]

projected demands

5. Future Research

Future research challenges for the optimisation of WDS design are illustrated in Figure 6 and
divided into the following four groups: (i) model inputs, (ii) algorithm and solution methodology,
(iii) search space and computational efficiency, and (iv) solution postprocessing. As far as model inputs
are concerned, there is a requirement to explore how to best represent various types of uncertainties,
i.e., stochastic vs. deep uncertainty or aleatoric vs. epistemic uncertainty, in the optimisation process.
Additional future uncertainties, for example, climate change, population movements and economic
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development, might affect planning for optimal WDSs, and make flexible design one of the promising
research areas over the next few decades. Another research challenge in regards to model inputs is to
compare various approaches to pump decision variables, including VSPs and their coding, in order
to determine their advantages, disadvantages and suitability for a particular case. Furthermore and
overall, a research question remains how to best formulate the optimisation model for a particular
case [22,23].

( MODEL INPUTS h i ALGORITHM & h
SOLUTION METHODOLOGY
* |dentify the best representation of various
types of uncertainties 3 Understand the algorithm performance,
3% Implement new uncertainties such as search behaviour and their link to
climate change, population movements and L~ topological network features
economic development into flexible design ¥ Deyvelop metheds for selecting the best
# Analyse advantages of various approaches algorithm for a particular case
to pump decision variables and their coding 3 Understand how to best incorporate
3 Develop methods to determine the best engineering judgement in the search
formulation of the optimisation model for 3 Develop methods for ensuring contiguity
L a particular case ) k among decisions in staged design )
v
Y -
SEARCH SPACE & 4 SOLUTION POSTPROCESSING A
COMPUTATIONAL EFFICIENCY
# Evaiuvate effect of modei formuiation on
3# |dentify possible improvements in decision obtained solution(s)
variable coding % Develop methods for selecting a practical
# Develop computationally efficient subset of Pareto non-dominated solutions
optimisation methods for staged design for decision makers
applications # Conduct a thorough analysis of available
# Undertake a thorough comparison of methods for identifying effective Pareto
available methods for search space non-dominated solutions (i.e. a small
reduction/computational efficiency increase improvement in one objective leads to
using a selection of benchmark cases of a large deterioration in at least one other
\  various sizes and complexity y ¥ objective) on WDS design problems o

Figure 6. Future research challenges.

Concerning algorithm and solution methodology, a vast research area represents a progression
towards better understanding of algorithm performance and its search behaviour. These aspects need
to be further linked to the WDS design problem features including system topology (e.g., existence of
pumps/tanks, loops) and initial population used. A related challenge is to eliminate a time consuming
process of calibrating algorithm parameters to achieve a satisfactory performance, hence there is a
question how to select the best performing combination of parameter values. Moreover, it is important
to develop understanding related to the suitability of various optimisation methods for particular
design problems and the incorporation of engineering judgement in the search. In relation to staged
design, methods for ensuring contiguity among decisions, i.e., that the decisions selected in the
previous stages are retained in the subsequent ones, are required.

Recently, there has been an observed increased interest in aspects of the search space and
computational efficiency. Indeed, the reduction of the search space and an increase in the computational
efficiency are significant particularly for real-world WDS optimisation problems as well as dynamic
(i.e., staged and flexible) design, so they are expected to remain important and promising research
areas into the future. The research community would benefit from a thorough comparison of existing
methods for search space reduction and computational efficiency increase, which could use a selection
of benchmark cases of various sizes and complexity. In addition to currently available methods for
search space reduction, it might be possible to further improve decision variable coding.

Regarding solution postprocessing, an open question is how sensitive the obtained solution(s) is to
the optimisation model used [22,23]. When multi-objective optimisation approach is used, a remaining
challenge is to select a practical and representative subset of the non-dominated solutions, which
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could be useful for the decision makers. Accordingly, there is a need for methods to identify a handful
of effective solutions, such as those where a small improvement in one objective leads to a large
deterioration in at least one other objective. The existing approaches, including maximum convex
bulge/distance from hyperplane, hypervolume contribution, and local curvature [80] are all promising
and require a thorough analysis on WDS design problems.

6. Summary and Conclusion

A systematic literature review of optimisation of water distribution system (WDS) design since
the end of the 1980s to nowadays has been presented. The publications included in this review are
relevant to the design of new WDSs, strengthening, expansion and rehabilitation of existing WDSs, and
also consider design timing, parameter uncertainty, water quality and operational aspects. The value
of this review paper is that it brings together a large number of publications for design optimisation
of WDSs, just under three hundred in total, which have been published over the past three decades.
Therefore, it may enable researchers to identify one’s articles of interest in a timely manner. The review
analyses the current status, identifies trends and limits in the field, describes a general optimisation
model, suggests future research directions. Exclusively, this review paper also contains comprehensive
information for over one hundred and twenty publications in a tabular form, including optimisation
model formulations (i.e., objectives, constraints, decision variables), solution methodologies used and
other important details.

This review has identified the following main limits in the field and future research directions.
It was demonstrated that there is still no agreement among researchers and practitioners on how to
best formulate a WDS design optimisation model, how to include all relevant objectives and constraints,
and whether and how to take into account various sources of uncertainty, while still allowing for an
efficient search for the best solution to be achieved. Although a plethora of generic and problem-specific
optimisation methods have been developed and applied over the years, there is no consensus on
what optimisation method is best for a particular design problem, whether a single or multiple-phase
optimisation concept is to be used, and how engineering judgement can best be incorporated in the
search. Therefore, a concerted effort by the research community is required to develop methods
for objective comparison and validation of various optimisation algorithms and concepts on large,
real-world problems. In addition, an analysis of available methods for reducing the search space,
increasing computational efficiency, as well as selecting effective Pareto non-dominated solutions
representing a practical subset for decision makers, is needed using WDS design problems of various
sizes and complexity. In spite of the overwhelming amount of literature that has been published over
the past three decades, design optimisation of WDSs faces considerable research challenges in the
years to come.

7. List of Terms

e Deterministic dynamic design = staged design over a long planning horizon divided into several
construction phases, without considering future uncertainties.

e Deterministic static design = traditional design with a single construction phase for an entire
expected life cycle of the system, without considering future uncertainties.

e  Dynamic design = staged (i.e., real-life) design capturing the system modifications/growth over a
long planning horizon divided into several construction phases (adopted from [118]).

e  Hydraulic constraints = constraints arising from physical laws of fluid flow in a pipe network,
such as conservation of mass of flow, conservation of energy, conservation of mass of constituent.

e  Optimisation approach = single-objective approach or multi-objective approach.

e  Optimisation method = method, either deterministic or stochastic, used to solve an
optimisation problem.
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Optimisation model = mathematical formulation of an optimisation problem inclusive of objective
functions, constraints and decision variables.

Probabilistic dynamic design = flexible design over a long planning horizon divided into several
construction phases, with considering future uncertainties.

Probabilistic static design = traditional design with a single construction phase for an entire
expected life cycle of the system, with considering future uncertainties.

Simulation model = mathematical model or software used to solve hydraulics and water quality
network equations.

Single pipe design = design which uses pipe sizes/diameters as decision variables (either discrete
or continuous).

Solution = result of optimisation, either from feasible or infeasible domain, so we refer to a ‘feasible
solution’ or ‘infeasible solution’, respectively. In mathematical terms though an ‘infeasible solution’
is not classified as a solution.

Split-pipe design = design which uses pipe segment lengths of a constant (known) diameter as
decision variables.

Static design = traditional (i.e., theoretical) design with a single construction phase for an entire
expected life cycle of the system (adopted from [118]).

System constraints = constraints arising from the limitations of a WDS or its operational
requirements, such as water level limits at storage tanks, limits for nodal pressures or constituent

concentrations, tank volume deficit etc.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ACO ant colony optimisation

ACOctc convergence-trajectory controlled ant colony optimisation

ACS ant colony system

AEF average emissions factor

AIM artificial inducement mutation

ALCO-GA adaptive locally constrained genetic algorithm

AMPSO accelerated momentum particle swarm optimisation

ANN artificial neural network

AS ant system

ASglite elitist ant system

AS,ank elitist rank ant system

BB branch and bound

BB-BC big bang-big crunch

BLIP binary linear integer programming

BLP-DE combined binary linear programming and differential evolution
BWN-II battle of the water networks II (optimisation problem)

CA cellular automaton

CAMOGA cellular automaton and genetic approach to multi-objective optimisation
CANDA cellular automaton for network design algorithm

CcC chance constraints

CDGA crossover dither creeping mutation genetic algorithm

CE cross entropy

CFO central force optimisation

CGA crossover-based genetic algorithm with creeping mutation
CMBGA non-crossover dither creeping mutation-based genetic algorithm
CR crossover probability (parameter)

cs cuckoo search
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CSHS
CT™M

D

dDE
DDSM
DE
DMA
DPM
DSO

EA
EA-WDND
EEA
EEF

EF
EPANETpdd
EPS

ES

F

FCV
fmGA
FSP

GA
GA-ILP
GA-LP/GALP
GANEO
GENOME
GHEST
GHG
GOF

GP
GRG2
GUI
HBA
HBMO
HD-DDS
HDSM
HMCR
HMS
HS

1A
IDPSO
ILP
IMBA
IPSO
KLSM
LCA
LHS
LINDO
LM

LP

LTF

MA
MBA

combined cuckoo-harmony search

cohesive transport model

design

dither differential evolution

demand-driven simulation method

differential evolution

district metering area

discoloration propensity model

newly developed swarm-based optimisation algorithm
evolutionary algorithm

evolutionary algorithm for solving water distribution network design
embodied energy analysis

estimated (24-h) emissions factor (curve)

emissions factor

pressure-driven demand extension of EPANET
extended period simulation

evolution strategy

mutation weighting factor (parameter)

flow control valve

fast messy genetic algorithm

fixed speed pump

genetic algorithm

combined genetic algorithm and integer linear programming
combined genetic algorithm and linear programming
genetic algorithm network optimisation (program)
genetic algorithm pipe network optimisation model
genetic heritage evolution by stochastic transmission
greenhouse gas (emissions)

gradient of the objective function

genetic programming

generalised reduced gradient (solver)

graphical user interface

heuristic-based algorithm

honey bee mating optimisation

hybrid discrete dynamically dimensioned search
head-driven simulation method

harmony memory considering rate (parameter)
harmony memory size (parameter)

harmony search

immune algorithm

integer discrete particle swarm optimisation
integer linear programming

improved mine blast algorithm

improved particle swarm optimisation

Kang and Lansey’s sampling method [26]

life cycle analysis

Latin hypercube sampling

linear interactive discrete optimiser

Lagrange’s method

linear programming

linear transfer function

memetic algorithm

mine blast algorithm
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MBLP
MCHH
MdDE
MENOME
mlIA
MILP
MINLP
MMAS
MO
MODE
MOEA
MOGA
MSATS
NBGA
NFF
NLP
NLP-DE
NSES
NSGA-II
(0
OPTIMOGA
OPUS
PAR
PESA-II
PHSM
PIV
PRV
PSF HS
PSHS
PSO
PSO-DE
PVA

RC

ROs

RS

RST

SA
SADE
SAMODE
SCA
SCE
SDE

SE
SFLA
SGA
SMGA

SMODE

SMORO
SO
SPEA2

mixed binary linear problem

Markov-chain hyper-heuristic

modified dither differential evolution
metaheuristic pipe network optimisation model
modified immune algorithm

mixed integer linear programming

mixed integer nonlinear programming

max-min ant system

multi-objective

multi-objective differential evolution
multi-objective evolutionary algorithm
multi-objective genetic algorithm

mixed simulated annealing and tabu search
non-crossover genetic algorithm with traditional bitwise mutation
needed fire flow

nonlinear programming

combined nonlinear programming and differential evolution
non-dominated sorting evolution strategy
non-dominated sorting genetic algorithm II
operation

optimised multi-objective genetic algorithm
optimal power use surface

pitch adjustment rate (parameter)

Pareto envelope-based selection algorithm II
prescreened heuristic sampling method

pipe index vector

pressure reducing valve

parameter setting free harmony search

particle swarm harmony search

particle swarm optimisation

combined particle swarm optimisation and differential evolution
present value analysis

robust counterpart (approach)

real options (approach)

random sampling

random search technique

simulated annealing

self-adaptive differential evolution

self-adaptive multi-objective differential evolution
shuffled complex algorithm

shuffled complex evolution

standard differential evolution

search enforcement

shuffled frog leaping algorithm

crossover-based genetic algorithm with bitwise mutation
structured messy genetic algorithm

standard multi-objective differential evolution (i.e., optimising the whole network

directly without decomposition into subnetworks)
scenario-based multi-objective robust optimisation
single-objective

strength Pareto evolutionary algorithm 2
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SS
SSSA
STA
TC
TRS

TS
VSP
WCEN
WDSs
WDSA
WPP
WSMGA
WTP

Appendix A

scatter search

scatter search using simulated annealing as a local searcher
state transition algorithm

time cycle

tank reserve size

tabu search

variable speed pump

water distribution cost-emission nexus

water distribution system

water distribution systems analysis (conference)
water purification plant

water system multi-objective genetic algorithm
water treatment plant
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Abstract: We developed a hybrid algorithm for multi-objective design of water distribution networks
(WDN:s) in the present study. The proposed algorithm combines the global search schemes of
differential evolution (DE) with the local search capabilities of harmony search (HS) to enhance the
search proficiency of evolutionary algorithms. This method was compared with other multi-objective
evolutionary algorithms (MOEAs) including NSGA2, SPEA2, MOEA /D and extended versions
of DE and HS combined with non-dominance criteria using several metrics. We tested the
compared algorithms on four benchmark WDN design problems with two objective functions, (i) the
minimization of cost and (ii) the maximization of resiliency as reliability measure. The results showed
that the proposed hybrid method provided better optimal solutions and outperformed the other
algorithms. It also exhibited significant improvement over previous MOEAs. The hybrid algorithm
generated new optimal solutions for a case study that dominated the best-known Pareto-optimal
solutions in the literature.

Keywords: MOEA; DE; HS; water distribution system; NSGA2; SPEA2; NSHSDE

1. Introduction

The field of water and environmental engineering has attracted interest in the last decade for
the development and utilization of various evolutionary algorithms (EAs). These algorithms have
emphasized their potential as a solution to various water-engineering problems. The popularity of
EAs is likely due to their ability to solve nonlinear, nonconvex, continuous and discrete problems
that classic optimization techniques have failed to solve [1]. We recognize the capability of EAs as the
applications of environmental and water-resource engineering problems have become complicated in
the sense that they are characterized by large decision spaces. Design of water distribution networks
(WDNs) with least investment cost satisfying the pressure requirement and reliability is an example
of large scale problems in the field of water resources engineering which needs to be dealt with
in optimization models such as EAs. In this problem, because of the large number of network
pipes, there are a huge number of designs or alternatives in front of engineers, which cannot be
evaluated with only simulation models. The network design problem becomes more complicated
when there are also other facilities such as pumps, gates, tanks, etc. Due to the large size of the search
space and nature of the problem at hand, categorized as a Non-deterministic Polynomial-time hard
(NP-hard) problem, EAs are the search algorithms that are best suited to finding optimal design.
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Besides, in this problem, cost is not the only criterion which should be considered in the network
design. Considering other criteria such as network reliability and resiliency in both quantitative
and qualitative aspects requires the development of multi criteria decision making approaches in
WDN design problems. Development of multi-objective evolutionary algorithms (MOEAs) that can
efficiently search solution spaces and provide an appropriate approximation of the actual trade-off
among considered criteria is thus important. For this reason, Keedwell and Khu [2] emphasized the
capability of MOEAs for the design of WDNSs. In the work of Montalvo et al. [3], Pareto optimal
solutions which represent a compromise among different criteria were obtained. In this direction, the
minimized cost and node pressure deficits were used as the main design factors in the multi-objective
swarm optimization (MOSO) algorithm [3]. In designing WDNs, we mostly focused on minimizing
cost and maximizing reliability as the essential design criteria.

Todini (2000) introduced a “resilience” index which expresses the hydraulic reliability based on
the surplus head of each node. WDNSs in general are designed by loop systems to enhance hydraulic
reliability of the networks [4]. The first hydraulic resilience index was improved by Prasad and Park
(2004) to consider system-redundancy concept in the loop systems [5]. They utilized the nondominated
sorting genetic algorithm 2 (NSGA2) in multi-objective design of WDNs with minimized total cost
and maximized system resilience. As the cost and system resilience were used as the objective
functions in WDN design, some researchers compared the performance of optimization algorithms.
Farmani et al. [6,7] compared NSGA2 and Strength Pareto evolutionary algorithm 2 (SPEA2) for the
design of WDNs and concluded that SPEA2 has better performance than NSGA2.

Research work on multi-objective optimization design of WDNs has shifted from simple
evolutionary algorithms to advanced methods with strong local and global search capabilities.
For instance, some studies developed cross entropy MOEA methods and compared their performances
with NSGA2 [8]. Zheng et al. [9] developed the graph decomposition approach to solve the design
problem of WDN in the multi-objective optimization framework. This approach was applied for
the optimization of each sub-network and it achieved the Pareto optimal solutions for each one.
Pareto optimal solutions obtained from separate optimization were integrated to obtain the whole
Pareto optimal solutions of the WDN design problem. Matos et al. [10] introduced an evolutionary
strategy to obtain efficient and useful decision-making in engineering problems. The characteristics
of this method are crossover and mutation operators that are specific to WDN optimization tasks.
Bi et al. [11] developed high-quality initial populations with MOEAs for optimal design of WDNs with
least cost and maximum system resilience. They proposed the Multi-Objective Pre-screened Heuristic
Sampling Method (MOPHSM) that assigns pipe diameter, depending on the distance between the
source and demand nodes.

In addition to improving their own algorithm performance to increase the efficiency of the search
ability, many studies have developed methodologies with hybridization of different algorithms [12-18].
However, these methods have been rarely used in multi-objective optimization of WDN design.
Keedwell and Khu [2] proposed CAMOGA that is a hybrid multi-objective optimization algorithm
combined with cellular automaton and the genetic algorithm for WDN design in order to obtain
better designs compared to NSGA2. Vrugt and Robinson [19] also developed a hybrid algorithm,
called A Multi-Algorithm Genetically Adaptive Multi-objective (AMALGAM). The AMALGAM is
a hybrid of four algorithms (Adaptive Metropolis Search (AMS), NSGA2, PSO and DE). Verification of
the performance of AMALGAM comprised of the exploration of solutions for some mathematical
benchmark multi-objective problems. The results showed the proposed algorithm has better
performance for solving complex problems with respect to a few other MOEAs. Raad et al. [20]
compared various hybrid optimization algorithms (AMALGAM, NSGA2, NSGA2-]G) for optimal
design of WDNs. AMALGAM showed the best results. Zheng et al. [9] developed SAMODE
which is a hybrid of Non-Linear Programming (NLP) and Multi-Objective Differential Evolution.
SAMODE outperformed NSGA2 on three benchmark WDN case studies. Wang et al. [21] investigated
and reported the best-known Pareto optimal solutions for the well-known WDN problems. The study
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compared five MOEAs (i.e., NSGA2, AMALGAM, Borg, e-MOEA and ¢-NSGAZ2) and the results
showed that NSGA2 was outstanding as it generally produced the best solutions to all the problems.

The aim of this research is improving the search capabilities of the harmony search (HS) and
differential evolution (DE) to attain better performances of optimization models for design of WDN's.
Therefore, this research paper contributes towards the development of a new hybrid algorithm with
HS and DE algorithms in a multi-objective framework to solve the WDN design problem. The hybrid
approach uses DE for a global search, followed by a hybridization of DE and HS for enhancing local
search capabilities, to find the approximate true Pareto fronts. The efficiency and the reliability of the
hybrid algorithm were compared with those of NSGA2, SPEA2, MOEA /D and two other MOEAs,
based on HS and DE. The differences were instances of the integration of non-dominance criteria and
evolutionary search operators of HS and DE developed in this study. There are some reasons for using
these MOEAs in our study which are enumerated below:

(1) DE and HS show high efficiency in solving numerous single-objective test problems, especially
the least-cost design problems involving WDNs. Moreover, since the proposed algorithm
is constituted of DE and HS operators, it is advantageous to include source algorithms in
the comparison.

(2) New versions of DE and HS algorithms for multi-criteria problems [22,23] have shown better
performances than other well-known algorithms, such as SPEA2 [21,24] and MOPSO [25].

(3) NSGA2 and SPEA2 are widely used in representative MOEAs in water resource and
environmental engineering. More importantly, NSGA2 was reported to be the superior method
relative to several contenders.

(4) MOEA/D is a new approach for solving multi-objective optimization problems (Zhang and Li, [26]),
which has a specific characteristic based on the decomposition scheme to separate the original
problem into several sub-problems that can be solved collaboratively and simultaneously.

The proposed hybrid algorithm is applied to four well-known benchmark WDN design problems,
and four performance metrics (i.e., generational distance (GD), diversity (D), hypervolume (HV) and
coverage set (CS)) are measured to evaluate the performance of the proposed method and implemented
MOEAs. The best algorithm is identified based on the results obtained.

2. Methods

The non-dominance criterion is used in MOEAs to sort individuals considering objective
function values. Usually MOEAs (i.e., PAES, microGA, NPGA, MOPSO, SPEA2 and NSGAZ2) use the
non-dominated sorting approach to generate Pareto fronts. In this study, the concept of non-dominance
is combined with HS and DE to explore the ability of these algorithms in solving the optimal design of
WDN in a multi-objective framework. The evolutionary algorithm was developed and implemented
as illustrated in the subsections that follow.

2.1. Proposed Algorithm, Non-Dominated Sorting Harmony Search Differential Evolution (NSHSDE)

DE generally has strong global search capability. It is expected that if this method is combined
with a local search optimizer, the performance of the evolutionary search improves. According to
a study by Yazdi et al. [27], the harmony search performs very well in finding optimal solutions located
in certain parts of the search space, but cannot generate adequately diverse Pareto-optimal solutions,
thus degrading the overall performance of the search algorithm. To exploit the local search advantages
of HS and the exploratory strength of DE, we propose a hybrid HS-DE method here. The hybrid
algorithm borrows the mutation operator from the DE algorithm to generate a new solution and
uses the pitch adjustment approach of HS to modify the new solution, called “new harmony” in HS
terminology. This solution is then used to update the harmony memory, which is a repository of good
solutions. The hybrid method also uses the same non-dominance and crowding distance criteria as
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NSGA2 to generate the Pareto-optimal curve. The main steps of the hybrid algorithm, called NSHSDE
are summarized as follows:

Step 1: The initial population of the harmony memory (HM) with a predefined size, called
harmony memory size (HMS), is randomly generated and stored in the harmony memory (HM).

Step 2: Some new harmonies (as many as allowed by the repository size, RS) are generated and
stored in the repository. It is recommended that RS be equal to HMS.

To generate a new harmony consisting of n decision variables: R; = (ri1,%i2,..., Iin), the
following process is carried out:

(I. A mutation vector V; = {v;1,v;1,...,0;,} is computed according to the equation:
Vi = Hc1 +F x (He2 — Hes) ¢9)

where Hcq, Hep and Hej are three members randomly selected from HM and F is a scaling factor in
(0,1], preferably within the range 0.3-0.7.

(I). A pitch adjustment is used to enhance the diversity of the perturbed harmony vector and is
considered as new harmony:

2
Vij; if (Fﬂi’ld]' > PAR) @

P { v;j +4; if (rand; < PAR)
ij =
where PAR is the pitch adjusting rate, j is the variable index in the decision variable vector, 0 < PAR <1,
and A is a small change computed by A = Fw x N(0,1). Fy, is the fret width (or band width) parameter
with a value considered as a small percentage of the range of decision variable j, and N(0,1) is a normal
random number with mean 0 and variance 1. 7; is the decision variable j of the new harmony, R;.

Step 3: A temporary harmony memory is created by mixing the harmonies in HM and
the repository.

Step 4: The temporary harmony memory is sorted according to non-domination. In this process,
harmonies are allocated to several fronts Fy, F», ... , F; according to their non-domination sort order,
where [ is the index of the last front. Harmonies in front 1 dominate the harmonies in higher fronts;
similarly, harmonies in front 2 dominate the harmonies in fronts 3, 4, ... , [, but are dominated by those
in front 1, and so on.

Step 5: The harmonies in each front Fy, Fy, ..., F; are sorted according to the crowding
distance [27].

In order to attain a better diversity in HM, among the harmonies in each front, those with
fewer neighbors should have higher chance of selection in generating new harmonies. To achieve
this, a greater crowding distance is allocated to the solutions with a smaller number of neighbors.
Crowding distance is defined as [27]:

M A+Lf - Lf
dist] = Z%W‘:L...,H 3)
m=1 ofm "= Ofm -
where dis t{ is the crowding distance of harmony i in front of £; o fy; >/ and o for inf are the maximum

and minimum value of mth objective function in front f, respectively; o ,i,“’f and o f,l,f 1 are respectively
the value of mth objective function of the upper and lower harmonies (sorted ascending) relative to
harmony 7 in front f and F) is the number of non-dominated fronts in the current iteration.

Step 6: The HMS is updated by initially selecting the non-dominated solutions, starting with the
first ranked non-dominated front (F;) and proceeding with the subsequently ranked non-dominated
fronts (Fy, F3, ..., F;) until the size exceeds the full capacity. It is necessary to reject some of the
lower-ranked non-dominated solutions to reduce the total number of the non-dominated solutions to
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render it equal to the HMS. This is done by using the crowding distance comparison operator; using
this procedure, the elements in the HM are updated.

Step 7: Steps 2 through 6 are repeated until the termination criterion (e.g., a maximum number of
iterations) is satisfied.

It is worth mentioning that in this study, the value of Fw was adaptively changed during the
search, as recommended by Mahdavi, Fesanghary and Damangir [28] to improve the efficiency of the
local search as:

Fw(G) = Fmax x e<©) 4)

where G is the generation count, and constant ¢ for each generation is given by

In( Fomin )

— Fwmax
€7 "Maxlt ©)

Fin and Fwmax are the minimum and maximum values of “fret width” respectively, and MaxIt
is the number of iterations (generations).

2.2. Algorithms Implemented for Comparison

2.2.1. Non-Dominated Sorting Genetic Algorithm 2 (NSGA2)

NSGAZ2 is a fast and elitist multi-objective genetic algorithm that has been used successfully in
many engineering optimization problems and has attained significant popularity in many disciplines.
It is arguably the most popular MOEA developed so far. It uses genetic algorithm operators and two
population-sorting criteria, non-dominance and crowding distance [29].

2.2.2. Non-Dominated Sorting Harmony Search (NSHS) Algorithm

Harmony search [13] is another popular EA that has garnered considerable attention in various
engineering disciplines in the last decade. Several applications of this algorithm have been reported in
the water engineering literature and a few multi-objective schemes have recently been developed [27,30]
combining HS operators with non-domination sorting (NS) and crowding distance criteria to generate
Pareto-optimal solutions in multi-objective problems. This algorithm called NSHS was compared with
the NSGA2 and MOPSO algorithms based on several benchmark problems and a sewer pipe network
application and the results showed that the NSHS algorithm outperformed the other two.

In this study, the effectiveness of the NSHS algorithm for WDN design problem:s is tested and
compared against other MOEAs.

2.2.3. Non-Dominated Sorting Differential Evolution (NSDE) Algorithm

Differential Evolution, which is an improved version of the GA [31] solves global optimization
problems. This algorithm has the same operators as the GA, but its performance relies more on
an effective mutation operator than crossover [17]. The application of DE in single-objective designs of
WDN has been reported in several studies [17,32,33]. More recently, Zheng et al. [9] developed a DE
for multi-objective WDN problems by hybridizing it with NLP to estimate the Pareto front in three
WDN case studies.

In this study, DE is extended to solve multi-objective problems by employing non-dominance
and crowding distance criteria, as used in NSGA2, within the DE framework. The performance of the
NSDE algorithm is then compared with that of other MOEAs using various design cases.

2.2.4. Improving the Strength Pareto Evolutionary Algorithm (SPEA2)

Zitzler et al. [24] developed SPEA2. This algorithm is an improved strength Pareto evolutionary
algorithm (SPEA) which is maintained as an external population algorithm and updated in each
generation by new non-dominated solutions. In comparison with the initial version, SPEA2 adopts
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a fine-grained fitness assignment strategy that incorporates density information by taking into account
the dominance of a number of individuals. It also adopts a nearest neighbor density estimation
technique. Finally, the clustering method is replaced by an archive truncation method that guarantees
the preservation of boundary solutions. This algorithm is known as a state-of-the-art MOEA used to
assess the performance of algorithms.

2.2.5. Multi-Objective Evolutionary Algorithm Based on Decomposition (MOEA /D)

In addition to the aforementioned MOEAs, we implemented MOEA /D algorithm [26] to solve
WDN design problems. This algorithm was rarely used for WDN design [34]. In comparison to the
MOEAs, MOEA /D is a different solving approach in which a multiobjective optimization problem is
decomposed into a number of scalar optimization sub-problems that are simultaneously optimized.
At each instance of generation, the population is composed of the best solution found thus far for each
sub-problem. The neighborhood relations among these sub-problems are defined based on distances
between their aggregation coefficient vectors. Each sub-problem (i.e., scalar aggregation function) is
optimized in MOEA /D by using information only from its neighboring sub-problems. It was also
reported that MOEA /D recorded lower computational complexity at each instance of generation
than NSGA2 and yielded better performance on some benchmark optimization tests and real-world
optimization problems [26,34]. We use the MOEA /D framework with the Tchebycheff approach [26] to
decompose multi-objective optimization problems. More information about decomposition approaches
and the MOEA /D method can be found in the work of Zhang and Li [26].

2.3. Performance Measures

The performance of the implemented algorithms is evaluated by four performance metrics or
indices (i.e., generational distance (GD), diversity (D), hypervolume (HV) and coverage set (CS)) which
are briefly explained below.

2.3.1. Generational Distance (GD)

This performance metric was introduced by Van Veldhuizen and Lamont [35] and is used to
measure the distance between elements of the set of non-dominated vectors at any given time and
those of the global Pareto-optimal set. It is defined as

n %
(£)
GD = =1/

n

(6)

where 7 is the number of vectors in the set of non-dominated solutions and d; is the distance (measured
in objective space) between each of these and the nearest member of the global Pareto-optimal
set. The parameter P stands for the Pth norm of the distance which is assumed equal 2-.e.
Euclidean distance, in this research. An ideal value of GD = 0 indicates that all elements generated are in
the global Pareto-optimal set. Thus, any other value indicates how “far” the generated elements are from
the global Pareto front. The lower GD, the algorithm’s performance better in terms of convergence.

2.3.2. Diversity (D)

This metric assesses the extent of the Pareto front curve and shows the range of diversity of the
solutions obtained. It is defined as:

n

D= H§ d; = max(f;) — min(f;) (7)

j=1

where j is the index of jth objective function, f; is the vector of jth objective function values of the
Pareto front solutions and 7 is the number of objective functions. The higher the value of D metric,
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the better the diversity of MOEA. There is no specific lower and upper bound for this metric and its
value is problem-dependent.

2.3.3. Hypervolume (HV)

This metric was proposed by Van Veldhuizen [35] for calculating the volume covered between
the Pareto fronts and a reference point. This evaluates the performance of convergence and diversity.
The reference point represents the worst objective function values. This index is calculated as:

HV = volume(U}_,v;) (8)

where v; is the hyper-volume constructed by solution i and the reference point in the objective function
space. It should be emphasized that in this study the normalized version of HV called the ratio of HV,
of the approximation set to the true Pareto-optimal front (HV), was used to reduce the bias arising
out of the magnitudes of different objective functions and to evaluate the quality of solutions found by
each MOEA. HVR varies between zero and one with the ideal value of one.

2.3.4. Coverage Set (CS)

This index was proposed by Zitzler et al. [36] to compare the Pareto fronts through two different
simulations. This metric demonstrates both the convergence and diversity abilities of the algorithm.
Considering two Pareto optimal solution sets X', X" and each set of non-domination points in X’ U X",
denoted by X, CS index can be calculated between [0,1] as:

(o e X";3w € X' 1ol > o'}

CSXX”:'

If all points in X’ dominate, or are equal to, all points in X", by the definition given above, CS = 1.
A value of 0 for the index implies the opposition. Ordinarily, both CS(X’, X”') and CS(X”, X') need to
be considered, as the set intersections are not necessarily empty. The CS metric is used to compare two
Pareto sets in relative terms, without the need for the global Pareto solutions.

2.4. Multi-Objective Design of WDNs

2.4.1. Mathematical Formulation

“Network cost” and “reliability” are two major objectives that have been frequently used in the
multi-objective design of water distribution systems. The same criteria are taken as the objective
functions in this study, with “network resilience” indicator as the reliability measure proposed by
Prasad and Park [5]. The first objective function involves economic considerations and the latter
provides a measure to assess both surplus head and reliable loops in networks of varying size.
The optimization problem can then be formulated as:

np
Min C = Y (U; x L;) (10)
i=1

?'L’q
¢y — )
(SH0) QuHy + X7 2) — oy uH)

b
G = npj x max{D;} (12)

Max I, =

1n

where C = total cost (monetary units), np = number of pipes, U; = unit cost of pipe i of diameter D;,
L; = length of pipe i, I, = network resilience, nn = number of demand nodes, Cj, Qj, Hj, and H;eq are
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uniformity, demand, actual head and minimum required head respectively, of node j; nr = number
of reservoirs, Qk and H, are discharge and actual head respectively, of reservoir k, npu = number of
pumps, P; = power of pump i, y = specific weight of water, npj = number of pipes connected to node j,
and D; = diameter of pipe i connected to demand node j. The constraints of the optimization problem
are as follows:

(1) Mass conservation constraint

For each junction node, the mass conservation law should be satisfied which can be written as:

ZQin*Z Qout = Qe (13)

where Q;,, and Qo are in-flow and out-flow of the node, respectively, and Q, is the external flow rate
or demand at the node.

(2)  Energy conservation constraint

For each loop in the network, the conservation of energy can be written as follows:

Y Al =0 VIl € NI (14)
keLoopl

where Aly is the head loss in pipe k and NI is the total number of loops in the system. The head
loss in each pipe is the difference in head between connected nodes, and is a function of discharge,
pipe diameter, and roughness coefficient of the pipe. Head loss is usually calculated using empirical
equations, such as the Darcy-Weisbach or the Hazen-Williams equation.

(3) Minimum and maximum pressure constraints

The minimum and maximum pressure constraints on each node in the network are given by
the following:
WSWSW Vji=1,2,...,nn (15)

where H; is the pressure head at node j, H l'is the minimum required pressure head at node j, H" is the
maximum allowed pressure head at node j, and nn is the number of demand nodes in the network.

(4) Pipe size availability constraint

The diameter of each pipe must belong to a commercial size set, A:
D; € {A} Vi=1,2,...,np (16)

where D; is the diameter of pipe i, {A} denotes the set of commercially available pipe diameters, and np
is the number of pipes.

(5) Minimum and maximum velocity constraints

The minimum and maximum velocity constraints on each pipe in the network are given by
the following:
Uﬁgvigv?Vizl,Z,.‘.,np 17)

where v; Is velocity in pipe i, v} and v! are the minimum and maximum allowed velocity in pipe
i, respectively.

To solve the optimization problem, the constrained model is converted into an unconstrained one
by adding the number of constraint violations to the objective function as penalty. The constraints for
the conservation of mass and energy are automatically satisfied using EPANET2.0 hydraulic solver [37].
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The minimum and maximum pressure and velocity constraints, however, need to be included in the
penalty functions:

0; if Hl < H; < HVj=1,...,mn
Cp1 = { . ) (18)

Px |y (H —Hj) +C(Hj—HY) |; otherwise

(1) v 1)
0; ifvf}gv,'gv;‘w:l,..‘,np
Cp2 P x [Z (vi - vi) + X (v — o) }; otherwise (19)
i i

Cp=Cp1+Cp2 (20)

where P is a penalty multiplier, which was set to 10° in this study. Cp is the summation of the penalties
of all nodes with pressure violation, Cp; is the summation of the penalties of all pipes with velocity
violation and Cp is the total penalty. Therefore, the total cost of the network is the sum of network cost
C and penalty cost Cp in nodes and pipes with pressure and velocity violation, respectively.

2.4.2. Experimental Tests on WDNs

The validation of the hybrid algorithm to solve WDN design problems requires application of the
algorithm to benchmark problems of different sizes which were selected from the literature including
the two-loop network (small-sized problem), the Hanoi network (medium-sized), the Fossolo network
(intermediate-sized) and the Balerma network (large-sized problem). These four benchmark networks
are briefly described below.

1.  Two-loop network (TLN)

The two-loop network (TLN) consists of eight pipes, six demand nodes, and a reservoir. The reservoir
had a constant head fixed at 210 m [21]. As it is a hypothetical network, all pipes had the same length
(1000 m) and a Hazen-Williams coefficient of 130. Pressure was set to at least 30.0 m at all demand nodes.
Table 1 shows the commercially available diameters and the corresponding unit costs (1 in. = 0.0254 m)
and Figure 1 depicts the layout of the TLN.

1

2 2 3
3 7
4 4 5
5 8
6 8 7

Figure 1. Layout of two-loop network, TLN [21].
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Table 1. Diameter options and associated unit costs of two-loop network (TLN).

Diameter (in.)  Unit Cost ($/m)  Diameter (in.)  Unit Cost ($/m)
1 2 12 50
2 5 14 60
3 8 16 90
4 11 18 130
6 16 20 170
8 23 22 300
10 32 24 550

2 Hanoi network (HAN)

The Hanoi network (HAN) consisted of 34 pipes organized into three loops, 31 demand nodes,
and a reservoir with a fixed head of 100 m [21]. The Hazen-Williams roughness coefficient for all pipes
was 130. The minimum head above the ground elevation of each node was 30 m. There were six
commercially available pipe sizes, ranging from 12 in. to 40 in. (1 in. = 0.0254 m). Table 2 shows the
diameter options and associated unit costs and Figure 2 depicts the layout of the network.
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Figure 2. Layout of Hanoi network (HAN) [20].

Table 2. Diameter options and associated unit costs of Hanoi network (HAN).

Diameter (in.) Unit Cost ($/m) Diameter (in.) Unit Cost ($/m) Diameter (in.) Unit Cost ($/m)
12 45.73 20 98.39 30 180.75
16 70.40 24 129.33 40 278.28

3 Fossolo network (FOS)

The Fossolo network (FOS) consisted of 58 pipes, 36 demand nodes, and a reservoir with a fixed
head of 121.00 m [21]. The material for all pipes was polyethylene. Due to the characteristics of
polyethylene, a relatively high Hazen-Williams coefficient of 150 was applied to all pipes. The minimum
pressure head of the demand nodes was maintained at 40 m, whereas the maximum pressure head at
each node was as specified in Table 3. Moreover, the flow velocity in each pipe was enforced at less
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than or equal to 1 m/s. Table 4 shows the commercially available diameters and the corresponding unit
costs. Figure 3 depicts the layout of the FOS.

Figure 3. Layout of Fossolo network (FOS) [21].

Table 3. Maximum pressure head requirement of each node of Fossolo network (FOS).

NI Pmax(m) NI Pmax(m) NI Pmax(m) NI Pmax(m) NI Pmax(m) NI Pmax(m)

1 55.85 7 53.1 13 59.1 19 58.1 25 56.6 31 56.6
2 56.6 8 54.5 14 58.4 20 58.17 26 57.6 32 56.8
3 57.65 9 55.0 15 57.5 21 58.2 27 57.1 33 56.4
4 58.5 10 56.83 16 56.7 22 57.1 28 55.35 34 56.3
5 59.76 11 57.3 17 55.5 23 56.8 29 56.5 35 55.57
6 55.60 12 58.36 18 56.9 24 53.5 30 56.9 36 55.1

Note: pp. NI = node index, which is a consecutive number starting from 1 and continuing to the total number of
nodes in the network; Pmax = maximum pressure head requirement.

Table 4. Diameter options and associated unit costs of Fossolo network (FOS).

Diameter Unit Cost Diameter UnitCost Diameter Unit Cost Diameter Unit Cost

(mm) (€/m) (mm) (€/m) (mm) (€/m) (mm) (€/m)
16 0.38 61.4 4.44 147.20 24.78 290.6 99.58
20.4 0.56 73.6 6.45 163.6 30.55 3274 126.48
26 0.88 90 9.59 184.00 38.71 368.2 160.29
32.6 1.35 102.2 11.98 204.6 47.63 409.2 197.71
40.8 2.02 114.6 14.93 229.2 59.7
51.4 3.21 130.80 19.61 257.8 75.61

4 Balerma Irrigation Network (BIN)

The Balerma irrigation network (BIN) consisted of 454 polyvinyl chloride (PVC) pipes, 443 demand
nodes, and four reservoirs with fixed heads at 112 m, 117 m, 122 m, and 127 m [21]. The Darcy—Weisbach
roughness coefficient of pipes was set at 0.0025 mm for all pipes. The minimum pressure head above
ground elevation was 20 m for all the demand nodes. Each pipe was allowed to select a diameter from
10 discrete values. Table 5 shows the commercially available diameters and the corresponding unit costs.
Figure 4 depicts the layout of the BIN.
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Figure 4. Layout of Balerma network (BIN) [21].

Table 5. Diameter options and associated unit costs of Balerma network (BIN).

Diameter (mm) Unit Cost (€/m) Diameter (mm) Unit Cost (€/m)
113 7.22 226.2 28.6
126.6 9.10 285 45.39
144.6 11.92 361.8 76.32
162.8 14.84 452.2 124.64
180.8 18.38 581.8 215.85

3. Results and Discussions

This section presents the results of the computational experiments performed using the selected
MOEASs on the four benchmark water distribution networks introduced in the previous section.

The MOEAs were linked to the EPANET 2.0 hydraulic solver to estimate WDN resilience and
assess necessary hydraulic constraints while evaluating different network designs. Shown in Table 6
are the sizes of the search spaces, the number of decision variables, and population size as well as
the computational budget in terms of the number of function evaluations (NFE) and pipe diameter
options for each of the four benchmark networks. The parameters of the NSGA2 were set according to
widely recommended settings in the literature; for the other algorithms, parameter values were chosen
based both on values used in the literature and the results of several trial runs. The final parameters
used are presented in Table 7. Each MOEA was independently run 30 times to solve each problem.
The results of a typical run (not average) of each algorithm are shown in Figures 5 and 6. As can be
seen, the hybrid algorithms namely, NSHSDE and NSDE, generally provided better Pareto fronts than
the four other algorithms for all studied networks. The best-known Pareto fronts of the problems
reported by Wang et al. [21] are also shown in the two figures; they were obtained by aggregating the
Pareto-optimal solutions of different MOEAs after several executions with different population sizes
and very high orders of magnitudes of NFEs.

In order to compare the algorithms more precisely, the performance metrics described in the
preceding section were used. Table 8 shows the average values of the metrics obtained by 30 iterations
of each of the algorithms for each benchmark network problem. In this table, the second and third
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metrics were normalized using those of the best-known Pareto fronts in the literature. The first metric,
GD shows the quality of solutions in terms of non-domination strength. It can be seen that the MOEAs
exhibited different behaviors according to this metric. The NSHS outperformed all others for all
networks except for the TLN problem, based on the GD metric. The hybrid method also yielded good
values in terms of the GD metric for two small-sized problems. However, for larger networks, its GD
values were poor, but as explained below, this does not mean the hybrid method is inferior.

The NSDE was inferior to the proposed hybrid method in all four experimental networks in terms
of GD values, and MOEA /D represented the worst results for the TLN, HAN, and FOS networks
while its GD values for the largest network, i.e., the BIN problem, recorded very close to the best value.
Two other algorithms, i.e., NSGA2 and SPEA2, represented the median results for the GD metric.
Although the GD is an indicator of convergence, it is not a good representative of convergence strength.
For example, as shown in Figure 6b, the hybrid method represented high-quality solutions in the
same range as found by NSHS. It also yielded other non-dominated solutions not found by NSHS,
which were more distant from the best-known Pareto front solutions. As a result, they generated
a larger GD value for the hybrid method than the NSHS, whereas the quality of its solutions was
better than those of NSHS in terms of convergence. Therefore, we see that the GD metric is not an
appropriate criterion for measurement of the convergence strength of MOEAs.
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Figure 5. Pareto front (PF) of benchmark problems, (a) Two-loop network (TLN) problem; (b) Hanoi
network (HAN) problem.
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Table 6. Computational budgets and sizes of search space for benchmark design problems.

Problem NEFE 2 Population Size ~ DV? PD ¢ Search Space Size
Two-loop Network 20,000 40 8 14 1.48 x 10°
Hanoi Network 50,000 60 34 6 2.87 x 10%
Fossolo Network 200,000 100 58 22 7.25 x 1077
Balerma Irrigation Network 1,000,000 400 454 10 1.0 x 10%*

Note: * NFE = number of function evaluations, ® DV = number of decision variables, ¢ PD = number of pipe
diameter options.

According to the second metric—diversity (D)—the hybrid method and NSDE generated wider
Pareto fronts and produced more diverse solutions than the other MOEAs, whereas NSHS had the
smallest D values, showing that its performance was not global and unable to preserve diversity in
the optimal solutions found. This can also be observed in the graphical results presented in Figures 5
and 6, where the solutions of the NSDE and NSHSDE algorithms are well spread on both sides of the
objective function spaces, while those of the NSHS algorithm (and the other MOEAs) are concentrated
in a particular part of the best-known Pareto fronts. The superior diversity of solutions observed in
the NSDE and NSHSDE algorithms can be attributed to the efficient mutation operator in the DE for
generating new solutions.

It is noteworthy that D metric is also not a perfect comparison measure since it does not consider
the non-dominance. The spread Pareto front of an MOEA with long tails may dominated by the
small-spread Pareto front of another MOEA and thus, the former would be the inferior, although has
a greater D metric. This is the case for NSDE and NSHSDE algorithms and we should see what two
other metrics say.

Table 7. Parameters used in multi-objective evolutionary algorithms (MOEAs).

Algorithm Parameter Value
Mutation rate 1/(no. variables)
NSGA2 grossover prc')b. 0.9
ournament size 2
Mutation step size 0.1 x Variable range
Mutation rate 1/(no. variables)
SPEA?2 Crossover pr(?b. 0.9
Tournament size 2
Mutation step size 0.1 x Variable range
HMCR 0.98
NSHS PAR 04
Fw (0.05-0.005) x Variable range
F (scaling factor) 0.5
NSDE Crossover prob. 0.7
F (scaling factor) 0.5
NSHSDE PAR 04
Fw (0.05-0.005) x Variable range
Mutation prob. 0.3
Mutation rate. 0.1
T (number of neighbors) 0.2 x Pop size
MOEA/D

The ideal values for objective
Z* (Goal point) functions, zero for the cost and
one for the resiliency index

Overall, a comparison between the GD and D values of the hybrid method with those of
NSHS and NSDE showed that the proposed hybrid algorithm successfully exploited the mutation
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operator of differential evolution and the local search capability of harmony search to generate better
quality solutions (in terms of convergence) than NSDE and better diversity than NSHS across all
experimental networks.
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Figure 6. Pareto front (PF) of benchmark problems, (a) Fossolo network (FOS) problem; (b) Balerma
network (BIN) problem.

As shown in the last column of Table 8, NSDE and NSHSDE outperformed the other methods
based on the third metric, wherein their HV values were of higher order compared to those achieved
from the other MOEAs for all benchmark networks. Although HV measures both convergence and
diversity in MOEAs, these values are considered to be more influenced by diversity (see Table 8);
thus, this metric alone could not provide consistent and unbiased evaluation. Another important
observation was that, in the case of the third network problem (FOS), NSDE found some undiscovered
solutions and NSHSDE found some new optimal solutions that dominated a portion of the best-known
Pareto front (PF) in the literature. This was accomplished in both algorithms by incurring lower
computational burden (smaller number of function evaluations) than that for the best-known PFE.
Comparing the coverage set (CS) metric of the best known PF and the two algorithms, NSHSDE
and NSDE respectively found on an average 12% and 36% new optimal solutions in each round of
execution that were not found in the best PF reported in the literature. NSDE presented more new
optimal solutions; however, the analysis of the results showed that most of them are located in small
clustered locations at right tail of the Pareto front and other solutions in its Pareto front are dominated
by both the best known PF and NSHSDE members. In other words, new optimal solutions in NSDE
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are in fact undiscovered solutions which come from the strength of diversity in DE, not the strength
of convergence. That is to say, they are non-dominated solutions with respect to the best known PF,
but they do not dominate solutions of the best known PF. On the other hand, new solutions found by
NSHSDE (12% in average) dominate the solutions of the best known PF. This means they are obtained
by the strength of convergence in NSHSDE.

These results confirmed the superiority of the proposed hybrid algorithm and the improvement
in its search capability. It also showed that the reported Pareto front for this network was not global.
In order to complete our analysis, a pairwise comparison among the MOEAs was carried out based on
the CS metric for all four experimental networks. The results are demonstrated in Table 9. CS shows
what percentage of the non-dominated solutions are found by each of MOEAs, in a pairwise comparison.
The pairwise comparison (diagonal values in the table) shows that NSHSDE outperformed all other
MOEAs for all four WDN design problems. The performance of the other algorithms varied for different
benchmark network problems; but in general, the NSDE algorithm was second best, and SPEA2
exhibited weak performance compared to the other methods. Since the CS metric is based on the
non-dominance strength, unlike the three preceding metrics, CS is an unbiased and perfect convergence
measure. By observing the CS values of MOEA /D, it is evident that this algorithm underperformed in
the first three networks, but delivered the second best performance in the last network (BIN problem).
It is likely that the MOEA /D yields good performance for large-sized problems. Moreover, based on
the CS values, NSHS recorded relatively better performance than NSGA2.

Table 8. Comparison of multi-objective algorithms using the average values of generational distance
(GD), relative diversity (D), and hypervolume (HV) metrics.

Problem Algorithm GD D HVR
NSHSDE 193.96 0.79 1.00

NSDE 1317.76 0.50 0.62

NSGA2 3690.13 0.43 0.49

TLN NSHS 3362.55 0.19 0.26
SPEA2 3136.40 0.51 0.72

MOEA/D 4007.28 0.41 0.49

NSHSDE 1992.61 0.80 0.98

NSDE 2420.65 0.66 0.96

NSGA2 1987.79 0.22 0.30

HAN NSHS 1670.78 0.17 0.24
SPEA2 1866.20 0.12 0.18

MOEA/D 5130.38 0.81 0.86

NSHSDE 2253.75 0.5 0.96

NSDE 10529.41 0.67 0.98

NSGA2 213.13 0.02 0.03

FOS NSHS 103.00 0.00 0.01
SPEA2 310.30 0.00 0.00

MOEA/D 36463.37 0.33 0.37

NSHSDE 7032.75 0.32 0.36

NSDE 28295.29 0.48 0.69

NSGA2 2144.96 0.06 0.06

BIN NSHS 1697.33 003 003
SPEA2 1762.07 0.01 0.01

MOEA/D 1729.88 0.09 0.08

A close-up view of Pareto fronts generated by these algorithms on the FOS and BIN network
problems is given in Figure 7. As shown, the solutions found by NSHS dominated the main part of the
NSGAZ2 solutions. Compared with NSGA2, the harmony search had better local search capability with
regard to the quality of solutions. This was also observed in the work of Yazdi et al. [29] for the sewer
pipe network application. This algorithm, however, could not find the tails of the Pareto front, as it
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suffered from an inability to preserve the diversity of the population during the evolutionary search
steps. Hybridizing HS with DE, which has a strong global search feature, provides considerably better
performance than the MOEAs considered, as shown in Figures 5 and 6 and in Tables 8 and 9.
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Figure 7. A close-up view of Pareto fronts (PFs) generated by Non-Dominated Sorting Harmony Search
(NSHS) and nondominated sorting genetic algorithm 2 (NSGA2), (a) FOS problem; (b) BIN problem.

Table 9. Comparison of multi-objective algorithms using the coverage set (CS) metric.

Problem Algorithm NSHSDE NSDE NSGA2 NSHS SPEA2 MOEA/D

NSHSDE - 0.87 0.85 0.92 0.82 0.94
NSDE 0.84 - 0.84 0.93 0.85 0.95
NSGA2 0.74 0.76 - 0.89 0.78 0.86
TLN NSHS 0.31 0.32 035 - 0.32 0.37
SPEA2 0.66 0.67 0.7 0.83 - 0.85
MOEA/D 0.8 0.61 0.62 0.87 0.63 -
NSHSDE - 0.6 0.72 0.53 0.99 0.95
NSDE 054 - 0.71 0.51 0.99 0.93
NSGA2 0.28 0.29 - 0.34 0.92 0.78
HAN NSHS 0.47 0.49 0.66 - 0.92 0.85
SPEA2 0.01 0.01 0.08 0.08 - 0.48
MOEA/D  0.06 0.07 0.22 0.15 0.52 -
NSHSDE - 0.82 0.93 0.75 1 1
NSDE 021 - 0.98 0.55 0.83 1
NSGA2 0.07 0.02 - 0.17 0.44 071
FOS NSHS 0.25 0.45 0.83 - 017 0.67
SPEA2 0 0.17 0.566 0.83 - 0.92
MOEA/D 0 0 0.29 0.33 0.08 -
NSHSDE - 0.59 1 0.64 1 0.53
NSDE 0.41 - 1 0.62 0.55 0.38
NSGA2 0 0 - 0.48 0.4 0
BIN NSHS 0.36 0.38 0.52 - 1 0.46
SPEA2 0 0.45 0.59 0 - 0
MOEA/D 048 0.61 1 0.54 1 -

4. Conclusions

In this research article, a hybrid multi-objective algorithm was proposed by integrating the
concepts of HS and DE in a unified framework. The proposed algorithm was compared with
well-known methods—NSGA2, SPEA2, MOEA /D—and two other extended versions of harmony
search and differential evolution, on multi-objective problems. A quantitative comparison was made
(by plotting the Pareto fronts) in terms of the generational distance (GD), diversity (D), hyper-cube
volume (HV), and coverage set (CS) metrics. Results demonstrated that GD due to ignoring the
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cardinality (the number of solutions) of the Pareto front and D metric due to ignoring non-dominance
criterion are not suitable comparative measures. While two other metrics measure both convergence
and diversity, HV may have biased results because of the scaling effects of different objective functions
and being more influenced by diversity. CS, which is directly calculated based on the non-dominance
strength, was found to be the best comparative measure. According to HV metric, NSHSDE had the
top rank in the first three considered WDN design problems and the second rank in the fourth case.
Therefore, it delivered a better overall performance based on HV values. Additionally, evaluation of the
NSHSDE Pareto fronts for four WDN design problems showed that the hybrid method is the superior
MOEA in terms of CS metric. These results confirm the credibility of the proposed hybrid algorithm.

Of the algorithms considered, the hybrid algorithm provided on average 12% of new optimal
solutions for the FOS network problem, dominating the best-known Pareto front in the literature that
had been obtained by aggregating the results of several widely used algorithms. This gain, achieved
by using a considerably smaller number of function evaluations, is due to the successful exploitation of
the global search capability of differential evolution and the local search capability of harmony search
operators. Although some limited parameter tuning was done in this work, we believe that if more
computational effort is put on parameter settings, even better performance can be achieved by the
hybrid method. The results also show that NSDE yielded the second best performance and SPEA2 was
generally inferior to all other methods compared. Similarly, MOEA /D showed weak performance on
small- and medium-sized problems, but exhibited the second best results on the large-sized Balerma
network problem. The median-scoring algorithms were NSHS and NSGA2, where the former provided
better local convergence but the latter provided better diversity.

In summary, the overall results of this study show that the proposed hybrid algorithm can be
successfully used to solve multi-objective design problems of WDN with better efficiency. More complex
networks are being studied to confirm the credibility of the proposed approach and will be reported in
the future.
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Abstract: This work presents a new approach to increase the efficiency of the heuristics methods
applied to the optimal design of water distribution systems. The approach is based on reducing the
search space by bounding the diameters that can be used for every network pipe. To reduce the search
space, two opposite extreme flow distribution scenarios are analyzed and velocity restrictions to the
pipe flow are then applied. The first scenario produces the most uniform flow distribution in the
network. The opposite scenario is represented by the network with the maximum flow accumulation.
Both extreme flow distributions are calculated by solving a quadratic programming problem, which
is a very robust and efficient procedure. This approach has been coupled to a Genetic Algorithm
(GA). The GA has an integer coding scheme and variable number of alleles depending on the number
of diameters comprised within the velocity restrictions. The methodology has been applied to several
benchmark networks and its performance has been compared to a classic GA formulation with a
non-bounded search space. It considerably reduced the search space and provided a much faster
and more accurate convergence than the GA formulation. This approach can also be coupled to
other metaheuristics.

Keywords: water distribution networks; optimization; heuristics; search space reduction; Genetic
Algorithm; hybrid method

1. Introduction

The optimal design of looped water distribution networks (WDN) can be regarded as a
type of complex combinatorial problem known as NP-hard (Non-deterministic Polynomial-time
hard), as it is a nonlinear, constrained, non-smooth, non-convex, and, hence, multi-modal
problem [1,2]. Although mathematical programming methods such as linear and nonlinear
programming techniques [3,4] have been applied to solve this problem, metaheuristics methods
have been preferred due to their ability to cope with global optimization problems. Genetic Algorithms
(GA) and other Evolutionary Algorithms [2], Simulated Annealing (SA) [5], Shuffle Frog Leaping
Algorithm [6], Iterated Local Search [7] and Particle Swarm Optimization [8] are among the most
extended metaheuristic approaches applied to water distribution networks design. Genetic algorithms
have been extensively applied to solve the problem of designing the optimal water distribution
network ([2,9]). GAs are based on the rules of evolution and natural selection. Multi-objective heuristic
approaches have also been formulated not only to minimize the network cost but to take into
consideration other conflicting objectives as well, such as the reliability of the system [10-14].
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Although heuristics approaches can handle global optimization problems, they do not guarantee
to find the optimal solution [15]. In addition to the lack of accuracy of the solution provided,
another shortcoming of these procedures is the time they take to converge. In recent years, a great deal
of research work has been carried out to improve their performance; however, in spite of these efforts,
heuristics methods are still relatively inefficient and time-consuming when dealing with very large
water distribution networks. This inefficiency is due to the wide search space that these algorithms
must explore. Since the search space is very large, general purpose heuristic algorithms waste a
considerably long time evaluating unfeasible solutions. Consequently, the probability of finding the
optimal solution decreases and the convergence speed increases as the size of the search space increases.
Strategies for reducing the search space are thus greatly needed.

The aim of this paper is to present a new approach to increase the efficiency of the heuristics
methods applied to the optimal design of water distribution networks. The proposed approach is
based on bounding the search space by analyzing two opposite extreme flow distribution scenarios
and then applying velocity restrictions to the flow in the network’s links. The proposed methodology
has been applied to minimize the cost of a well-known benchmark network. The performance of the
approach presented in this paper has been compared to a classic GA formulation with a non-bounded
search space.

2. Materials and Methods

2.1. Bounding Strategy

Flow distribution can be calculated in branched networks by applying flow conservation equations
in the nodes of the network. From a practical standpoint, a common procedure for this type of network
is to impose velocity restrictions on the flow in the pipes. Velocity limits of piping systems can
vary depending on the material and diameter and other considerations. High velocities may cause
pipe erosion, loud noise, and excessive head losses. Low velocities, on the contrary, may produce
sedimentation and oversizing of the system. When velocity restrictions are applied, the range of
possible diameters that can be selected for a specific pipe is considerably reduced, thus simplifying
the complexity of the network design. However, unlike the case of branched networks, the flow
distribution in looped networks is not known a priori, and, as a consequence, this procedure cannot
be used.

The methodology proposed in this work is based on reducing the search space by bounding the
range of possible diameters that can be selected for a specific network link. The procedure consists of
generating two opposite extreme flow distribution scenarios that satisfy the nodal flow conservation
equations and nodal demands. The first scenario produces the most uniform flow distribution in the
network while satisfying nodal demands and flow conservation constraints. The resulting design
would provide a network with high entropy and resilience. The opposite scenario features the highest
flow accumulation within certain main pipes. This scenario provides a flow distribution fairly similar
to the one obtained for a spanning tree of the network.

The methodology proposed in this work to calculate both extreme flow distributions is to solve a
quadratic programming problem (QPP) for each of them. A quadratic programming problem involves
minimizing or maximizing a quadratic function subject to linear constraints. Quadratic programming
is a particular type of nonlinear programming. Although general nonlinear algorithms can be applied
to solve this type of problem, there are others that are more robust, specific and efficient [16].

The objective function of the proposed QPP for the most uniform flow distribution is to minimize
the sum of the square link flows of the network. These link flows have to satisfy the flow conservation
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equations in the nodes of the network. This set of restrictions is linear. The problem is formulated in
Equation (1):

Min. 3- Q2

i=1
Subject to : (1)
AQ=q
Q=0

where: 1 is the number of links in the network, Q; is the flow of the link 7, A is an (m x n) array, and m
is the number of nodes, and ¢ is a vector of nodal demands.

The entry a;; of array A is 1 if the flow of link j goes into node i, —1 if it leaves the node, and 0 if
link j is not connected to node i.

One drawback of this procedure is that the direction of the flows has to be previously defined
in order to perform the calculation. For complex networks, the number of possible flow direction
combinations can be very high and finding the right one is a cumbersome procedure. To overcome
this limitation, we have duplicated the number of links by adding a fictitious pipe for each link of the
network in such a way that two pipes with opposed flows are considered for each link of the network.
Using this procedure, the number of variables is 211 and array A is a (m x 2n) array. The solution of the
minimization QPP problem provides the right flow directions and values that minimize the sum of
network flows. The so called Maximum Dispersion (MD) flow distribution is obtained in this way.

The second scenario, with a maximum flow accumulation, also termed a Maximum Concentration
scenario (MC), is obtained by maximizing the objective function and solving the equivalent QPP
maximization problem.

The solution of these two problems provides two vectors flows (Qpc and Qpp), which bounds
the range of possible flows within each network link. By imposing velocity restrictions, a pair of
vectors defining the range of possible diameters between the minimum (D, ;) and the maximum (Dy; ;)
for each link 7 can be calculated in the following way:

4-Min (Qup,, Quc,1)
T-Upy

Dm,i =

4-Max (Qu, Quec)

Dum,i = 7y,

2.2. Bounded Genetic Algorithm Formulation

The bounding approach developed herein can be coupled to different types of metaheuristics
methods. In this work, a GA has been used to test the performance of the proposed methodology.
GAs are stochastic search procedures based on the evolutionary mechanisms of natural selection
and genetics [17]. GAs mimic the highly effective optimization model that has naturally evolved for
dealing with large, highly complex systems.

The GA is based on the GENOME model developed by Reca and Martinez [2]. However, some
modifications in the code described below have been made to implement the proposed strategy. A new
software program called B-GENOME (B-GA) has been developed to implement this new approach.
The program has been developed using the VBA (Visual Basic for Applications) programming language
in the Excel® (Microsoft, Redmond, Washington, DC, USA) spreadsheet environment.

GENOME used an integer-coding scheme. Each solution (individual) was coded by a vector of n
discrete variables (diameter sizes assigned to each link of the network). The variable was coded by an
integer value ranging from one (first possible diameter for that particular link) to 1;; (last possible
diameter). This methodology has many advantages since there are no limitations on the number of
possible diameter sizes that can be assigned to a specific pipe. In the classic formulation of GENOME,
the number of possible diameter sizes was equal for each link and this value was equal to the total
number of diameters in the pipe database. The same coding scheme has been adopted in B-GENOME,
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although some modifications have been made to allow for a variable number of possible diameters
for each link. The new B-GENOME algorithm used in this work has an integer coding scheme and
a variable number of alleles. The number of alleles depends on the number of possible diameters
comprised within the velocity restrictions of each link.

In order to test and compare the new approach to the classic GA formulation, the initial population
has been obtained randomly. This initial population evolves from one generation to another by
undergoing an iterative reproductive cycle. This cycle comprises three subsequent operators: selection,
crossover and mutation. For the selection operator to be applied the fitness of each individual is
evaluated as the sum of the cost of the pipes making up the network plus a penalty function applied to
take into account nodal pressure deficits (see Equation (3)):

n

N
F(D) =Y ci-Li+p- ) (max(hrj —h;),0) 3)
i=1 j=1

where: ¢; is the pipe cost (€ m™1), which is a function of the diameter D;, L; is the length of the link i,
p is a penalty multiplier, N is the number of nodes in the network, I1,; is the required pressure head in
the node j and /; is the actual pressure head computed by the hydraulic solver EPANET for the node j.

The value of the penalty multiplier may affect the accuracy of the solution, so it should be properly
calibrated. To cope with this problem, some researchers recommend different constraint-handling
techniques, such as the use of variable values or self-adaptive penalty functions [18]. However,
in this work, for the sake of simplicity, and in order to compare both approaches under the same
conditions, a constant penalty multiplier has been applied. A high value has been assigned to this
penalty multiplier (10° €/m) to avoid finding solutions that violate the pressure restrictions. In order
to compute the pressure deficits, the nodal pressures for each individual in the population have been
computed by using a network solver. The hydraulic solver EPANET has been used for this purpose [19].
The EPANET engine is used when needed by calling on the EPANET toolkit from the VBA software
code developed in this work. B-GENOME implements all the different options to perform the three
basic operations that were available in GENOME [2].

2.3. Structure of B-GENOME

In addition to the GA module, B-GENOME implements a module to solve the QPPs. This module
makes use of the EXCEL optimization add-on SOLVER (frontline systems). Both data input and results
output modules complete the structure of the B-GENOME software model. The input module reads
both the network information and the available pipe diameters database. The network information
is imported from an EPANET input file (*.inp file). The pipe database is stored in a table within
an Excel sheet. The output module writes the final solution found by the model (optimal vector of
pipe diameters and cost of the network) and the best fitness function value for every generation in
a spreadsheet.

The flowchart of the B-GENOME model is depicted in Figure 1.
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* Constant number of alleles/gene: 1, n
* Decimal coding: 1 =Dy n=0,

~

= Variable number of alleles/gene: 1, ni
* Decimal coding: 1= 0.;n= 0y

B-GENOME
Bounding scheme EXCELSOLVER

Figure 1. Flowchart of the proposed model.

2.4. Testing of the B-GENOME Model

The proposed methodology has been applied to 2 well-known benchmark networks in order
to compare the performance of the classic GA formulation with the new bounded GA. The selected
networks are the Alperovits and Shamir [3] network (A&S, also known as a two-loop network) and the
Hanoi water distribution network. Both have been extensively used to test different water distribution
design optimization algorithms, but they feature different size characteristics. While the first is a small
network with seven nodes and eight pipes arranged in two loops, the latter can be considered as
medium-sized, with 32 nodes and 34 pipes and 3 loops.

The A&S network layout is shown in Figure 2. The system is fed by gravity from a reservoir of
210 m fixed head. The pipes are all 1000 m long. The minimum pressure limitation is 30 m above
ground level for each node. There are 14 commercial diameters to be selected. The nodal head and
demands, the cost per meter for each pipe size and other data are reported by Alperovits and Shamir
and other works [3].
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Figure 2. Layout of the Alperovits and Shamir network [3].
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The Hanoi water distribution network (see Figure 3) features 32 nodes and 34 pipes organized
in 3 loops. No pumping facilities are considered since only a single fixed head source at elevation of
100 m is available. The minimum head requirement at all nodes is fixed at 30 m. In this case, there is a
set of 6 commercially available diameters. The cost function is nonlinear. The pipe head losses were
calculated using the Hazen-Williams equation with a Hazen-Williams roughness coefficient, C = 130.
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Figure 3. Layout of the Hanoi network.

To evaluate the effect of the search space reduction on the convergence speed and accuracy of the
solution, both algorithms (GENOME and B-GENOME) have been applied to solve the WDN design
problem of both the two-loop and Hanoi networks. To be consistent and enable comparison, the same
input data and parameters and analysis options have been chosen.

The pipe head losses were calculated using the Hazen-Williams equation with a Hazen-Williams
roughness coefficient, C = 130. The values of the other parameters of the Hazen-Williams equation
were set to the defaults of the EPANET 2.0 network analysis software (USEPA, Cincinnati, OH, USA).
The population size was limited to 100 individuals in the case of A&S and 200 for Hanoi. The number
of generations was 200 and 300, respectively. The remaining input parameters and options for the GA
algorithm are summarized in Table 1.

Table 1. Input parameters for the Genetic Algorithm.

Parameter A&S Hanoi
Population (np) 100 200
Generations (ng) 200 300
Crossover prob. (peross) 0.9 0.9
Mutation prob. (Pyut) 0.05 0.05
Prob. of gene crossing (rcross) 0.5 0.5
Reproduction plan steady-state-delete-worst plan  steady-state-delete-worst plan
Crossover operator uniform crossover uniform crossover

The steady-state-delete-worst plan inserts individuals as they are bred whenever its fitness exceeds
that of the least fit member of the parent population. The least fit member of the parent population
is removed and replaced by the offspring. The crossover operator implies that a pair of parent
chromosomes exchanges information in order to produce a pair of offspring chromosomes that inherit
their characteristics. The probability of crossing two chromosomes is defined by the input parameter
Peross- In the uniform crossover, the parents’ chromosomes exchange their genetic information gene to
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gene. The probability of exchanging genes is defined by the gene crossing rate (r¢/0s5). Ten simulations
were performed both for the new bounded algorithm and the classic GA algorithm.

3. Results

The first step in the calculation procedure is to solve the QPPs stated in Equation (1). The results of
these problems provide both vectors of flows for each link of the network. Both flow values represent
the limits to the flow in each link of the network and thus reduce the search space. The results provided
are given for both the A&S (Table 2) and the Hanoi networks (Table 3). Table 2 (A&S) and Table 3
(Hanoi) show the flow range, the minimum and maximum diameters, and the number of possible
diameters compatible with the velocity restrictions provided by the QPP problems.

Table 2. Flow range, maximum and minimum diameters and number of possible diameters for each
link obtained from the Quadratic Programming Problems QPPs for the Alperovits and Shamir network.

Link Qmp (L/h) Qmc (L/h) Dy (mm) Dy (mm)  N°D

1 311.1 311.1 356 610 6
2 117.0 27.8 102 559 10
3 166.3 255.6 254 559 8
4 40.0 75.0 102 457 8
5 93.0 147.2 152 610 10
6 1.3 55.6 25.4 406 10
7 89.3 0.0 25.4 508 12
8 54.3 0.0 25.4 406 10

Table 3. Flow range, maximum and minimum diameters and number of possible diameters for each
link obtained from the QPPs for the Hanoi network.

Link Qmp (L/h) Qe (L/h) D,,;, (mm) Dy (mm) N°D

1 19,940 19,940 1016 1016 1
2 19,050 19,050 1016 1016 1
3 5326 6810 1016 1016 1
4 5196 6680 1016 1016 1
5 4471 5955 1016 1016 1
6 3466 4950 762 1016 2
7 2116 3600 609.6 1016 3
8 1566 3050 508 1016 4
9 1041 2525 406.4 1016 4
10 2000 2000 609.6 1016 3
11 1500 1500 508 1016 4
12 940 940 406.4 1016 5
13 1484 0 304.8 1016 6
14 2099 615 304.8 1016 6
15 2379 895 304.8 1016 5
16 2968 1205 508 1016 4
17 3833 2070 609.6 1016 3
18 5178 3415 762 1016 2
19 5238 3475 762 1016 2
20 7637 7915 1016 1016 1
21 1415 1415 508 1016 4
22 485 485 304.8 1016 6
23 4947 5225 1016 1016 1
24 2890 3065 609.6 1016 3
25 2070 2245 609.6 1016 3
26 992 1270 406.4 1016 5
27 92 370 304.8 762 5
28 278 0 304.8 762 5
29 1011 1115 406.4 1016 5
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Table 3. Cont.

Link  Qup (L/h)  Quc (L/h) D, (mm) Dy (mm)  N°D

30 721 825 406.4 1016 5
31 361 465 304.8 1016 6
32 1 105 304.8 1016 6
33 104 0 304.8 1016 6
34 909 805 304.8 1016 6

With the aim of evaluating the accuracy of the solution and the convergence speed of the new
bounded algorithm and the classic GA algorithm, ten runs were performed for each algorithm with the
same input parameters, data, and analysis options. Results of these simulations are shown in Figure 4
for the A&S network and in Figure 5 for the Hanoi network.

—— Awrg. Fitness (GA)
Max-Min (GA}

e AN, Fitniess (B-GA)
= == Max-Min (B-GA)

20 25 30

Generation

Figure 4. Evolution of the best fitness value for B-GENOME and GENOME algorithms (Alperovits and
Shamir Network).
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o 10 20 30 40 50 60 70 80 90 100
Generation

Figure 5. Evolution of the best fitness value for B-GENOME and GENOME algorithms
(Hanoi Network).
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Not only did the B-GA algorithm outperform the GA in convergence speed, but it also performed
better when it came to the accuracy of the solution. The solutions provided by both algorithms are
given in Table 4 (A$S) and Table 5 (Hanoi).

Table 4. Solutions found by both algorithms for the Alperovits and Shamir network.

Algorithm  Min Cost ($) Max Cost ($)  Avrg. Cost (§)  Std. Dev. ($) C. Var (%)

B-GA 419,000 447,000 424,000 9099 2.15
GA 420,000 448,000 430,900 11,344 2.63

Table 5. Solutions found by both algorithms for the Hanoi network.

Algorithm  Min Cost ($) Max Cost (§)  Avrg. Cost ($)  Std. Dev. ($) C. Var (%)

B-GA 6,182,006 6,242,051 6,219,390 19,831 0.32
GA 6,208,937 6,373,131 6,296,366 57,791 0.92

4. Discussion

A significant reduction of the search space was achieved with the proposed methodology.
Regarding the Alperovits and Shamir network, as its pipe database is composed of 14 different
diameter values and the network has eight links, the total search space in the unbounded problem
is equal to 148 = 1.48 x 10” possible network designs. The search space for the bounded problem
is reduced to 4.61 x 107, which means that the search space becomes approximately 3% of the total
search space of the problem (see Table 2). In the case of the Hanoi network, the reduction is even
higher. There are six possible diameters in the database and the number of links is equal to 34.
The resulting number of alternative designs is 2.87 x 10?°, whereas the size of the search space in
the bounded problem is 4.35 x 101¢ (see Table 3). The reduction of the search space is expected to be
higher for a larger number of links and the number of pipe diameters in a given problem. The velocity
limits also play an important role as the search space reduction increases as the velocity limits range
becomes narrower.

Another advantage of the search space reduction approach presented herein is that it is able
to detect branched links in the network by comparing the flow value for these links in both flow
distributions and checking if it is the same. For instance, this is the case of link 1 in the A&S network
(Table 2) and links 1, 2, 10, 11, 12, 21 and 22 in the Hanoi network (Table 3). Since the flow is established
in these branched links, the range of possible diameters compatible with the flow velocity restrictions
is considerably reduced and so the complexity of the problem. In addition, a special treatment
applying other optimization methods best suited for branched networks can be performed in these
branched sub-networks.

Regarding the speed of convergence, both algorithms performed well, although the new proposed
algorithm B-GA outperformed the GA for both networks. It is worth highlighting that convergence
was reached rather quickly in both cases. There were no substantial differences in the convergence
speed for the A&S network (both algorithms converged approximately after the 20th generation).
Convergence was found later for the Hanoi network due to the larger size of the problem, and,
in this case, B-GA clearly converged faster than GA (130th for the B-GA and 293th in the case of
GA). In the A&S network, only 2000 function evaluations were needed to converge (100 individuals
and 20 generations). In the case of the Hanoi network, 26,000 evaluations were needed in the B-GA
algorithm and 58,600 in the GA algorithm. This entails a very small fraction of the total search space
(see Figures 4 and 5).

The proposed B-GA algorithm not only considerably reduced the search space, but also provided
a much faster and more accurate convergence than the classic GA formulation In the case of the A&S
network, the best solution found by the B-GA algorithm was 419,000, which is the global optimum as
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reported in previous works. This minimum cost was obtained in three out of the 10 runs performed.
A quasi-optimal solution (420,000) was found in another five out of 10 iterations. The average cost
in the 10 simulations was close to the optimum (424,000). The GA performed slightly worse; this
algorithm did not reach the minimum cost in any simulation, although the solution found came
very close (420,000). The average cost was also higher (430,900) than the one obtained by B-GA
(see Tables 4 and 5).

Both algorithms found solutions relatively close to the global optimum. For the Hanoi network,
the best solution found by the B-GA algorithm was 6,182,006. The average cost in the 10 simulations
was close to the optimum (6,219,390). Again, the GA clearly performed worse. The minimum solution
found was 6,208,937 (0.44% higher). The average cost was also higher (6,296,366) than the one obtained
by B-GA (1.24%). The solution found by the proposed B-GA is comparable to the optimal solution
found in the literature. The lowest cost solution reported is 6,056,000 [5,20]. However, these results were
not obtained using the EPANET 2.0 network solver and the coefficients of the Hazen-Williams head loss
equation were slightly different. The best solution found when using the EPANET 2.0 network solver
was that reported by Lansey and Eusuff [6] (6,073,000) using the Shuffled Frog Leaping Algorithm
(SFLA). This solution is slightly better than the one found in this work with B-GA. Nevertheless,
it should be noted that, in our study, the number of evaluations was low because the aim was not to
achieve the minimum cost but to test and compare the algorithm with a classic GA algorithm under
the same conditions.

As a consequence, the proposed B-GA algorithm considerably reduced the search space and
provided a much faster and more accurate convergence than the classic GA formulation. It is expected
that, for more complex networks (networks with a higher number of links or higher number of pipe
diameters), the advantages provided by the new B-GA approach could be even greater.

Another major advantage of the proposed search space reduction is that it can be coupled to other
metaheuristics. The performance of this strategy when applied to other types of metaheuristics is an
issue still to be investigated.

5. Conclusions
The following conclusions can be drawn from this research work:

e Anew approach based on bounding and reducing the total search space in a water distribution
network design problem has been developed. This new approach reduces the search space by
analyzing two opposite extreme flow distribution scenarios and then applying velocity restrictions
to the pipes.

e  This new approach has been coupled to a GA in order to improve its performance.

e  The proposed B-GA algorithm considerably reduced the search space and provided a much
faster and more accurate convergence than the classic GA formulation for a small and a medium
benchmark network. It is expected that, for more complex networks, the advantages provided by
the new B-GA approach could be even greater.

e This new approach could also be implemented in other types of heuristic methods.
The improvements on the performance of these heuristics provided by the new approach are still
to be investigated.
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Abstract: Circular drop manholes have been an important device for energy dissipation and
reduction of flow velocities in urban drainage networks. The energy dissipation in a drop manhole
depends on the manhole flow patterns, the outflow regimes in the exit pipe and the downstream
operation conditions, and is closely related to the hydraulic and geometric parameters of the
manhole. In the present work, the energy dissipation of a drop manhole with three drop heights
was experimentally investigated under free outflow conditions and constrained outflow conditions.
The results demonstrate that the local head loss coefficient is solely related to the dimensionless drop
parameter for free surface outflow without a downstream backwater effect, whereas it depends on
the dimensionless submerge parameter for constrained outflow. Moreover, it is concluded that the
energy dissipation is largely promoted when outlet choking occurs.

Keywords: drop manhole; energy dissipation; free outflow conditions; constrained outflow
conditions; outlet choking

1. Introduction

Drop manholes are hydraulic features that are widely implemented in urban drainage networks for
steep catchments. The energy dissipation of plunge flow in drop manholes is one of the major concerns
for urban system drainage designers. As pointed out by Christodoulou [1] and Granata et al. [2],
adequate energy dissipation in drop manholes should be achieved in order to avoid excessive flow
velocities—and, thus, erosion—in the exit pipe. However, this cannot be always attained, because of the
wide range of discharges experienced in sewer systems during a flood event [3].

The energy dissipation of a drop manhole is related to many factors, which can be grouped into
four categories: (a) the approach flow conditions associated with the filling ratio of the upstream pipe
and the approach flow Froude number; (b) the outlet flow conditions, such as free outflow conditions,
including free surface flow and pressurized flow (in the condition of outlet choking), and constrained
outflow conditions, in which backwater effects downstream of the exit pipe are imposed on the outlet
flow; (c) manhole configurations and dimensions, such as inlet or outlet entrance configurations,
baffles in the manhole, drop height, and manhole diameter, etc.; and (d) air supply conditions.
In the hydraulic studies of circular drop manholes [1,2,4-7] and rectangular drop manholes [3,8-10],
the energy dissipation was investigated under free surface outflow conditions for different approach
flow conditions or manhole configurations. In some other studies, the interest has been focused on
the effects of ventilation absence on the sub-atmospheric pressure and pool depth, which can strongly
influence the interaction between water and airflow and the dissipation energy in drop manholes [11].
However, the energy dissipation of a circular drop manhole has not yet been investigated under
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constrained outflow conditions or outlet choking, although the drop manhole has to operate under
surcharged conditions in many instances, i.e., severe rain events.

This work aims to investigate the energy dissipation of the flow inside the circular drop manhole
and its relation to the outflow conditions. Results of laboratory experiments are presented and analyzed
for three manhole models of different drop heights.

2. Experimental Set-Up and Experiments

The experimental arrangement is schematically shown in Figure 1. The experimental facility
consisted of a head tank, plexiglass circular manhole models and a downstream pool. The plunge flow
was created by the flow from the upstream horizontal inlet pipe with an internal diameter Dj;, = 200 mm.
The inflow pipe was connected to the manhole with a straight inlet entrance, and the flow to this pipe
was provided from a head tank. A manhole model with an internal diameter of Dy; = 0.54 m with drop
heights of s = 0.93, 1.50 and 2.40 m was used in the tests performed. The lower part of the vertical
dropshaft was connected to a horizontal outlet pipe with an internal diameter Dyt = 200 mm. The shaft
pool height P was 35 mm. The flow from the outflow pipe was drained into a downstream pool that was
connected to the laboratory sump. The pool was considered to be a pressurized system downstream
from the manhole, which allowed for analyzing a wide range of back pressures from the exit pipe, taking
into account the various work conditions.

. Air vent pipe

_____ ]
Head tank L

Inlet pipe |
— -
[N .

D,

.

Inflow from pump

D

Manhole ' .
i —*> To sump

Downstream pool

l < T Outlet pipe

Figure 1. Sketch of experimental setup.

A pump was used to supply water from the main laboratory sump, and the discharges were
measured with an ultrasonic flowmeter. Flow depths were recorded with piezometers in the upstream
and downstream pipes, while the time-average pool depth h, was measured by using a set of
piezometers connected to the manhole bottom. The approach flow depth &, was measured 1.2 m from
the manhole inlet, where the flow has a horizontal surface and the pressure distribution is almost
hydrostatic. The downstream flow depth 4 was recorded 2 m from the manhole outlet, where the
flow is gradually varied and the air entrained by the manhole almost detrained. The air demand tests
were performed by connecting the inlet pipe to the head tank with a same diameter elbow and sealing
the manhole with a plexiglass cover on the manhole top, thus the air was supplied only through a
50 mm diameter pipe fitted to the cover. The airflow into the manhole was calculated by measuring
the mean airflow velocity with a thermal anemometer.

Overall, seven series of experiments were run to investigate the energy dissipation in circular
drop manholes under different outflow conditions (see Table 1). The first three series were run under
free surface outflow conditions without backwater effects from the downstream pool. In series four,
experiments were performed to investigate the outlet choking, i.e., the sudden transition from free
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surface to pressurized flow in the exit pipe. Series 5-7 were run under constrained outflow conditions,
in which back pressures from the downstream pool were imposed on the outlet flow.

Table 1. List of experiments.

Series s (m) Inflow Condition Outflow Condition

1 0.93 Free surface Free surface

2 1.50 Free surface Free surface

3 2.40 Free surface Free surface

4 0.93 Pressurized (full pipe) Free surface, Pressurized

5 0.93 Free surface Constrained (backwater effect)
6 1.50 Free surface Constrained (backwater effect)
7 2.40 Free surface Constrained (backwater effect)

3. Results and Discussion

3.1. Flow Patterns

For a manhole under free outflow conditions, the energy dissipation is strongly related to the flow
patterns describing the drop manhole flow and the outflow regimes in the exit pipe. Chanson [8-10]
defined three basic flow regimes of the drop manhole flow for rectangular drop manholes, namely,
flow Regimes R1, R2, and R3, based on the free falling nappe impact location. Regime R1 usually
occurs at low flow rates with the falling jet directly impacting into the manhole pool. For Regime
R2, the falling nappe impacts the manhole outlet zone. With increasing discharges, this flow regime
transforms into Regime R3, with the falling jet impacting on the manhole inner sidewall. For Regime
R3, a water veil spreads down the manhole wall beyond impingement, forming a water curtain at the
manhole outlet. For larger discharges, a roller tends to form at the top of the impact region, as observed
by Rajaratnam et al. [4]. At high flow rates, outlet choking occurs when the free surface flow in the exit
pipe transits to pressurized flow [12].

The classification of drop manhole flow regimes was extended by de Marinis et al. [13] and
Granata et al. [2,6], taking into account additional effects present for circular drop manholes. According
to their investigations, three subregimes for Regime R2 and two subregimes for Regime R3 were
proposed, as indicated in Figures 2 and 3, respectively. Regime R2a occurs if the jet impacts the zone
between the manhole bottom and the manhole outlet. This flow regime transforms to Regime R2b, with
the entire falling jet impacting the outlet pipe invert. Regime R2c can be observed if the jet partially
impacts on the outlet pipe obvert. Compared with Regime R3a, the flow jet for Regime R3b impacts the
manhole sidewall at a higher Froude number, leading to the formation of a radially spreading water
jet. Based on the experimental observations of this study, different shapes of the free falling nappe
before impingement were observed (see Table 2). For a manhole with large drop height at low flow
rates, the side edges of the nappe intersect and form a ‘central ridge’, while for smaller drop height or
high flow rates, the nappe usually exhibits with a shape of horseshoe. These were consistent with the
earlier observations of Chanson [9].

Free falling jet
Manhole sidewall
Outlet pipe
b —————
E;/_\_T_ \--p i
~ Manhole bottom '
R2a R2b R2c

Figure 2. Regime R2 with subregimes.
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Figure 3. Regime R3 for s = 1.5 m with Regimes (a) R3a; and (b) R3b.

Table 2. Shape of free flow jet before impingement.

Shape of Flow Jet for Different Regimes

s (m)
R1 R2 R3
0.93 Central ridge, Horseshoe Horseshoe Horseshoe
1.50 Central ridge Horseshoe Horseshoe
2.40 Central ridge Central ridge Central ridge, Horseshoe

For a manhole under constrained outflow conditions, the energy dissipation also depends on
the downstream operation conditions, i.e., water depths in the downstream pool. At low flow rates,
no obvious hydraulic jump forms in the exit pipe in the variation range of water depths in the downstream
pool. For large discharges, with the increase of water depth in the downstream pool a hydraulic jump
starts in the exit pipe and then moves toward the outlet entrance until it becomes a critical hydraulic
jump at the outlet entrance, and behaves as a submerged jump near the out entrance at last.

3.2. Energy Dissipation

3.2.1. Definition

For a manhole under free outflow conditions, the energy dissipation in regime R1 was caused
by the direct impact of the free falling nappe on the bottom of the shaft, inducing zones of large
velocity gradients and increase of flow turbulence. A poor energy dissipation of the drop manhole
may occur if the falling jet collided with the invert of downstream sewer (Regime R2). In this regime,
most of the flowrate was conveyed to downstream pipe directly, causing undesirable downstream
conditions. In regime R3, the energy dissipation occurred when the falling jet impinged on the inner
side of the manhole, leading to the formation of a splash jet directed upwards, and a downward
spreading jet. This energy dissipation was promoted by the frictional resistance of the spreading flow
due to the roughness of the manhole wall, and by the mixing of the spreading jet with the water in the
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manhole pool. The energy dissipation can vary within large limits when the free surface flow in the
exit pipe transits to pressurized flow. For a manhole under constrained outflow conditions, the energy
dissipation also depends on the water depth in the downstream pool. Figure 4 shows two definition
sketches of drop manholes under free surface and pressurized outflow conditions. The relative energy

loss is defined as
n= Ho, — Hyq

. 1)

where the approach flow energy head is H, = 5 + ho + Vo2/ 2¢, and the outflow energy head is
Hgy = hq + V4%/2g for free surface conditions, while Hy = pa/pg + V 4%/2g for pressurized conditions.
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Figure 4. Definition sketch for (a) free surface outflow; and (b) pressurized outflow.

3.2.2. Free Outflow Conditions
(1) Free surface outflow

Plots of 7 versus the dimensionless flow rate Q* for free surface outflow are presented in Figure 5
under different drop heights s, in which Q* is defined by the equation

Qu

where Qy, = the volumetric flow rate and g = acceleration due to gravity.
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Figure 5. Variation of 7 with Q* for free surface outflow.

It can be seen from this figure that the largest energy losses are observed in Regime R1 for
each of the drop heights s. Values of 77 drop rapidly with an increase in Q*, and pass through their
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minimum values at different Regimes, i.e., at Regime R2 for s = 0.93 m and s = 1.50 m, and at Regime
R3 for s = 2.40 m. This may be attributed to the effect of the shape of the free-falling nappe before
impingement; the nappe has a horseshoe shape for s = 0.93 m and s = 1.50 m, while the side edges
of the nappe intersect for s = 2.40 m. Subsequently, values of 7 increase first, and then decrease for
different s at high flow rates.

The local head loss in a drop manhole is generally estimated regardless of flow regimes by

AH = I<V—°2 @)
2

where K is the local head loss coefficient. Dissipative studies of circular drop manholes have convinced
us that the local head loss coefficient was based solely on the drop parameter D = (gs)*>/V, [1,6].

Granata et al. [6] found that the local head loss coefficient of a drop manhole under free surface
outflow conditions, K, depends on the drop parameter D in the range 0 < D < 8 as

K¢ = 0.25 +2D? @)

It is shown in Figure 6 that the present test date agrees well with Equation (4), extending the
range of agreement up to D = 21.6.
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Figure 6. K; versus D for entire present test range.

(2) Pressurized outflow

Figure 7 shows that the energy dissipation for drop manhole increases notably when the free
surface flow in the exit pipe shifts to pressurized flow, indicating a large dissipation effect in choking
flow. This may be explained by the strong mixing mechanism between the entrained air and the
water flow in the outlet pipe, which can be illustrated by the remarkable increase in dimensionless
air demand Q,/Qy in Figure 8. The dimensionless pool height /1, /Doyt is plotted as a function of
Q* in Figure 9. Once the flow in the exit pipe chokes, an abrupt drop in manhole pool height and
large unsteady fluctuations in pool water surface illustrated by large standard deviations occur. These
results indicate that the outlet choking is advantageous in promoting energy dissipation and reducing
manhole pool height, which has to be smaller than the drop height to avoid undesired backwater
effects to the approaching flow.
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Figure 9. Variation of /ip /Doyt with Q* for s = 0.93 m.

3.2.3. Constrained Outflow Conditions

For a drop manhole under constrained outflow conditions, the energy dissipation is difficult to
estimate when the hydraulic jump passes the measuring location because of the uncertainly in the
calculation of the residual energy in the exit pipe, given the unstable water depth and pressure. Hence,
for a given large flow rate, the minimum water depth in the downstream pool is set to the value at
which a critical hydraulic jump or submerged hydraulic jump occurs. The head loss coefficient of a
drop manhole under constrained outflow conditions due to backwater effects from the downstream
pool, K, can be calculated using Equation (3).

For a given drop height s and specified approach flow condition, if Hy is proportional to the
manhole pool height hp, that is

Hy = ahyp (5)
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where « is a dimensionless parameter, then K. can be described by

_ 2¢H, 2¢9Dout hP

® 6
V2 " Vs? Dou ©)

Ke

Equation (6) is evaluated with experimental results for different manhole drop heights s in
Figure 10. It is apparent that a definite linear relationship exists between K. and the dimensionless
pool height /i, / Doyt for each drop height s and drop parameter D, indicating that & is approximately
constant if the manhole configuration and approach flow condition remain unchanged.
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Figure 10. Variation of K¢ with i, /Doyt for (a) s = 0.93 m, (b) s = 1.50 m and (c) s = 2.40 m.

Equation (6) could be written in a different form:

2¢H,
Vo?

2ghy
7
X )

C= —Ke=un
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where C is a dimensionless parameter. If « is a constant for different s and D, then C will be a linear
function of 2gh, / V>, In Figure 11, experimental results for constrained outflow conditions are shown
plotted with C against 2gh;, / V2 for a number of discharges and three manhole drop heights. It is
interesting that a definite linear relation appears to exist between these two parameters, indicating
that « is approximately constant. This can be seen in Figure 12, where « is plotted against 2g/p/ Vo2,
especially for 2ghy / V2 greater than 25. Using the data of Figure 11, the best fitting is
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Figure 11. Rating curve between C and hy, / (Vo2 /29) for (a) entire present test range; (b) test data for
0 < hp/(Vo?/2g) < 50.
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Figure 12. Variation of a with 11,/ (Vo?2/29).

Hence, Equation (7) reduces to

29(s+ho—h
KC:WH.% )

Combination of Equations (4) and (9) generates

111 — Zg(hpho)} (10)

Kc:Kf+ V.2
o

The head loss coefficient K. can be considered as the sum of that for free surface outflow conditions
(Kf) and that due to the back pressure from the exit pipe (terms in brackets), which is related to
the approach flow conditions and pool height. Similar to D, a dimensionless submerge parameter,
D' =[g(s+ho — hp)]O'S/ Vo, can be defined for constrained outflow conditions, in which the term
in parentheses is the difference in elevation between the water surfaces of the approach flow and
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the manhole pool. Thus, the head loss coefficient for constrained outflow conditions can be solely
characterized by the submerge parameter D/, for 2.0 < D’ < 16.8 resulting in

K. =2D"+136 a1)

4. Conclusions

Drop manholes are effective energy dissipaters widely employed in urban drainage networks. In the
present study, the hydraulic performance of circular drop manholes was investigated experimentally with
respect to their energy dissipation in three models of different drop heights. It is concluded that the local
head loss coefficient is solely dependent on the dimensionless drop parameter (gs)*°/V,, for free surface
outflow without a downstream backwater effect, while it can be solely characterized by the dimensionless
submerge parameter, defined as [g(s + hio — hp)]*>/ V., for constrained outflow due to the downstream
backwater effect. Based on experimental results, empirical equations for different outflow conditions are
proposed for practical applications. Furthermore, the mixing between airflow and water flow is largely
intensified when outlet choking occurs, resulting in abrupt increases in air demand and energy dissipation.
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Abstract: Using metaheuristic optimization methods has enabled researchers to reduce the electricity
consumption cost of small water distribution systems (WDSs). However, dealing with complicated
WDSs and reducing their environmental footprint remains a challenge. In this study a multi-objective
version of Pollution Emission Pump Station Optimization tool (PEPSO) is introduced that can reduce
the electricity cost and pollution emissions (associated with the energy consumption) of pumps
of WDSs. PEPSO includes a user-friendly graphical interface and a customized version of the
non-dominated sorting genetic algorithm. A measure that is called “Undesirability Index” (UI) is
defined to assist the search for a promising optimization path. The UI also ensures that the final
results are desirable and practical. The various features of PEPSO are tested under six scenarios
for optimizing the WDS of Monroe City, MI, and Richmond, UK. The test results indicate that in a
reasonable amount of time, PEPSO can optimize and provide practical results for both WDSs.

Keywords: optimization; water distribution network; pump schedule; genetic algorithm; energy;
pollution emissions

1. Introduction

In the modern world, many systems are designed based on scientific analysis and engineering
techniques, but it does not mean that these systems are developed and operated in an optimal way.
In recent decades, due to improvement in the computational power of machines and development
of new optimization techniques, engineers have focused more on using computer models and
deterministic or meta heuristic optimization techniques to optimize the design and operation of
systems. There are many optimization efforts related to water systems including piping design
optimization, pump operation optimization, sensor placement improvement, model calibration,
leakage detection and reduction, system reliability, etc. [1].

About 4% of electricity usage in the US is attributed to the supply, conveyance, and treatment
of water and wastewater at the cost of approximately 4 billion US dollars per year. Moreover, due to
increasing urban and industrial water demands and a decrease in access to high-quality water resources,
it is predicted that the energy consumption of this sector will increase more than 50% by 2050 [2].
According to the US Department of Energy, approximately 75% of the operating costs of municipal
water supply, treatment and distribution facilities is attributed to electricity demand [3]. As noted
by several researchers, optimizing pump operation has a considerable effect on the water industries,
which can offer a reduction of up to 10% in the annual expenditure of energy and other related
costs [4,5]. Using hydraulic models to investigate the potential of energy usage and associated
pollution emission reduction in water systems has been studied by different researchers. For instance,
Perez-Sanchez and his colleagues, by using EPANET model of an irrigation system, showed that
theoretically 188.23 MWh/year energy-equivalent to 137.4 ton CO;/year-can be recovered from the
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system [6,7]. Ledn-Celi, C et al. also used EPANET toolkit and two optimization algorithms to find the
optimum flowrate distribution in water systems with multiple pump stations and minimize energy
usage and potential leakage [8].

Time-of-use tariff and change in sources of energy in time may increase or decrease the electricity
cost or pollution emissions (associated with the generation of energy) of the system, even if the total
energy consumption of the system does not change. Elevated storage tanks in the system provide
flexibility for operators to shift energy usage of the system. Shifting energy consumption may allow
the operator to take advantage of cheaper energy and less polluting generator sources.

Uncertainties in demand of the system and complexity of the possible combination of pump
status that can potentially answer operational requirements of the WDS, increase the tendency of
operators to maintain water pressure in the system higher than the minimum required pressure.
This increases energy usage, water leakage and consequently water and energy waste. Therefore,
developing an optimization tool that can automatically react to changes in various inputs and generate
a near optimum pump schedule may decrease electricity cost and the environmental footprint of
the system.

2. Literature Review

About four decades ago, when researchers started to work on optimization of WDSs, most of
them focused on construction cost (reducing the cost of piping) and operation cost (minimizing the cost
of energy usage and the power demand of the pump station). However, after a while, other objectives
such as increasing reliability and water quality or decreasing environmental footprint were included
in the optimization process. In the last decade, the attention toward the environmental effect of energy
usage and sustainability of WDSs increased due to increase in public and scientific awareness of climate
change and the effect of pollutant emissions from power generation [9]. At first, most researchers
considered the WDS optimization problem as a single objective problem. However, some researchers
adopt multi-objective methods for optimization of the operation of the WDS [10].

One of the main objectives of the pump operation optimization is reducing the operation cost
of pumps. The real electricity tariffs, in many cases, include a peak power demand charge ($/kW)
in addition to the energy consumption charge ($/kWh). So, it is evident that a useful optimization
tool should be able to use complicated electricity tariffs including both energy consumption and peak
power demand costs. There are different examples in previous research of energy consumption charge
and peak power demand charge being used. Wang et al. used a time-of-use electricity tariff in their
optimization study [10]. Baran et al. also used a time-dependent electricity tariff that was defined
based on on-peak and off-peak hours [11]. Shamir and Salomon used a more complicated electricity
tariff. They used the real and complex electricity tariff of Haifa city, Israel, which includes three time
periods, representing high, medium, and low energy costs. The tariff was different for the weekend
and holidays and the various seasons of the year [12]. Working multiple pumps at the same time may
cause an increase in required power. This may increase the total electricity cost of the system. There are
some examples of researchers taking the power demand charge into account. For instance, Fracasso
and Barnes included the amount of peak power demand (kW) as an objective of the optimization
process [13].

In addition to the electricity cost, pollutant emissions associated with the electricity consumption
is another objective that needs to be optimized to have a sustainable WDS. Wu et al. included the
effect of variable emission rates and electricity tariffs in their WDS design optimization study [14].
Stokes et al. also suggested a framework for the modeling and optimization of Greenhouse Gases
(GHQG) emissions associated with energy usage and pump operation [15]. In most of these efforts,
the emission rate of energy usage was considered as a constant value and was linearly related to the
amount of consumed energy. However, most of the time, the source of electrical energy is a mix of
various types of power generators. As this combination of generators may change in time, the emitted
amount of pollutants per unit of consumed energy may change. Researchers at Wayne State University
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developed the LEEM methodology to calculate the amount of pollutant emissions associated with
energy generation at different points in space and time. LEEM is an acronym for Locational Emissions
Estimation Methodology and provides real-time and predicted marginal emission factors (kg/MWh)
based on location and time of energy consumption [16].

Besides the two above-mentioned objectives, some constraints help to direct the algorithm to
solutions that satisfy operational requirements of the WDS. For instance, frequent pump starts can
increase the maintenance costs of the system [17]. Some researchers placed some limits on the
maximum number of pump starts. Similarly, water pressures at junctions or water flow rate in pipes
can be bounded. Constraints can be handled explicitly or can be converted to objectives and handled
implicitly during the optimization process. One of the common methods of converting a constraint to
an objective is using penalty formula. By this approach, violation from a constraint can be converted
to a penalty value and reducing the penalty can be considered as an objective. Zecchin et al. used the
pressure penalty to add a pressure constraint to the objective function of the ant colony (AC) algorithm
that they used for WDS design optimization [18]. Lopez-Ibanez investigated the effect of constraint
on the maximum number of pump starts. He found that a lower limit of the maximum number of
pump starts that does not hinder the search for an optimum solution is related to characteristics of the
network [19].

In addition to the maximum number of pump starts, other constraints such as minimum and
maximum allowed water level in tanks, maximum and minimum allowed pressure at different points
of the water network and maximum and minimum allowed velocity of water in different pipes can
be considered during optimization. The effect of all of these constraints can be translated to penalty
values. Reducing total penalties of a pump operation schedule can be formulated as an objective of
optimization. So, reducing electricity usage cost, pollution emissions (associated with electricity usage)
and penalties can be considered as three objectives of a pump operation optimization problem.

A multi-objective optimization problem can be solved with multi-objective methods or can be
converted to a single objective problem and solved with a single objective optimization algorithm.
For instance, Wu and Behandish calculated the amount of the objective function by the total weighted
cost of energy and amount of three penalties [20]. Abiodun and Ismail completed a bi-objective
optimization that aimed to reduce the electricity cost and maintenance problems [5]. In other studies,
researchers used the multi-objective optimization method to solve a multi-objective problem directly
and find the Pareto frontier of solutions. For instance, Fu and Kapelan used a multi-objective
optimization method for finding the best WDS design based on pipe cost and system robustness [21].
Pollutant Emission Pump Station Optimization (PEPSO) is a platform developed by the water research
team at Wayne State University for optimizing the pump schedule of the WDS [16]. The initial version
of PEPSO used weighting factors to calculate a single combined objective from electricity usage,
pollutant emissions and penalties [22]. However, the newer version of this tool is equipped with a
multi-objective optimization algorithm to optimize each objective independent of others and find the
Pareto frontiers of solutions.

Converting the multi-objective problem to a single objective problem increases the simplicity of
the optimization algorithm. Also, the optimum result is a single solution that can be used directly.
On the other hand, by using multi-objective methods, finding optimum solutions with respect to one
objective does not have any effect on the process of finding the optimum value of other objectives. Also,
there is not any need for normalizing and weighting operations. Defining a meaningful method to
combine different objectives such as the cost of electricity usage and weight of pollution emissions and
coming up with a single objective is a challenging process. Additionally, the multi-objective approach
creates a range optimal solutions as a Pareto frontier that provides some flexibilities for users to select
the preferred solution based on their requirements. Finally, a multi-objective algorithm can search the
solution space of a multi-objective optimization problem with more freedom. This cannot be achieved
with a single objective algorithm and when the effect of one objective on the combined objective is
much more considerable than the effect of other objectives.
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In the last two decades, many researchers have shifted the focus of WDS optimization from
traditional and deterministic techniques, based on linear and nonlinear programming, to the
implementation of methods that were generally based on heuristics derived from nature [18,23].
In recent years, Evolutionary Computation has proven to be a powerful tool to solve optimal
pump-scheduling problems [11]. The great advantage of metaheuristic algorithms over deterministic
methods is that they can be used for almost all types of optimization problems without considering
the linearity or convexity of the problem. However, while using metaheuristic algorithms, constraints
related to the hydraulic behavior of the solution must be checked separately or should be converted to
an objective [24].

Genetic Algorithm (GA) is one of the most used algorithms in the optimization field and especially
in water-related problems [25,26]. At first, Simpson et al. suggested using GA in the mid-90s for WDS
optimization [27]. Lopez-Ibanez investigated various representations of pump schedule in his thesis
and suggested that time-controlled trigger-based representation can lead to a better result and ensure
maximum limit of switches per pump in comparison with level-controlled trigger representation.
However, his result also showed that time-controlled trigger-based representation did not have
considerable advantages on the common binary representation [19]. In this study, we used a customized
version of the multi-objective Non-Dominated Sorting Genetic Algorithm (NSGA II) with the binary
representation of solutions to develop that WDS or water transmission lines. These networks have a
handful of pipes, junctions, pumps and occasionally one or two optimization tool.

One of the most famous free and publicly available software for modeling the WDS is EPANET2
that is published by the US EPA [7]. Lopez-Ibanez reviewed about 20 articles from 1995 to 2004 and
reported that most of the researchers used complete hydraulic simulation to evaluate the effect of
decision variables on the status of the hydraulic network [19]. We also used EPANET 2.00.12 as the
hydraulic solver of the optimizer tool [7].

Most of the previous studies focused on a small-scale elevated tanks [5,10,28]. A small portion of
real systems are similar to small test networks of these researches, but most of the time we face large
networks with a couple of hundred pipes, junctions, and a considerable number of pumps, valves,
tanks, etc. There are a few studies that tried to optimize a real and large-size WDS [4,29,30]. Most of
the systems that were used in WDS optimization studies do not have variable speed pumps. The WDS
of Monroe City, MI, previously used for comparing three pump operation optimization tools, has both
fixed and variable speed pumps [31]. The WDS of Richmond, UK, is also used in several types of
research. This model is publicly available for the researcher and is suggested to be used for operation
optimization studies of WDSs [32]. In this study, we used both Monroe and Richmond WDS models to
test the developed optimization tool.

3. Tool Development and Methodology

3.1. Transition from the First Version of PEPSO to the Second Version

The optimization tool that is introduced in this article is the second version of PEPSO [33].
The first version of PEPSO was the only tool in this field which was able to optimize the pump
schedule of a WDS to reduce pollution emissions of the system based on location and time of
energy consumption.

The first version of PEPSO was compared with other optimization methods, including the Markov
Decision Process (MDP) and Darwin Scheduler (DS) [31]. This comparison showed that PEPSO was
as good as other tools on the market and its unique emission optimization capability made it an
exceptional tool. However, using a single objective optimization technique limited the capability of this
tool for searching a wide area of the solution space. Besides, the first version of PEPSO did not have
enough options to control the water level in tanks of the WDS effectively. It could use a time-of-use
electricity tariff for the whole system, but it was not able to use separate tariffs for different electricity
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meters and calculate peak power demand cost. Also, this tool could not effectively control the number
of pump starts during an operation cycle.

Despite all unique features of the first version of PEPSO, all of the limitations mentioned above
prevent its use for optimizing the pump schedule of the WDS outside of the research environment.
The second version of PEPSO that is introduced in this article was developed to alleviate all of these
shortages. Also, some fundamental changes in the optimization algorithm of PEPSO increased the
efficiency of the optimization process, resulting in the generation of a more practical solution in
a shorter period.

3.2. Introducing the New PEPSO

PEPSO is a free and publicly available modular optimization program with a graphical interface
that uses a customized NSGA II algorithm for optimization. Different qualities and characteristics,
including clarity, familiarity, responsiveness, efficiency, consistency, aesthetics and forgiveness were
integrated into the graphical user interface of PEPSO. Users can define a detailed electricity tariff
for each pump including time-of-use energy consumption charge ($/kWh) and power demand
charge ($/kW). They can also select a desired pollution level or a combination of pollution levels
for optimization. PEPSO can connect to the LEEM server or use offline data to get the location and
time-dependent emission factors (kg/MWHh) that are required for pollution emission optimization.
Various types of hard and soft constraints can be imposed on pumps, tanks, junctions and pipes of
the WDS. In PEPSO, a wide range of optimization options including five different stopping criteria,
exploration and exploitation rates, initial conditions, etc., can be defined. Users can also select any
combination of three objectives (electricity cost, pollutant emissions, total penalty) for optimization.
Finally, this tool provides a broad range of reports in the format of text (tabular data) and/or 2D
and 3D graphics (charts and plots). All of these features can be accessed through the Graphical User
Interface (GUI) or can be defined and edited directly on the PEPSO project file by using a simple text
editor [33].

It was mentioned that PEPSO uses a binary coding scheme for storing pump schedules. It means
that the pump schedule is stored as a table, each row of which shows the operational status of a pump
and each column corresponds to a time block (usually a one-hour block). For fixed speed pumps (FSP),
each cell of the pump schedule table can store the value of 0 or 1 which refer to the OFF or ON status of
the pump. For variable speed pumps (VSP), the value of the cell can be 0 (OFF) or a number between
the minimum relative rotational speed and 1.

The new PEPSO introduces the Undesirability Index (UI) to improve the crossover and mutation
operations of GA. The Ul is a measure which shows the relative level of the undesirability of the
operational status of a pump at a time block. So, pump operation with a high Ul are good candidates
for modification, and changing them may help to get closer to the optimum pump schedule and
get more practical solutions. The UI of a pump schedule is stored in a table similar to the pump
operation schedule table. PEPSO solves the hydraulic model of the WDS based on a proposed pump
schedule. Then, for each cell of the Ul table, PEPSO checks if the pump operation status causes excess
or deficit pressure at junctions or water level in tanks. It also checks if the pump operation status
caused “negative pressure warning”, “pump cannot deliver head or flow warning” and “system
disconnected warning”. All of this information will be used to calculate the UI of a pump at a time
block. For instance, if at a time block, the program sees that there is some excess pressure at junctions
and a high level of water in tanks, it shows that energy in the system is probably more than the
minimum required level. Therefore, some pumps that are ON during that time block can be turned
OFF. Here, PEPSQO increases the Ul of the ON pumps at that time block, during which the mutation
process helps to identify suitable mutation candidates (pumps that can be turned OFF) and generate a
better pump schedule. So, instead of randomly changing the pump operation status at each iteration,
PEPSO uses the Ul values and finds a promising part of the pump operation schedule that can be
changed to create a better pump schedule in a more efficient way. The process of calculating the Ul is
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shown by a flowchart in Figure 1. Up and down arrows in the algorithm show operations that change
the Ul value of a pump at a time step in a way that increases or decreases the probability of turning on
the pump, respectively (or increase/decrease the rotational speed in the case of variable speed pump).
More details about calculating the UI and its usage during crossover, mutation and the elitism process
is beyond the scope of this article and can be found in Sadatiyan’s thesis [34].
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Figure 1. Undesirability Index (UI) calculation algorithm of Pollutant Emission Pump Station
Optimization (PEPSO) [34].
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To produce a new generation during the optimization process, at first a user-defined portion
of the population is selected as parents for crossover and mutation steps. PEPSO uses the roulette
wheel sampling method [35] for this purpose, and the probability of choosing a pumping schedule
for crossover, mutation and elitism steps is proportional to its non-dominated rank. The customized
crossover operator of PEPSO acts on a whole time block of the selected pump schedule instead of
an individual pump status at a time block (a single gene). After choosing a pump schedule as the
primary parent, Time Step Undesirability Indexes (TSUIs) of the parent will be calculated. The TSUI
of a time step is the total absolute values of the Ul of all pumps at the time step. A time block with a
high TSUI indicates that the combined effect of the operational status of all pumps at the time block
is not desirable. It indicates that the time block is a suitable candidate to be changed and create a
better pump schedule. Therefore, the operational status of all pumps at the selected time block will be
replaced with the operational status of all pumps from the same time block of another solution with a
lower TSUL

After the crossover step, a user-defined portion of the population is selected for mutation. During
mutation, a user-defined portion of the pump status at different time blocks (genes) is selected to
be changed. For constant speed pumps, the status of the selected gene is modified from ON to OFF
and vice versa. For variable speed pumps, the Ul is used to determine if it is better to increase the
relative rotation speed of the pump or decrease it to make the Ul value closer to zero. The probability
of selecting a cell or a time block of a pump schedule in mutation or crossover steps is proportional to
their TSUI and Ul respectively. Before using the roulette wheel method, PEPSO adjusts the selection
probability values of all pump schedules. The amount of water level deficit in tanks at the end of the
operation cycle and the number of times that the proposed schedule causes negative pressure warning
in the system are used to reduce the probability of selecting a pump schedule. This adjustment reduces
the probability of selecting a pump schedule which is not practically acceptable for mutation, crossover
and elitism steps [35].

All generated children are added to the previous generation. The combined population is ranked
and sorted. By using the roulette wheel sampling method, the required number of pump schedules is
selected to create the next generation.

PEPSO uses a wide variety of stopping criteria to determine when to stop the optimization process
and report the final result. The optimization process can be stopped based on (1) the maximum time of
optimization, (2) the maximum number of iterations, (3) the maximum number of solution evaluations,
(4) the maximum number of stagnant iterations, and (5) reaching a goal for each optimization objective.
The stagnant term relates to the change in the value of the objectives of the solution. If during an
iteration, the value of objectives of the best solution does not change more than a defined minimum
amount, the iteration will be considered as a stagnant iteration.

It was explained that PEPSO is a multi-objective optimizer, so the final result of the optimization
process is a Pareto frontier of non-dominated solutions (pump schedules) [36]. However, in practice,
we can use just one schedule for operating pumps. Here, PEPSO is equipped with an algorithm which
helps users to select the final pump schedule among the solutions of the Pareto frontier. PEPSO, at first,
solves the hydraulic model of the WDS by using all pump schedules in the Pareto frontier. If a pump
schedule causes negative pressure warning, then that pump schedule will be filtered out. Similarly,
if the water level in tanks or the pressure at junctions of the WDS goes beyond the hard constraints,
that pump schedule will be filtered out. The remaining pump schedules are non-dominated solutions
which are feasible and practical. So, by using weighting factors that are defined by users, the final
solution will be selected. It should be noted that the weighting factors are not used during the
optimization process and are just used as an indicator of user preference for selecting the desired
solution among the solutions of the final Pareto frontier.
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4. Experimental Demonstration

Multiple optimization scenarios were considered for two networks to evaluate the performance
of the developed optimizer tool. These test cases, scenarios, and the result are explained in the
following sections.

Design of Experiment

The EPANET hydraulic model of two WDSs is used for the optimization test. The first case is
the detailed model of the Monroe WDS in Michigan and the second case is the skeletonized model of
the Richmond WDS, UK [37,38]. The information summary of both models is presented in Table 1.
The WDS of Monroe has more components, and its hydraulic simulation is more computationally
intensive than the Richmond WDS. In this research, a Lenovo ThinkPad W520 workstation was used
for conducting the tests [39]. The CPU time of a 24 h hydraulic simulation of the Monroe WDS
with this computer is 14.95 milliseconds. This time for the skeletonized version of the Richmond
network is 5.54 milliseconds. In addition to the complexity of the hydraulic model, the Monroe WDS
has six more pumps than the Richmond WDS. This considerably increases the number of possible
pump combinations and size of solution space of the Monroe WDS. The water storage capacity of the
Monroe WDS is considerably lower than the storage capacity of the Richmond WDS. So, the Richmond
WDS has more flexibility regarding shifting energy consumption of the system by storing water in
elevated tanks.

Table 1. Summary of the detailed model of Monroe and Skeletonized model of Richmond water
distribution systems (WDSs).

Item Monroe Richmond Skeletonized
No. of Fixed Speed Pumps 11 7
No. of Variable Speed Pumps 2 0
No. of Pump Stations 2 6
No. of Tanks 3 6
No. of Water Sources 1 2
No. of Pipes 1945 44
No. of Junctions 1531 41
Total Length of Pipes (km) 450 22.69
Pipe Size Range (mm) 50-910 76-300
Total Demand (m®/day) 36,500 3921
Storage volume (m?) 3974 2598
Storage to Daily Demand Ratio 11/100 66/100
Range of Power of Pumps (kW) 36220 3-60
Max. Static Water Head (m) 60 199
Demand Pattern Duration (hr) 24 24
Demand Pattern Time Step (hr) 1 1
Min and Max. Demand Multiplier 0.67-1.19 0.39-1.53

Constraint on the water level in tanks and pressure at junctions of both the Monroe and Richmond
WDS are defined in Tables 2 and 3. Some strategic junctions are selected in both networks, and the
upper and lower bound of their desired water pressure ranges are shown in Table 2. In addition,
minimum and maximum allowed pressure of 0 and 200 m are respectively defined as hard constraints
and allowed pressure limits for all junctions. Similarly, for all tanks of both WDSs, the upper and lower
bound of the desirable range of water level are presented in Table 3. These limits are soft constraints
and violating them increases the total penalty associated with the pump schedule. For calculating
penalties, at first, the amount of violation from the upper and lower limits is calculated and then the
calculated violation is raised to the power of 1.5. Penalty calculation formulae that are implemented in
the PEPSO algorithm are listed below.
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where
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Total Penalty = Pp + Pr,

Pij > Pjmax
Pij < Pjmin

hik > hkmax
hik < hkmin

Pp : Penalty associated with water pressure violation at junctions

Pr : Penalty associated with water level violation at tanks

i : Time step index starts from the 1st time block and goes to the Ith time block

j : Junction index starts from the 1st junction and goes to the Jth junction
k : Tank index starts from the 1st tank and goes to the Kth tank

x : A power defined to increase the penalty by increasing the amount of violation. x = 1.5 is used.

pij : Water pressure of junction j at time block i

Pjmax : Maximum allowed water pressure of junction j

Pjmin : Minimum allowed water pressure of junction j
hjr : Water level of tank k at time block 7
Nimay : Maximum allowed water level of tank k

Nimin » Minimum allowed water level of tank k

Table 2. Water pressure constraints for strategic junctions of Monroe and Richmond WDS models.

Test Case Strategic Junction ID Min. Water Pressure (psi) Max. Water Pressure (psi)
J-6 42 52
J-27 32 46
Monroe J-131 28 42
J-514 42 56
42 20 140
1302 0 100
10 0 100
312 0 100
Richmond %? 8 }88
745 20 100
249 20 100
753 20 100
637 20 140

Table 3. Water level constraints for tanks of Monroe and Richmond WDS models.

Test Case Tank ID Min. Water Level (m) Max. Water Level (m)
T-2 1.56 8.12
Monroe T-3 1.41 7.28
T-5 1.78 8.66
A 0.30 1.70
B 0.50 2.86
. C 0.32 1.79
Richmond D 0.55 310
E 0.44 2.29
F 0.33 1.86
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The energy consumption charge component of an electricity tariff of the Monroe WDS is time
dependent and has two off-peak and on-peak rates. The on-peak period starts from 11:00 and finishes
by 19:00 and its energy charge is 0.04408 ($/kWh). The Energy charge of other Off-peak hours is
0.04108 ($/kWh). Daily peak power demand charge of this system is 0.48 ($/kW). The Richmond WDS
has six electricity tariffs for six pump stations (see Table 4). These are also time-of-use tariffs and just
have the energy charge component (not peak power demand charge). The on-peak hours start from
07:00 and ends by 24:00 for all tariffs.

Table 4. Electricity tariffs of the Richmond WDS.

Pump Station On-Peak Rate ($/kWh) Off-Peak Rate ($/kWh)

A 0.0679 0.0241
B 0.0754 0.0241
C 0.1234 0.0246
D 0.0987 0.0246
E 0.1122 0.0246
F 0.1194 0.0244

Emission factors (kg/MWHh) that are needed for the calculating pollution emissions of each
solution are obtained from the LEEM server. Table 5 shows emission factor of CO, that was employed
in all optimization tests of this study [40]. Based on the hydraulic models, duration of an optimization
run is 24 h with one-hour time step. The same set of values for parameters of optimization algorithm
was used for all tests that are listed in Table 6. The crossover and mutation percentage define the
portion of the population which should be selected for crossover and mutation steps respectively.
The Crossover and mutation rate shows the portion of selected solution which should be modified
during crossover and mutation steps.

Table 5. Emission factors of CO, obtained from the Locational Emission Estimation Methodology
(LEEM) server.

Time CO; Emission Factor (kg/MWh) Time  CO; Emission Factor (kg/MWh)

00:00 767.771 12:00 662.793
01:00 738.324 13:00 630.703
02:00 702.904 14:00 630.531
03:00 702.904 15:00 628.591
04:00 702.904 16:00 628.882
05:00 767.771 17:00 666.549
06:00 781.469 18:00 693.607
07:00 808.212 19:00 665.274
08:00 764.333 20:00 730.766
09:00 719.768 21:00 790.628
10:00 719.768 22:00 808.212
11:00 695.334 23:00 780.477

Table 6. The optimization parameters used for all tests.

Parameter Value

Max. No. of Solution Evaluations 16,600
Population Size 100
Percentage of Elite Solution 20%
Crossover Percentage 50%
Crossover Rate 50%
Mutation Percentage 5%
Mutation Rate 10%
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Six optimization scenarios were defined to test different aspects of the optimization process. In the
base scenario (S0), WDSs were optimized based on the electricity cost and total penalties (penalties of
water level in tanks and pressure at junctions). The result of an optimization run may change based on
the initial population and stochastic characteristics of the optimization operators. So, each scenario
was repeated five times and the average results of five repeated tests of each scenario and its standard
error of means (SEM) are reported. In the first scenario (S1), WDSs were optimized to reduce all three
objectives (electricity cost, CO, emissions, and total penalty). The next scenario (S2) is defined to
evaluate the effect of optimizing based on the electricity cost and CO, emissions, so it is just optimized
based on penalties. This scenario is similar to the base scenario, but it uses the total penalty as the only
optimization objective.

The third scenario (S3) was defined to test the effect of using the UI in the optimization
process. So, this scenario (S3) is similar to the base scenario without calculating and using the
UL The fourth scenario (54) is defined to investigate the effect of water level constraints on the final
results. This scenario does not have any water level constraint in the tanks. Finally, the fifth scenario
(S5) is defined to see the effect of time-of-use electricity. This scenario is like the base scenario but uses
a fixed rate electricity charge ($/kWh) for the whole period of operation and does not include the peak
power demand charge ($/kW).

5. Results and Discussion

In total, 60 optimization runs have been done on two WDS models. The required time for
completing an optimization run of the Monroe WDS is 02:14:44 + 00:03:43. This time, for the
skeletonized version of the Richmond WDS model, is 00:35:38 4+ 00:01:36. PEPSO reports the electricity
cost of the final solution. However, before comparing the electricity cost of different solutions,
we should consider that the final volume of stored water in the system might not be equal in all
solutions. Although the final level of water was in the acceptable range from a system operation point
of view, filling or draining an elevated tank can be regarded as storing energy into or draining energy
from the system. Therefore, the net energy consumption of the system is calculated considering the
change in volume of stored water. Similarly, the net electricity cost and net CO, emissions of each
solution is calculated before comparing the results. It is assumed that a long-run deficit or surplus
water volume at the end of each day will be balanced by the change of operation in different hours of
upcoming days. Therefore, the average electricity charge ($/kWh) and CO, emission factor (kg/MWh)
were used to take into account the effect of this deficit or surplus water volume and calculate the net
electricity cost and net CO, emissions.

Net electricity cost ($) (left), net CO; emissions (kg) (middle) and total penalty (right) of all five
scenarios of the Monroe WDS (top) and the Richmond skeletonized WDS (bottom) tests are displayed
in bar charts in Figure 2. Each column shows the average result of five repeated tests and the error bar
on top of it displays the SEM value. Except for columns that show high total penalty values, the SEMs
of all the other results are relatively small. This shows the consistency in the outcome of PEPSO runs.
Since penalty values are related to the amount of violation raised to the power of 1.5, it is expected to
see that the moderate change in violation value results in a more severe change in penalty values.

Comparing results of scenarios S0, S1 and S2 showed, in both WDSs, optimizing based on three
objectives (S1) is the most effective strategy for reducing objectives and obtaining a practical result.
Theoretically, we expect to see the lowest amount of electricity cost in the result of the SO scenario,
but the result showed that in the majority of tests, both the electricity cost and CO, emissions of the
S1 scenario are less than S0. On average, the electricity cost and CO, emissions of S1 scenarios are
12.9% and 11.7% in Richmond tests and 1.7% and 1.7% in Monroe tests less than SO results respectively.
Since, in most cases, reducing energy usage decreases both the electricity cost and pollution emissions,
optimizing based on all three objectives (51) helps PEPSO to better explore the solution space. So,
despite our theoretical expectation to see the minimum electricity cost in the result of the SO scenario,
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in practice, the S1 scenario is more efficient at finding low energy consumption solutions in a limited
amount of time.
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Figure 2. Electricity cost (left), CO, emissions (middle) and total penalty (right) results of five scenarios
of Monroe WDS (top) and Richmond skeletonized WDS (bottom) tests.

As expected, optimizing just based on total penalty (S2) results in less penalty with respect to
the outcome of both SO and S1 scenarios. The total penalty of the S1 scenario of the Richmond test
was considerably higher than the SO and S2 scenarios. Investigating the detailed results, in this case,
showed that there are two solution groups that can be selected as the optimum solution. In the first
group, pumps are using more energy and pressure at junctions and water levels in tanks are slightly
below the upper boundary of the desirable range. So, total penalties of this solution group are low.
The second solution group has considerably less energy consumption and correspondingly less CO,
emissions. However, in these solutions, pressure at a couple of junctions and water level at some
tanks are below the desired level which increases the total penalty of these solutions. Although the
violations in these cases are not beyond the acceptable range, from the optimizer perspective, these
are dominated solutions when there is only one objective (total penalty). So, PEPSO does not choose
the final solution from the second group. However, in the S1 scenario, when all three objectives are
considered, a solution from the second group, which has some penalties but has a considerably lower
electricity cost and CO; emissions, is reported as the optimum solution.

Comparing results of the SO scenario with those of the S3 scenario showed that, when the Ul is
used in the optimization run of the Monroe WDS, on average, the net electricity cost is reduced by
8.5%. Although, at first sight, it seems that using the UI reduced the effectivity of the optimization
algorithm, a closer look at the results revealed that the result of the SO scenario is more practical than
the S3 scenario. During the whole operation period, the stored volume of water in tanks in the 53
scenario is, on average, 5.6% lower than S0. The final volume of stored water in tanks for the S3
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scenario is 10.9% lower than the final volume of stored water in the SO scenario. Also, solutions of the
S0 scenario, on average, have less than two warnings about pumps that cannot deliver head, but S3
results, on average, have about four and one warnings for pumps that cannot deliver head and flow
respectively. Figure 3 displays the water level pattern in tanks of typical results of SO (top left) and S3
(top right) scenarios. It can be seen that the solution of S3 tends to drain tanks more than that of S0.
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Figure 3. Typical water level pattern in tanks of SO (top left), S3 (top right) and 54 (bottom) scenarios of
the Monroe WDS.

The hydraulic model of the skeletonized version of the Richmond WDS was simpler than the
Monroe WDS. So, in this case, optimizing with or without the undesirability calculation did not
considerably change the results. Results of both SO and S3 scenarios are close with respect to total
penalty, electricity cost and the number of warnings. It seems that the undesirability calculation
helped a little bit to find solutions with slightly lower CO, emissions (2.2%). However, it should
be considered that calculating undesirability is an additional computation load on the optimization
process. On average, calculating and using the Ul in the optimization process of the Monroe WDS
increased the required time for the optimization run by 8.9%. Based on these results, we can say
that calculating the Ul increased the required time for 16,600 solution evaluations in an optimization
run. However, the final result was more practical and of higher quality. Obtaining a final solution
with the same level of quality without using the Ul needs more iterations and solution evaluations
that increase the length of the optimization process. We expected that using the UI, by quantifying
positive and negative effects of pump statuses on hydraulic responses of the water network, adds
some intelligence to the process of producing the next generation and makes possible more purposeful
crossover, mutation and elitism steps. Although calculating the Ul increases the computational load
of each iteration, we expected to see that within the same number of iterations, using the UI can
provide better results. The outcome of these tests showed promising results regarding the use of
the UL However, this area still needs further research. More studies on complicated networks with
vast solution space can help to show and quantify the level of effectiveness of the UL It is possible
that, in the case of a complex system with multiple pumps and vast solution space, traditional blind
crossover, mutation and elitism steps (without using UI) cannot find an acceptable solution within a
reasonable number of iterations. Results of the S4 scenario showed that giving PEPSO the possibility
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to operate pumps without tank level constraints, on average, reduces the electricity cost and CO,
emissions of the system by 24.0% and 27.2%.

Despite the fact that removing water level constraints reduces the electricity cost and CO,
emissions, it considerably increased the water level violation of tanks and water pressure violation
at strategic junctions. In the 54 scenario, the pressure of junctions has some fluctuations that caused
considerable low and high-pressure penalties. The water level penalty of tanks of the S4 scenario is four
times more than for the SO scenario. Comparing patterns of the water level in tanks (see Figure 3) and
water pressure at junctions (see Figure 4) of the 5S4 and SO scenarios can clearly show these differences.
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Figure 4. Typical water pressure pattern at junctions of SO (left) and S4 (right) scenarios of the
Monroe WDS.

On average, constraining the water levels of tanks during the operation cycle led to a reduction
of more than 32% in the final volume of stored water. Monroe test results indicate that water level
constraint effectively helps to keep the final tank level balanced and prevents tanks from draining
during the whole operation period. Similarly, optimizing the pump operation of the Richmond WDS
without water level constraints for tanks (54), on average, reduces the net electricity cost and CO,
emissions by 4.8% and 1.2% respectively. However, this increases the total penalty by 35.1%.

Results of the test on the Monroe WDS showed that having a flat rate electricity tariff, on average,
can lead to a 9.7% increase in peak power demand (kW) while the total consumed energy (kWh) is
almost unchanged. Although the total energy consumption in both SO and S5 scenarios is almost
unchanged, 2.1% of the total energy consumption in the S5 scenario shifted from off-peak hours to
on-peak hours. These results confirm that the power demand charge and time-of-use electricity tariffs
will force PEPSO to find an optimized solution with more energy consumption during off-peak times
and with a reduced peak power demand.

The overall electricity cost in the Richmond system is related to the time-dependent energy
consumption charge. However, in the S5 requirement of the system. PEPSO uses a customized version
of the NSGA II to find the Pareto frontier and then select the best solution as the optimum pump
scenario, the flat rate electricity tariff, on average, reduced the total energy use (kWh) from the off-peak
hours by 3%and added half of that to the on-peak hours. By this change, the remaining 1.5% of energy
is saved. Previously, due to the use of a time-of-use electricity tariff, PEPSO needed to shift energy
usage to reduce the electricity cost of the system. This shift of energy usage caused a 1.5% energy loss
due to head losses while filling and draining tanks. It is interesting to see that the solution of the SO
scenario drained 21.6% of the stored volume of water in tanks of the Richmond WDS. While the S5
scenario just drained 12.0% of this volume.

6. Conclusions

The new version of PEPSO, which is introduced in this article, is a multi-objective optimization
tool. It can be used to find a pump schedule for the WDS to reduce the electricity cost and corresponding
pollution emissions while satisfying the required operational schedule. It uses EPANET toolkit for
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hydraulic stimulation. The Undesirability Index is a measure that enables PEPSO to find promising
ways of modifying the solution to get closer to the global optimum solution and create practical
solutions. Test results on the Monroe WDS and skeletonized version of the Richmond WDS model
showed that PEPSO could optimize the detailed model of the Monroe WDS effectively with 13 pumps
in about 2 h with a computer system that can be found in a typical WDS design or operation offices
(for more detail, see Section 5). The time required to optimize the skeletonized version of the Richmond
WDS model was about half an hour.

e  Optimizing based on all three objectives (S1) reduces the CO, emissions of the Monroe and
Richmond WDSs by 1.3-3.4%. Optimizing based on all three objectives at the same time is more
effective than optimizing based on only the electricity cost or total penalty.

e  Optimizing based on just penalty (S2 scenario) reduced the total penalty on Monroe and Richmond
WDSs by 10 and 5.8% respectively.

e Calculating the Undesirability Index helped PEPSO to find more practical optimized solutions
with fewer EPANET warnings and less tank drainage. However, on average, the undesirability
calculation increased the required optimization time by 8.9%. The effect of the UI on finding
high-quality solutions for a complex system with vast solution space needs to be evaluated.

e In the S4 scenario, the Monroe WDS was optimized without tank level constraints. The water
level penalty of tanks of the S4 scenario is more than four times the water level penalties of the
base scenario (S0). Like the Monroe WDS, optimizing without tank level constraints reduced the
electricity cost and CO; emissions of the Richmond WDS. However, it considerably increases the
water level penalty of tanks (35.1%). Removing water level constraints increases both water level
and water pressure penalties and led to impractical and unacceptable solutions.

e The time-of-use electricity tariff forces PEPSO to shift 1.7% of energy consumption from on-peak
hours to off-peak hours. Including the power demand charge in the electricity tariff also,
on average, reduces the peak power demand of the Monroe WDS by 9.7%. In the Richmond test,
using a flat rate energy consumption charge enables PEPSO to consume energy at the time of high
demand. This eliminated the need to store more water during off-peak hours which was causing
1.5% energy losses. In addition, by this method, PEPSO reduced tank drainage by about 10%.

e  PEPSO used a multi-objective optimization algorithm to optimize three objectives independent of
each other and report the final Pareto frontier that can be used in system studies and research.
However, for practical use, one of the solutions among the Pareto frontier should be selected for
operation. This selection is made by considering user preference based on user-defined weighting
factors and also by removing impractical solution from the Pareto frontier (e.g., a solution with
zero energy usage but high penalties). Defining different weighting factors can change the selected
solution. Weighting factors are dependent on geographical, social, economic, etc., characteristics
of the water system, defined constraints and practical preferences of operators. This area needs to
be studied further to create a guideline that can help users to define weighting factors in such a
way that results in the selection of the most desirable solution from the Pareto frontier.

e In this study, the net electricity cost and net CO, emissions are calculated to take into account the
effect of deficit or surplus water volume of tanks within the acceptable range. However, using
the average electricity charge ($/kWh) and CO, emission factor (kg/MWh) might not match real
operation conditions. Therefore, we suggest running tests and simulations for a longer period
(e.g., a week instead of 24 h) or using better calculation methods to take into account the effect of
tank level changes at the end of simulation in a more accurate way.
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Abstract: This paper focuses on the performance of water distribution systems (WDSs) during
long-term city transitions. A transition describes the pathway from an initial to a final planning stage
including the structural and functional changes on the infrastructure over time. A methodology is
presented where consecutive WDSs under changing conditions are automatically created, simulated
and then analyzed at specific points in time during a transition process of several decades.
Consequential WDS analyses include (a) uncertain network structure, (b) temporal and spatial
demand variation and (c) network displacement. With the proposed approach, it is possible
to identify robust WDS structures and critical points in time for which sufficient hydraulic and
water quality requirements cannot be ensured to the customers. The approach is applied to a case
study, where a WDS transition of epic dimensions is currently taking place due to a city relocation.
The resulting necessity of its WDS transition is modelled with automatically created planning options
for consecutive years of the transition process. For the investigated case study, we tested a traditional
“doing-all-at-the-end” approach, where necessary pipe upgrades are performed at the last stages of
the transition process. Results show that the sole design of the desired final-stage WDS is insufficient.
Owing to the drastic network deconstruction and the stepwise “loss of capacity”, critical pipes must
be redesigned at earlier stages to maintain acceptable service levels for most of the investigated
future scenarios.

Keywords: hydraulic simulation; network structure uncertainty; performance assessment; scenario
analysis; water distribution benchmarking

1. Introduction

Most engineered water distribution systems (WDSs) in urban areas are facing multiple internal
and external development pressures during their lifespan, and have to be continuously adapted in
order to guarantee a sufficient high level of service at all times [1]. Therefore, future changes in
demographic, climatic and socioeconomic developments are going to be the key drivers for changing
the system’s structure and operation [2]. In this context, the term “transition” is used to describe
the pathway from an initial (current) to a final (planning) development stage in a WDS, including its
structural and functional changes over time [3]. The intermediate development stages (i.e., specific
points in time during the transition process), also including the initial and final development stage,
are hereinafter defined as transition stages.

Fast ongoing system transitions (e.g., urban development) and the contradicting long lifespan of
WDS components of several decades, stress existing infrastructure and require new approaches on
how WDSs are designed and operated [4]. State-of-the-art strategies address flexible infrastructure
design, where planners can react to future uncertainties [5]. Basupi and Kapelan [6] introduced
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a flexible design method under consideration of future demand uncertainties to provide cost-efficient
solutions to decision makers. Creaco et al. [7] defined the gradual and optimal WDS growth over time
as phasing of construction, where structural network expansions are investigated and optimized at
several time steps instead of considering only a single design phase, also taking into account demand
uncertainties [8]. As such, this strives for the optimal scheduling of pipe upgrade works. Beh et al. [9]
investigated the augmentation of WDSs from a water resource perspective, proving the benefits of
adaptive plans compared with those fixed at the initial planning stage. However, from a network
perspective these studies assume a certain development of future network structure and are mostly
limited to small test cases. Conversely, this study focuses on an exploratory modelling approach
under deep uncertainties in network structure and a case study problem of a larger scale (several
thousand pipes and junctions), without seeking for optimal and computational expensive solutions [10].
Furthermore, studies investigating the combined effects of network construction and deconstruction at
the same time are lacking and therefore further investigations are necessary.

The objective of this work is to assist decision makers in testing various planning options
(e.g., changing the future city layout) and design strategies (e.g., single-stage design). This paper
introduces a holistic modelling framework to assess system performances of WDSs during long-term
transitions. A methodology is presented to generate and assess water networks at specific points
in time by considering the uncertainty in the future development. The transition process describes
the disconnection and addition of pipes to the network, including the related shift in water demand.
The uncertainties are addressed with the automatic creation of planning options (stochastic future
network structures) and different development scenarios affecting the total water consumption.
Each examined point in time during the transition process (transition stage) is evaluated with
performance indicators to describe the hydraulic and water quality states of the system. They enable
the detection of weak points and critical transition stages [11]. This work includes hydraulic
assessments (pressure head), qualitative statements (water age) and a capacity index (pressure surplus).

The novelty of the proposed methodology is the automatic creation of planning options, which are
suitable if data for modelling are not available, limited or of poor quality. Frequently, data availability is
limited by legal restrictions but also existing data of a good quality might not be suitable for the desired
modelling aim. To overcome this problem, an approach using data of alternative systems (e.g., street
network data) with strong structural similarities to the WDSs, represents a good alternative to
complement or even compensate missing data and test developed models on a less case-study-specific
perspective [12-14]. Furthermore, newly planned networks can be developed by creating a variety
of WDSs with little effort, considering different structural aspects and development scenarios for
the purpose of identifying the most robust system, either for newly built WDS or existing WDS parts
in poor condition, requiring redesign [7,15].

In this paper, the proposed methodology is applied to the Swedish town Kiruna, where a major
transition of the city is taking place until the end of the century. Substantial parts of the town,
including its water infrastructure, have to be moved due to expanding underground mining activities.
Various planning options for the future WDS (network structure and loop degree) are tested for
different scenarios and one design strategy. The results prove the proposed method is capable of
identifying critical WDS stages during a transition process. The outcome can further support engineers
and planners to evaluate risks and opportunities for planning and scheduling cost-efficient pipe
upgrades. In this work, we tested a simple design strategy of a traditional “single-stage-design” and
a “doing-all-at-the-end” approach, where necessary pipe upgrades are performed at the final stages of
the transition process. For the investigated case study, we found that the sole design of the final-stage
WDS is insufficient for most of the future scenarios and planning options. Owing to the drastic network
deconstruction and the stepwise “loss of capacity”, critical pipes must be redesigned at earlier stages
for the scenarios of constant demand and demand increase (e.g., population growth). The methodology
can also be applied to investigate uncertain spatial city development and testing different expansion
or deconstruction scenarios for any city.
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2. Modelling Framework

The future development of water consumption is highly uncertain. It depends on multiple
factors, such as changes in population and consumption patterns, climate change, variations of land
use, tourism and economic trends [16]. All these global pressures can have a significant impact on
the performances of existing WDSs during their lifespan and can be investigated with a scenario
analysis [17]. Uncertainties in the network structure occur when planning new WDSs [7]. Also in
existing WDSs, the exact physical location of network parts (mostly secondary pipes) is sometimes
incomplete or even unknown [14]. Furthermore, the variation of future network structure is considered
when retrofitting existing systems (e.g., provision of alternative flow paths) to enhance the reliability
and robustness of the WDS. To tackle these challenges, uncertainties in the future network are
considered with stochastically generated WDS structures [18] (e.g., varying minimum spanning
tree and loop degree in the network) and referred to as possible planning options for the future.
In this context, the minimum spanning tree is an undirected graph (e.g., WDS network) with no loops,
connecting all demand nodes with the water source(s) and the sum of all edge weights (e.g., pipe
length) is minimal [19]. The loop degree is introduced by the cycle index (CI). It defines the length
ratio of alternative paths between two nodes (shortcuts) and the corresponding path obtained from
the minimum spanning tree (CI = 0 is a fully branched system, for CI > 0 loops are created) [14].

The following presents the development of a modelling tool to automatically evaluate network
performances during a WDS transition process. In Figure 1 the modelling framework is outlined in
four sequential tasks and described in detail in the following paragraphs.

Task 1 Task 2
WDS model set creation Generating the transition stage models
- Stochastic network structure - Step-by-step new connection of pipe groups
- Masterplan - Step-by-step disconnection of pipe groups
- Design of initial & final stage WDSs - Updating demands

li Scenario analysis

Task 3 Task 4
Simulation with hydraulic solver WDS performance evaluation
- Hydraulic simulation - Performance indicators Pls
- Water quality simulation (pressure head, water age, system capacity...)

Figure 1. Description of the modelling framework.

Task 1 describes the generation of networks according to the approach presented by Mair et al. [18].
The generation algorithms are implemented in C++ and distributed as open source. (Available online:
https:/ /github.com/iut-ibk/DynaVIBe (accessed on 15 August 2017)) The software includes:
1) a spanning tree-based algorithm for network structure design, 2) algorithms for future demand
projection and 3) an automated pipe-sizing algorithm to create WDSs based on GIS data [20,21].
Previous studies showed the high colocation of street and water distribution networks [14], which offers
the opportunity to use that information for the WDS design. The required input data are the digital
elevation map (DEM) of the town, the positions and the supply ratio (%) of the water sources, the street
network, the nodal demands and — optional - the known pipe sections (see “set” pipe in Figure 2).
In case the WDS and/or the nodal demands are incomplete or even unknown, the missing information
represent variables in the stochastic WDS generation process. This principle applies for all unknown
WDS parts, regardless of existing and/or future WDS. For this reason, the WDS is designed for
the initial (existing) and the final (planning) stage. For example, in a WDS only the pipes with
a diameter greater than 200 mm are known. In that case, the missing pipe connections to demand
nodes can be stochastically generated on basis of the overlying street network, by assuming the WDS
network | P| being a subset (I P| C |S1) of the street network |S|. Resulting WDSs, using different
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a different level of detail in the input data, are shown in Figure 2 on the right. With this modelling
approach, a robust network structure can be identified for the future, not only for newly planned
WDSs, but also for the redesign of existing systems (e.g., closing loops for redundancy).

’ '\-
Generated WDSs
e
o -8 * @
Street network  Digital elevation map  Supply zone .----: ; :
: : : y i, 30% * ¢
: (x.y) virtual WDS semi-virtual WDS
> il -
[ e S 5""‘"""".: 70% ===« N@wW pipe design =— _sel pipe” streel
Set pipe™* Demand** Water source(s)
* parts of known WDS  ** “set” or stochastically
(e.g. main pipes) distributed

Figure 2. Concept of the stochastic generation of water distribution systems (WDSs). Following the idea
from Sitzenfrei et al [22].

When considering the dynamics of long-term WDS transitioning (e.g., network expansion,
demand shifting, network shrinking) with this methodology, a city’s master plan must be integrated.
For example, expanding future street network data derived from architect plans are used to generate
future WDSs. Figure 3 illustrates the initial (existing) stage i and final (planning) stage f of the WDS
during the transition process, which are generated and fulfil the boundaries of the master plan (future
street network, deconstruction and construction zones). Unknown pipe diameters are independently
designed at both stages, using a pipe-sizing algorithm based on the approach of Saldarriaga et al. [23].
With this algorithm, the pipe diameters are calculated based on a) the maximum hourly demand
Qi max as design value and b) an assumed pressure surface inclination of 5 m/km. The pipe diameters
are then divided into discrete diameter classes. Let | P/l = {py, pa, ..., pu} be the set of all pipes
at initial stage i, where #i is the number of pipes at stage i. Conversely, || = {p1, pa, ..., pnf}f is
the set of all pipes at final stage f, where nf is the number of pipes at stage f. Then the intersection of
the sets | P/ N | Pf| is built and the designed diameters compared. Pipes with a changing diameter
are added to the new pipe set | P | = {}, representing the necessary pipe upgrades. According to
Mair et al. [14] the generated WDS set is classified with the cycle index (CI), describing the degree of
loops (alternative flow paths) in the network. With this approach sufficiently working “engineering”
solutions, rather than optimal WDS are generated with adequate computational capacity. For the target
application to large case studies (with several thousand elements), the reduced computational effort is
a compelling argument.

Task 2 presents the creation of transition stage models to describe the detailed step-by-step
progress of construction and deconstruction phases on basis of the master plan. In doing so, specific
points in time between initial stage i and final stage f, i.e., intermediate stages, are investigated. Figure 4
shows an example of an intermediate stage j where some parts of the initial WDS are disconnected,
while other parts are added at the same time. Not only the pipe structure is changed, also a shifting of
the nodal demand from the disconnected to the new connected WDS parts occurs. The transition stage
models comprise the initial, intermediate and final stages of the WDS. The number of intermediate
stages is a model input parameter and depends on the temporal definition within the master plan (e.g.,
phased construction and deconstruction zones of new building blocks).
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Master Plan Initial stage i Final stage f
T —— ——s
T O
. . e — street § —
* deconstruction
construction 8 Pc§ m PcS
Planning options: P, ., .
WDs1
branched
Cl=0 e demand node |\,
]
p, Tp-'
wps2 .
looped
Cl=0 — pipe P

Figure 3. Long-term network dynamics in the concept of network generation by integrating stages in
the design of the WDS.

Initial stage i Intermediate stage j Final stage f

— pipe » demand node

Figure 4. Creation of intermediate stage WDSs on basis of the master plan and the initial and final stage.

The disconnection of pipes, along with a demand shifting, changes the flow pattern of the WDS
but does not necessarily cause performance reductions. Possible examples are: (1) the disconnection of
final branches or (2) the shifting of demand nodes towards the water source, which can even increase
the WDS performance (e.g., minimum pressure). The zonal disconnection of pipes from the main
WDS can cause an interruption (isolation) of certain areas from the water source. Such parts of
the network are identified and must be removed or reconnected to the main WDS to ensure a hydraulic
supply (Task 3). In the current work, the physical location and attributes of WDS components that
are unaffected from the deconstruction and the construction processes are maintained over time, i.e.,
the intermediate and final-stage WDS are dependent on their previous transition stages and originate
from the initial stage (network structure and pipe diameter). The scheduling of the determined pipe
upgrades (| P*P 1) to achieve high performances at final stage is part of a design strategy. In this work,
we test a simple “doing-all-at-the-end” approach, where necessary pipe upgrades are performed at
the final stages of the transition process.

In Task 3, a model interface to a hydraulic solver is implemented where each transition stage
model (see Task 2) is simulated under different scenarios. In WDS modelling, it is state-of-the-art to
use extended period simulations to consider the diurnal demand patterns of several representative
days [24]. In this work, the hydraulic solver EPANET 2 [25] is used, where each transition stage model
(Task 2) is simulated under different scenarios. In a first simulation run, the system is solved for
one day with high water consumption to identify supply problems. Then, the simulation is repeated
for a period of low water usage (six consecutive days of low water consumption are simulated to
determine maximum water age and potential stagnation problems). The water age is calculated from
the residence time of the storage tank and the travel time in the network from the source node(s) to
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the demand nodes at low flow conditions. For this purpose, we used the water quality analysis tool of
EPANET 2 [25].

Task 4 describes the performance evaluation of the WDS. Helpful tools to assess hydraulic and
quality requirements of WDSs are global performance indicators (PIs). By definition, the PIs take values
in the interval from 0 (worst performance) to 1 (best performance), depending on predefined threshold
values and a performance criterion. Furthermore, statistical values complement the investigation.
First, the nodal performances Pl are determined for each node k before they are averaged and weighed
to one global representative value PI. For this study, we analyzed a minimum performance indicator
at peak demand and the mean pressure head at average demand under normal operation conditions
(e.g., no pipe breaks). The threshold values for PIs differ among case studies and design guidelines of
sufficient performance, and have a strong impact on the overall performance. Therefore, they must be
defined by the user [20]. The minimum pressure performance, including the selected threshold value
in accordance with the Austrian Standard ONORM B2538 [26], is defined as:

Or Pk,min < 0,
plkmin. pressure __ 1, prmin = 30, )
Pk,min

30 ’ Pk,min >0A Pk,min < 30/

where py i, is the nodal pressure head in meters. Furthermore, the water quality of the WDS model is
described by the maximum water age, which is a driving factor related to microorganism growth [27].
The maximum nodal water age wy 5, in hours is calculated based on flow velocities and pipe lengths
and assessed after a low demand period of 144 h and contains the initial water age from the storage
tank. In this work, the nodal water age performance is defined as:

0, Wk, max > 120,
prmax- water age __ 1, Wi ey < 24, ?)

o Wi, max — 24

120 —24 ' Wk, max > 24 N Wk max < 120.

Additionally, the respective nodal performance indicators PI}’s are averaged and weighed with
the nodal demand dj to consider the hydraulic importance of node k (e.g., number of supplied
customers) as follows:

Xty d = Pl
B diot ’

To quantify properties of robustness and fault tolerance in the system, a network capacity index I,
is assessed [28,29]. The index is based on the power balance of the network and gives information
about how much pressure surplus is available at each network node, compared to a minimum required
head [30]. The pressure surplus can be seen as a “buffer capacity” that can be used under critical
operation conditions (e.g., pipe breaks), when the internal energy dissipation increases. The capacity
index is assessed at peak demand and defined as follows:

PI 3

Pp
- 7
P D,max

L=1 @)

N, . .. 7 .
where Pp = Z].:pl qjAH; is the dissipated powet, and Pp . = Zé\il qsHs — Z,{\’:”l dyHy describes
the maximum dissipated power to meet the minimum head constraints Hy at node i. For this case
study, the minimum required nodal head Hy is adopted with the nodal elevation plus an additional

pressure head of 15 metres at node k. H; refers to the nodal head of supply source s and AH; is the head
loss along pipe j. The inflow from source s is described with g, di represents the nodal demand and g;
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is the flow in pipe j. Ny, N, and N, state the number of supply sources, nodes, and pipes, respectively.
A more detailed description can be found in Di Nardo et al. [31].

3. Case Study Application and Numeric Results

The developed methodology is applied to the city transition of Kiruna, where significant structural
network changes are currently (and during the next decades) taking place, since the city has to make
way for an underground expanding ore mine. Kiruna, a small city with about 20,000 inhabitants,
is the northernmost city in Sweden and became one of the major centres of the mining industry
due to iron ore extraction. As can be seen from Figure 5a, in the southwestern area of the town,
the world’s largest underground iron ore mine is located and operated. Due to expanding excavations,
however, current parts of town and its water infrastructure are threatened by subsidence and
erosion. Nevertheless, mining activities will continue. Therefore, a master plan was developed by
decision makers (Kiruna municipality, mining company LKAB and architects White), which provides
a step-by-step resettlement of the inhabitants living in defined deformation zones (red lines in Figure 5b)
to a newly built city centre about 4 km eastward (see Figure 5b). The transition process is expected to
be completed by the end of this century [32].

. @ 2100

Figure 5. (a) Current Kiruna with digital elevation map (DEM); (b) Current and future street networks
(planned) with the step-by-step expansion of deformation zones, according to the master plan.

In the city’s master plan, the structural changes of the city are very certain but no specific planning
options for the WDS transition are defined, and therefore this case study is well suited to present
the developed methodology. As a result, statements about the WDS efficiency and performance trends
during this long-term transition process from the initial stage in 2012 to the final stage in 2100 are
possible and many future WDS structures and scenarios are tested and investigated for strengths
and weaknesses.

To deal with the demand uncertainties, three simplified scenarios based on different future
developments of water consumption are examined as follows (see Figure 6a):

e The basic assumption for the scenario “Baseline” is that the total demand remains constant
within the transition period. It represents no change in population but a change of its location
(Qh,max,ZlOO =128L/s).

e The scenario “Growth” implies a linear increase of water usage of 30 percent until the end of
the century [33]. This represents a population or demand per capita growth (Q, ;yax,2100 = 166 L/s).

e  The scenario “Stagnation” describes an economic decay, where migration of labour occurs due to
an assumed reduction of mining activities [33]. The water demand is taken to gradually decrease
by 30 percent until 2100 (Q, jyax,2100 = 90 L/s).
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In the context of network structure uncertainty, 30 possible WDSs (planning options) with different
properties are automatically created by the variation of the cycle index (CI), which defines the degree of
alternative flow paths [14]. Two possible planning options with looped and branched WDS structure,
generated on basis of the street network, are illustrated in Figure 6b,c.

@ ~ (b) (c)

| ! g
:21.4_ )Y Cl=09 Cl=0.0
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% structure structure
E i R
o
c
- ——
§ 0.8 ) =

| Scenario: ]

0.6/ 1. Baseline 2- Growth 3- Stagnation | wDs1 wDs2
2012 2033 2050 2100

Year

Figure 6. Future demand scenarios (a) and two possible planning options (WDS1 & WDS2) with
different network structure (b) and (c).

There are restrictions on the hydraulic modelling data of Kiruna’s actual WDS and, as such, are not
allowed to be published. Nevertheless, with the proposed method each stage of the WDS can and has
been approximated by a set of stochastic generated WDSs, based on freely available real street network
data (see Modelling framework: Task 1). This gives the opportunity to apply and test the approach
also to variety of initial WDS structures. However, more detailed and complementary information
(e.g., actual WDS) can easily be integrated, if available, and allowed in terms of legal aspects.

Task 1 describes the creation of the WDS model set. For this application the required input
data are the digital elevation map (DEM) of the town, the position of the current and future
water sources, and the real street networks for the initial (year 2012) and final stages (year 2100).
The future street network data is taken from architecture plans. Due to the data restrictions,
the population density and nodal demand distribution are assumed to be uniform over the area
of interest with 1,000 implemented demand points. Elevation differences in the investigation area
allow for the construction of a functioning gravity driven WDS and hence, no pumping is required
(see Figure 5a). The generated WDS includes the positions of the reservoir, tank and pressure reduction
valves (PRVs) and flow control valves (FCVs). The locations of the valves within the 30 stochastic WDS
structures are unchanged. The FCVs are positioned between reservoir and tank, while the locations
of the PRVs are chosen based on minimum and maximum pressure head requirements (30-100 m)
within each pressure zone. Regarding the size of the generated networks, they consist of approximately
100 km pipe length (~4000 pipes) at the initial stage and about 75 km (~2000 pipes) at the final stage.
This shows that the future network is planned to be denser as compared to the existing one at all
demand projections.

Figure 7 illustrates one of the thirty generated planning option of the WDS (different network
structure) at the initial stage (year 2012) and the final stage (year 2100). When comparing the initial
and final-stage WDS, not only a huge change in the pipe network can be observed, but also the
water tank of the initial stage is situated in the deformation zone 2100 and thus has to be relocated.
Additionally, two new main pipes from the new tank to the separated networks and a new position
of the PRV are necessary (see Figure 7b). According to the Austrian Standard ONORM B2538 [26],
additional loads for firefighting can be neglected in the design process due to the size of the supply
zone (population > 20,000). The intersection of the pipe sets | P'I N 1 PfI is about half the size of 1P|,
which implies that 50% of pipes at the initial stage WDS keep their physical location in the final-stage
WDS. Therefrom approximately 10% of the pipe diameters have to be upgraded due to changing flow
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conditions and to maintain a connected network (e.g., new water source). This builds the pipe set
describing necessary upgrades (1 P |).

(a) R~ Initial stage (b) R Final stage
Fev

T—
-

. PRV
= sl

-.Lh‘

deconstructed

wDs
R Reservoir

T Tank

- WDS
deconstructed WDS

= constructed WDS

Figure 7. One of thirty created planning options representing (a) the initial and (b) the final stage.

Task 2 describes the generation of the transition stage models. For this purpose, the master
plan defining the phased transition process of the town is used. The transition stages represent
the years 2012, 2013, 2018, 2023, 2033, 2050 and 2100. Figure 8 presents an example of the creation
of six transition stage models for one planning option. It can be seen that the town is step-by-step
moved by a simultaneous deconstruction of the initial WDS and construction of a new piping system.
The resettlement progress of people living in the deformation zones is modelled by transferring
the demand nodes to the new city centre, assuming the same uniform spatial distribution as for
the final design stage. The total demand is dependent on the investigated scenario.

year 2023

Figure 8. Transition stage models for Kiruna at six stages from year 2012 to year 2100.

Based on the determined set of necessary pipe upgrades (| P |) from initial and final network
design (see Task 1), a simple “doing-all-at-the-end” approach is investigated: Pipe upgrades for
achieving the efficient final-stage WDS are performed at the stages in 2050 (pipe replacement rate on
average 2%) and the final stage 2100 (pipe replacement rate on average 8%). This means that until
stage 2050, the pipe diameters of the WDS remain unchanged, while all of the newly constructed pipes
are designed for the final stage. With this approach it can be determined, (a) whether the WDS can
tolerate the occurring changes or not, and (b) at which transition stage additional redesign (e.g., pipe
replacements) might be necessary for the 3 scenarios and the 30 planning options.
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The transition stage models are automatically generated for each of the 30 network structures
(planning options). Altogether, for the case study analysis 1260 WDSs are created and simulated,
containing 30 variations of network structure, each evaluated for 7 stages, under 2 hydraulic loads
(high and low daily demand) and 3 future demand scenarios (constant demand and demand
increase/decrease).

Tasks 3 and 4 present the hydraulic simulations and the performance evaluations of the WDSs.
The application of the developed approach is shown with the outcome of the performance analysis
during the WDS transition of Kiruna as a model. In Figure 9, we firstly show example contour
plots of the pressure distributions at peak demand for three different stages (2012, 2033 & 2100) and
two scenarios (Baseline & Growth).

(a) (b)

stage 2012 stage 2100
Baseline Baseline
Q,..=128 LIs Q,..=128L/s

()

=" stage 2033 stage 2033 |
' Baseline Growth
Q= 128 s o= 137 Us

Pressure p (m). W < 20, 20- 50, W 51- 75, 76 -100.

Figure 9. Pressure distributions at peak demand for the Baseline scenario for the initial stage 2012 (a),
the final stage 2100 (b), the transition stage 2033 (c), and the Growth scenario for transition stage 2033 (d).

In Figure 10 the findings of three performance indicators (PIs of system capacity, minimum
pressure and water age) and one statistical value (mean pressure) are presented for all WDS stages.
Therein a bandwidth of performance developments for the 30 planning options (possible WDS
structures) is shown for the three scenarios. While the scenario “Baseline” is plotted in dashed lines,
the scenario “Growth” is represented by continuous lines. The scenario “Stagnation” is illustrated by
dot-dashed lines.

The three main findings of the WDS transition for the case-study application are discussed in
the following: First, the performance drops are highly correlated with the future water consumption.
The scenario of a linear increase in water consumption reveals lower network performances than
the assumption of decreasing water consumption, with the exception of water age where the opposite
behaviour is observed. Sufficient minimum pressure performances can only be guaranteed for scenario
“Stagnation” (demand reduction) and utilizing the pressure surplus (“buffer capacity”) of the WDS
(see drop of capacity index). However, problems with water age occur for this scenario. For scenario
“Baseline” and scenario “Growth”, the capacity of the (remaining) WDS parts is not high enough
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to cope with the structural (“loss of capacity”) and demographic (“increase demand”) changes after
stage 2023, while guaranteeing sufficient minimum pressure heads. The performance improvement at
the final stage is due to the pipe upgrades (10% percent pipe replacement, see Task 1).
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Figure 10. Performance developments for three demand scenarios and WDS structure variations;
(a) System capacity, (b) Mean pressure head, (c) Minimum pressure performance and (d) Maximum
water age performance.

Second, influences of the 30 planning options with different network structure (degree of loops)
on the system performances are proven (light shading in Figure 10 indicates a low loop degree and
dark shading a high loop degree). Especially the performances of minimum pressure and system
capacity are favoured by a higher loop degree. The drops in system capacity, indicating a stronger
usage of additional pressure surplus, are lower for highly looped networks due to more alternative
flow paths. The WDS with the best performances is identified to be one of the highly looped planning
options. However, not every highly looped planning option revealed higher performances (e.g., see
crossing lines with different shading in Figure 10), but in terms of robustness and redundancy, a higher
degree of loops is advisable when facing structural and demand uncertainties.

Third, critical points are identified during the WDS transition. The first four stages of the transition
processes, reveal only slight changes in the WDS performances. Up to year 2023, the changing flow
patterns are compensated by the WDS. However, after year 2023, partially inefficient WDSs occur.
The performance drops at the stages 2033 and 2050 are related to a severe “loss of capacity” within
the remaining WDS. This outcome demonstrates that the sole “single-stage-design” of the final-stage
WDS (including the “doing-all-at-the-end” pipe upgrades) is insufficient. Owing to the network
deconstruction, pipes that are already disconnected at final stage f (1 P1\ | Pf1), must be redesigned at
the intermediate stages 2033 and 2050 to maintain acceptable service pressures.

4. Discussion

The aim of this work is to provide a performance assessment tool assisting decision makers
during long term network transitions processes of WDSs over time and to determine the sensitivity of
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different future uncertainties, like demographic changes, network structure uncertainties and shifting
network layout (e.g., WDS expansion). The proposed approach aims to tackle the entire complexity of
the stated problem with the implication, that for some specific details, assumptions and simplifications
are necessary. Once successfully setup, in future studies, analyzes focusing on detailed questions
(e.g., redesign and rehabilitation of the existing WDS) will be addressed.

Based on that approach different design strategies can be tested. This work provides a helpful
approach to identify critical stages (time points) and locations (weak points) during the WDS
transitioning. Weak points are pipes whose diameters become inappropriate due to the changing
flow patterns that originate from pipe disconnections, shifting demand nodes and total future water
consumptions. Indicators for inefficient pipe diameters are high flow velocities v and high unit head
losses h. Figure 1la presents the pipe velocities and unit head losses (both length-weighted) for
the case study application at stage 2033 and for scenario “Growth”. The network deconstruction
at that stage causes a “loss of capacity” and therefore increased velocities and unit head losses in
specific pipes. Exemplarily, a velocity threshold of 1.5 m/s is exceeded in about 5% of the pipes at
stage 2033. These identified weak points have to be addressed when redesigning the WDS. Problems
related to water age are marginal for the first two scenarios and occur mainly in parts of the new city
centre, where the design capacity of some pipes is not reached at all stages. However, by neglecting
the initial water age from the tank (e.g., due to operational measures), the mean water network travel
time is below 24 h for scenario “Baseline” and scenario “Growth” at all of the stages of the WDS
transition. In Figure 11b the maximum water age distribution at stage 2033 and scenario “Baseline”
after an extended period simulation is presented. It can be seen that the water age is below 48 h for most
junctions (including the initial tank water age of 19 h) and only minor parts of the new city centre show
values above 48 h. In the literature, average WDS retention times are between 12 and 24 h for cities of
a similar size [34]. However, a future demand reduction all over the city (see scenario “Stagnation”)
reduces the water age performance. In this case additional operational measures, like regular pipe
flushing, would be necessary.
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Figure 11. (a) Threshold exceedances of unit head loss (top) and velocity (bottom) at peak load for
scenario “Growth”, (b) WDS with maximum water age for scenario “Baseline” at transition stage 2033.

The case study application showed that up to stage 2033 sufficient hydraulic and quality requirements
are guaranteed under all structural and demand uncertainties. Due to the “final-stage-design” also
the performances at the final stage are sufficient (with the exception of water age under total demand
decrease scenario). To improve the minimum pressure performance at the intermediate stages
2033 and 2050 (for constant demand and demand increase), other design strategies will be pursued in
further investigations: (1) anticipated pipe replacements, rather than “doing-all-at-the-end” upgrades
of the identified pipe upgrades | P |, and/or (2) network redesign of overloaded WDS components
that are already deconstructed at the final-stage WDS (I P'1\ | Pf1). Future work will also address
the integration of the real WDS in the network generation procedure.
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5. Conclusions

In this work, a novel modelling approach was presented to assess the performance of structural
and functional long-term WDS transitions, e.g., network displacement and population growth.
All these changing boundary conditions were applied to a set of automatically created planning
options with different network structure. The main advantages of the method are the automated
creation of hydraulic models at different points in time during the WDS transition (stages), the low
computational costs and the applicability of the method to a variety of WDSs, representing different
planning options. With the method different scenarios can be tested (e.g., network displacement and
population growth) and critical time points determined, where predefined performance criteria cannot
be guaranteed anymore.

The benefit of the methodology is the fast generation of WDS stages based on surrogate
information such as the street network and the city’s master plan. The methodology can handle
a different degree of information content; known information of the WDS (e.g., physical location
and attributes of pipes, demand distribution) can easily be considered as “fixed” parameters in
the WDS generation, while all unknown information is supplemented by stochastic approximations
(e.g., expanding WDS structure on basis of future street network and /or random demand distributions).
As a result, different planning options are put under stress and evaluated with performance indicators.

As a case study, the city of Kiruna is used where a city expansion and a step-by-step destruction
(causing the relocation of people) take place at the same time. The proposed approach was applied to
identify critical points in space and time, and to assist decision makers in such a city (and infrastructure)
transition. For the model application to the case study of Kiruna, several stresses were applied to
the WDS at different points in time on basis of the city’s master plan, including the simultaneous
network disconnection and new connection, shifting demand nodes and different future demand
developments. The performance drops after transition stage 2023, showed that the approach of
the “doing-all-at-the-end” pipe upgrades on the basis of the sufficiently working initial and final-stage
WDS (1Pl N I Pfl) was insufficient. The performance drops revealed that the pressure surplus
(quantified by the capacity index) of the remaining WDS after a major disconnection was not high
enough to cope with the occurring changes (“loss of capacity”). At the stages of year 2033 and 2050,
an improved design strategy with additional pipe redesign in the pipe set (1 P'I\ | Pf1) must be
performed for the future scenarios of constant demand and demand increase (e.g., population growth).
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Abstract: Intermittent supply is a common way of delivering water in many developing countries.
Limitations on water and economic resources, in addition to poor management and population
growth, limit the possibilities of delivering water 24 h a day. Intermittent water supply networks
are usually designed and managed in an empirical manner, or using tools and criteria devised for
continuous supply systems, and this approach can produce supply inequity. In this paper, an approach
based on the hydraulic capacity concept, which uses soft computing tools of graph theory and cluster
analysis, is developed to define sectors, also called district metered areas (DMAs), to produce an
equitable water supply. Moreover, this approach helps determine the supply time for each sector,
which depends on each sector’s hydraulic characteristics. This process also includes the opinions of
water company experts, the individuals who are best acquainted with the intricacies of the network.

Keywords: intermittent water supply; cluster analysis; graph theory; DMA; equity

1. Introduction

In developing countries, water supply continuity is threatened by the reduction of available water
resources due to pollution, climate change, urban population growth, and management deficiencies
in water supply systems. In this context, intermittent water supply becomes an alternative, in which
water is delivered for a few hours a day.

There are several studies that analyze the various deficiencies of intermittent supply, since it causes
problems in the system infrastructure itself [1-5], produces health risks for users [6-14], and generates
supply inequity [15]. Nevertheless, water is currently delivered to millions of people around the world
under intermittent supply conditions.

Galaitsi et al. [16], based on the influence on the living conditions of users, classify intermittency
in water supply as predictable, irregular, or unreliable. Predictable intermittency is the only option
that has a defined supply schedule. In this paper, we deal with predictable supply.

Intermittent supply networks can either work in their entirety, or by sectors [17], also called
district-metered areas (DMAs). Sectors are useful in extensive intermittent supply networks,
since supply schedules can be more easily established [18]. In this situation, however, setting and
sizing the sectors does not always assure equitable supply, because sectors are designed with empirical
or continuous-supply based criteria.

A sector is a restrained water supply network area, whose hydraulic behavior can be permanently
or temporarily isolated [19]. A sector can be set by installing isolation valves in sector-connecting pipes.
In some cases, sectors can be permanently disconnected [20]. Technical management of extensive
supply networks is a complex task. Thus, network reduction into connected sectors becomes a very
useful strategy [21].
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Although installing flowmeters at the incoming pipes of each sector is common for leak
control [22], sectors without measurement can exist in intermittent supply networks, since their
main goal is to deliver water at differentiated schedules [18].

For DMA implementation in networks with continuous water supply, there is a general trend
to use optimization techniques to achieve an adequate service level [19,21,23-26]. Several authors
also suggest graph theory for the sectorization process [25,27,28]. Although sector importance in
intermittent water supply is acknowledged [3,29], there are no specific tools for designing sectors in
intermittent supply networks.

Upgrading the infrastructure to provide continuous water supply is an initial option for improving
intermittent supply systems [30]. This option is usually hard to achieve. Moreover, if transition
conditions are not feasible, it must be recognized that supply will always be intermittent.
Consequently, more proactive management tools that minimize the negative effects caused by this type
of supply are required [15,31,32]. This paradigm enables improving the living conditions of people
who dwell in intermittently supplied areas, and achieves predictable intermittent supply systems [16].

In both supply system improvement perspectives, network sectorization is a fundamental step.
Sectors are also important in transition processes to continuous supply [17], and crucial for intermittent
supply system management that aims to improve supply equity. Moreover, sectorization under
an intermittent-supply based perspective may be useful for vulnerable continuous supply systems.
In 2016, for instance, the continuous supply network of La Paz (Bolivia) had to become temporarily
intermittent due to insufficient water in its supply sources [33].

If an intermittent supply network is not sectorized, the peak flow demand during supply hours
is very high, since water demand occurs simultaneously for the entire network. Thus, high water
demand results in low service level conditions and may produce deficient pressure areas, which then
produces supply inequity. Network sectorization and supply schedule setting help reduce this high
peak demand.

In this paper, an approach based on the theoretical maximum flow concept, which uses soft
computing tools from graph theory and cluster analysis [34,35], is developed to define sectors to
produce equitable water supply. For node clustering, this process also includes water company expert
opinions, from the individuals who best know network details.

Unlike continuous supply systems, the DMA implementation process in intermittent supply
systems also includes criteria that assure supply equity, such as the restrained maximum pressure
difference. Moreover, this approach helps determine the supply time for each sector based on their
hydraulic characteristics.

2. Methodology

Sector implementation is based on three main goals: achieve supply equity; consider water
company expert opinion; and determine adequate supply times for the sector (since these supply times
are crucial for good management of intermittent supply networks). Sectors in intermittent supply
networks are usually designed using continuous supply criteria. Those criteria are not considered in
this paper.

2.1. Water Supply Equity

Equity in intermittent water supply aims to achieve a fair distribution of the limited amount of
water available during the few hours of supply [15].

Inequity in intermittent water supply is related to water wastage at the highest pressure nodes
and scarcity at the lowest pressure nodes. Accordingly, a network with supply equity is a system that
restrains these extreme situations. Therefore, pressure is important for achieving equity in supply,
and differences between maximum and minimum pressures must be small.
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Home storage, which is very common in intermittent supply networks, make users compete for
water supply, since their goal is to collect as much water as possible in a short period of time [36].
This competition also creates water supply inequity.

The essential difference between designing continuous and intermittent supply systems lies in
including, or not, equity as a design principle [15,37]. If supply equity is considered a design criterion,
water scarcity impact may be substantially reduced [38].

The main intervening factors in equitable supply are: pressure at the nodes; supply flows;
velocities; elevation differences; supplied area size [39]; network topology; supply source location [37];
and network capacity [30]. Moreover, Vairamoorthy et al. [31] include the following elements to
improve supply equity: supply duration; connection type; and connection location.

One of the most important components of intermittent supply systems is the distribution network
itself. If the network has deficiencies, it may impose inequitable supply conditions and thus cause water
wastage in high-pressure areas, as well as a lack of water in others [17]. Sector implementation may
correct these deficiencies and help achieve supply equity. An appropriate criterion to evaluate supply
equity is by controlling the pressure difference between the highest and the lowest pressure nodes.
In this paper, values between 3 and 5 m are adopted, as recommended by CPHEEO (Central Public
Health and Environmental Engineering Organization) [2].

2.2. Supply Time

Water supply time, or supply period, is an intrinsic characteristic of intermittent water supply
systems. Nevertheless, it is usually adopted without rigorous technical criteria and usually produces
supply inequity.

Inequity in water supply not only occurs in space but also time. Users in advantageous locations
in the network receive water almost immediately after supply starts. In contrast, users in less fortunate
locations must wait much longer [40].

Supply time definition, which is based on the hydraulic characteristics of network and sectors,
helps achieve better planning and management of intermittent water supply systems. We address this
question after describing our sectorization approach.

2.3. Theoretical Maximum Flow

The theoretical maximum flow, Qyuayt, or network capacity defines the maximum flow that a
network can supply with at least a minimum pressure, P,;,, at every node. The lowest pressure node
must have the predefined minimum pressure [30]. The theoretical maximum flow value is determined
through a demand-driven-analysis (DDA) hydraulic modeling of the network, in which nodes are
associated with a given average demand. For this determination, several working conditions are
evaluated and the peak factor is modified until the minimum pressure at the most unfavorable network
node is guaranteed.

For this purpose, a setting curve—a network-H-Q curve that guarantees the minimum pressure
at the lowest pressure node—is used. In a tank supplied network, for example, (see Figure 1),
the intersection between the setting curve and the source water level determines the theoretical
maximum flow. If due to minimum pressure reduction, the setting curve runs lower, then network
capacity is increased.
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Water level in tank ( Hg) /

Head in source

Setting curve

Network inlet flow Qmaxt

Figure 1. Theoretical maximum flow for a tank fed network [30].

2.4. Sector Development

Our sectorization process, which is fully described in this subsection, is schematized in Figure 2.

This figure must be understood as a high-level pseudocode, with appropriate references to the
equations in this subsection, accompanied by conceptual descriptions for the various sub-processes
that integrate the entire process and which are described in detail below. These sub-processes are:

Calculation of weights in pipes and nodes

Calculation of criteria weights

Critical node selection

Shortest path between critical node and source

Node clustering

Hydraulic calculation and verification of water supply equity

For the stages that require hydraulic calculation we use EPANET 2.0 [41].
To better follow this subsection, Table 1 provides a list of the variables used.

176



Water 2017, 9, 851

Table 1. List of used variables.

Variable Definition Unit
R Graph of whole network, used as hydraulic model -
V(R) Set of whole network nodes -
E(R) Set of whole network pipes -
Ir Incidence relation of graph -
Qmaxt Theoretical maximum flow or network capacity L/s
n Node -
4 Pipe -
P,?maxt Pressure at nodes at theoretical maximum flow working condition m
ng“t Flow at pipes at theoretical maximum flow working condition L/s
hgm’w Head loss at pipes at theoretical maximum flow working condition m
wy Weight in node n m
wp Weight in pipe p m!
z Weight for east coordinate criterion -
Z Weight for north coordinate criterion -
z3 Weight for elevation criterion -
z4 Weight for service pressure criterion -
Terit,i Critical node at the developing sector i
i Developing sector
C; Subset of selected nodes or developing sector -
Vi Set of remaining nodes -
E; Set of remaining pipes -
S; Subset of shortest path nodes -
F; Subset of shortest path pipes -
d(yc,xj) Similarity distance -
m Number of criteria weight, m = 1 for east coordinate, m = 2 for north -
coordinate, n = 3 for elevation, and m = 4 for service pressure
Mem Centroid depending on the m criteria -
Xnm Normalized value for each 1 node, depending on the m criteria -
n Node degree -
Wen Weight for node degree -
M Constant depending on the node degree importance -
Tgel Selected node -
Psel Selected pipe -
q Node of subset C; -
Xgm Normalized value for each g node, depending on the m criteria -
B; Node subset used for hydraulic calculations -
N¢ Total node number of a sector -
H; Graph of developing sector i, used as hydraulic model -
u Working condition for developing sector -
N axt Theoretical maximum flow for working condition u L/s
ku Peak factor for working condition u -
Pin Minimum pressure in subset B; m
Prax Maximum pressure in subset B; m
j Node of subset B; -
Q; Average demand for each j node in subset B; L/s
ns Total node number of subset B; -
ts Supply time h
Vs Total supplied water volume in continuous and intermittent supply m3
AP Pressure difference m
Peg Limit value of pressure difference that assures water supply equity m
tin Minimum supply time, depending on the network capacity h
Qint Average flow in intermittent water supply L/s
H; Water level in tank or supply source m
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- Graph of the network: R(V(R), E(R), Ir) (1) :

- Calculation of theoretical maximum flow Qox Calculation of

- Calculation of weights in nodes related to pressure - w, (2) weightsin pipesand
- Calculation of weights in pipes related to dissipated energy > w, (3) nodes

- Calculation of degree weights in nodes - wg, (7)
- Water company experts' opinion
- Criteria: east coordinate, north coordinate, elevation, pressure at Calculation of
theoretical maximum flow working condition. criteria weights
- Calculation of criteria weights: z;, 75, z3, 24

- Select the critical node n;; in set V;
Nerir = argmin{w, :Vn € V;} (4) Gritical node
Neriti € G selection
Vi1 = Vi = {Ncrie i} (5)

- Shortest Path (Dijkstra algorithm) between ne.;
and source, based on weight w, Shortest path
- Nodes shortest path € S;
- Edges shortest path € F;

between critical
node and source

- Calculation of centroid p.n, (17) of set C;
- Calculation of distance d(u.x,) between p.n, and nodes of set V; (6)

- Select the node with the lowest distance to V;
Nse = argmin{d(pcx,): V n € Vi} (8)

Are there pipes ,\me
linking nse; With B;? CI usten ng

Vier > Vi = {ngel}

- Select the pipe with lower weight w,
Pser = argmin{w,: V p € E}} (9)
Psel € F

Ei1 > Eina

(13)

- {psel}

- Calculation of Q"e (14) and k, based on graph
of developing sector: H;= (Bi(H)), F{H)), Iz) (11).
- All other pipes must be closed
- Calculation of Ppay, Pmin and ts (15) in set B;

Are there more pipes
linking nge; with B;?

Vi =

Hydraulic calculation and verification of water
supply equity

-

Figure 2. Flowchart, including high-level pseudocode and conceptual description, for implementation
of sectors in intermittent water supply networks.
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2.4.1. Calculation of Weights in Pipes and Nodes

The network is represented by a graph R, which consists of a triplet, namely, the network node
set V(R), the set of network pipes E(R), and the incidence relation Ir, which relates each element (edge)
in E(R) to a unique non-ordered pair of nodes (vertices) in V(R):

R = (V(R), E(R), Ig). (€]

Based on this network, we can determine the initial theoretical maximum flow, Q,;4yt, as described
above (see [30] for specific details). Pipes are subjected to their maximum to fulfill the minimum
pressure requirements. The calculated pressure, P,?"’“x', at each node n; and the obtained flow,
ngut, and head loss, hgm”t for each pipe p, are used in weight calculation as follows.

Node weights, wy,, are directly related to the pressure at each node #:
0, = P, ®

Under the same working condition, a pipe weight, wp, is determined by the inverse of the power
dissipation [42], a function of the water specific weight, -y, and the calculated flow and head loss on
pipe p, asin (3).

1

ngaxf (3)

Wy = .
P Qmaxt
. hp

2
With the pipe weights, the network becomes an undirected weighted graph, in which it is possible
to recognize least-loss-energy pipes.

At this stage, using the graph of the entire network, we also calculate the degree of each node,
&n, which is later used to determine the degree weight, w¢y,, and the similarity distance (see below).

2.4.2. Calculation of Criteria Weights

In the process, for node selection and subsequent sector development, various node-related
criteria are considered, namely: east coordinate; north coordinate; elevation; pressure at theoretical
maximum flow working condition; and connection degree.

Criteria weights, z,,;, (m = 1 for east coordinate, m = 2 for north coordinate, m = 3 for elevation,
and m = 4 for service pressure) are derived from the opinion of the water company experts, since they
are fully acquainted with the network characteristics and performance. To derive those weights we
use pairwise comparison matrices and their Perron eigenvectors to transform opinions into weights
or priorities, as in the analytic hierarchy process (AHP) [43,44]. A different treatment is given to the
connection degree, as explained below.

2.4.3. Critical Node Selection

This is an iteration process starting after completing the initialization stages 2.4.1 and 2.4.2. In each
iteration step, first an individual (a node) for building the next cluster is identified. Some individuals
are then grouped around it, and clusters (sectors or DMAs) are thus defined iteratively.

To build the i-th sector, we first identify the critical network node, 71.,;; ;, in the set of remaining nodes,
Vi (initially, all the nodes of the entire network belong to this set). This critical node is selected to be the
least-supply-pressure node during the maximal theoretical flow working condition, according to (2):

Neriti = argmin{w, : Vn € V;}. 4)

This node is also the seed element of cluster C; under development. Thus, it is the first element in
cluster C;, and must be included in this set: #1.,;; € C;.
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Moreover, to avoid further selecting the critical node from the next set, V;, 1, it must be removed
from the previous set, V;:
Vigr = Vi — {nerii }- 5)

2.4.4. Shortest Path between Critical Node and Source

With the dissipation energy weight, w;, of every pipe, the critical node as a start, and the supply
source as a destination, we determine the shortest path between both using the Dijkstra algorithm [45].
If there is more than one supply source, the shortest path must be determined for all sources. This step
is essential to identify sectors, since each sector will have its own starting shortest path. Due to pipe
weight characteristics, the shortest path will usually be made up of larger diameter pipes.

This path is used for hydraulic calculations as a sector entrance. A second node subset,
S;, which groups shortest path nodes, is also defined, as well as a pipe subset, F;, which groups
the shortest path pipes.

2.4.5. Node Clustering

The critical node becomes the cluster initial centroid, y., (see (17) below for an exemption) and
the next node is selected from subset V;. This selection is determined by using the similarity distance,

4
d(,“c/ xn) = Wen * Z Zm - (]/lcm - xnm)zl (6)

m=1

between centroid yi¢; and normalized value x;,,; for each node #n, depending on the m criteria, and
on the cluster connection through an edge (pipe). Before stating the selection mechanism, we first
explain (6) further.

The weight wy, is described below. Note that normalization for each criterion is performed by
dividing each value by the sum of the criterion values.

Using east and north coordinates, we determine an equivalent value to the horizontal distance
between the centroid and every network node. Closer nodes to the centroid are more likely to be
grouped in the forming cluster. Normalization of these coordinates must refer to a common value to
avoid modifying scales of the reference plane axes. This common value may be the greatest value of
the east or north coordinates sum.

Node elevation and pressure criteria are particularly useful to achieve equity in sector supply.
In this way, clusters are integrated by nodes with similar pressure and elevation.

This selection process may leave isolated nodes that connect with a sector through a single pipe
and are unable to form a new sector. For this reason, similarity distance (6) is calculated using a weight,
wgn, which depends on the degree, g, of node 7 in the network. Nodes with a low connection degree
are prioritized in the selection by means of

Wen =1+ %. @)

M is a constant that depends on the importance of the node degree. Assuming low values
for M (1 to 10) implies giving more importance to the node connection degree in the network.
Low values are recommended for branched networks, in which branches are in an unfavorable
location (distant nodes or nodes with differing elevations or pressures). In the case of looped networks
with uniform characteristics, M may be greater (50 to 100), and a value wg, = 1 may be adopted.
Prioritizing low connection degree nodes may increase pressure differences between the highest and
lowest pressure nodes in the cluster. Consequently, smaller sectors are created.
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To select the next node to belong to the cluster, we consider the graph used in the hydraulic
calculation. The selected node, 1s,, is the graph node minimizing (6), that is to say, the graph node
with the smallest similarity distance:

g = argmin{d(pc, x,) : Vn € V;}. (8)

However, we also need to guarantee the existence of an edge between the previously selected
nodes, and the newly selected node (Figure 3). As a result, to select a node we need more than
one iteration.

References
\) Critical node . Selected node

A Centroid === Shortest similarity distance
---= Similarity distance to node with pipes to nodes

Figure 3. Selection of the node with shortest similarity distance with the pipe to be clustered.

If a new selected node has many pipes connecting with the sector (Figure 4), then the water has
many options to flow and sector capacity is likely to increase.

Selected pipe
Figure 4. Selected node with many connection pipes to open.

Conversely, if the selected node has few links with the new sector, reducing pressure loss by
changing the number of available circulation routes is less likely to succeed. Increasing or decreasing
the network capacity and achieving the desired equity depends on the elevation and pressure of
the selected node. If a node has a comparatively low elevation in the sector, it has a high pressure.
Thus, this node may become the highest pressure node, which reduces equity and defines the further
selection process. If a node has a higher elevation than the elevation node average, it may become a
new critical node due to its minimum pressure, whose effect tends to reduce sector capacity.
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By selecting the smaller diameter pipes first, the selected pipe, pq.;, from the set of current available
pipes, E;, is the pipe with lowest weight wj:

pser = argmin{w, : Vp € E;}. )

Every selected node, 1, and pipe, ps.;, must be included in the developing cluster, C; (115, € C;)
and in the shortest path pipe subset, F;, (ps € F;), respectively. Moreover, the subset of the critical path
nodes, S;, must also join the cluster node subset, C;, to obtain node subset B;, as in (10), which is the
base for the new graph, H;, as specified in (11). This graph is used for hydraulic calculations.

B;=C;US;, (10)

H; = (Bi(H;), Fi(H;), Ir)- (1m

To avoid picking more than once any nodes and pipes previously selected for other sectors,
each must be removed respectively from the new vertex set, V.1, and edge set, E;,1, used in the
next iteration:

Vi+1 — Vi+1 - {nsel}/ (12)
Eit1 = Eiy1 = {psa}- (13)

Now it is time for hydraulic calculations with the current sector B;.

2.4.6. Hydraulic Calculation and Verification of Water Supply Equity

At the beginning of the hydraulic calculations, only pipes in subset F; are considered open,
while the remaining pipes are considered closed until a node that connects them to the developing
sector is selected. This situation may have a huge influence in the sector capacity calculation and,
consequently, in equity and supply times.

We now calculate the theoretical maximum flow, Qj,,.,, with the graph of the developing sector H;
for a working condition 1. We also determine the maximum, P4y, and the minimum, P,,;,,, pressures for
the selected set of nodes, B;. Thus, we are able to determine the peak factor, k;, and, using the average

demand, Qj, for any selected node j,j=1, ..., ns, we obtain for this working condition

Qe = ku- Y Q. (14)
=1

]

To determine the supply time, t;, we assume that the consumed water volume in continuous

ns

supply equals that of intermittent supply, Vs = ¥ Q;-24 = QL s - ts. Furthermore, we consider that
j=1

the average flow is distributed 24 h a day, and the network capacity [30] is high enough to supply a

high flow, Q in a short supply time. Thus,

u
maxt’

24

t
s k.

15)
Usually, the greater the number of grouped nodes, the lower the peak factor k, value, so supply
periods tend to 24 h. If the number of nodes is low, the peak factor increases, and thus supply time is
shorter. In this case, having fewer supply hours is useful for avoiding supply schedule overlap.
The configuration and number of nodes in a hydraulic sector limits its theoretical maximum flow
and, thus, its peak factor as well. Consequently, there is an intrinsic relation between a sector size and
its supply time to guarantee an appropriate pressure.
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The process of cluster selection of nodes comes to an end when the pressure difference, AP, of the
hydraulic calculations surpasses a limit value, Py, which assures water supply equity:

AP = Ppax — Piin > Peq' (16)

If the pressure difference, AP, still guarantees equitable supply, perhaps new elements (nodes and
pipes) can be incorporated in the current sector. To this end, if there are still unassigned nodes (V; is
not empty) a new centroid, ji¢y, is determined for each criterion m. We use the normalized values Xgm
for each node g, which makes up the developing sector B;, N; being its total number of nodes:

1 Y
Hem = ﬁc Zl Xqm- (17)
g=

If, on the other hand, Py, is effectively surpassed and there are still unassigned nodes (V; is not
empty), we start the iteration process in Section 2.4.3 again, and use the next critical network node,
which is selected from all the excluded nodes (already grouped in previous clusters). From this new
critical node, a new sector is built. Each network sector is built this way until all the nodes are assigned
to a sector. This ends the sectorization process.

3. Case Study Description

The case-study network, shown in Figure 5 and summarized in Table 2, corresponds to a
subsystem of the water supply network of Oruro (Bolivia). This network is supplied for 4 h a day,
its demand flow during this period is 12.64 L/s, and its minimum pressure is 5.30 m. The minimum
water level at its source is 3737 masl (meters above sea level), and the network average elevation is
3718 masl.

To achieve an equitable supply and build large sectors, we adopt a minimum pressure of 10 m
and a pressure difference of 5 m, which is the maximum value recommended by CPHEEO.

Figure 5. Network model with intermittent water supply to sectorize.
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Table 2. Main network characteristics of the case study.

Description Value
Number of network nodes 56 nodes
Number of network pipes 61 pipes
Average demand flow in intermittent water supply 12.64L/s
Current supply time 4h
Minimum pressure 530 m
Maximum pressure 17.20 m

Preliminary Evaluation of Water Supply Equity

Before applying our process, we evaluate some modifications in the current network management
to try to achieve equitable supply. First, we determine the setting curve and network maximum
theoretical flow [30] that satisfies the minimum service pressure of 10 m (Figure 6). The theoretical
maximum flow or network capacity is 10.04 L/s, which does not fulfill the population demand in
intermittent supply (12.64 L/s). One way to satisfy this requirement is by reducing the minimum
service pressure to P, = 5.30 m, which rearranges the setting curve to a fulfillment of the demanded

flow (Figure 6).
3746 = :
_& I e Setting Curve ( P, =10 m) _; I
3744 - 5| g |
2 Water level in supply source 2|
3742 - £ | | === Modified Setting Curve ( P, =5.3m) %
2|
3740 - 3| e |
E 2| £ |
< 3738 - = gl
g & 54
3 3736 - 2| pdl
c g | ”é |
T 3734 - = | R
3 Y -
©
T 3732 - g ! PR ® |
| e § I
3730 - : o < :
-’
-,
3728 - : o :
--‘
3726 ===p=s=TT : : : '
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00

Network inlet flow (L/s)

Figure 6. Reduction of the minimum pressure to reach the demand flow in intermittent supply.

As a result, the minimum pressure (10 m) is not met. Moreover, the difference in pressure
AP =11.99 m between the maximum pressure 17.29 m and the minimum pressure 5.30 m far exceeds
the desired pressure of 5 m. Thus, other solutions must be evaluated.

A second alternative is increasing the number of supply hours (18). In this way, we reduce the
average flow in intermittent supply (Q;,; = 12.64 L/s) to a value that equals the current network
capacity (Quuaxt = 10.04 L/s), using

fs - Q[nt . (18)

tmin =
e Qmuxt
If we modify the initial supply time, t; = 4 h, to a minimum supply time, t,;, = 5.04 h,
the demand is satisfied by the network capacity, 10.04 L/s, and the pressure at each node is over 10 m.
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Nevertheless, we must also evaluate pressure differences. We determined the pressure difference
AP =7.88 m between the maximum pressure 17.88 m and the minimum pressure 10.00 m, which clearly
exceeds 5 m and thus equity is not guaranteed.

As a consequence, a sectorization alternative needs to be studied. In the next section, we apply
the process developed in this paper.

4. Results and Discussion

As shown, for the sectorization process, we use the following criteria: east coordinate;
north coordinate; elevation; pressure; and node degree (Table 3). All except the node degree, need to
be normalized (Table 4).

Table 3. Criteria for clustering process.

Node East Coordinate (m)  North Coordinate (m)  Elevation (m)  Pressure (m)  Degree
J-2 698,074.22 8,010,604.23 3719.00 17.87 4
J-3 697,855.66 8,010,454.61 3719.00 16.05 3
J-4 697,853.41 8,010,448.53 3718.98 16.06 3
J-57 697,801.55 8,010,310.70 3718.60 13.14 2

Sum - 448,583,649.73 208,217.36 808.56 -

Table 4. Normalized values.
Node Xn1 Xn2 Xn3 Xna
J-2 0.00155617 0.01785755 0.01786114 0.02210271
J-3 0.00155569 0.01785721 0.01786115 0.01984983
J-4 0.00155568 0.01785720 0.01786103 0.01985699
J-57 0.00155557 0.01785689 0.01785921 0.01625678

Criteria weights are determined based on interviews with water company experts. In this case,
study, three company experts were interviewed. Thus, we set pairwise comparison matrices [44] that
influence every criterion (except for node degree, which, as explained above, receives a different
treatment). Perron eigenvectors represent the criteria weights that were defined by the company
experts. Table 5 shows the pairwise comparison matrix of expert 1 as well as its Perron eigenvector.
These values have a consistency ratio (CR) of 5.1%, which is suitable for the criteria [44]. The final
weights are obtained through the component geometric from the Perron eigenvectors for the experts
(Table 6), which also had acceptable CR values.

Table 5. Pairwise comparison matrix, expert 1.

Criterion East and North Coordinates Elevation Pressure Eigenvector
East and north coordinates 1 3 1/2 0.333
Elevation 1/3 1 1/3 0.140
Pressure 2 3 1 0.528
Table 6. Normalized weight of each criterion.
Criterion Expert 1 Expert 2 Expert 3 Geometric Mean  Normalized Weight
East and north coordinates 0.333 0.333 0.200 0.281 z1 =25 =0.291
Elevation 0.140 0.333 0.200 0.210 z3 =0.218
Pressure 0.528 0.333 0.600 0.473 z4 = 0.490
Total 1 1 1 0.964 1
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Due to the network characteristics, it is less likely that disconnected nodes are left during sector
building. Therefore, as discussed above, taking (7) into account, we assume a weight w, = 1 for

each node.

To start building the first sector, we identify node J-38 as the most critical node in the network.
Starting from this node, we determine the shortest path to its supply source (see Figure 11,
which compiles the final results), and thus we set the first sector. Later, we group nodes according to
their similarity distance. Every step is evaluated until each node has a pressure difference that assures

the desired equity (Figure 7).
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Figure 7. Variation of the pressure difference as a function of the selected nodes.

The clustering process produces evident jumps in pressure differences (Figure 7), due to selection
of nodes that enable either raising the pressure, or reducing the minimum pressure. After surpassing
the pressure difference of 5 m, DMA implementation stops, and according to this condition, the first
26 nodes selected make up the first sector, without considering the first nodes of the identified shortest
path (see Figure 11).

The sudden increase in the developing sector capacity is caused by selecting nodes that have a
high degree of connection. This situation causes a reduction in supply time, because the greater the
capacity, the shorter the supply time (Figure 8).

Let us continue with the process. The network critical node has already been selected for the
first sector. Consequently, there is a new critical node among the unselected nodes. Since pressure
difference between this node and the supply source is large, an equitable supply is difficult to achieve.
Consequently, we consider reducing the head in the source, or creating more sectors. For better network
performance, in terms of supply equity, and to reduce leaks, it is better to reduce the head at the

supply source.

We now evaluate situations in which the head at supply source, H;, is reduced. Moreover, we increase
the pressure difference value to analyze the sector configuration behavior at high pressures (Figure 9).
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Figure 8. Variation in water supply time as a function of the selected nodes.
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Figure 9. Variation of the pressure difference as a function of the selected nodes and the head in the
water supply source.

If the head in the source is 3737 m or 3736 m, for which the pressure difference surpasses 5 m
(Figure 9), we would need to create more additional sectors. This becomes necessary because pressures
must be adjusted to the pressure difference between the pressure at the nodes near the supply source
and the lowest pressure node.

If the head in the source is reduced, we obtain pressure differences lower than 5 m starting
from values lower than 3735 m. The lower the head in the source, the lower the pressure difference
between the supply source and the critical node, with which we achieve a greater supply equity.
Nevertheless, pressure difference reduction means increasing supply service time.

187



Water 2017, 9, 851

As for the first sector, sudden reductions in supply hours (Figure 10) are caused by increasing the
network capacity, which, in turn, is due to the selection of high connectivity degree nodes.
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Figure 10. Variation of the water supply time as a function of the selected nodes and the head in the
water supply source.

It is not recommendable to reduce the current number of supply hours, because users may
complain. Thus, to have a 4 h supply, we define a pressure head of H; = 3732 m (Figure 10). Under these
conditions, we create the second sector (Figure 11) and guarantee the desired equity.

The sectorization process produces two sectors with intermittent supply (Table 7). The pressure

difference is lower than 5 m, which assures equitable supply. We also determine the supply time based
on the hydraulic characteristics of each sector.

Table 7. Characteristics of the sectors after the sectorization process.

Sector Piax (m) Py (m) AP (m) Qinaxt (L/s)

Sector1 14.81(-30) 10.00(J-57)  4.81<5 276
Sector2 1354 (J-10) 10.00 (-34)  3.54<5 6.18

Supply Time £ (h)  Hs (mca)  Clustering Nodes C;

8.46 3737 26
4.41 3732 30

Sector delimitation is achieved by installing sectioning valves at pipes T-56, T-22, T-53, T-51, T-17,
T-39, T-43 and T-61. Pipe T-57 controls the incoming water flow to sector 1.

Due to the network characteristics, initial nodes of first shortest path, namely J-2, J-26, and J-49,
work in both sectors, and supply time is longer (12.87 h). This situation could be avoided, for example,
by installing a direct connection pipe between the source and sector 1.

Sector 1 includes the network critical node, which reduces its capacity and conditions the sector
to have a longer supply time. Conversely, sector 2 may have greater capacity because the critical node
does not belong to it, and the new critical node favors capacity increases.
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Figure 11. Development of sectors 1 and 2.

5. Conclusions

In this paper, we have considered a procedure to define sectors in a water distribution network
with intermittent supply. We develop sectors based on equity criteria, and using water company
expert opinions. Moreover, we determine the supply time using the sector hydraulic conditions.
The authors claim that these characteristics are innovative in methodologies of this kind. The developed
methodology uses soft computing elements of graph theory and clustering.

The sectorization process is a very useful technical management tool for those intermittent
supply systems that are unable to evolve to continuous supply, and for systems that could evolve to
continuous supply.

Sector construction based on equity criteria may also be wuseful for a future
intermittent-to-continuous-supply  transition, ~because sectors help define areas for
pressure management.

A sectorized network by itself does not guarantee equitable and predictable intermittent water
supply. It is also necessary to manage the supply schedules for all sectors to avoid schedule overlaps
with consequent pressure reduction [17].

In our case study, due to the network characteristics, some shortest path nodes were selected
for more than one sector. This could be avoided, for example, by setting up a shortcut pipe between
source and sector. However, let us note that, although these nodes are supplied for a longer period of
time, they satisfy the pressure difference condition in their sector.
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In larger networks with more than one supply source, we need greater computing capacity and
suitable process supervision.

There are few tools for the management of intermittent supply networks. It is necessary to
develop more sectorization techniques for this type of network, in which sectors are intrinsic elements.
Future sectorization network research must aim at reducing the number of pipes with isolation valves,
developing efficient equity indicators, and evaluating the resilience of created sectors to assure constant
equity in supply.

Related to this last issue, despite the absence of explicit resilience reference values (such as for
the pressure difference as recommended by CPHEEO [2]) for studies including equity as a criterion,
we mention here that the resilience index [42] for the entire network is 0.894, which is, as expected,
clearly improved after sectorization. In effect, the new resilience values are 0.969 for the first sector
and 0.997 for the second. From our point of view, this improvement clearly backs our sectorization
proposal, which we consider to be promising.
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Abstract: Cities depend on multiple heterogeneous, interconnected infrastructures to provide safe
water to consumers. Given this complexity, efficient numerical techniques are needed to support
optimal control and management of a water distribution network (WDN). This paper introduces a
holistic analysis framework to support water utilities on the decision making process for an efficient
supply management. The proposal is based on graph spectral techniques that take advantage of
eigenvalues and eigenvectors properties of matrices that are associated with graphs. Instances of
these matrices are the adjacency matrix and the Laplacian, among others. The interest for this
application is to work on a graph that specifically represents a WDN. This is a complex network that
is made by nodes corresponding to water sources and consumption points and links corresponding
to pipes and valves. The aim is to face new challenges on urban water supply, ranging from
computing approximations for network performance assessment to setting device positioning for
efficient and automatic WDN division into district metered areas. It is consequently created a novel
tool-set of graph spectral techniques adapted to improve main water management tasks and to
simplify the identification of water losses through the definition of an optimal network partitioning.
Two WDN:Ss are used to analyze the proposed methodology. Firstly, the well-known network of
C-Town is investigated for benchmarking of the proposed graph spectral framework. This allows
for comparing the obtained results with others coming from previously proposed approaches in
literature. The second case-study corresponds to an operational network. It shows the usefulness and
optimality of the proposal to effectively manage a WDN.

Keywords: water distribution system management; spectral analysis; complex networks

1. Introduction

Starting from 19th Century, Water Distribution Networks (WDN) were designed using a
traditional approach based on mathematical models to find their optimal system layout in terms
of water demand and pressure level satisfaction in each node. Nowadays, new challenges come from
network management of an old water system designed more than 50-70 years ago. For instance,
significant water losses in the WDN can usually be spotted, raising some cases up to 70% [1]. The issue
often leads to having nodal pressures that are lower than a minimum service level. On top of this,
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there is a bigger problem regarding WDNSs delay in terms of management and innovations when
compared to other network public services (electricity, transport, gas, etc.). This fact is noticeable
nowadays when there still is a bias on a lack of development of urban water issues with respect to
smart cities research [2,3]. It is necessary to propose new paradigms, creating a novel framework
analysis in research and development for urban water management.

The complexity of WDN management depends on different peculiar aspects, such as network
connectivity or asset location (e.g., pipes, pumps, valves). In addition, any WDN performance shows
a strong dependency on the complex network geometry produced by traditional design criteria, i.e.,
placing looped pipes under every street. These complex geometries and topologies require innovative
approaches for the analysis and management of a WDN with a densely layout of up to tens of
thousands of nodes and hundreds of looped paths that can be considered as complex networks [4].
Recently, there have flourished algorithms and mathematical tools in graph and complex network
theory to better analyse the behaviour and evolution of complex systems [5-7]. All of these tools are
focused on how “structure affects function” [5] as key aspect for their development. Among the most
important methodologies handling complex networks are the Graph Spectral Techniques (GSTs) [8].
GSTs analyze network topologies by exploiting the properties of some graph matrices, providing
useful information about the global and local performance and evolution of network systems.

A number of GSTs have been applied to WDNs over the last years. These shown to be useful
to define an optimal clustering layout through spectral clustering [9-11]. GSTs also supported
approaching preliminary assessments of the global network robustness through graph matrices
eigenvalues [12-14], providing surrogate robustness metrics. However, these studies only use some
GSTs properties and do not provide an overall framework regarding the opportunities offered by the
study of network eigenvalues and eigenvectors.

This paper proposes a GST tool-set based on two graph matrices and their relative spectra for
supporting several applications on WDNs management. The aim is to present a complete outline
on the capabilities provided by graph spectral techniques applied to WDNs and assemble them into
a unique framework. The paper highlights how GST metrics and their algorithms aid to face some
crucial tasks of WDN management by just using topological and geometric information. In literature
exist several approaches enhancing graph theoretic approaches for WDN management with hydraulic
information. There are addressed this way the problem of network failures quantified both with
respect to physical connectivity and water supply service level [15-18], resilience analysis [19], ranking
pipes [20], and vulnerability analysis [21]. However, there are a series of advantages of focusing the
analysis only on the network topology. The GST tool-set provides a solution in the frequent case of not
having available hydraulic information, foste