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Abstract— This paper investigates the optimal design of water distribution
networks without storage capacity using mathematical optimization. Both
micro-genetic algorithm and hydraulic simulation of water network are used to
find the optimal diameters of pipes of the network. The single-objective function
of the optimization problem is the total cost of the capital costs of the piping
network and the pump, and the operating cost of the pump, under the fulfillment
of minimum nodal pressure requirements. An optimization methodology,
Genetic Algorithm for Pumps (GAPUMPS), is used to minimize energy
consumption. The described procedure is demonstrated in four case studies for
water distribution networks with or without pumps. Three case studies are
already established in the literature as traditional benchmark networks: the two-
loop network, the three-loop network without pump, and the three-loop network
with centrifugal pump. The results showed good agreement with the literature.
The micro-genetic algorithm used in this study obtained better, or at least
similar, optimal costs in the number of function evaluations compared with those
of other evolutionary algorithms reported in the literature.

INTRODUCTION
ater distribution networks (WDNSs) are essential

The main objective of water distribution
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system

and fundamental components of any municipal

infrastructure system that aim to meet
residential, commercial and industrial water demands. Most
water distribution networks are designed as loop systems to
increase the availability of water during pipe failures in addition
to increasing their hydraulic reliability and performance.
Because WDNs consist of pipes, valves, pumps, and other
accessories, both their capital and operating costs are huge. A
major drawback of WDNs is, in specific, their high energy
consumption and low efficiency. Thus, further research is
needed to reduce their energy consumption and carbon
footprint.
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optimization is to find the optimal sizes and characteristics of
the components of water distribution system, such as pipe
diameters, pump heads and maximum power, and tanks storage
volume and elevation, from the available commercial choices
to provide an adequate quantity of water for drinking, domestic
household usage, garden use, firefighting and irrigation. This is
achieved by minimizing the operating and capital costs of these
components while the constraints (minimum nodal pressure and
demand) at the consumer nodes are fulfilled and the hydraulic
laws (mass and energy conservations) are maintained. General
recent and thorough reviews on the water distribution network
(WDN) optimization can be found [1-8].
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NOMENCLATURE Npipe number of pipes in the network
- . Npopsiz population size of a GA run
g Hea,f;?'\;\ﬂ:(ﬁrgﬁ roughness cogfficient Nposibi array of integer number of possibilities per parameter
Penalty  PENATLy Nepump number of pumps in the network
Coner  €Nergy cost NYear  project life
Crump capital cost constant of the pump Q pump flow rate
gpv :gtr;flescg:sent worth factor Qu flow rate at the operating point
DT ine diameter Qi pipe flow rate in pipe i
PIpe. . L Qreted  rated flow rate at best efficiency point of pump k
Drmax maximum available pipe diameter 0 maximum flow rate of pump
Dmin minimum available pipe diameter Zmax elevation of node
= energy added to the water by a pump Zoot objective function
frump_1(+)  candidate pump k capital cost op
fump_2(+) annual pump operating energy cost Greek symbols
g gravitational acceleration Y
H head of pump a B constants in the Hazen-Williams friction formula
Hq head at the operating point of pump n efficiency of pump
h head loss due to friction in a pipe 74 efficiency of pump at the operating point
HR@d  rated head at best efficiency point of pump k Timax maximum efficiency of pump
Emf‘x m?r)](_'n'?”n’? rr(]eeaqr(e)rj F;]%rg; essure head v kinematic viscosity of water
Hmln helaclj o:‘j rese?\yolir Presst P density of water
res _ @ numerical conversion constant in the Hazen-
Hsh-off shut-off head of pump (the head at Q = 0) Williams friction formula
Idum initial random number seed for the GA run
ir interest rate per year Abbreviations
L length of pipe
Maxgen maximum number of generations to run by the GA CPU Central Processing Unit
Nchrome ~ number of chromosomes in individual’s binary string FEN Function Evaluation Number
Nioop number of loops in the network GA Genetic Algorithm
Nnode number of nodes in the network GAPUMPS Genetic Algorithm for Pumps
Nop number of pump operating hours per year WDN Water Distribution Network
Nparam number of parameters in individual’s binary string UGA Micro-Genetic Algorithm
In order to achieve this optimal design (minimum capital In the last decade and since the 1990s, traditional

and operating cost design), traditional trial and error approaches
or more effective optimization methods can be used. Due to the
complexity of these systems, such as different pump types,
valves, reservoirs, head losses, substantial changes in pressure
values, and different demand loads, the optimization procedure
using trial and error approaches would be problematic in water
distribution systems. As a result, numerous optimization
techniques, such as linear programming gradient method,
nonlinear programming methods and metaheuristic techniques,
are increasingly used in water distribution system optimization
procedures.

The optimization of WDNs has started since 1960s [9].
Most of the optimization approaches were based on linear and
nonlinear techniques in order to find the optimal pipe diameters.
The pipeline diameters were assumed to take different
configurations: (a) continuous pipe diameters [10], which are
not practical because of the discrete commercial diameters in
the market, (b) discrete pipe diameters and split-pipe (i.e., a pipe
with two different pipe diameters) [11], where the optimization
variables were the lengths of these sections, and (c) discrete
pipe diameters without split-pipe [12]. In the present study, the
latter alternative, discrete pipe diameters without split-pipe, is
investigated.

optimization techniques based on linear and nonlinear

programming have been abandoned and many researchers

embarked on the application of metaheuristic algorithms.

Metaheuristic algorithms are optimization methods used to find

optimal, or near-optimal, solution of optimization problems.

Their behavior is stochastic; the optimization process is started

by generating random solutions. According to Agrawal et al.

[13], these algorithms make a tradeoff between the exploration

phase (i.e., thoroughly investigating the promising search

space) and the exploitation phase, i.e. local searching of
promising area(s) discovered in the exploration phase. These
metaheuristic approaches have many advantages over
mathematical approaches: (a) gradient-based derivatives are not
required, (b) initial vector guess is not required, and (c) ability
to consider continuous variables and discrete variables without

additional processing [14].

Metaheuristic algorithms are classified into two main

categories [13]:

(i) Single solution based metaheuristic algorithms: they start
the optimization process with one solution, and the solution
is updated during the iterations. Their disadvantages are
possible trapping into local optima and not exploring the
search space thoroughly.
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(ii) Population based metaheuristic algorithms: These
algorithms generate a population of solutions that evolves
over time as the number of generations or iterations
increases. These algorithms are beneficial because they
avoid local optima, have great exploration of search space,
and have the quality of jump towards the promising part of
search space. Therefore, these algorithms are used in
optimizing real-world problems.

Metaheuristic algorithms can be divided into four categories
based on their behavior [13]: (a) evolution-based (inspired from
the natural evolution), (b) swarm intelligence-based (inspired
by the social behaviors of insects, animals, fishes or birds),
(c) physics-based (inspired by the rules of physics in the
universe), and (d) human-related algorithms (inspired by
human behavior).

Metaheuristic algorithms are used majorly in the field of
water distribution networks as Genetic Algorithms [15-17],
Ant Colony Optimization [18, 19], Simulated Annealing [12],
Shuffled Complex Evolution [20], and Harmony Search [21],
among others.

The comparison of evolutionary  multiobjective
optimization algorithms in the optimum design of WDNs [22]
and the comparison of water distribution system design
reliability (i.e., mechanical and hydraulic) using multiobjective
optimization [23] are beyond the scope of the present study,
which is mainly concerned with single objective optimization.

In the present study, the optimization of two types of water
distribution networks is included:

A. Optimization of WDN without Pumps “Gravity Networks”

- Pipe Sizing

The limited computational power in the past obliged
researchers to introduce optimization to the design of WDNs
without pumps for simple problems of pipe sizing. The decision
variables of these problems are pipe sizes (diameters) for each
pipe in the network. Given a discrete set of commercially
available diameters, the pipe sizes can be selected. Accordingly,
the possible discrete designs of this combinatorial optimization
problem (i.e., the size of the solution space) is the number of
available discrete diameter sizes to the power of the number of
pipes in the network.

B. Optimization of WDN with Pumps - Energy Efficiency

The recent progress in computational power enabled
researchers to tackle the optimization of WDN components
(e.g., pumps, tanks and valves) and operational issues for
example: pump operation and energy consumption, tank filling
and emptying and valves number and locations [24]. In these
problems, improving energy efficiency is the objective
function. Energy efficiency includes, among others, higher
water pumping efficiency. Two types of centrifugal pumps are
used in WDNSs: fixed-speed pumps and variable-speed pumps.
Fixed-speed pumps are preferred in large WDNSs, where a
continuous water head is required. On the other hand, variable-
speed pumps are useful in networks with varied water demand
whereby the pump size is not a deciding factor [25-28].
Optimization of pumping systems can be achieved by either
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using direct, optimal schedule computation and optimal pump
combinations, or indirect, storage trigger level, operations [29].
Design optimization of centrifugal pumps was performed to
enhance the pump performance [30, 31].

The main aim of the present study is to develop a simulation
procedure (code) to optimize the previously mentioned types of
water distribution networks. The code links the genetic
algorithm with the Newton-Raphson method for hydraulic
simulation of water networks. Four case studies with different
levels of complexity are used to examine the code’s
applicability.

The remaining part of this paper consists of six sections.
Section 2 presents the governing equations of water pipeline
system optimization. Section 3 is devoted to the explanation of
the performance curves of constant speed centrifugal pumps.
Section 4 introduces some fundamental aspects of genetic
algorithm (GA). Section 5 illustrates the case studies used in the
present study. The results and the discussion of these case
studies are presented in Section 6. Finally, the conclusions of
the paper are settled in Section 7.

Il. OPTIMIZATION OF PIPELINE SYSTEMS

Water distribution network design is formulated as a least-
cost optimization problem with the selection of pipe diameters
and pump size as the decision variables. The pipes layout, nodal
demands, and minimum nodal heads requirement are assumed
to be known in the case of WDN without pumps, whereas the
pipes layout, pipes diameters, nodal demands, and minimum
nodal heads requirement are assumed known in the case of
WDN with pumps.

A. Decision Variables

The decision variables are the required intervention actions
and depend on the problem under investigation. Due to the
available discrete commercial pipe diameters in the market,
discrete decision variables are more practical than continuous
decision variables for pipe diameters in the optimization of
water distribution networks [8]. For optimization of a new
water distribution system, the decision variables are the pipe
diameters and the pump configuration; whereas for
rehabilitation, the decision variables include replacement,
relining, or no action for the pipe.

The total number of the decision variables depends on the
water distribution system condition, i.e. gravity network or
network with a pump:

(a) The total number of the decision variables is the number of
pipes for a gravity network (i.e., without pump).

(b) The total number of the decision variables is the number of
pipes and the pump characteristics (i.e. pump sizes) for a
network with a pump.

B. Constraints

The objective function is to be minimized under two major
constraints, namely the model constraints (conservation of mass
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and energy) and the design and hydraulic constraints (available
pipe diameters and minimum pressure requirements).

(@) Model constraints:
For the steady state, the conservation of mass reads:

N Node

ZQJ':O (1)

j=1
where Q; is the discharges into or out of the node j (sign

included) and Nnode is the total number of nodes in the network.
The conservation of energy states that the total head loss

around any loop must equal to zero or is equal to the energy

added to the water by a pump in loop I, E_, , if there is any:

Z hfi = Epl

where hy; is the head loss due to friction in a pipe i in loop |

(i is the pipe number to be summed up in the loop 1) and Niogp
the total number of loops in the network. The friction head loss
in pipe i, hg, is expressed in the present study by the Hazen-
Williams friction formula [15]:

L
hy = cr Di,B

I=1..,N @)

7***1 " Y Loop

Q" ©)

where Q; is the pipe flow rate in pipe i, L; the length of pipe
i, D, the diameter of pipei, C, the Hazen-Williams roughness

coefficient, « and g are constants, and @ is a numerical
conversion constant, which depends on the units used. The
values of ¢, fand @ are known for in each case in the present
study.

(b) Design and hydraulic constraints:

The design constraints (the pipe diameter bounds) and the
hydraulic constraints (the nodal pressure head bounds) are
given respectively as:

DminSDi SDmax
H. >H

i = Mjmin

i =1, Nppe 4)
j=1. Ny )

where D; is the discrete diameter of pipe i, which is selected
from the set of commercially available pipe diameters, H; is the
pressure head at node j, Hjmin is the minimum required pressure
head at node j, and Npipe is the total number of pipes in the
network.

C. Obijective Function

The value of the objective function, Zoy, is positive for
maximization and negative for minimization. In the present
study, this value depends on the studied cases as:

(@) Network without pump: when the total cost of the given
network is minimized, the total cost, Cs, (i.e., the pipes
cost) and the objective function, Zoy, are calculated as:

Npipe

C, =2 6(D)L ©)

i=1
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—C, if H, ., —H <0

j,min

7 = Node
oloc |1+ ! Z(vamin—Hj) else @

Node j=1

where ¢; (Dj) is the cost of commercially available pipe i, whose
diameter is D;, per unit length. The unit cost c; (D;) is generally
a non-linear function of diameter. The second term in the
second formulation of Eq. (7) is the penalty function [32] which
is based on the pressure head violation as given by Eq. (5):

Nioge
Penalty :NC_T z (Hj,min _Hj) (8)

Node j=1

Cc

The aim of introducing the penalty cost function is to
prevent the genetic algorithm from searching in the infeasible
solution area.

(b) Network with a pump: In this case, the total cost, Ct, which
is the life cycle cost, is minimized. It is the sum of the
capital cost of the pipes and the pump, and the operating
cost of the pump. It is calculated as follows [33]:

Npige Npump

Cr= 2 [ (D)L 1+ X [ Frumpa (QF HE™)

i=1 k=1 ©)
+Cpy - fPump_2 (Qk He, )j|

The objective function, Zoy, was previously calculated by
Eqg. (7). In Eq. (9), Npump is the number of pumps in the network,
and fpump_1 (Qi?®, HyRe®d) s the capital cost of the candidate
pump k, which is calculated as follows [34]:

fomp 1 (A HE ) = Co () () 20)

where Cpump is the capital cost constant of the pump and Q&
(m®/s) and HiR*d (m) are the rated flow rate and head at the best
efficiency point of the pump Kk, respectively. It is known that at
the maximum efficiency, the differentiation of the pump
efficiency equation is equal to zero. Consequently, the QiR is
determined. The rated pump head H*¥¢ can be calculated by
substituting with Q2 (m3/s) in the pump head equation for
pump Kk [35]:

Hk (Qk):a+ka+CQk2

where a, b, and c are the polynomial coefficients representing
the pump head quadratic equation.

In Eq. (9), the last term on the right-hand side is the pump
operating cost. Cpy is the series present worth factor, which is
equal to the present amount of money divided by the annual
amount of money, and is calculated as [35]:

c (1+ir)"™ -1 .
P ir@in)Ve (12)
where ir is the interest rate per year, and NYear is the project
life span.
The annual pump operating energy cost feump_2(+), EQ. (9), is
obtained as follows:

(1)
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P9 H, No
fPump_Z (Qk’Hkynk ) = #._p.c

77 103 Power (13)
k

where p is the density of water, g is the acceleration of gravity,
Qx Hk and 7 are the discharge, head and efficiency of each
candidate pump k, respectively, Nop is the number of pump
operating hours per year which is at 8760 in the present study,
and Cpower is the energy cost. All economic data are extracted
from Walski et al. [34].

I11. PERFORMANCE CURVES OF CONSTANT SPEED
CENTRIFUGAL PumPSs

In order to pump water into the whole water distribution
system, pumping stations consist of pumps with various
capacities. As previously mentioned, fixed speed pumps or
variable speed pumps may be used according to the design of
the WDN. Case 4 in the present study utilizes a fixed speed
pump because it requires fixed nodal demands. This section is
devoted to evaluate the power consumption of the centrifugal
pumps in this case, and to compare between this method and the
traditional one used by Costa et al. [33].

The optimal head and efficiency curves of centrifugal
pumps (H-Q and #-Q) are obtained for fixed speed pumps. To
approximate the H-Q and #-Q curves, the quadratic equations
(14) and (15) are used for fixed speed pumps [36, 37]. However,
the numerical value of the coefficient b is assumed to be zero in
order to avoid double operating points. This means that the
shut-off head, Hsh-ofr, is the maximum head value, Hmax, in the
H-Q curve. These two equations are the general quadratic
equations:

H=a+bQ+cQ?
n=d+eQ+ fQ?

where a, b, ¢, d, e and f are the coefficients which determine the
shape of the curves. Figure 1 shows the relationship between
the H-Q curve and the #-Q curve at the operating point, d, (H =
Hg4, Q = Qu) and the design point (7 = #max, Q = QRe®d), In
addition, the ‘Run Out’ point (i.e., pump’s actual maximum
flow, Qrunout) and the maximum discharge, Qmax, (i.€., extension
of pump’s characteristic and efficiency curves at H=0and 7 =
0, respectively) are also shown in the same figure.

The coefficient a in Eq. (14) is obtained by setting the head
(H) equal to Hmax at zero flow rate (Q = 0). Then, Eq. (14)
becomes:

(14)
(15)

a=H,, (16)

In the same manner, by setting the efficiency equal to zero
(n=0) at zero flow rate (Q = 0) in Eqg. (15), one obtains the
value of coefficient d from Eq. (15):

d=0 a7

The remaining coefficients of the quadratic equations (14)
and (15), c and e, are obtained by setting the values of H and 5
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equal to zero. Therefore, the flow rate at this point assumes a
maximum value Qmax, see Fig. 1.

c= _(Hmax +meax )/Qriax
e=—1Q,.
Furthermore, in order to deduce the relationship for the

maximum efficiency, the first derivative of equation (15) is set
at zero as:

(18)
(19)

dr/dQ=2fQ™ +e=0 (20)
Qf —_05e/f (21)
Himax System Curve
= H=H,+kQ2
3
T [ Pump Curve
g H=a+bQ+cQ?
g .
a AN
E Qd E QRunout\\\ Qmax
Discharge
(a) H-Q curve
Ny d T]max
----------------- o n=d+eQ+fQ2

ey i
g |
g |
2 |
Y=
] ' \

Qd E EQRatEd E QRunout \‘\ Qmax

Discharge

(b) n-Q curve
Fig. 1. Characteristic and efficiency curves of centrifugal pump

Using equations (15), (17), and (21), the maximum
efficiency is:
o =—0.25€°/ f (22)

From equations (19) and (22), the coefficient f is calculated as:

f=—4n./Qu (23)

The pump power is obtained using the pump head and
efficiency defined in Egs. (14) and (15), respectively, as:

yQ H, 7 (a+bQ, +cQ;)
un d+eQ, + dez

where Qq, Hg, and 74 are the discharge, head and efficiency at
the operating point, respectively, see Fig. 1. Substituting Egs.
(16), (18), (17), (19) and (23), which define the coefficients a,
¢, d, e and f, respectively, gives, after some mathematical
manipulations, the following expression for pump power:

Power =

(24)



M: 6

Power = 0.2577L[Hmax (Quax +Qy ) +0 Q. Qg ] (25)

The linear relationship of the centrifugal pump power with
the operating point flow rate, Qq, and the variables Hmax, Qmax,
and 7max, Which are determined from Eqgs. (16), (19), and (22),
shows that the minimum centrifugal pump power corresponds
to the minimum demands at the nodes. Furthermore, as
previously mentioned, the double operating points are avoided
by setting the coefficient b equal to zero, as suggested [36, 37].
Accordingly, the centrifugal pump power, Eq. (25), becomes:

H
Power = 0.25y —(Q,, +Q;) (26)
TTimax
The centrifugal pump power at shut-off (Q = 0) is thus:
Powershut—off =0257/HﬂQmax (27)

max

In addition, the essential condition of dPower/dQq >0 of
Eq. (25) for the linear relationship of the pump power with the
operating point flow rate, Qqg, gives: —b < Hiax/Qmax, i.€. the
coefficient —b must be less than the ratio Hmax/Qmax.

This simplified evaluation of the centrifugal pump power
presented in Eg. (25) has two drawbacks: (a) the pump
discharge flow, Qq, is used in the derived equation and is not
known: in some networks without tanks and one pump only, Qq
equals to the total nodal demands, and (b) the linear relationship
of the centrifugal pump power with the operating point flow
rate, Qq, is not very accurate: the actual relationship is a third-
order polynomial equation or higher [38]. On the other hand,
despite the drawbacks of Eq. (25), the power calculation of
centrifugal pump is simplified as the only required unknown is
the pump discharge flow, Qq, after estimating the maximum
discharge, Qmax, maximum head, Hmax, maximum efficiency,
nmax, and coefficient b, which are fixed for the specified
centrifugal pump. The evaluation of the head, Hg, and
efficiency, nq, at the operating point are not used in Eq. (25).

IV. GENETIC ALGORITHM (GA)

Genetic algorithms (GAs) are nature behavior based
incidental computational techniques which mimic the evolution
theory of Charles Darwin. GAs have dramatic popularity
among other evolutionary algorithms because of their
flexibility, adaptability, robustness and proven usefulness
across a wide range of optimization problems in engineering,
science and commerce [39]. GAs are based on the biological
evolutionary principle of survival of the fittest, which tries to
hold genetic data from old generations (parents) to new
generations (children). The GA has the ability to solve linear,
nonlinear, nonconvex, multimodal, continuous and discrete
problems. Thus, it is applicable in pipe network optimization
problems especially under unsteady cases.

GEORGE GHALI, BERGE DJEBEDJIAN, ABDEL-RAHIM DOHINA AND YAHIA M. FOUDA

Figure 2 shows a simple GA cycle. This GA cycle steps are:

(@) Initialization: ~ generation ~ of initial  population
(chromosomes) of candidate solutions,

(b) Selection: selection of a pool of parents from the parent
population based on the fitness values,

(c) Crossover: taking pairs of parents from the parent
population and swapping their genetic information
between them to produce children,

(d) Mutation: introducing “new” genetic material into the
population by randomly changing codons on the
chromosome between 0 and 1,

(e) Evaluation: assigning a fitness value to each child in order
to rank a population,

(f) Replacement: replacing the previous population with the
newly generated child population,

(g) Termination: returning the fittest solution in the population
‘the best solution’ after a predefined number of generations
or other constraint on the runs.

Simple GA procedures use population of large size in the
range of 30 to 200 individuals [39]. These procedures require
long computations. In the present study, however, the fitness
function after each generation was obtained using a small
population size GA referred to as micro-Genetic Algorithm
(ULGA) [40] in order to reduce the time penalty.

Imitialization —— > | Selection
Replacement Crossover
Fittest
Solution = <«——— Evaluation Mutation
Presented _ > —
Fig. 2. GA cycle

In order to obtain the optimal pipe network design, an
optimization code is developed in the present study using
FORTRAN. The developed code GAPUMPS (Genetic
Algorithm for Pumps) links the GA developed by Carroll [41]
with Newton-Raphson simulation technique for the hydraulics
of WDNs. The flow chart of this code is illustrated in Fig. 3.
This code follows the steps proposed by Simpson et al. [42] in
using GA for pipe network optimization as follows:

1. Generation of initial population of coded strings of
population size Npopsizz €ach Npopsiz population string
represents a possible combination of pipe diameters.

2. Computing the cost of the network for each of Npopsiz
solutions after changing the generated pipe sizes to the
corresponding commercially-available pipe sizes.

3. Performing steady state hydraulic simulations, using
Newton-Raphson method, of each network, and finding the
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nodal pressure heads and pipes flow rates for each
population under the required nodal demands.

4. Computing the penalty cost after comparing the calculated
nodal pressure heads, Hj, with the minimum allowable
pressure heads, Hjmin, and assigning a penalty cost if the
nodal minimum pressure constraints are not fulfilled. The
penalty cost is computed by Eq. (8) where the penalty factor
is Ct /Nnode [8]

5. Computing the total network cost of each design in the
current population, which is the sum of the network cost
(Step 2) and the penalty cost (Step 4).

Enter GA parameters, Penalty
function and Available pipes data

Geni= |

| Generate initial population (Step 1) |

| Network cost computation (Step 2) I‘—
}

Hydraulic analysis using Newton-Raphson
to find the nodal pressures and flow rates
and velocities through the pipes (Step 3)

Penalty cost (Step 4)

Total cost = Network cost + Penalty cost
(Step 3)

| Total cost = Network cost (Step 5) |

'
—'l Fitness computation (Step 6) |
Selection (Step 7)

Crossover (Step §)
Mutation (Step 9)

| Reproduction (Step 10) |

Record the lowest cost

Compare the recorded lowest costs
to select the optimal design

Fig. 3. Flow chart of the GAPUMPS code

6. Computing the fitness function, Eq. (7), which is a measure
of the GA generated solutions quality. The fitness function
is taken as the negative value of the total network cost.

The following genetic operators are used to generate new
population.

7. The selection operator: the fitness function gives a rank for
each string in the population from which the GA selects the
parents of the next generation. The classic roulette wheel
scheme is the used selection method.
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8. The crossover operator. Each selected pair of parents from
Step 7 undergoes a crossover operation with some specified
probability according to the crossover technique. The
uniform crossover of 0.5 is used [43].

9. The mutation operator. Mutation occurs with some specified
mutation probability for each bit in the population strings.
The mutation probability is set to be (Nchrome/Nparam)/ Npopsiz
or 1/Npopsiz for the creep mutation or jump mutation,
respectively, which are applied in the present study.

10. Production of successive generations. A new offspring is
generated through Steps 7-9, then the lowest cost design is
recorded and Steps 2-9 are repeated until the maximum
number of generations is reached. Finally, the GA compares
between the recorded lowest costs and selects the optimal
pipe network design.

The used genetic algorithm code by Carroll [41] provides
the following additional parameters to obtain the global
solution: Idum: the initial random number seed (equal to
negative integer) for the GA run, Maxgen: the maximum
number of generations to run by the GA (Maxgen = 200), Nposibi:
the array of integer number of possibilities per parameter, and
Npopsiz = 12. The GA investigates the Idum and Npesini Which
provide the optimal solution with the least time consumption.

V. CASE STUDIES

In this paper, the performance of Newton-Raphson method
for hydraulic simulation of WDNs combined with optimization
using GA is demonstrated in four case studies using two WDN
configurations. Two case studies are two-loop networks and the
other two case studies are three-loop networks. However, the
number of pipes and nodes in these networks do not represent a
practical type of networks in the real life, both network
configurations are benchmark problems in WDN optimization,
[33], [44]. Thus, the present study gives good indication about
the validity of the GAPUMPS code in obtaining the optimal
cost. According to [44], they first validated their method using
the two-loop network and then implied the same method in
analyzing a more complex network, which would be done in the
future work. Table | shows the parameters of the four case
studies, namely the number of pipes, nodes, reservoirs, and
pumps. Table 1l shows the commercially-available pipe sizes
and cost per meter for Cases 1-4.

TABLE |
CASE STUDIES DATA
Case No. of | No. of No. of No. of Water
Study Pipes | Nodes || Reservoirs | Pumps Level in
Npipe || Niode Npump Reservoirs

Case 1:
Two-loop, (Ref. [44])] & ! ! Hrest =210 M
Case 2: Hres =210 m
Two-loop with 9 8 2 Hresz = 150 -
additional reservoir 550 m
Case 3:
Three-loop without | 11 9 1 Hrest =235 m
pump, (Ref. [33])
Case 4:
Three-loop with 11 9 1 1 Hress =190 m
pump, (Ref. [33])
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Fig. 4. Original two-loop network [44] -
Case 1
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Fig. 6. Three-loop network without pump [33] - Case 3
TABLE Il
COMMERCIALLY AVAILABLE PIPE SIZES AND COST PER METER FOR CASES 1-4
Cases1and 2 Cases 3 and 4
D D Cost D D Cost
(in.) (mm) (units/m) | (in.) (mm) ($/m)
1 254 2 6 152.4 42.0
2 50.8 5 8 203.2 58.4
3 76.2 8 10 254.0 73.8
4 101.6 11 12 304.8 95.8
6 152.4 16 14 355.6 118.8
8 203.2 23 16 406.4 143.0
10 254.0 32 18 457.2 169.0
12 304.8 50 20 508.0 197.2
14 355.6 60 24 609.6 252.6
16 406.4 90 30 762.0 346.1
18 457.2 130
20 508.0 170
22 558.8 300
24 609.6 550

A. Case 1: Two-loop network [44]

This two-loop network is a well-known and small-size water
distribution network, which was used for the first time in the
literature by Alperovits and Shamir [44]. It was subsequently
used by many investigators [11, 12, 15, 45-50] in order to study
the optimization process of WDNSs. It consists of a constant
head reservoir (210 m), eight pipes, each of which has a length
of 1000 m, and seven nodes, see Figure 4. The reservoir, whose
elevation is 210 m, is the water source used to supply the
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Reservoir 1

(210 m)
[100 m¥/h] [100 m‘\h/]\ =
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(a50m)[3 (155 m)
\(54) O Node
I:‘ Pipe
() Elevation (m)
Reseivolez [ 1 Demand (m*h)
[200 m*/h] [330 m*/h]
. \/7\(160 m) \\/9(1 65 m)
N

Fig. 5. Two-loop network with additional reservoir 2 (Reservoir 2
water level is variable) - Case 2
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Fig. 7. Three-loop network with pump [33] - Case 4

demand of each node. The details of this network are given in
Table I11. The nodal pressure heads are required to be higher
than their elevation by at least 30 m. For all pipes of this
network, the Hazen-Williams coefficient C is taken as 130.

The cost data proposed by Alperovits and Shamir [44] for
the 14 commercially-available pipe diameters in Cases 1 and 2
are given in Table 1. The mixed units (SI and foot-pound-
second) are used in this study since they were applied in
Alperovits and Shamir [44] and other previously mentioned
researchers optimizing this network [11, 12, 15, 45-50]. In the
present study, the parameters of the Hazen-Williams equation,
Eq. (3), are «=1.852, #=4.8704, and w = 10.6744 (the units
of Q are m¥s and D and L are m) [32].

B. Case 2: Two-loop network with additional reservoir 2
whose water level is variable (Present study)

As shown in Figure 5, a modified configuration of the two-
loop network shown in Case 1 is developed by adding another
reservoir. This developed network is formed by linking
reservoir 2 to node 7 in Case 1 via pipe 9. The nodes and pipes
data are presented in Table I1l. The effect of the water level in
reservoir 2 on the network optimization is studied in this case.
The water level of reservoir 2 is modified in the range from
150 m to 550 m. The parameters of the Hazen-Williams
equation, Eq. (3), for the commercial pipes are w =10.6744,
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a=1.852, f=4.8704, and C = 130 as in Case 1. The cost data
are similar to those provided for Case 1, Table II.

TABLE Il
PIPE AND NODE DATA OF THE THREE-LOOP WATER NETWORK, CASES 1-2
Pipe | From | To L Friction || Node | Demand z
Node | Node (m) C (m®h) (m)
1 1 2 1000 | 130 1 -- 210
2 2 3 1000 130 2 100 150
3 2 4 1000 | 130 3 100 160
4 4 5 1000 130 4 120 155
5 4 6 1000 | 130 5 270 150
6 7 6 1000 130 6 330 165
7 3 5 1000 130 7 200 160
8 7 5 1000 | 130 8 -- --*
9 8 7 100 130

- Case 1: Pipe 1-8 and nodes 1-7.
* Different heads are supposed.

- Case 2: Pipe 1-9 and nodes 1-8.

C. Case 3: Three-loop network without pump [33]

The water distribution network shown in Figure 6 was
developed by Costa et al. [33]. This network consists of a
constant head reservoir (235 m), eleven pipes, each of which
has a length 2500 m, and nine nodes. The reservoir is used as a
source to supply the demand of each node. Its elevation is
235 m, as illustrated in Figure 6. The pressure heads at all nodes
are required to be higher than their elevations by at least 30 m.

The available diameters and the corresponding cost per
meter of 10 commercial pipes for Case 3 are listed in Table II.
The parameters of the Hazen-Williams equation, Eq. (3), for the
commercial pipes are » =10.5088, «=1.85, f=4.87, and
C =130 [33]. The data of the pipes and nodes of the network
are given in Table 1V.

TABLE IV
PIPE AND NODE DATA OF THE THREE-LOOP WATER NETWORK, CASES 3-4
Pipe | From To L Friction | Node | Demand z
Node | Node | (m) C (m¥h) | (m)

1 1 2 2500 |130 1 -- 235
2 2 3 2500 |130 2 200 200
3 3 4 2500 130 3 100 190
4 2 5 2500 |130 4 100 175
5 3 6 2500 | 130 5 150 180
6 4 7 2500 |130 6 150 180
7 5 6 2500 | 130 7 100 185
8 6 7 2500 | 130 8 90 185
9 5 8 2500 | 130 9 110 190
10 6 9 2500 [130
11 8 9 2500 | 130

D. Case 4: Three-loop network with one fixed speed pump [33]

This case is similar to Case 3 with an additional feed pump
located between the 190 m constant head reservoir and node 1
as shown in Figure 7. This network was developed by Costa et
al. [33] and further investigated in [35, 51]. The lengths of all
the pipes of this network are 2500 m with the same Hazen-
Williams parameters as Case 3. In addition, the costs per meter
of the available commercial pipe diameters in Case 4 are listed
in Table 1l. The demand of each node at its elevation is
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illustrated in Figure 7 and Table V. The pressure heads at all
nodes are required to be higher than their elevations by at least
30 m.

The coefficients of the pump head quadratic equation a, b,
and ¢, Eq. (11), are listed for each pump in Table V. Ten
candidate pumps are considered in the optimization process.
The first candidate pump (number 1) corresponds to a "no
pump" option.

The capital cost constant of the pump Cpump is 700,743 $,
Eg. (10). A single pump efficiency curve is used for all pumps.
The pump efficiency equation employed in the current study is
[33, 35, 51]:

(%) 7, =—695.4Q7 +418.3Q, +2.857
d7, /dQ, =-1390.8Q, +418.3=0

(28)
(29)

where the units of the flow rate Qx are m®s. Hence, from
Eq. (29), QRated = 0.30076 m3/s or 1082.7437 m3/h.

In order to evaluate the pump operating cost and annual
pump operating energy cost, equations (12) and (13) are used.
The interest rate per year ir = 12% and the project life NYear =
20 years in the present study, Eq. (12). The energy cost Cpower
= $0.12/kWh, Eq. (13).

TABLE V
CANDIDATE PUMP HEAD EQUATION COEFFICIENTS, [35], CASE 4
Candidate Coefficients a, b, and ¢, Eq. (11)
Pump
Number a b c

1 0 0 0

2 =72.0 —24.0 48.0

3 —81.0 —27.0 54.0

4 —125.1 10.9 55.1

5 —126.0 -9.0 65.0

6 —89.1 1.2 67.0

7 —103.7 =72 75.0

8 -129.6 0 79.0

9 -162.0 9.0 85.0

10 —136.7 —3.45 91.5

VI. RESULTS AND DISCUSSION

An in-house code, GAPUMPS, was used to perform
hydraulic network simulation and optimization. GAPUMPS is
developed using FORTRAN. It employs a single-objective
optimization tool in order to minimize the total cost of a given
network, Eg. (6). It can also be used to minimize life cycle cost,
Eqg. (9).

In this paper, GAPUMPS simulation results are verified by
analyzing the hydraulic simulation of the previous cases.
Subsequently, micro-genetic optimization is applied to the
previously-described case studies.

In all the following cases, the density of water is p=
1,000 kg/m? and its kinematic viscosity is v=1 x 10 m?/s. The
gravitational acceleration g = 9.81 m/s2. The Hazen-Williams
coefficient C for all pipes in the network is equal to 130.
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TABLE VI
DATA, NODAL HEADS AND FLOW RATES FOR THE SIMULATION OF CASES 1 AND 2
Node
Pipe 1 2 3 4 5 6 7 8 9

Data Length (m) 1000 1000 1000 1000 1000 1000 1000 1000 100

Elevation (m) 150 160 155 150 165 160

Demand (m°h) 100 100 120 270 330 200

Optimal diameter, m (in.) 0.4572 0.2540 0.4064 0.1016 0.4064 0.2540 0.2540 0.0254

' (18) (10) (16) @) (16) (10) (10) (@)

Case 1 Head (m) - EPANET 53.25 30.46 43.45 33.80 30.44 30.55

Head (m) - GAPUMPS 53.25 30.46 43.45 33.80 30.44 30.55

Flow rate (m*/h) - EPANET 1120.00 336.87 683.13 32.57 530.56 —200.56 236.87 —-0.56

Flow rate (m%h) - GAPUMPS 1120.00 336.87 683.13 32.57 530.56 —200.56 236.87 —-0.56

Optimal diameter, m (in.) 0.4572 0.2540 0.4064 0.1016 0.4064 0.2540 0.2540 0.0254 0.0254
Case? - (18) 1 Jag | @ (16) | (10) 10 | @ ()
Reseroir 2 Head (m) - EPANET 53.22 30.43 43.39 33.77 30.36 30.36
Hovey = 180 m Head (m) - GAPUMPS 53.22 30.43 43.39 33.77 30.36 30.35

es Flow rate (m%h) - EPANET 1122.44 336.92 685.53 32.53 532.99 —-202.99 236.92 0.55 —2.44
Flow rate (m*/h) - GAPUMPS 1122.445 | 336.910 | 685.534 | 32.537 532.997 | —202.997 | 236.910 | 0.552 —2.445

The negative sign in flow rates means the contrary of supposed flow direction, Table IlI.

A. Hydraulic Simulation

Our hydraulic simulation code is verified by comparing its
predictions with theose of EPANET software [52, 53].
EPANET is a hydraulic analysis code developed by the USA
Environmental Protection Agency. It is capable of simulating
both simple and complex networks. Thus, it has been used in a
wide range of applications, regardless of the size of the network
[54-56].

Table VI shows the head and flow rates calculated by the
EPANET and the GAPUMPS codes for Cases 1 and 2. The
input pipe diameters are the optimal diameters of the present
study. These diameters are obtained from the optimization of
each case under the constraint that the minimum acceptable
pressure head requirements for nodes 2 to 7 must be greater than
30 m above ground level. The total discharge Q = 1120 m%h
from reservoir 1 is the sum of the nodal demands in Case 1. The
water level in reservoir 2 is 150 m in Case 2. The results are
almost identical, revealing the reliability of the proposed
GAPUMPS code.

B. Network Optimization

The previous optimization model of the micro-genetic
algorithm is applied to the four case studies of WDN. The total
number of evaluations used in all calculations is 2400, which is
obtained by multiplying a population size 12 by a maximum
number of generations 200. The GAPUMPS code uses
Windows 7 operating system on an Intel i7-3612QM
CPU@2.10 GHz for computation. Different initial random
number seeds, Idum, are performed.

1. Network Optimization of Case 1

Although the simplicity of the studied networks, it should
be mentioned that, for the simple two-loop network with eight
pipes and a set of 14 commercial pipes, the total number of
designs (i.e. the search space) is 14% = 1.48 x 10°. Therefore, it
is very difficult for any mathematical model to test all these
possible combinations of designs and a very small percentage
of combinations can be reached. As will be seen, the present
function evaluation number, FEN, is 741. Therefore, the
fraction of the total search space searched is 5.02 x 10”7, which

is a very small fraction of all possible designs. This shows the
importance of using optimization to reach the optimal solution.

The output of various runs for the first case of the computer
program reveals the optimal diameters given in Table VI. The
optimal cost is 419,000 units and the constraints given in Case
1 (H > 30 m) are fulfilled. The optimal solution is obtained from
the set of diameters of 18, 10, 16, 4, 16, 10, 10 and 1 inch for
the links 1 to 8, respectively. It can be noticed that this optimal
solution is identical to that obtained by Savic and Walters [15]
and Cunha and Sousa [12]. The optimal solution obtained by
applying the genetic algorithm proposed in the present study is
in accordance with the optimal cost found in previous studies
[1,8,57].

The GAPUMPS simulation results for the cost evolution of
Case 1 are shown in Figure 8. The optimal solution (419,000
units) is found after a function evaluation number, FEN, of 741
for a total number of evaluations of 2400. A rapid decrease in
the cost is achieved in the first 100 function evaluations and a
slow decrease thereafter, a similar result to that obtained by
Djebedjian et al. [32]. The performance evaluation of the
optimization algorithms for the same network shows that the
present function evaluation number, FEN, is 741 [8]. Thus,
using micro-genetic algorithm is better than other genetic
algorithms in obtaining the optimal result (e.g., Afshar [58],
“FEN =3000"; EI-Ghandour and Elbeltagi [59], “FEN = 6060”;
Poojitha et al. [60], “FEN = 4200”). In this paper, the
GAPUMPS code takes 0.62 seconds of CPU time for a total
number of evaluations of 2400.

2,000,000
1,800,000
1,600,000
1,400,000
1,200,000
1,000,000
800,000
600,000 N\
400,000
200,000
0

Cost (units)

0 100 200 300 400 500 600 700 800

Function Evaluation Number

Fig. 8. Cost evolution resulting from the GAPUMPS code for Case 1
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2. Network Optimization of Case 2

The second network consists of nine pipes and a set of 14
commercial pipes. Its total number of possible designs is 14° =
2.066 x 10%°, which constitutes the search space of the problem.
The application of a search algorithm to this simple network
would require a considerable amount of time to navigate the
entire search space of potential solutions.

The output of various runs of GAPUMPS for Case 2 when
the water level in reservoir 2 is 180 mis given in Table VI. The
optimal cost is 419,200 units and the solution satisfies the
constraints given in the problem. The diameters are greater than
1 inch and the pressure heads at the nodes are not below
30 meters. Figure 9 shows the cost evolution resulted from the
GAPUMPS code for Z = 180 m. The optimal solution (419,200
units) is found after 981 hydraulic analyses for a total number
of evaluations of 2400. There is a rapid convergence tendency
in the first 235 function evaluation number. A CPU run time for
the GAPUMPS code of 0.84 seconds is executed for 2400
function evaluations.

2,500,000

2,000,000

1,500,000

Cost (units)

1,000,000 L\

500,000

0
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Function Evaluation Number

Fig. 9. Cost evolution resulting from the GAPUMPS code
for Case 2 and water level in reservoir 2 =180 m

Before analyzing the results of Case 2, it is interesting to
highlight the following points:

(@) The GAPUMPS code attempts to decrease the optimal cost
by selecting appropriate optimal diameters that fulfill the
minimum nodal head coefficient. In achieving this task,
sometimes the code may select a pipe diameter that is not
practical for the network (i.e., minimum available pipe
diameter Dmin), but it is suitable from the hydraulic
viewpoint, e.g. a pipe is connected to a reservoir with a
very small diameter as 1 inch as observed in Case 2.

(b) In Case 1, the optimal cost is a function of the optimal
diameters according to Eq. (6). In Case 2, however, the
optimal cost is a function of the optimal diameters and the
water level in reservoir 2. This level is responsible for the
flow rate feeding the network.

(c) The critical node—the node with the minimum nodal
pressure head—in the most optimal designs of the network,
Table VII, is node 6 or node 7 for water level in reservoir
2 less than 220 m. The fulfillment of pressure head
constraint is achieved as the critical node pressure head is
greater than the minimum required pressure head
constraint (i.e., 30 m). The identification of the critical
node is essential as it is very sensible to any variation in the
network demands and may cause a violation of the
minimum required pressure head constraint.

(d) The optimal diameters of the pipes connected to reservoirs
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1 and 2 (i.e. pipes 1 and 9, respectively) are the main
parameters that determine the flow rates from the two
reservoirs. Large diameters allow high flow rates to pass
through, while small diameters allow low flow rates to pass
through due to: (i) the flow rate through the pipe connected
to the reservoir with a head Hres is Q = 0.257D?V =
0.257 D?(29)%5(Hres — hf — Zo — Ho)%® where Z, and H, are
the elevation and nodal head of node o at the end of pipe,
respectively, and (ii) the head loss, hs, according to the
Hazen-Williams friction formula, Eq. (3), is inversely
related to the pipe diameter.

The analysis of the flow rate values in Table VI reveals that
there is water filling in the additional reservoir (reservoir 2)
when the water elevation inside it is less than or equal to 190 m,
Figure 10. When Z is greater than 190 m, the sharing of
reservoirs 1 and 2 to supply the total nodal demands
(1120 m¥/h) at different water levels in reservoir 2 is shown in
Fig. 10. Generally, there are 5 ranges of water levels in reservoir
2 which have the following characteristics:

(@) At 150 m < Z <190 m, there is water filling of reservoir 2
due to the very small diameter of pipe 9, i.e. Dg = 1 inch,
which results in high head loss in comparison with pipe 1
whose diameter is 18 inch. The total flow rate from
reservoir 1 is the sum of the total nodal demands (i.e.,
1120 mé/h) and the filling rate of reservoir 2 (i.e., 5.08 m%h
at Z = 150 m decreasing to 0.482 m%/h at Z = 190 m).

(b) At 190 m < Z < 200 m, the flow rate from reservoir 1
decreases, while the flow rate from reservoir 2 increases.
This is because the optimal diameter Dy is in the range of
22 inches (Z = 190.01 m) to 18 inches (Z = 200 m), Table
VII. Consequently, the flow rate increases from
191.63 m%/h to 919.36 m%/h, respectively. Therefore, when
the water level in reservoir 2 is at 190.01 m or greater,
reservoir 2 is supplying water to the water network. The
cause of this phenomenon may be interpreted as follows:
reservoir 2 is connected to node 7, which has an elevation
of 160 m, through pipe 9, Fig.5, and the allowable
minimum head in each node is constrained to be 30 m.
Therefore, it is required for reservoir 2 to be higher than
190 m to overcome the losses in pipe 9 and provide the
desired head at node 7.

(c) At 200m < Z < 215 m, the flow rate from reservoir 1
increases, while the flow rate from reservoir 2 decreases,
Table VII. In this range, the optimal diameter Dy decreases
with the increase of Z (i.e., from 16 inches; Z = 205 m;
to 12 inches; Z = 210 m) which causes a decrease in the
flow rate of reservoir 2.

(d) At 215m < Z < 225 m, the flow rate from reservoir 1
decreases, while the flow rate from reservoir 2 increases.
Noting that the water level in reservoir 1 is 210 m and
Hres2 > Hresa, i.€., the water level in reservoir 2 is sufficient
enough to overcome the water level in reservoir 1,
therefore, its flow rate becomes superior to the flow rate of
reservoir 1 and it is the main source for feeding the water
network.

(e) At 225m < Z < 550 m, the flow rates from the two
reservoirs are approximately constant. This range is the
stable part of the network operation and with lower pipe
cost.
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TABLE VII

OPTIMAL DIAMETER, COST, HEAD AND FLOW RATE RESULTS CORRESPONDING TO THE WATER LEVEL IN RESERVOIR 2 - CASE 2

Water level Data Node Cost

(m) Pipe 1 2 3 4 5 6 7 8 9 (Units)

Optimal diameter (m) |0.4572  |0.2540 |0.4064 |0.1016 | 0.4064 |0.2540 |0.2540 |0.0254 |0.0254

0 Head (m) 5322 3043  |4339 |33.77 |30.36 |30.35 419,200
Flow rate (m%/h) 1122.445 |336.910 | 685534 |32.537 |532.997 |-202.997 [236.910 |0.552 | —2.445
Optimal diameter (m) 04572  |0.2540 |0.4064 |0.1016 |0.4064 |0.2540 |0.2540 |0.0254 |0.0254

185 Head (m) 5323|3044  |43.41 |33.78 | 30.38 | 30.41 419,200
Flow rate (m%/h) 1121.722 |336.899 |684.823 | 32547 |532.277 |—202.277 |236.899 |0.554  |-1.722
Optimal diameter (m) 04572 |0.2540 |0.4064 |0.1016 | 0.4064 |0.2540 |0.2540 | 0.0254 |0.0254

190 Head (m) 5324 3046  |43.44 [33.80 |30.43 | 3051 419,200
Flow rate (m%/h) 1120.482 | 336.879 |683.603 |32.563 |531.040 |—201.040 |236.879 |0.558 | —0.482
Optimal diameter (m) |0.4572  |0.2540 |0.3556 | 0.0254 |0.3048 |0.0762 |0.2540 |0.0254 |0.5588

190.0 Head (m) 5523  |30.14  |4581  [3L75  [30.49  |30.00 346,000
Flow rate (m%/h) 928.372 | 368.396 |459.976 |0.980  |338.996 |-8.996 |268.396 |0.624 | 191628
Optimal diameter (m) | 0.4064  |0.2032 | 0.3556 | 0.0508 | 0.3048 | 0.0254 |0.0254 | 0.2540 | 0.5588

190.0 Head (m) 5553|4146 4617  |31.92 3109  |30.00 294,000
Flow rate (m%/h) 657.621 | 100.993 |456.628 |6.099 | 330529 | 0529 |0.993  |262.908 |462.379
Optimal diameter (m) |0.4064  |0.2032 |0.3556 |0.0254 |0.3048 |0.0254 |0.0254 |0.2540 |0.5080

190.1 Head (m) 5559  |4152  |46.32  |31.65 |3L24  |30.02 278,000
Flow rate (m¥/h) 652.535 | 101.003 |451.533 |0.997 | 330536 |-0.536 |1.003 | 268.000 |467.465
Optimal diameter (m) | 0.4064 _ |0.2032 | 0.3556 | 0.0254 | 0.3048 | 0.0254 |0.0254 | 0.2540 | 0.3048

192 Head (m) 5559  |4152  |4632 | 3266 |3L25 | 31.03 266,000
Flow rate (m¥/h) 652431 |100.975 |451.456 |0.969 | 330.487 |-0.487 |0.975 | 268.056 |467.569
Optimal diameter (m) |0.2540 | 0.2032 |0.2032 | 0.0254 | 0.0254 |0.4064 |0.0254 |0.2540 | 0.4064

197 Head (m) 4833|3429 |37.72 3793|3011  |36.36 215,000
Flow rate (m%/h) 320.687 | 100542 |120.145 |0.465 |-0.320 |330.320 |0542  |268.993 |799.313
Optimal diameter (m) |0.2032 | 0.2032 |0.0254 |0.0254 | 0.2032 |0.3556 |0.0254 |0.2540 | 0.4572

200 Head (m) 4549 3148 3476 | 41.04 [30.30 |39.53 180,000
Flow rate (m%/h) 200.640 | 100.128 0512 | -0.228 | -119.260 [449.260 |0.128  |270.100 |919.360
Optimal diameter (m) |0.2032 _ |0.2032 |0.0254 |0.0508 |0.2032 |0.3048 |0.0508 |0.2032 |0.4064

205 Head (m) 4492 3060 3415 3043 |30.05 |44.18 163,000
Flow rate (m¥/h) 204834 104320 |0514 | 3977 | -123.463 [453.463 |4.320 | 261.703 | 915.166
Optimal diameter (m) [ 0.2540 _ |0.2032 | 0.2032 | 0.0254 | 0.0254 | 0.2540 | 0.0254 | 0.2032 | 0.3048

210 Head (m) 4830 |34.25 |37.67 3249 |30.07 |47.40 144,000
Flow rate (m¥/h) 321133 |100.755 |120.378 |0.698 | —0.321 |330.321 |0.755 |268.546 |798.867
Optimal diameter (m) |0.2540 | 0.2032 |0.2032 | 0.0254 | 0.0254 |0.2540 |0.0254 | 0.2032 | 0.2540

215 Head (m) 4831 3426 |37.69 3375 |3L.34 | 4867 142,200
Flow rate (m%/h) 320.961 100711 |120250 |0.651  |—-0.402 |330.402 |0.711 | 268.638 |799.039
Optimal diameter (m) |0.2032 | 0.2032 |0.0254 |0.0254 | 0.2032 | 0.2540 |0.0254 |0.2032 | 0.3556

220 Head (m) 4555 3157 |36.08 4315 |3162 |58.40 136,000
Flow rate (m%/h) 200.192 | 99.744 |0.448 | -0.296 | -119.256 | 449.256 |—0.256 | 270.552 |919.808
Optimal diameter (m) |0.1524 _ |0.0254 |0.0254 |0.0762 |0.1524 |0.2540 |0.1524 |0.2540 | 0.3556

225 Head (m) 4349 3036|3128 |56.48 |37.88  |63.07 130,000
Flow rate (m¥/h) 100.949 |0.369 0580 | -18.186 |—101.234 |431.234 |—-99.631 |387.817 |1019.051
Optimal diameter (m) |0.1524 _ |0.0254 |0.0254 | 0.1524 | 0.0254 |0.2032 | 0.1524 | 0.2540 | 0.2540

250 Head (m) 4383 |38.16 |37.13  |6452 |6452 | 80.05 112,200
Flow rate (m¥/h) 99.825 |-0441 |0.266 |-118.995]—0.739 |330.739 |—100.441 |489.436 | 1020.175
Optimal diameter (m) |0.1524 | 0.0254 |0.0254 |0.0254 | 0.1524 |0.2032 |0.1524 | 0.2032 | 0.2540

300 Head (m) 4436 |67.67 |48.01  |9429  |60.46 | 130.02 103,200
Flow rate (m%/h) 98.035 | -1325 |-0640 |-1488 |-119.152 |449.152 |—101.325 |372.813 |1021.965
Optimal diameter (m) |0.1524 | 0.0254 |0.0254 |0.1524 | 0.0254 |0.1524 |0.1524 |0.2032 | 0.3048

350 Head (m) 4479 |91.83 |89.70 | 11859 [34.09 |185.88 98,000
Flow rate (m%/h) 96580 | -1.772 |-1649 |-123.219 |1.570  |328.430 |—101.772 |494.991 |1023.420
Optimal diameter (m) |0.1524 _ |0.0254 |0.0254 |0.1016 |0.0508 |0.1524 |0.1016 |0.2032 |0.3048

400 Head (m) 4381 4453 |31.14 17301 [73.95 [23591 91,000
Flow rate (m¥/h) 99.881  |-0.719 |0.600 |-108.881|-10.520 | 340520 |—100.719 [479.599 | 1020.119
Optimal diameter (m) | 0.1524 | 0.0254 | 0.0254 | 0.1016 | 0.0254 |0.1524 |0.1016 |0.2032 | 0.2032

450 Head (m) 4400 6531 3290 19502 10558 |260.47 85,300
Flow rate (m¥/h) 99.248  |-1.282 |0530 |-117.305]|-2.165 |332.165 |—101.282 |488.587 | 1020.752
Optimal diameter (m) |0.1524 | 0.0254 |0.0254 |0.1016 |0.0254 |0.1524 |0.1016 |0.2032 | 0.2032

500 Head (m) 4481  |11261 |77.31  |244.10 |155.37 |310.32 85,300
Flow rate (m%/h) 96.492 | -2.095 |-1413 |-119.173 |—2.240 |332.240 |—102.095 |491.268 |1023.508
Optimal diameter (m) |0.1524 | 0.0254 |0.0254 | 0.0254 | 0.1524 |0.1524 |0.1016 |0.1524 | 0.2032

550 Head (m) 4452 | 5507 | 80.88 | 18421 | 93.32 | 360.38 83,300
Flow rate (m¥/h) 97.489 | -1.021 |-1490 |-2377 |-119.112|449.112 |-101.021 [373.398 |1022.511

The negative sign in flow rates means the contrary of supposed flow direction, Table III.
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Fig. 10. Variation of the flow rates of Reservoirs 1 and 2 with the water
level in reservoir 2, Case 2

On the other hand, the analysis of the network optimal cost
in Table VII and Figure 11 reveals that many combinations of
pipe sets can give the same optimal cost due to equal lengths of
pipes or similar sets of optimal diameters for two water levels
of reservoir 2 (e.g., Z =450 m and Z =500 m). In addition, it is
noticed that when the water elevation in reservoir 2 becomes
higher than 190 m even by 0.01 m (i.e., Z = 190.01 m), it starts
to work as a water source—instead of filling reservoir 2—with
a saving of 17.4% in the optimal piping cost when compared
with Case 1 without reservoir 2. Hence, increasing the height of
the water level in reservoir 2 above 190 m reduces the optimal
piping cost, Fig. 11.

450,000
400,000
350,000 -
300,000
250,000
200,000 X

150,000 ’.\
100,000 ? .l
50,000
0

EL X

Cost (units)
POER 3

100 150 200 250 300 350 400 450 500 550 600
Water level of Reservoir2 (m)

Fig. 11. Variation of the optimal cost with the water level height
in reservoir 2, Case 2

The study of the fulfillment of the minimum nodal pressure
head constraint (30 m) for some of the studied water levels of
reservoir 2 is illustrated in Fig. 12. For each specified water
level of reservoir 2, the optimized network has a minimum
nodal pressure head higher than 30 m. In addition, the critical
node, the node at which this minimum pressure head exists, is
given. According to the results of Fig. 12, most of the critical
nodes are nodes 6 and 7 for Z < 210 m where the values of the
minimum nodal pressure head are within a maximum of 1 m

M: 13

over the permitted minimum nodal pressure head. This is
interpreted by knowing that when the water level of reservoir 2
is 210 m, it becomes equal to that of reservoir 1. When
Z > 210 m, the pressure head of the critical node is greater than
30 m.

50
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Fig. 12. Minimum nodal pressure head and node number with the water
level height in reservoir 2, Case 2

3. Network Optimization of Case 3

The third water network includes a reservoir to drive the
flow. This three-loop network consists of 11 pipes. Since there
are 10 available discrete diameters for each pipeline, the search
space consists of 10! elements. The optimal cost obtained from
the application of the genetic algorithm is $2,610,500, Table
V111, which is the same value obtained by Costa et al. [33]. The
optimal pipe diameters, the heads at the nodes, and the flow
rates in the pipes are presented in Table VIII. In addition, the
results of the nodal pressure heads and flow rates obtained by
both the EPANET code—using the optimal diameters found by
the GAPUMPS code—and the GAPUMPS code for Case 3 are
shown in the same table. Both results are generally in good
agreement. All the nodal heads are greater than 30 m which is
the constraint used by our optimization procedure.

The cost evolution resulting from the GAPUMPS code is
shown in Figure 13. The optimal solution ($2,610,500) is found
after performing 837 hydraulic simulations for a total number
of evaluations of 2400. From this figure, it can be observed the
rapid convergence tendency to the optimal solution. For the
same network, the simulated annealing was applied by Costa et
al. [33] and an average number of simulations of 13,454 was
employed to find the same optimal cost. Consequently, the
micro-genetic algorithm reveals a superior performance for the
studied case. The GAPUMPS code takes only 1.15 seconds of
CPU time for a total number of evaluations of 2400.
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TABLE VIII
DATA, NODAL HEADS AND FLOW RATES FOR THE SIMULATION OF CASES 3 AND 4
Node
Pipe 1 2 3 4 5 6 7 8 9 10 11
Data Length (m) 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500 2500
Elevation (m) 200 190 175 180 180 185 185 190
Demand (m%h) 200 100 100 150 150 100 90 110
Optimal diameter, m (in.) 0.6096 [0.2540 [0.2540 [0.4572 |0.1524 [0.1524 [0.4064 [0.2032 [0.2540 [0.2540 (0.1524
' (24) (10) (10) (18) (6) (6) (16) (8) (10) (10) (6)
Case 3 Head (m) - EPANET 31.63 30.36 41.1 46.18 42.75 30.11 37.13 30.0
Head (m) - GAPUMPS 31.64 30.38 41.12 46.20 42.77 30.12 37.16 30.02
Flow rate (m®/h) - EPANET 1000.0 [191.86 (1135 608.14 |-21.64 [13.5 347.74 |86.5 1104 89.6 20.4
Flow rate (m/h) - GAPUMPS [1000.0 [191.841 [113.480 [608.159 [-21.639 [13.480 [347.793 [86.520 [110.366 [89.634 [20.366
Optimal diameter, m (in.) 0.6096 [0.2540 [0.1524 [0.4572 |0.1524 [0.1524 [0.3556 [0.2540 [0.2540 [0.2540 (0.1524
' (24) (10) (6) (18) (6) (6) (14) (10) (10) (10) (6)
Case 4 Head (m) - EPANET 35.1 35.01 34.17 49.47 42.82 31.55 39.79 30.56
Head (m) - GAPUMPS 35.11 35.03 34.18 49.49 42.85 31.58 39.81 30.59
Flow rate (m*/h) - EPANET 1000.0 {180.82 [60.17 619.18 [20.66 —39.83 (349.71 ]139.83 [119.47 |80.53 29.47
Flow rate (m%h) - GAPUMPS [1000.0 [180.751 [60.156 |619.249 [20.595 [—39.844 [349.823 |139.844 [119.426 |80.574 [29.426

The negative sign in flow rates means the contrary of supposed flow direction, Table IV.

7,000,000 The GAPUMPS code finds the optimal cost at
6,000,000 $5,505,050.63, Table IX, the same value obtained by Costa et
5,000,000 al. [33] and Geem [35]. Table 1X shows the optimal pipe
& 4000000 \L diameters, the heads at the nodes, and the flow rates in the pipes
B 3000000 - for pump candidates 4 to 10. The fulfillment of the nodal heads
© 2,000,000 (> 30 m) is achieved for the studied pump candidates, but at a
1 000.000 higher optimal cost. Because the nodal pressure heads are
T functions of pipe diameters and pump sizes, some pump sizes
° 0 100 200 300 400 500 600 700 800 00 (pumps number 2 and 3) in Table IX do not fulfill the required

Function Evaluation Number nodal pressure heads.

Table X and Figure 14 show the life cycle costs, namely
pipes and pump capital costs, and pump operating costs, used
in the objective function. These costs correspond to the optimal
solution obtained for each pump candidate from 4 to 10. It is
clear that the pipe cost decreases with the candidate pump,
while the pump capital cost and the pump operating cost
increase with the candidate pump. Although the optimal pipe
cost of pump candidate 4 is higher than the other candidates, its
total optimal cost is lower. This is traced to the high differences

Fig. 13. Cost evolution resulting from the GAPUMPS code for Case 3

4. Network Optimization of Case 4

The fourth network is similar to Case 3 and has a search
space of 10! elements. The pump operating point has a
discharge of 1000 m%h depending on the nodal demands. For
candidate pumps number 1, 2 and 3, the pumping pressure is 0,
35.78, and 40.25 m, respectively. The operating heads of pumps

4 10 10 are 48.475, 52.778, 60.458, 64.998, 69.0, 75.00, and i, hymp operating cost in comparison to the pipe cost and pump
79.994 m, respectively. These values are similar to those given capital cost.

by Geem [35]. It is worth noting that candidate pumps number Figure 15 shows the cost evolution resulting from the
2 and 3 do not achieve the minimum required nodal heads , i.e.  GAPUMPS code for candidate pump number 4. The code found
30 m, even if the largest available pipe diameters are used. This  the optimal solution ($5.505 x 10°) after 586 hydraulic
is due to the hydraulic losses in the pipes. For example, head at ~ simulations for a total number of evaluations of 2400. The
node 1 is 24.658 m for candidate pump 2, and 29.13 m for  figure demonstrates that the micro-genetic algorithm has a rapid
candidate pump 3. convergence tendency in early function evaluation number. For

Table VIII shows the simulation results for Case 4 using ~ the same network, the harmony search algorithm found the
both the EPANET and GAPUMPS codes and applying the ~Same optimal cost after 2911 hydraulic analyses [35].

optimal diameters obtained by the GAPUMPS code. Both Ther_efore, the micro-genetic algorithm has superiority for the
. . . _— studied case. The run time of the GAPUMPS code for this case
simulation results are in good agreement, confirming that

GAPUMPS is a reliable code in both the simulation and was 1.44 seconds for a total number of evaluations of 2400.

optimization of water distribution networks.
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TABLE IX
DATA, NODAL HEADS AND FLOW RATES FOR THE OPTIMIZATION OF CASE 4
Pump Data Node Optimal Cost
No. Pipe 1 2 [ 3 [ 4 [ 5 [ 6 [ 7 [ 8 [ o 10 11 )

1 Without Pump

2 Fulfillment of minimum required nodal heads (30 m) fails

3 Fulfillment of minimum required nodal heads (30 m) fails
Optimal diameter (m) 0.6096 [[0.2540 [0.1524 [0.4572 [0.1524 [0.1524 0.3556 [0.2540 [0.2540 [0.2540 {0.1524

4 Head (m) 35.11 35.03 34.18 49.49 42.85 31.58 39.81 30.59 5,505,050.63
Flow rate (m*/h) 1000.0 [180.751 [60.156 {619.249 ||20.595 |—39.844 [349.823 [139.844 [119.426 [80.574 |[29.426
Optimal diameter (m) [0.5080 [0.2540 [0.1524 [0.4572 [0.1524 [0.1524 [0.3556 [0.2540 [0.2540 [0.2540 [0.1524

5 Head (m) 34.61 34.53 33.68 48.99 42.35 31.07 39.31 30.09 5,552,165.69
Flow rate (m®/h) 1000.0 ||180.751 [60.156 [619.249 |20.595 |—39.844 |349.823 [139.844 [119.426 [80.574 [29.426
Optimal diameter (m) [0.5080 [0.2540 0.2032 [0.4064 [0.1524 [0.1524 [0.3556 [0.2032 [0.1524 [0.2540 [0.1524

6 Head (m) 42.29 37.72 42.00 53.47 46.22 31.91 31.43 30.14 5,753,147.16
Flow rate (m®/h) 1000.0 |220.598 [103.792 [579.402 |16.806 |3.792 366.849 [96.208 (62.556 (137.444 |—27.444
Optimal diameter (m) (0.5080 [(0.2540 [0.2032 [0.4064 [0.1524 [0.1524 0.2540 {0.2032 (0.2540 [0.1524 {0.2032

7 Head (m) 46.83 38.97 41.54 58.72 43.51 30.69 43.92 31.04 5,872,606.63
Flow rate (m*/h) 1000.0 |246.252 [112.441 |553.748 [33.811 |12.441 [225.775 |87.559 |177.973 |22.027 |[87.973
Optimal diameter (m) 0.4572 [0.2540 [0.2032 [0.4064 [0.1524 [0.1524 0.2540 [0.2032 [0.2540 [0.1524 {0.2540

8 Head (m) 45.36 37.94 40.77 57.16 43.10 30.07 41.02 32.60 6,009,123.35
Flow rate (m*/h) 1000.0 [242.893 [111.193 |557.107 |31.701 |11.193 [216.357 |88.807 (190.749 [9.251 100.749
Optimal diameter (m) [0.5080 [0.2540 [0.2540 [0.3556 |0.1524 [0.1524 [0.2540 [0.1524 |0.2032 [0.2032 {0.1524

9 Head (m) 56.83 43.22 51.14 63.31 46.74 30.18 42.70 31.18 6,190,377.74
Flow rate (m®/h) 1000.0 ||286.354 [|149.277 |513.646 |37.077 ||49.277 |236.432 [50.723 [127.214 [72.786 |(37.214
Optimal diameter (m) [0.4572 [0.3048 [0.2032 [0.3556 [0.1524 [0.1524 [0.2540 [0.1524 [0.2540 [0.1524 [0.1524

10 Head (m) 56.35 55.73 51.18 63.51 51.45 32.42 51.33 30.36 6,342,736.91
Flow rate (m%/h) 1000.0 [300.506 [143.668 [499.494 |56.838 [43.668 [199.091 [56.332 |[150.403 [49.597 |[60.403

The negative sign in flow rates means the contrary of supposed flow direction, Table IV.

TABLE X
OPTIMAL PIPE COST, PUMP CAPITAL COST, AND PUMP OPERATING COST 9,000,000
OF CASE 4 8,000,000
Candidate Pipe Pump Pump Total Cost 7yooogooo Ml
Pump Cost Capital Operating | of Network e R—
No. $) Cost ($) Cost (3) ($) . 6,000,000 -
4 2,509,000 | 1,410,533.05 | 1,585,517.58 | 5,505,050.63 £ 5000.000
5 2,370,500 | 1,455,414.15 | 1,726,251.54 | 5,552,165.69 @ 4000,000
6 2,228,500 | 1,547,177.59 | 1,977,469.57 | 5,753,147.16 © 3000000
7 2,157,000 | 1,589,639.70 | 2,125,966.94 | 5,872,606.63 5 000,000
8 2,125,000 | 1,627,274.36 | 2,256,848.99 | 6,009,123.35 1 000,000
9 2,055,500 | 1,681,781.17 | 2,453,096.57 | 6,190,377.74 S
10 1,999,000 | 1,727,301.95 | 2,616,434.95 | 6,342,736.91 ] 10 200 300 400 300 600 700
3,000,000 Function Evaluation Number
= Pipe Cost M Pump Capital Cost i Pump Operating Cost | Fig. 15. Cost evolution resulting from the GAPUMPS code for Case 4
2,500,000 —
I The simple evaluation of the centrifugal pump power,
2,000,000 | N Eq. (25), is used in Case 4. Table XI shows the three parameters
- of Eg. (25), i.e. the maximum discharge, Qmax, maximum head,
= 1,500,000 Hmax, and maximum efficiency, 7mma, for candidate pump
S numbers 4 to 10 obtained using Egs. (19), (16), and (22),
1,000,000 respectively. Table XII compares the pump power calculated
using Eq. (28) with that of Eq. (25). Figure 16 compares the
500,000 power calculated using Eq. (25) with Eqg. (28) proposed by
Costa et al. [33]. The maximum discrepancy between the two
0 calculated pump powers is 14.7% for pump candidate number
1 2 3 4 5 6 7 8 8 10 6. This discrepancy could be due to:
Candidate pump number (1) Contrary to the study of Costa et al. [33], which assumed

that all pumps have the same efficiency curve which does

Fig. 14. Optimal pipe cost, pump capital cost, and pump operating not depend on the pump curve, the coefficients of the

cost of Case 4
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efficiency curve depend on the maximum flow rate of the
pump, Qmax, in Eq. (25).

(2) The efficiency curve used by Costa et al. [33], given by Eq.
(28), gives a nonzero value to the efficiency at both zero
flow rate and maximum flow rate, which is not correct. On
the other hand, the efficiency is set to zero at zero flow rate
in the derivation of Eq. (25).

TABLE XI
PARAMETERS OF EQ. (25) FOR EACH PUMP OF CASE 4

Candidate Pump Qrmax Humax Nmax
No. (m¥/s) (m) (%)
4 0.7087 55.1 65.76
5 0.6834 65.0 65.76
6 0.8739 67.0 65.76
7 0.8164 75.0 65.76
8 0.7807 79.0 65.76
9 0.7527 85.0 65.76
10 0.8056 915 65.76
TABLE XII

COMPARISON BETWEEN PUMP POWER CALCULATED USING EQ. (28) OF [33]
AND EQ. (25), CASE 4

Candidate | Power calculated using || Power calculated | Discrepancy
Pump Eq. (28) [33] using Eq. (25) (%)
No. (kw) (kw)
4 201.998 210.704 4.3
5 219.928 226.632 3.0
6 251.933 288.860 14.7
7 270.852 299.965 10.7
8 287.526 311.865 8.5
9 312.529 333.666 6.8
10 333.338 366.817 10.0
? 400
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Fig. 16. Comparison of the power calculated using Eg. (25)
and using Eq. (28) [33]

VII. CONCLUSIONS

In this paper, both hydraulic simulations and optimization
strategies are used in the design and operation of water
distribution networks. Micro-genetic algorithm for a single
objective function has been coupled with the Newton-Raphson
method for both the hydraulic simulation and design of water
distribution networks.

GEORGE GHALI, BERGE DJEBEDJIAN, ABDEL-RAHIM DOHINA AND YAHIA M. FOUDA

The developed code, GAPUMPS, is verified through four
water distribution networks for assessing minimum cost; three
cases are for optimization of networks without pumps, whereas
the fourth case is for optimization of a network with a
centrifugal pump. The following conclusions can be asserted:
(@) The hydraulic simulations of the four cases using EPANET

and GAPUMPS codes give almost identical nodal heads
and flow rates revealing the reliability of the proposed
GAPUMPS code.

(b) The optimization of Case 1 for the two-loop network with
asingle reservoir gives the cost of 419,000 units previously
found by many researchers but with a lower number of
function evaluations.

(c) The optimization of Case 2 for the two-loop network with
two reservoirs is devoted to study the effect of the water
level in reservoir 2 (180 m to 550 m) on the network
optimization. There is water filling in reservoir 2 if the
water level is less than or equal to 190 m, and beyond that,
reservoir 2 supplies the total nodal demands. Similarly, the
optimal cost reduces with the increase of the water level in
reservoir 2 with a saving of 17.4% in the optimal piping
cost for a level of 190.05 m in comparison with Case 1
without reservoir 2.

(d) The optimization of Case 3 for the three-loop network
without pump results in an optimal solution of $2,610,500
after performing 837 hydraulic simulations. On the other
hand, Costa et al. [33] found the same optimal cost with an
average number of simulations of 13,454 using the
simulated annealing optimization. Consequently, the
GAPUMPS code reveals a superior performance for the
studied case.

(e) The optimization of Case 4 for the three-loop network with
a pump finds the optimal cost at $5,505,050.63, similar to
that obtained by Costa et al. [33] and Geem [35]. However,
the function evaluation number using the GAPUMPS code
is 586, whereas it is 2911 hydraulic analyses using the
harmony search algorithm [35].

(f) The comparison of the pump power equation, Eq. (25), and
the GAPUMPS code for Case 4 using Eq. (28) [33] reveals
that the maximum discrepancy is 14.7% for pump
candidate number 6. The discrepancy is attributed to a
single efficiency curve for all pumps and a nonzero
efficiency at zero flow rate [33].

Therefore, the comparison of the performance of micro-
genetic algorithm with those obtained by other optimization
techniques shows that the micro-genetic algorithm yields better
performance in terms of optimal network design cost and/or
computational speed, i.e. algorithm convergence with fewer
iterations, therefore saving time.
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