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Abstract

The efficient operation of a system is a fundamental tool for extending the system’s service life
as much as possible and ensuring good service to the consumer. This is in addition to keeping
electrical energy and maintenance costs at acceptable levels. Efficient operation requires
detailed knowledge of the system and this knowledge provides two benefits. First, supported by
tools such as models for hydraulic simulation and operational optimization, it provides the
operator with proper conditions for the rational operation of the system. Second, it maintains the
system’s reliability, without depending exclusively on the personal experience of the system
manager. This paper introduces a computational model for the optimal operational control of
macro water distribution systems using the EPANETZ2 hydraulic simulator. Recognizing the
multi-objective nature of the optimal operation problems of water distribution systems, this study
shows an application of an elitist multi-objective evolutionary algorithm, namely the Strength
Pareto Evolutionary Algorithm (SPEA), to generate a series of non-dominated solutions. The
optimal operation analyses were conducted on the macro water system of the city of Goidnia in
Brazil. This was in order to minimize the cost of the electrical energy in the pump stations and to
maximize the hydraulic benefits in terms of the required pressure at the demand nodes and of
adequate reservoir levels. The results quantify the benefits to the system and provide a set of
optimal solutions for satisfactory operation of the water distribution system.
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1. INTRODUCTION

The concept of systems operation, understood by laypersons as a mere sequence of equipment
commands whose objective is to meet the demand [1], is actually far more complex, involving
aspects of planning, control and supervision, and infrastructural consumer support and
services, all of which are considered simultaneous and interdependent.

The operation plan requires that at least four basic conditions be met: a) a clear definition of
the objectives to be achieved; b) the availability of mathematical analysis models; c)
equipment to process these models; and d) knowledge of the system [2].

The medium and large systems are designed and operated based on global efficiency,
involving issues such as reliability, pressure and demand distribution, energy consumption,
minimization of losses, etc [3]. In this global approach, questions of numerical efficiency are
associated with providing answers about complex operational issues, driving researchers to
develop appropriate numerical techniques that allow for the solution of highly complex specific
or general problems.



Optimization techniques have traditionally been used to design water distribution system units
at low cost. According to [3], the interface between the hydraulic simulation model and the
optimization model should be carefully built to give the model transparency, thereby facilitating
its use, and allowing for the analysis of complex problems involving multiple objectives.
Algorithms based on a stochastic search process have been used successfully because they
are easy to use and their applications are practically unlimited. This is an optimization model
that allows for the introduction of heuristic rules. A GA is a search algorithm based on natural
selection and on the genetics of populational evolution. Its advantage over other techniques is
that, by directly analyzing a population of feasible solutions through the improvement of
successive populations, high performance solutions are found in terms of the multiobjective
criteria defined by the problem.

The purpose of this work is to present a methodology to achieve the optimal operation of water
distribution systems, essentially macro systems (skeleton), concerning the costs of the
operation (electrical energy) and the hydraulic benefits. It represents an attempt to provide a
set of adequate operation rules in order to minimize costs and maximize hydraulic benefits.
Based on the knowledge of the system, the purpose is to optimize its operation through
multiobjective genetic algorithms (MOGASs), supported by a realistic hydraulic simulation model
of the system behavior.

2. METHODOLOGY

The purpose of operating water supply systems is, at acceptable risks, to meet the needs of
consumption and minimize operational costs and, implicitly, to take the best possible
advantage of the transport and reservoir system so as to retard expansion-related investments.
The system’s operation is a sequence of actions taken on the active elements of the system,
such as valves and pumps in order to meet the objectives.

The optimization implemented here takes into account two objectives: the minimization of the
operational costs and the maximization of the hydraulic benefits, considering the index of
demand met, adequate levels of water in the tanks, and minimum and maximum pressures at
the demand points for a 24-hour period of analysis.

2.1 Hydraulic Simulation of the System

The hydraulic simulation evaluates the system’s response to operational decisions in terms of
their variables of state, i.e., pressure, flow rate and level in the tanks. It is therefore an
essential tool for the computational routine which quantifies the established objectives.
EPANET2, via Toolkit [4], is used for this purpose.

2.1 Operational Optimization Using Multiobjective Genetic Algorithms

Optimization techniques are used to search for optimal solutions for a specific operational
problem. If the objective is, for instance, to minimize the operational cost, the cost function will
be associated with the price of electrical energy, pump discharge, load losses at the facilities,
etc [2]. On the other hand, to meet the objective of minimum cost, the system itself imposes
restrictions, such as maximum and minimum tank levels, limits of pressure and of power and
quantity of available water.

The use of optimization techniques to solve control problems poses some difficulties, involving
the large number of equations to be solved, formulation of the general problem, treatment of
inexplicit operational restrictions, and data acquisition and maintenance.

The goal of the multiobjective GA is to find the optimal Pareto set (also called optimal Pareto
boundary), which corresponds to the set of all the non-dominant solutions of the search space
[5]. GAs are naturally appropriate for the analysis of the Pareto surface because they work with
populations of solutions, yielding as answers a set of optimal solutions rather than a single
solution.

According [5] and [6], since 1993, different evolutionary algorithms have been proposed for the
solution of multiobjective optimization problems. The Multi-Objective Genetic Algorithm



(MOGA), the Niched-Pareto Genetic Algorithm (NPGA), and the Non-dominated Sorting
Genetic Algorithm (NSGA), were the precursors of this technique, whose basic characteristics
are: evaluation of the members of a population based on the Pareto dominance concept and on
preservation of the diversity of solutions. Although these algorithms have proven efficient to
obtain multiple non-dominant solutions to various engineering problems, researchers have
suggested the introduction of elitism to improve their convergence properties. Several
algorithms stand out among the multiobjective evolutionary algorithms that consider elitism,
i.e., the Strength Pareto Evolutionary Algorithm (SPEA and SPEAII), the Pareto Archived
Evolution Strategy (PAES), the elitist GA of Rudolph, Pareto Envelope-based Selection
Algorithm (PESA and PESA Il) and Non-dominated Sorting Genetic Algorithm (NSGA II).

This work uses the elitism-based SPEA method. Uniform crossover and non-uniform mutation
were adopted for this work, following an analysis of the results of several tests using various
different operators [7].

3. DEFINITION OF THE OBJECTIVE FUNCTIONS

Focusing on the development of a flexible tool that is easily handled by operators and clearly
providing a set of operational rules according to the working conditions, part of the macro
piping system of Goiania, Brazil, was considered for analysis and evaluation of the results. For
a clearer picture of the proposed application a diagram is shown of the system under study
(Fig. 1), with its main characteristics (Table 1).

Several objectives can be listed when one evaluates a real water supply system in order to
reach its optimal operation. One of the hypotheses is to evaluate the operational cost, including
the system’s maintenance and operation, collecting data about all the mechanical and hydraulic
parameters relevant to this evaluation.
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Fig. 1 — Diagram of the macro system of Goiania, Brazil

Studies developed in the past showed that, of all the parameters relating to this issue, the most
relevant one is the cost of electrical energy consumption at water pumping stations. Another
possibility is the system’s reliability in meeting consumer needs coherently. In this case, several
parameters can be listed. The reliability of water supply systems can be considered from a
hydraulic or mechanical standpoint. The former involves the physical parameters, which vary
according to operational changes in the system, while the latter involves the possible
interventions on equipment [8]. Likewise [9], this work evaluates two basic objectives, the
economic objective and the objective of hydraulic benefits of the water distribution systems.

In the case of the economic objective, the intention is to minimize the costs of electrical energy
consumption at the pumping stations.



Table 1 — Goiania Macro System — Pump and Tank Data

Volume Min. | Max. Elevation
Flow(l/s) | Pumps Head(m) | Tanks (m3 ) Level | Level
895 26 85 14 10,000 1.5 6.0 858.0
895 27 85 19 5,000 1.5 5.5 861.5
895 28 85 24 10,000 1.5 7.0 836.5
29 3,000 1.5 5.0 863.0

The daily cost for each pump at a pumping station is given by the sum of the cost of the
maximum demand factor and the measured cost of consumption.

Considering the electrical energy costs to operate the pumping stations as an objective
function, one has the following expression:
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where k is the number of pumps at the pump station, ¢ is time(h), Cu(¢) is the unit cost of

the rate(R$/kWh), O(k,t) is the pumped outflow(m’/h), H(k,t) is the hydraulic
head(m ), n(k,t) is the yield of the set(%), D is the maximum demand factor(kW ), and Rate

is the rate of maximum demand factor(R$/kW).

Three hydraulic parameters of the system were evaluated as benefit attributes: level of
response to pressures at the demand nodes; minimum levels in the tanks; and the degree to
which the demands are met. Based on [10], it was decided to adopt an optimal performance
index to evaluate the hydraulic benefits. In this work, the quality of the water and the
mechanical reliability were not considered, although their importance in the operational
optimization of the system is recognized.

To consider the benefit of meeting the pressures at the demand nodes, it was used the index

called, the pressure adequacy benefit (¥, ), using the following equation :
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where P, , is the actual nodal pressure (by EPANET), P, is the minimum pressure (15m),

min
and P, isthe maximum admitted pressure(time t).

The hydraulic benefit in terms of adequate nodal pressure ( HB,,,), will be calculated by the
following equation:
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As for the case of the benefit in terms of water levels in the tanks, it was used the index called
the tank water level benefit (¥, ), as follows:
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where N, is the tank water level at time #by EPANET), N ;. is the minimum water

at(j.t

level in the tank j, and N, ;,, is the required water level in the tank jat the time ¢.

min( j

The hydraulic benefit in terms of adequate water levels in the tanks ( BH, ), will be:
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As for the demands, the hydraulic benefit( HBg,, ), one has:
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where Q. is the hourly demand at the node / at time ¢, and ZQdem(,.,t) is the total hourly
i=1
demand at time t.
Thus, the objective function of hydraulic benefits will be:

FO _2=HB,, + HB,, + HB,,

Both the objectives (minimum cost and maximum benefits) defined by FO_1 and FO_2 are
conflicting. So, trade-off solutions that define the set of non-dominated alternatives called the
Pareto front have to be identified through multiobjective genetic algorithms.

4. REPRESENTATION OF THE SOLUTIONS

Each vector representative of a possible S1 solution for the system’s operational strategy has
the following characteristic:
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where S, represents the solution vector, P and V are the decision variables, P, is the

status of pump number 1 at time zero (0/1=off/on), and V, , is the status of the valve number
1 at time zero (0/1=closed/opened).

5. PROPOSED COMPUTATIONAL MODEL

A computational model was implemented which basically comprises two models: first, the
hydraulic evaluation model, using Toolkit Library-Epanet2 codes and second, a multiobjective
GA implementation model. The final parameters used in the optimization model were: uniform
crossover, non-uniform mutation, population size=300, maximum number of generation=400,
probability of crossover=0.9, and of mutation=0.006(1/number of decision variables).

6. RESULTS



The results obtained from application of the multiobjective genetic algorithm SPEA to the
Goiania’s water distribution system are presented in this section in order to identify the final
Pareto front (Fig. 2). This figure also indicates one randomly selected solution to show the main
operational characteristics of the system when the operational rules are applied. The Fig. 3 and

Fig. 4 present the tank water levels and pump operation for this random solution.
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7. CONCLUSIONS




This paper employs an elitist multiobjective evolutionary algorithm, called SPEA, to optimize
the operation of a part of the Goiania’s Water Distribution System, evaluating the objectives of
minimization of operational costs and maximization of hydraulic benefits, considering the index
of demand met, adequate levels of water in the reservoirs, and minimum and maximum
pressures at the demand points for a 24-hour period of analysis.

The results show good performance of the discovered model when applied in the Goiania
system. In order to obtain satisfactory results and to provide the operator proper conditions for
the rational operation of the system, it is necessary choose a smaller number of solutions, and
to extract those solutions specific rules to operation of the system. We leave this as an open
topic for future research.
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