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Abstract

Under conditions of gravity flow, the performance of a distribution pipe network for drinking water supply can be
measured by investment cost and the difference in real and target pressures at each node to ensure fairness of the service.
Therefore, the objective function for the optimization in the design of a complex gravity flow pipe network is a multi-
purpose equation system set up to minimize the above-mentioned two parameters. This article presents a new model as an
alternative solution to solving the optimization equation system by combining the Newton—-Raphson and genetic algorithm
(GA) methods into a single unit so that the resulting model can work effectively. The Newton-Raphson method is used to
solve the hydraulic equation system in pipelines and the GA is used to find the optimal pipe diameter combination in a net-
work. Among application models in a complex pipe network consisting of 12 elements and 10 nodes, this model is able to
show satisfactory performance. Considering variations in the value of the weighting factor in the objective function, opti-
mal conditions can be achieved at the investment cost factor (w,) = 0.75 and the relative energy equalization factor at the
service node (w,) = 0.25. With relevant GA input parameters, optimal conditions are achieved at the best fitness value of
1.016 which is equivalent to the investment cost of USD 56.67 thous. with an average relative energy deviation of 1.925 m.
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INTRODUCTION

One of complexity factors in the design of a drinking
water distribution pipe network is caused by the non-linear
relationship between the discharge of pipe elements and
the difference in relative energy at each network node. In
a branched pipe network system, the technical analysis is
relatively simpler compared to a closed pipe network sys-
tem (loop). In a branched network, the hydraulic equation
system can be simplified into a linear function, but in
a closed network, the solution of the equation system must
use a non-linear function approach. Since a complex distri-
bution pipe network is a combination of branched and
closed networks, the solution of the equation system must
use a non-linear function approach. The design of a com-
plex pipe network system with a large number of pipe ele-
ments and service nodes will certainly cause its own prob-

lems in finding the right solution. Various constraints in an
effort to achieve optimal conditions also adds complexity
to the design process. These problems attract attention of
researchers and stimulate in-depth studies, especially con-
cerning the optimization of pipe network performance.
This article is a response to frequent disparities in
drinking water supply in developing regions, e.g. the Ma-
lang City, East Java, Indonesia. During peak hours of
water use, the distribution of the flow is uneven. Some ser-
vice nodes show little outflow and pressure (under design
criteria), whereas as others are redundant. These problems
generally occur in small pipelines in small new cluster are-
as built by developers. In such an area, the partial water
supply system utilizes local water sources, most of which
abstract water from boreholes. The solution to overcome
this problem is actually quite simple. It is sufficient to in-
stall valves to regulate discharge and pressure, or to install
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pumps in certain places to reduce discharge and pressure
gaps. However, the solution is inefficient in terms of in-
vestment and operational costs. In our opinion, the prob-
lem of even distribution of discharges and water pressures
in service nodes can be solved by the application of pro-
portional pipe dimensions. The right combination of pipe
diameters is expected to produce pressures on each service
nodes that are evenly distributed, follow design criteria,
and efficient from the point of view of investment costs.

The determination of the optimum pipe diameter has
become an important part in the design of drinking water
distribution network, because the cost efficiency and oper-
ational performance of the network system remains under
a strong influence of pipe diameter combinations. In pipe
network systems that rely on gravity flow, optimal pipe
diameters can only be determined through optimization
techniques that have two objective functions simultaneous-
ly. These are the minimization of investment costs and the
reduction of the difference in relative energy at each ser-
vice node with a relative energy target. The constraint
function includes the network hydraulic equation system,
physical characteristics of the pipe elements and relevant
design criteria. The determination of the optimum diameter
in a branched pipe network is simpler. The hydraulic pipe
network equation system and optimization equations can
be brought into a linear form so that linear programming
methods with objective functions of minimum investment
cost are relevant to solve the developed equation system
[BELLO et al. 2015; SULIANTO 2015a]. The branched pipe
network optimization model that encompasses advantages
of the genetic algorithm (GA) also show satisfying results
[SULIANTO 2015b].

The revolutionary development of the metaheuristic
method turned it into a reliable tool for solving optimiza-
tion problems in various fields. In water resource devel-
opment, metaheuristic methods are often used in hydrolog-
ical modelling, groundwater modelling and optimization of
water supply. SOETOPO et al. [2018] successfully imple-
mented the GA to build models of the reservoir release rule
for irrigation in the Sutami reservoir, Indonesia. KUMAR et
al. [2015] proposed a hybrid metaheuristic technique for
multi-objective optimization of in-situ bioremediation of
groundwater. A hybrid metaheuristic technique is a new
method developed from the differential evolution algo-
rithm, genetic algorithm and simulated annealing algo-
rithm. In hydrological modelling, the differential evolution
(DE) algorithm can effectively optimize the DISPRIN
model which encompasses 25 parameters used to transform
rainfall into runoff data [SULIANTO et al. 2018].

The use of metaheuristic methods to build pipe diame-
ter optimization models in a complex pipe network has
also been widely proposed by researchers in various parts
of the world in recent decades. The proposed optimization
model basically consists of two elements, namely the hy-
draulic simulation of a pipe network and the process of
optimizing the pipe diameter to minimize cost. BELLO et

al. [2015] developed a pipe diameter optimization model in
a complex pipe network by combining EPANET-based
hydraulic simulation methods and pipe diameter optimiza-
tion using the loop function in Matlab. SOMAIDA et al.
[2011] has developed the GANEO application program for
optimizing pipe diameters. The model is the result of com-
bining the EPANET-based hydraulic simulation and GA-
based pipe diameter optimization. MTOLERA et al. [2014]
developed an optimization model of the irrigation pipe
network to optimize the layout of the network and the pipe
diameter, but the model was limited to a branching pipe
network. The objective function in the form of cost mini-
mization is analysed by involving the GA method and par-
ticle swam optimization (PSO). SHRIVATAVA et al. [2015]
proposed a pipe diameter optimization model by combin-
ing the finite element method for hydraulic simulation and
the PSO for the pipe diameter optimization process.

The all-in-one model developed by AKLOG and HosolI
[2017] is an application package for pipe diameter optimi-
zation that combines the EPANET application package
with the optimization method based on linear program-
ming, GA and the one-by-one heuristic reduction method
(OBORM). AFSHAR [2006] proposed the merging of the
element-by-element algorithm for solving the hydraulic
equation of the pipe and the ant coloni optimization (ACO)
for the pipe diameter optimization process. ABEBE and
SOLOMATINE [1998] proposed a combination of GLOBE
optimization methods and EPANET-based network hy-
draulic simulation models. The GLOBE optimization
method was developed by ABEBE and SOLOMATINE [1998]
to solve optimization problems with the objective function
of cost minimization. The GLOBE optimization method
involves four methods, namely: Controlled Random Search
(CRS2) [PRICE 1983], CRS4 [ALI, STOREY 1994], GA
[GoLDBERG 1989] and Adaptive Cluster Covering with
Local Search (ACCOL) [SOLOMATINE 1998]. Results of
the study suggest that the GA and ACCOL algorithms
show their efficiency and effectiveness. MEMON and
NARUKLAR [2016] have reviewed a variety of articles re-
lated to the pipe diameter optimization and concluded that
the GA is the most desired method by researchers even
though it has almost the same performance as other me-
taheuristic methods.

This article presents a new model for optimizing pipe
diameters in a complex pipe network under gravity flow.
In this model, the hydraulic equation system of the pipe
network is compiled using a non-linear matrix system
which is solved using the Newton-Raphson method and
the optimization of pipe diameter using the GA. The simu-
lation of hydraulic equation system and the optimization
equation system of multi objective based on the GA are
arranged as a whole so that the optimization process is ac-
celerated. The model built was then solved by using the
program code from M-FILE MATLAB 7.0 due to its prac-
ticality, as well as ease in matrix operations and graphic
data management.
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MATERIALS AND METHOD

SOLUTION OF HYDRAULIC EQUATION SYSTEM
IN PIPE NETWORK

The basic principle of flow in the pipe network. The
analysis of flow in a pipe network must meet the following
basic principles of energy continuity and conservation: 1)
flow in the pipe must comply with the laws of high energy
loss for a single pipe flow, 2) inflow to the network must
equal outflow, and 3) inflow to a node must be the same as
the outflow.

Hydraulic equation system in pipe elements. High
energy is needed to overcome friction resistance that oc-
curs when water flows in the pipe. The relationship
between high energy loss and discharge according to Ha-
zen-William is stated by ABEBE and SOLOMATINE [1998]:
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Where: Q = discharge (m™s™), D = pipe diameter (m), hf =
energy loss due to boundary friction (m), L = length of
pipe elements (m), and Cpw = coefficient of pipe wall
roughness by Hazen—William.

Furthermore, if
k = 0.2785 (CyuwD?°3/L%5*), and Z = hf 2

then Equation (1) can be simplified into:

Qi — ki(Zi)0.54 (3)
Q' = Kt'(Z") 4
Where:
i K
Kt - (Zi)0.46 (5)

Equation (5) shows that the Kt' value is not constant,
and it is also influenced by the high loss of energy (Z') so
that the analysis leads to a system of non-linear equations.
By using Equation (5), the discharge of element i, which is
a function of the high loss of energy in that element, can be
calculated. Discharge from an element marked positive (+)
if it leaves node k or it is marked negative (-) if it goes to
node j that corresponds to energy at node k, which is great-
er than node j. Discharge entering a node is marked posi-
tive (+) and marked negative (—) when leaving the node.

Kt'(Z, - Z;) (6)

QL = Kt'dZz;
Qi =Kt'dz; = Kt'(Z; - Z) (7

Where: Qj. = discharge at node k element i, and Q} = dis-
charge at node j element i.

If the equation system is transformed into a matrix,

then:
. _ QL
Kt [_11 11] [g‘]z Q’jf] ©)
or
Qi = Kt'Z! 9)

Where: Q' = node i vector discharge, Kt' = matrix charac-
teristic element i, and Z' = a vector of absolute energy at
node i.

Hydraulic equation system in a pipe network. Ac-
cording to the law of flow balance, the discharge to a node
must be the same as the discharge leaving it. In or out dis-
charge of network is stated in Qn, it will be positive (+) if
the inflow and negative (=) if the flow leaves the node
(meaning there is real use). Based on the description the
value of discharge from the elements connected to the node
value must be the same as the number of discharge exiting
the node, thus for each node applies:

Fi=3%0Qc+X0Qn =0 (10)

Where: F; = discharge balance at node i, and 2Qn; = in-
crease or decrease of discharge at node i.

If the Equation (9) is changed into a matrix symbol
then it applies:

F=K(2)Z (11)

The solution of a hydraulic equation system in
a pipe network with the Newton—Raphson method. The
procedure for solving the flow equation system in a pipe-
line using the Newton—Raphson method is schematically
shown in Figure 1. Analysis steps under the Newton—
Raphson method are as follows: _
1) determine the initial Z of any value (Z'),
2) calculate the gradient of line i (Kt'), _

3) calculate the F' from the equation F' = Kt Z', _
4) calculate the difference in the balance discharge AF'
from the equation AF' =F - I_:', _ _

5) calculate AZ' based on the Kt' equation AF' = F - F',

6) calculate Z'** from the equation Z"** = Z' + AZ',

7) repeat step (2) to step (6) until the desired tolerance
limit is found.
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Fig. 1. Iteration in the Newton—Raphson method,;
source: own elaboration

OPTIMIZATION OF PIPE DIAMETER BASED ON GA

The optimization problem discussed in the article as-
sumes that the pipe network, service node elevation, pipe
type and the actual discharge requirements at each node,
and the elevation of the water level in reservoir are con-
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stant. The flowing system relies on the force of gravity.
The purpose of the optimization model is to minimize the
pipe network investment cost to ensure efficiency in con-
struction and to minimize the difference between the real
relative energy and the target relative energy at each node
in the network to ensure fair service. As the limiting func-
tion is the continuity of the flow, network hydraulic equa-
tions are met, and the minimum diameter and the maxi-
mum diameter are applied. The objective function of the
optimization model is as follows:

Minimize:

D1y s D) = w1 B u (DL + @ (ZELr920) (1)
subject to the following constraints;
— flow balance at the node:
2 Qin; = ¥ Qout; (13)
— flow balance in the network:
Fi= 20+ XQn =0 (14)

— minimum and maximum diameters required, according
to available pipe diameter candidates:

Dy € (Dunins s Do) kK =1,2,.,m  (15)

Where: Dy = pipe diameter of element k, L, = pipe length
of element k, @, = weighting factor of cost investment, w,
= weight factor of relative energy deviation at each node,
u(Dy) = unit price of investment pipe element, Er; = height
of relative energy at node j, Ergge= height of relative en-
ergy to the targeted at service nodes, h = number of node,
m = number of pipe element, D, = minimum pipe diame-
ter, Dnax = maximum pipe diameter, F; = flow balance in
the pipe network.

The GA is an algorithm that utilizes a natural selection
known as the evolutionary process. In the process of evolu-
tion, individuals constantly undergo changes in genes to
adapt to their environment. “Only strong individuals can
survive.” This natural selection process involves changing
genes that occur in individuals through the reproductive
process. In this genetic algorithm, the breeding process
becomes the basic process of primary concern which can
be expressed as: “How to get a better offspring”.

The implementation of the GA for solving this case
contains eight components analysed consecutively, name-
ly: initialization of population, decoding of chromosome,
fitness values, parental selection, crossover, mutation, elit-
ism and population replacement. The relationship between
these components is schematically explained in Figure 2.
The characteristics of each GA component chosen to re-
solve the case in this paper can be explained as presented
below.

Population initialization. This function aims to gen-
erate a population that contains a number of individuals. In
the GA implementation, individuals are called chromo-
somes. Chromosomes represent a candidate for problem
solving in a coded form. As in the process of natural evolu-
tion, chromosomes are assessed for their fitness level. Only
chromosomes with a high fitness level are selected to sur-
vive in the population. In this article, chromosomes are

a representation of optimized variables, namely the diame-
ter of pipe elements in the pipe network, so that the num-
ber of chromosomes is the same as the number of pipe el-
ements. A genotype (Gen) is a part of the chromosome,
which is a value that states the basic unit that forms a cer-
tain meaning in the chromosome. In this case, the genes
are expressed in binary values. Each chromosome contains
a gene, so the mathematically generated population can be
expressed in terms of the size matrix [Population x Num-
ber of Genes].

Decoding of chromosome. This function aims to de-
code a chromosome containing binary numbers into an
individual with real values in the desired interval. In this
function, the term chromosome refers to row vectors con-
taining binary numbers, while individuals refer to the
x variable which contains real numbers. The input of this
function is a chromosome [matrix measuring = 1 x number
of genes], number of variables, number of bits that encode
a variable, lower limit of the interval, upper limit of the
interval, whereas the output of this function are individual
results of chromosome decoding. In solving this case, x(i)
is a series of optimal pipe diameters whose values will be
sought.

Evaluate individual. This function is to calculate the
fitness value of individual x. In this case, the Equation (16)
is used:

1
(h+a)

f=

Where: f = fitness value, a = small number, and h = mini-
mize function from Equation (12).

(16)

Parental selection. The parental selection process us-
es the roulette-wheel selection method. As the name im-
plies, this method mimics the roulette-wheel in which each
chromosome occupies a circle piece on the wheel, propor-
tionally according to its fitness value. Chromosomes that
have a larger value occupy larger pieces of circles com-
pared to chromosomes with low fitness values. In this
function, input variables include population size and linear
fitness, while the output is Pigex, Which is the index of the
selected chromosome or the index of the individual select-
ed as a parent.

Crossover. A chromosome that leads to a good solu-
tion can be obtained from the process of crossing two other
chromosomes. Cross moves are arranged using a certain
probability (pc), meaning that cross moves can be done
only if a random number (0, 1) is generated less than the
specified pc. In general, the pc is set close to 1. The meth-
od of crossing that can be used is to cross one point cross-
over, which is a cut point that is chosen randomly.

Elitism. Elitism is the process of multiplying one or
several individuals. Due to the random selection, there is
no guarantee that an individual with the highest fitness
value will always be chosen. Even if the individual with
the highest fitness value is chosen, it is possible that the
individual will be damaged (his fitness value decreases)
due to the process of crossing over. To keep the individual
with the highest fitness value from being lost during the
evolution, an elitism process is needed. The procedure
used for this is to make the best copy of one chromosome
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START

INPUT :

v

Declaration of AG parameters :
- upper boundary
- lower boundary
- population size
- probability of crossover
- probability of mmtation
- mumber of maximum generation

POPULATION INIZIALITATION
(population = diameter of pipe elements)

GA based iteration

Generation = 1 : maximum generation

| DECODING CHROMOSOME process

INDIVIDUAL EVALUATION :

- minimm cost investment

Fitness values obtained according to the objective finction, namely:

- the relative energy at the service nodes is uniform and on target

Y

CHOOSE THE BEST INDIVIDUAL

¢no

yes
Generation > maximum generation

Pipe network data

Identify pipe network characteristics:

Node :

- node identity.

- identity of the pipe element.

- node elevation.

- the real discharge requirements at each node.

Pipe elements :

- pipe element length

- pipe roughness coefficient

- candidate diameter of the pipe

- relationship between pipe diameter and unit
investment costs

| Arrange the relationship of elements and nodes

Develop a characteristic matrix equations system of
pipe network

) i

Hydraulic simulation in the pipe network
[using Newton - Raphson method]

| ELITISM process

| ROULETTE WHEEL & CROSSOVER process |

v

| MUTATION process

GENERATION REPLACEMENT process

OUTPUT :
- optimum diameter of pipe (theoritic)

- hydraulic parameters in the pipe network

!

Fig. 2. The optimization model algorithm; source: own elaboration

if the population size is odd and make the two best chro-

mosomes if the population size is even.

Population replacement. In this function, all individ-
uals (e.g. N individuals in population) of a generation are

replaced simultaneously by new N individuals resulting

from crossing and mutations. In general, population re-
placement schemes can be formulated based on a measure

called the generational gap G. This measure shows the per-
centage of population replaced in each generation. In this

generational replacement scheme, G = 1. The most ex- (ol

treme replacement scheme is to only replace one individual
in each generation, namely G = 1/N, where N is the number
of individuals in the population. This replacement scheme
is referred to as a steady-state reproduction. In this scheme,
G is usually the same as 1/N or 2/N. In each generation,
a number of individual NGs must be removed to maintain

a steady population size N. There are several individual

LEGEND :

removal procedures, namely the elimination of individuals E

with the lowest fitness value or the elimination of the old-

e
-

est individuals. Elimination can apply only to individual

parents or can also apply to all individuals in the popula-

tion.

PIPE NETWORK TECHNICAL DATA

The pipe network data in this article are hypothetical,
schematically shown in Figure 3. The network is a combi-

Reservoir

O out(3)

O_out(3)

O our(8)

O _out(Z) O_ouild) Q_out(6)

node identity
element identity
Network outflow

Flow direction in the elements (@ssumed)

Fig. 3. Pipe network data; Q_out = the real requirement at nodes;

source: own elaboration
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Table 1. Characteristics of nodes on the network

Parameter Value for node service number
1 2 3 4 5 6 7 8 9 10
Elevation (m) 5.00 4.00 3.00 2.00 4.00 6.00 8.00 8.00 7.00 6.00
The real requirement (dm3s™) - 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Source: own elaboration.
Table 2. Characteristics of pipe elements
Parameter Value for pipe element number
1 2 3 4 5 6 7 8 9 10 11 12
Length (m) 50 150 200 250 300 350 400 450 500 550 600 700
Roughness pipe coefficient (Ciw) 130 130 130 130 130 130 130 130 130 130 130 130
Source: own elaboration.
Table 3. Candidate of pipes diameter
Specification Candidate of pipe diameter and estimated investment cost
Pipe diameter (inch) 0.50 0.75 1.00 1.50 2.00 2.50 3.00 4.00
Unit price of pipe investment (USD-m™) 4.42 5.00 5.58 6.72 7.84 8.93 10.01 12.10
Pipe diameter (inch) 6.00 8.00 9.00 10.00 12.00 14.00 16.00 18.00
Unit price of pipe investment(USD-m™) 16.04 19.66 21.34 22.94 25.89 28.52 30.82 32.78
Source: own elaboration.
Table 4. Relationship between elements and nodes identities in the network
Node Number of element
1 2 3 4 5 6 7 8 9 10 11 12
The begin node 1 2 2 4 6 3 5 7 4 6 8 9
The end node 2 3 4 6 8 5 7 9 5 7 9 10
Source: own elaboration.
Table 5. Matrix characteristic network (Kt')
Node Node number
number 1 2 3 4 5 6 7 8 9 10
1 Kt | -KE4+KE+KB8 | -K& | -KB+Ktt 0 -Kt* 0 0 0 0
2 -Kt K- K- KB Ke KB 0 0 0 0 0 0
3 0 0 Kt6 0 -Kt6 0 0 0 0 0
4 0 0 0 -Kt*+ Kt -K?t Kt 0 0 0 0
5 0 0 -Kt6 -k K6+ Kt + K© 0 -Kt 0 0 0
6 0 0 0 0 0 K5+ K10 - K10 -Kt5 0 0
7 0 0 0 0 -Kt - K10 KO+ K8+ K10 0 -Kt8 0
8 0 0 0 0 0 -Kt 0 K64+ Kot - Kt 0
9 0 0 0 0 0 0 -kt - Kt K+ Kt 4 Kp2 -Kti2
10 0 0 0 0 0 0 0 0 - Ktz +Kti2

Source: own elaboration.

nation of closed and branched networks that have 12 pipe
elements and 10 service nodes. The elevation of a service
node and the real need target at each service node are
shown in Table 1. The length of the pipe element is shown
in Table 2 and the candidate pipe diameter along with the
estimated unit price of work are described in Table 3. The
reservoir water level is at +30.00 m, so that the water flow
can be gravitational. Each pipe element has the same mate-
rial with the Hazen-William roughness coefficient (Cnw)
of 130. In this case, the problem is to find the optimum
pipe diameter combination to produce relative energy at
service nodes that is close to the relative energy value be-
ing drawn (i.e. as high as 10.00 m) but at a minimum pipe
investment cost.

HYDRAULIC EQUATION SYSTEM OF A PIPE
NETWORK

Based on data in Figure 3, the relationship between the
identity of elements and nodes can be arranged as shown in
Table 4, as well as matrix characteristics of the network as
shown in Table 5, and equilibrium flow equations in nodes
can be expressed as presented below.

F1 =Qin-Q(1)=0

F2 =Q(1)-Q(2) - Q(3) - Quu(2) =0
F3 =Q(2)-Q(6) - Qo (3) =0

F4 =Q(3)-Q(4) - Q(9) - Quu(4) =0
FS =Q(6) + Q(9) - Q(7) - Qo (5) =0
F6 =Q(4)-Q(5) - Q(10) - Qu (6) =0
F7=Q(7) + Q(10) - Q(8) - Quu(7) = 0
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F8 =Q(5)-Q(11) - Qux(8) =0
F9 =Q(8)+ Q(11) - Q(12) - Qo(9) = 0
F10 = Q(12) - Qox(10) = 0

Where: F1, F2, ..., F10 = equilibrium flow at nodes 1, 2,
ey 10; Qin=F1+ F2 + .... + F10; Qout = Qin.

RESULTS AND DISCUSSION

Efforts to find combinations of pipe diameters at opti-
mum conditions involved two stages. The first step was to
analyse such combinations by utilizing a model which
merges the pipe network hydraulic equation system based
on the Newton—-Raphson method and the optimization
equation system based on the genetic algorithm (GA). This
analysis uses continuous pipe diameter data so that the op-
timal diameter found is considered theoretical. The second
stage justified the theoretical pipe diameter obtained to be
the optimal diameter according to a reserved pipe size as
shown in Table 3. The justification process approximated
the theoretical pipe diameter size to the available pipe di-
ameter. The resulting diameter is the actual optimal pipe
diameter that can be implemented in the network. Further-
more, to determine the performance of the justified pipe-
line, the cost of the pipe and the relative energy at each
node need to be recalculated.

In this discussion, the model is run five times by using
input of various weight factor values on the objective func-
tion. This is done to study the impact of changing the
weight value on the resulting fitness value. The fitness
function as an objective function representation of the GA
based optimization process is calculated by the Equation
an:

1
(w1Cp + wae + a)

f=

Where: f = fitness value, a = small number (= 0.01), Cp =
total investment cost of the pipe (USD), € = mean deviation
of relative energy heights at service nodes with respect to
the targeted height of relative energy (m), @, = weighting
factor of cost aspect, w, = weighting factor of relative en-
ergy aspect.

The value w indicates the level of importance of the
aspects reviewed in deciding the optimal conditions. If w,
is small and w; is large, it means that the cost aspect is not
an important consideration in deciding the optimal condi-
tions, and vice versa. However, if both parameters have the
same value (= 0.50), it means that both parameters are
equally important in determining the optimal decision. The
combination of w; and w, values involved in this discus-
sion is shown in Table 6.

(17)

Table 6. Variations in values w; and w,

0.9, probability of mutation = 0.01 and the number of gen-
erations = 400. The model performance indicators reflected
by the best fitness value, minimum costs and minimum
relative energy deviation results from run-1 to run-5 are
presented in Table 7, whereas the progress of the best fit-
ness value from generation to generation is shown in Fig-
ure 4. The progress of the best fitness value shows a grow-
ing trend from generation to generation with increasingly
convergent conditions at the end of the generation. This
indicates that the GA is able to work well and successfully
achieve optimum conditions. Table 7 shows the tendency
of the smaller weighting factor of cost aspect (w;) to pro-
duce the best value of fitness; the smaller the relative ener-
gy deviation is at each service node, the higher the invest-
ment cost of the pipe. This reinforces the hypothesis that
the models developed are in accordance with the planned
scenario. When the weighting factor of cost is getting
smaller, we expect the relative energy equalization factor
in each service node to be the first priority and the cost
factor to be the second priority, and vice versa. The state-
ment is proven as shown in Table 7. Run-1 prioritizes the
cost factor so that it produces a small pipe investment cost
but the relative energy deviation of each node is very large.
Run-5 prioritizes the energy equalization factor at each
node so that the relative energy deviation in each service
node is relatively small but the investment cost of the pipe
network is relatively large compared to other results.

Table 7. The best fitness values, cost minimum and relative ener-
gy deviation minimum

The value of the genetic algorithm-based

Indicator analysis
run-1 run-2 run-3 | run-4 run-5
The best fitness value 1549 | 1.016 | 0.920| 0.850| 0.811

Average of deviation rela-

R 7463 | 1925| 1.821| 1.904 | 1.799
tive energy at nodes (m)

Total cost of pipe invest-

ment (USD thous.) 38.872 | 56.125 | 59.045 | 63.470 | 70.293

Weighting factor | run-1 run-2 run-3 run-4 run-5
01 0.99 0.75 0.50 0.25 0.01
2 0.01 0.25 0.50 0.75 0.99

Source: own study.

The optimization process uses input GA parameters in
the form of minimum diameter = 2 cm, maximum diameter
=50 c¢cm, population size = 750, probability of crossover =

Source: own study.

run-1

Fitness value

run-2

run-3

run-4

I I i I
50 100 150 200 250 300 350 400
Generation

Fig. 4. Progress of the fitness value; source: own study

In the best fitness conditions, the optimum theoretical
pipe diameter and the diameter of pipe justified are as
shown in Table 8. The table shows that the pipe diameter
differs from the theoretical pipe diameter. The diameter of
the average pipe justified tends to be smaller than the




62

SULIANTO, E. SETIONO, | W. YASA

Table 8. Optimum diameter of pipe elements (inch)

Optimum diameter from genetic algorithm-based analysis and result of justification
Element run-1 run-2 run-3 run-4 run-5
theoretical | justification | theoretical | justification | theoretical | justification | theoretical | justification | theoretical | justification
1 2.93 3.00 2.20 2.00 2.19 2.00 2.21 2.00 2.19 2.00
2 1.12 1.00 0.80 0.75 1.40 1.50 1.50 1.50 1.21 1.00
3 3.27 3.00 17.59 16.00 19.60 18.00 8.81 8.00 18.37 18.00
4 2.13 2.00 19.27 18.00 18.95 18.00 15.61 14.00 19.57 18.00
5 2.05 2.00 3.16 3.00 3.70 4.00 17.15 16.00 19.55 18.00
6 0.90 0.75 2.08 2.00 1.74 1.50 1.03 1.00 1.91 2.00
7 3.12 3.00 1.45 1.50 1.30 1.00 1.65 1.50 2.49 2.50
8 2.61 2.50 5.51 5.00 19.61 18.00 0.97 1.00 19.47 18.00
9 3.17 3.00 2.58 2.50 2.31 2.00 171 1.50 0.84 0.75
10 0.80 0.75 6.26 6.00 18.95 18.00 5.41 5.00 18.62 18.00
11 0.80 0.75 0.88 0.75 0.91 0.75 10.37 10.00 6.44 6.00
12 1.82 1.50 3.22 3.00 4.19 5.00 3.17 3.00 5.22 5.00
Source: own study.
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Fig. 5. Determination of optimum conditions; source: own study

diameter of the theoretical average pipe. This condition
will certainly have implications for the smaller cost of the
pipe, but the deviation of the average relative energy at
anode is greater as shown in Figure 5. In terms of cost,
there is a slight decrease, especially in run-3 and the rela-
tive energy deviation in the service node tends to increase
from run-1 to run-5. This result means a deviation from
optimal conditions and, at the same time, it can be used as
a control that the developed algorithm model has been in
line with expectations because the change in the theoretical
optimum pipe diameter to the pipe diameter justification
does not translate into better network performance indica-
tors.

When viewed at the diameter of the justification input
condition, which is the real diameter, then setting run-2
with w,= 0.75 and w, = 0.25 as the optimum condition is
the most realistic choice. In this condition, the best fitness
value was obtained by 1.016, as shown in the best fitness
progress in Figure 4. Run-2 results also showed that the
investment cost for the pipe of a theoretical diameter was
USD 56.125 thous., whereas for the diameter of the justi-

fied pipe USD 56.365 thous. The average relative energy
deviation and the target relative energy for the theoretical
pipe diameter is 1.925 m and for the justification pipe di-
ameter as much as 2.773 m. The comparison of the relative
energy at nodes generated from hydraulic analysis using
the theoretical diameter and justification diameter inputs and
their position to the relative energy of the target is shown
in Figure 6. At service nodes, the average relative energy
deviation from the theoretical diameter input is 13.72%
and the justification diameter input is 24.86%. Based on
the analysis using input theoretical diameter and justifica-
tion diameter, the comparison of discharge, head loss and
velocity values for each pipe element is presented in Tab-
le 9. In the discharge and velocity column, positive values
indicate the flow moving from small to large node indices,
whereas negative values indicate the flow moving from
large to small node indices. The table shows that pipe ele-
ment 1 has a predominant effect on hydraulic parameters in
the pipe network. If higher pressure target is needed at
each service node, it can be easily done by increasing the
diameter of pipe 1 so that the head loss becomes smaller.
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Fig. 6. Comparison of the relative energy of theoretical and justification optimum diameters; source: own study

Table 9. Discharge, head loss and vector velocity in the pipe
element

Ele- | Discharge (dm*s™) Head loss (m) Velocity (m-s™)

ment theo just theo just theo just
1 9.000 9.000 13.479 15.996 3.665 4.443
0.174 0.158 3.695 3.199 0.533 0.555
3 7.826 7.842 0.002 0.002 0.050 0.060
4 5.355 5.405 0.001 0.001 0.028 0.033
5 0.998 1.003 0.237 0.229 0.197 0.220
6 -0.826 | -0.842 1.509 1392 | -0.378 | -0.416
7 -0.355 | -0.405 2.035 1.666 | -0.331 | -0.356
8 2.002 1.997 0.086 0.102 0.130 0.158
9 1471 1.437 2.184 1.805 0.437 0.454
10 3.357 3.402 0.148 0.138 0.169 0.187
11 -0.002 0.003 0.003 0.011 | -0.006 0.012
12 1.000 1.000 0.507 0.531 0.190 0.219

Explanations: theo = theoretical, just = justification.
Source: own study.

CONCLUSIONS

The combined model of solving a non-linear matrix
based on the Newton—Raphson method for hydraulic simu-
lation of a pipe network and the GA in the process of op-
timizing the performance of a pipe network shows satisfac-
tory results. Efforts to find the optimal solution in the form
of a minimum investment cost of a pipe and a relative en-
ergy distribution at service nodes according to established
criteria can produce desired effects. The GA-based multi
objective optimization, which is accomplished by giving
a weighting factor to the objective function to solve the
case of finding the optimum diameter in a complex pipe
network, shows expected results. The running of the model
when input ®, is large and w, is small shows that cost is an
important factor in determining of the optimum condition,
and vice versa. In the case of a pipe network considered in
this article, optimum conditions are achieved at the cost
factor (w;) = 0.75 and the relative energy equalization fac-
tor (w,) = 0.25. If the developed model is used to solve
different pipe network cases, it is possible that the opti-
mum weight factor value is also different depending on the

network characteristics, unit cost of the pipe, and the crite-
ria for the relative energy at each targeted node.
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