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Abstract: Preventive Maintenance (PM) is a periodic maintenance strategy, which has great results for devices
in extending their life, increasing productivity, and most importantly, help avoid unexpected breakdowns and
their costly consequence. A preventive maintenance scheduling (PMS) is determining the time for carrying out
PM, and it represents a sensitive issue in terms of impact on production if the time for the PM process is not
optimally distributed. In this study, hybrid heuristic methods were used to solve the PMS problem, as genetic
algorithm and Tabu research were adopted. The optimal solution was reached in a short time compared to
previous studies in which optimal methods were used, integer programming and nonlinear integer
programming. Also, sensitivity analysis was applied to measure the robustness and strength of the method
used, where an optimal solution was obtained for all experiments and in record time. This method can be used
for power plants in privet or public sectors, to generate an optimal PMS, to save money, and to avoid water or
electricity cuts.

Keywords: preventive maintenance; scheduling; optimization; genetic algorithm; tabu search;
metaheuristic

1. Introduction

The maintenance of all kinds of equipment or machinery plays an important role in protecting
it from sudden breakdowns that may cause halting or delaying production, especially for essential
matters for consumers. It also improves uptime and extends its operational life. The main objective
of maintenance is to ensure that all equipment required for production is operating efficiently at all
times. With the development of science, several maintenance strategies have emerged. There are
many types of maintenance strategy, where the most commonly used are; Reactive maintenance (run-
to-fail), which relies on the technique of using things until they break before they can be fixed.
Predetermined Maintenance is another strategy, which simply follows the manufacturer's
recommendations for maintenance, including when to perform checks and maintenance. Another
type of maintenance strategy is predictive maintenance, which is based on data and indicators of the
current actual condition of the equipment, through which the maintenance process is carried out. The
most widely used type of maintenance technique is preventive maintenance PM, where in 2020
according to [1], 76% of companies in the manufacturing industry worldwide prioritized PM. This
technique relies on performing a regularly and routine scheduled maintenance (PMS) to fix small
problems before they develop into major problems, Figure 1 illustrated the workflow of PM. For more
details about maintenance strategies in general, see [2,3].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. The preventive maintenance workflow [4].

There are many benefits of PM such as; extending the life of assets, reduce the risk of
breakdowns, increases efficiency, minimize unplanned downtime, increase customer satisfaction, etc.
see [5]. Many different sectors apply PM in their sector, for example; in the field of transportation;
vehicles [6,7], aircraft [8,9], trains [10,11], and ships [12]. In the field of factories or stations [13-18],
other sectors [19-23].

Power plants are important sectors for humanity. The main task is to provide people with
electricity and fresh water. Any interruption of water or electricity has a significant negative impact.
The primary goal of power stations is to produce electricity and water for consumers, so these stations
are important and sensitive as they produce the necessities of life. Therefore, workers in power
stations are aware of the importance of maintaining all assets and components of the station, in order
to ensure that electricity and water are not interrupted by consumers.

A lot of research has been done in PMS, some researchers have adopted the exact optimization
approach to find the optimal solution, others have resorted to using heuristic methods, for large scale
problems, and others merging the two approaches. In the exact optimization approaches,
Mollahassani-pour et al [24] designed Mixed Integer Linear Programming (MILP) as a framework to
address PMS of power generation units. The aim of this study was to reduce the cost of maintenance
while determining the most appropriate maintenance scheme. To prove the effectiveness of the
proposed structure, IEEE Reliability Testing System (RTS) was used, with promising results. Al-
Hamad et al. [25] provided a paper for PMS on a real case study of 32-unit system of boilers, turbines
and distillers for power plants in the State of Kuwait. The problem is formulated as a Mathematical
Program (MP) that increases minimum output to demand ratios, for a period of 52 weeks. All
constraints were considered, and the results of the proposal were optimal compared to the schedule
of power station experts, and in reasonable time. Also, Al-Hamad et al. [26] used nonlinear integer
programming (NLIP) method to address the previous problem. They applied the comparison with
the results obtained with the previous study in terms of the time taken to reach the optimal solution,
as the time taken was reasonably higher. Fetanat and Shafipour [27] used the Ant Colony
Optimization for Continuous Domains (ACOR) to treat the problem of unit maintenance scheduling,
as the aim of this study was to reduce cost and reliability. Constraints such as rotational reserve and
maintenance crew duration were taken into account. The performance of the technique used was
benchmarked against those reported in the literature, and the method that was used proved to be
superior to them in terms of optimal resolution and speed. Canto [28] used mixed Integer Linear
Programming 0/1 in order to create a schedule that allows efficient organization of preventative
maintenance over a specific time horizon. The study was applied to a power plant in Spain and
reliability is the main point used in the presented methodology.

Since exact optimization algorithms take a long time to reach the optimal solution, moreover, it
is difficult to find an optimal solution as the dimensions of the system increase, so many researchers
resort to using heuristics methods to solve large scale problems. Lapa et al. [29] used Genetic
Algorithms (GA) technology in the PM of the power plant. Some relevant features have been taken
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into account, for example: possibility of needing repair, cost of repair, and possibility of incomplete
maintenance. Pressurized water reactors (PWR) were applied as a case study, and the results were
good. Alimohammadi and Behnamian [30] presented a study aimed at scheduling the PM of a group
of feeders in the Electricity Distribution Company of Iran, where mathematical programming was
proposed for this problem. During the study, two heuristic algorithms were provided with the aim
of providing a good solution in a reasonable time. The results of the proposed algorithms were
validated as the results of the heuristic algorithms were very suitable. Dahal and Chakpitak [31] used
a hybrid genetic algorithm (GA), simulated annealing (SA) to schedule preventive generator
maintenance. The results were promising and showed that the use of hybrid methods provides an
effective alternative to solve this type of problem. Duarte et al. [32] adopted particle swarm
optimization (PSO) and genetic algorithms (GA) for PMS in the Cuban power system. The goal is to
reduce the risk of load loss as much as possible in the power system. The paper demonstrates the
effectiveness of the proposed model in this real power system. For more literature review in this field
of PMS optimization, and applications to power plants, see [33,34].

The method adopted to address this problem was implemented through two indicative mixed
methods, the genetic algorithm GA and the tabu search TS. GA and TS are a metaheuristic problem-
solving approach used to solve combinatorial optimization problems. GA was developed by John
Holland and his collaborators in the 1960s and 1970s [35,36], while TS was proposed in 1989 by Fred
Glover of TAPO Research [37]. In a GA, the basic elements are chromosome representation, fitness
selection, and biologically inspired factors. A set of solutions, called a population, which is randomly
or scientifically generated. Each population consists of a number of chromosomes, and in each
chromosome a set of genes. Each gene locus on the chromosomes is usually represented in binary
format, or as a set of integers, depending on the type of problem. Fitness represents the chromosome
value, where the best objective function value is searched, through a number of iterations to improve
the solution. The process is carried out by a group of parents who must be selected in order to find a
new solution by applying two factors: crossover and mutation method. The process continues by
selecting the best parents from among the population, with the aim of reproducing a new generation
with different characteristics. The process of reproduction of offspring in the next generations takes
place through the evolutionary algorithm, which is inspired by the theory of crossover and mutation.
Crossover is mainly used to create new solutions from the genetic information of a population, while
mutation occurs to bring in new information and diversity within the population and move away
from early convergence to make the solution more general. This process will be repeated for a number
of iterations until an optimal or near optimal solution is found.

Tabu Search (TS) is a metaheuristic search method that uses local search methods. The search
method is developed by making it move from the local area to the global area, which discourages the
search for previously visited solutions. The search starts from the possible solution x to the optimal
solution x' near x, until the stopping criterion, which is the number of iterations mentioned, is
reached, or the desired solution (score threshold) is reached. Two operators, swap and insert, are
applied during the search. Solutions are sought in the current region extensively (intensification), but
usually after a number of iterations, the solutions are suboptimal or discouraging. To discourage the
algorithm from revisiting solutions that have already been explored recently, “Tabu list” is applied.
Tabu List is a short-term compilation of solutions visited in the recent past. This solution remains
"tabu" or forbidden for a number of tn “tabu tenure”. Tabu tenure tn refers to the duration or
number of iterations for which a solution or move remains on the Tabu List. It's a way to control how
long a particular choice is considered "tabu" or forbidden. This mechanism encourages diversification
by preventing the search from getting stuck in local optima or repetitive cycles. As the algorithm
explores new solutions, it increases the likelihood of discovering a broader range of possibilities,
leading to a more diverse and thorough search for the optimal solution. Aspiration Criteria, one the
other hand, provide exception based on specific criteria to excluding the best solution from the tabu
list, the algorithm remains free to explore the neighborhood of that solution, potentially finding even
better solutions in the same region. These criteria could be based on improvements in the objective
function, reaching a specific threshold, or satisfying other relevant conditions, whereas in this
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research they are based on achieving the best solution so far. This helps balance exploration and
exploitation in the search process.

This study will focus on the power plant in the State of Kuwait, this station that contains
turbines, boilers, and distillers. The main goal is to schedule preventive maintenance equipment in a
way that maximizes equipment utilization while minimizing power outages. A hybrid Genetic
Algorithm and Tabu Search would be the methodology to tackle this problem, as the study provides
the PMS for each piece of equipment in the power plant, for time period of 12 months. The results
will be compared with the results of the previous optimization approaches [25,26] in order to measure
the quality of this methodology, in terms of solution quality and implementation time. Certain
constraints will be taken into account, such as maintenance window restrictions, maintenance
duration for each equipment, the level of reservoir water limits, etc. The positive effects of this study
are to meet consumer demands without any shortage or interruption, whether for water or electricity.
In addition to maintaining equipment for a long time without any breakdown that leads to expensive
repairs.

The paper is organized as follows: Section 2 will focus on the explanation of the problem as well
as the formulation to solve the problem. In Section 3, the results obtained are analyzed and compared
with previous studies. The final section 4 will be about the conclusion.

2. Problem Description
2.1. Problem Background

The current study will focus on power plants in the State of Kuwait. Power plants generally
consist of a number of stations, each station containing three type of equipment, turbines, boilers, and
distillers. The energy production process in the power stations in Kuwait takes place by drawing sea
water, which is first transferred to the boilers, in order to heat up to produce high-pressure steam.
The steam is then transmitted to two paths, to the distillers, in order to condense and get rid of the
salt, to produce drinking water. The other is transmitted to the turbines in order to produce electricity.
To continue producing energy and provide the citizens’ needs for electricity and water without
interruption, the plant needs annual PM. Station consists of a number of plants, p = 1..P. Each plant
p; consists of different numbers of distillers d, turbines r, and boilers b. The maintenance time
period T for all equipment in the station is within a full year, 52 weeks. Each piece of equipment in
the plant needs a number of weeks to complete the PM process.

2.2. Problem Formulation

Research manuscripts reporting large datasets that are deposited in a publicly available database
should specify where the data have been deposited and provide the relevant accession numbers. If
the accession numbers have not yet been obtained at the time of submission, please state that they
will be provided during review. They must be provided prior to publication.

The nomenclature for the hybrid GA and TS approach was divided into sets, data, and decision
variables, as follows:

Sets:

p=1..P, denotes to plants
d=1..D, denotes to distillers
r=1..R, denotes to turbines
b=1..B, denotes to boilers
Q=DURUB, whereq € Q

p populations

CR set of chromosome

g(i) =1..N, The number of genes in a chromosom
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i,Jj, Denotes to genes located in the chromosome, where i,j € g(i)

(The sequence of genes in the chromosome represents the sequence of weeks in time
horizon)

Data:

MD;,’ maintenance duration time for equipment q, in plant p.

PTyq maximum water production for distiller d, in plant p.

PTy, maximum electricity production for turbine r, in plant p.

Et,, allowed time to start maintenance for eqiupment q, in plant p.

Lt,, the last time allowed for maintenance for eqiupment q, in plant p.

Max;,,  maximum number allowed is under maintenance for eqiupment q,
in plant p, at gene i.

D/ electricity demand, at gene i.

Dl-d water demand, at gene i.

HR the number of available manpower.

MP,, available manpower, for eqiupment q, in plant p.

D/ electricity demand, at gene i

) overall number of iterations.

a overall number of iterations.

4 tabu tenure, the time required for genes to remain on the Tabu list.

gniﬁ value of gene i, for parent §, (S equal 1 or 2).

At t =0, the reservior water level [, € [l, 1], where l and ! are the minimum and maximum
water level at the reservoir.

Decision variable:

There are 3 types of decision variables, first, binary variables:

= {1, eqiupment q is under maintenance, at gene i.
pqt 0, otherwise
1, gene i is the start of maintenance of equipment q
xqul- = .
0, otherwise

During the boiler maintenance period, the distillers and turbines will be either under
maintenance or idle, until the boiler maintenance is completed. The following binary variables
express this situation:

_ {1, distiller d is either idle or under maintenance
Ypdt =0, otherwise

_ {1, turbine r is either idle or under maintenance
Yort 0, otherwise

Second, integer variables:
avw; available water, at gene i

ave; available electricity, at gene i
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2.3. Hybrid Approach

The proposed approach is implemented by hybrid GA and TS. The process begins with applying
first a GA, which consists of a set of strips, each strip is called a chromosome or solution, and each
chromosome consists of a set of variables known as genes. The set of chromosomes is called the
population.

The basis of the proposed approach is to produce p populations over § iterations, where each
population across iterations consists of a set of CR chromosomes. Each chromosome represents PMS
for all equipment in the station, as illustrated in Figure 2

Population
of CR chromosomes
1
(8)

SAEEEE EEEEEEN

Figure 2. A population (chromosomes) represents PMS.

Each chromosome CR consists of a group of N genes, which represents the sequence of weeks
in a year. The value for each gene represented by gnf ,i € g(i), gene i, for parent  represents one
of the equipment under PM. Simply, a chromosome consists of a sequence of genes (subsequences)
which means this equipment is subject to PM, while an empty gene means no PM during this week.
For example, as shown in Figure 3, gnf = 6, means that equipment 6 is under maintenance in week
1, while gnf = 2, means that equipment 2 is under maintenance in week i. In addition, MDY,
represent the maintenance duration time for equipment ¢, in plant p. So, for example, MD§ = 3
means, equipment 6 needs three weeks to complete PM (from week 1 to week 3), while MD} = 4,
means that equipment 7 needs four weeks to complete PM, as shown in Figure 3.

1 2 3 4 ... i N

l6 [6 16 ] | B [ | 17 [7 [7 ]7] |

Figure 3. Representation of chromosome, where number in gene represents equipment under

maintenance.

Next, the fitness function score of all chromosomes in the population is determined. The degree
of fitness function increases the likelihood that it will be selected for producing new offspring. The
best the fitness score, the higher the chances of reproductive selection. Before calculating the fitness
function, the gap between energy demand and availability must be calculated. There are two types

of gaps, as shown below:

v = pdf - Df M

gpi =pd; — D{ @)
where gp¢ is the gap of distillers between production of water pd? and water demand Df, at gene
i, (which represents week i as mentioned previously). Likewise, gp] is the gap of turbines, between

available production of electricity pd] and electricity demand D/, at gene .
The fitness function for each parent consists of two standard deviations, one for distillers

production stdev?, where gd represents the average gap of water production and demand across
the time horizon, and the other for turbines production stdev” where gr represents the average
gap of electricity production and demand across the time horizon.
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¥ (gpf — gd)?
N

stdev?® =

(3)

X, (gp] — gr)?

tdev” =
staev N

4)

These two are calculated separately, provided that the fitness value of both is the smallest in the
same chromosome. Whenever the value of the fitness function is very small, this indicates that the
gap between demand and available production will be approximately the same over the time
horizon. This means that there is very little chance of power or water supply being cut off. Therefore,
two different parents  will be selected, one with the smaller standard deviation for water
production stdev® , while the other parent with the smaller standard deviation for electricity
production stdev’ .

The algorithm uses two operators that are applied to the two selected parents, crossover and
mutation. The traditional method in the GA to select cut points is done randomly, but here it is
implemented in a scientific way. The method begins by selecting a non-empty gene in parent 1, such
that the gap for that gene is the smallest throughout the chromosome. For example, as shown in
Figure 4, the gene with value 6 (equipment number 6) is selected. Likewise, for parent 2, the gene
with the same value as parent 1, which is equipment number 6. The maintenance duration of
equipment g is represented by MD,!, where in this example, equipment 6 needs a period equal to 3
weeks to complete PM, MD§ = 3. Therefore, all genes with the same value will be reserved for the
crossover operation, the number of which is equal to MD,).

Parent1 | ..]2[2[2] | [1[1]1] [3]3]3]6]6]6]
parent2 | ..|1]1]1]6]le6]6] [3]3][3] | [2][2]2]
L . T
i
parent 1 | ..[2[ 2] 2] | T1[1]1] [3]3]3]6]s]é6]
@ ——
J
parent2 | ...[ 1] 1] 1] 6] 6] 6] [3][3]3] | [2]2]2]

i ' '
parent 1 | ... 2[2[2] [ | 1] 1]1]3]3]3]6]6]s6]
parent2 | .| L] 1] 1] 6] 6] 6] 3]3]3] | | [2][2]2]

i

offspringl | ...| 2] 2[ 2] 6] 6] 6] 1] 1] 1] 3][3]3] [ | |
© [
offspring2 | .| 1] 1] 1] | | [3]3]3]6]6]6]2]2]2]

Figure 4. Crossover operation.
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In the next step, selecting the empty gene i with the highest gap value for distillers, gp?, for
parent 1, and the same process is performed for parent 2 by selecting gene j, with the highest gap for
boilers, gpj. The next step is to choose the cut points, which is done by choosing a number of genes
adjacent to gene i of parent 1, so that their number is equal to the number of MD; = 3 genes, and the
same thing is done for parent 2, as shown in Figure 4 Step 2. As clear in Figure 4, the number of empty
genes equals 2 genes, so any non-empty genes within the cut points will be moved outwards, either
to the right or left depending on their position. For parent 1, genes of value 1 were moved one step
to the right, while in parent 2, genes of value 3 were moved one step to the left, as shown in Figure 4
step 3. In the final step of the crossover process, the selected substring (genes with value 6) will be
inserted between the cut points, producing new offspring with a new fitness value, as shown in
Figure 4 step 4.

At this stage, the tabu list method is adopted, which is one of the features of TS, in which the
selected genes, i and j, will enter two separate tabu list for a number of iterations, y tenure. This
property is important and helps to diversify the search and explore new regions of the solution space.
At the same time, when the value of fitness to the new offspring is the best so far, aspiration criteria
are applied, where the two selected genes, i and j, will be released from the tabu list. This process
can actually enhance the focus and intensity of the search for promising solutions in a particular area.

The mutation operator will be applied after the crossover, Figure 5 illustrates the process. The
process is done by first randomly selecting a substring of genes for both parents, as shown in Figure
5, genes with a value of 3 in P1, and genes with a value of 1 in P2. The substring is then shifted to the
left or right, depending on the position of the empty gene. If there is no empty gene next to the
substring, the adjacent substrings are shifted until they reach an empty gene.

——

Parent1 ... /2 2/2/6 6 6|1 1|1\3\3\3T'| | |
—_—
Parent2 | ...|1]1]1] | 3/3[3[6 6/ 6 2]2]2]

——
Offspringl | ...[2/2/2 6/ 6 6/ 1|11 [3][3][3] | |

——
Offspring2 ... [1/1/1 3[3/3/6 6 6/ 2]2]2]

Figure 5. Mutation operation.

This process will continue for a of iterations. This means that the search in these two
chromosomes has been explored in a precise and extensive manner. Next, a new population with
number of CR chromosomes are generated, in the same manner as previous. Different parents are
selected in the same way as previous, in order to search for a better solution. The algorithm will
terminate after reaching the threshold fitness value. This solution will be determined as the optimal
solution for the population. On the other hand, if the optimal solution is not reached, the algorithm
will stop when § of iterations are reached.

There are some conditions that must be followed during the process of searching for the solution,
through the proposed method, which are as follows:

p Ltpq

SN w1 vaeo ©)
p=1i=Etpq

P N
Z z Xpqi = MDg, Vq €Q (6)
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Condition (5) ensures that the machine undergoes PM only once during the time horizon, so that
the time to start PM is within the permitted period. To guarantee the continuity of PM within the

allotted time period MD/, without interruption, condition (6) was implemented.
Q

MPy - xp <HD, Vp€P, VieN 7
q=1
Constraint (7) was put in place to ensure that the number of labors during the implementation
of PM for a number of equipment does not exceed the total number of labors available in the current

week.

R

z PT,.-(1—xy) =D VieN @)
r=1

D
z PTyq-(1-xpq) = D¢ vien ©)
d=1

D
gszo+ZPTpd-(1—xpdi)si, VieN (10)
d=1

Constraints (8) and (9) were set in order to ensure the availability of electricity and water during
the current week, and that there is no shortage due to PM work. On the other hand, constraint (10)

guarantees that water production is within minimum and maximum water level at the reservoir.
Q

Z Xpqi < Maxy, Vi€eN, vd,r,b € Q (11)

q=1

There are technical and precautionary matters imposed by power plants administration
regarding the maximum number of equipment of the same type (turbines, boilers, distillers) on which
PM is permitted during the current week. Therefore, the constraint (11) was set to ensure that the
permissible number is not exceeded.

The following flowchart in Figure 6. explains the process of generating a PMS for all equipment
in a plant using the proposal approach.
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Generate population of CR chroamosomes

| Select two chromosomes (parents) ‘
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Tabu list

Apply crossover and mutation {GA)

¥

Apply Tabu list for
selected genes i,j
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'
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=
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Yes

Apply aspiration
criteria

Obj = S5tDev

Figure 6. PMS generation process for all equipment.

3. Computational Results
3.1. General Data

Data were obtained from the MEW in the State of Kuwait, where there are several power plants
in the State of Kuwait. In this research, Al-Zour plant was chosen. This plant consists of 8 units, each
unit consisting of 4 pieces of equipment; One boiler, one turbine and two distillers. This means that
there is a total of 32 pieces of equipment in the plant. PM must be performed annually for all
equipment to avoid any malfunction. Each boiler needs 5 weeks to complete PM, as well as the
distiller, while turbine needs 4 weeks to complete PM. Since boilers are responsible for supplying
distillers with hot steam for condensation and producing fresh water, as well as turbines for
producing electricity, PM of any boiler results in the associated turbine and distiller being idle until
PM is completed. In addition, no more than two units can stop in the same week either due to PM or
be idle due to PM work on the boiler associated with them. According to the information provided
to us by the Al-Zour station administration, human resources are available in all areas of the
operational planning period. The time period to start PM for all equipment is open from the first
week until the end of the year.

The objective of this study is to generate a PMS for all equipment in the station, such that it
maximizes the number of operating equipment throughout the time horizon. This means, in return,
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minimize the occurrence of water or electricity outages for consumers. This can be achieved by
making the gap between available production and demand approximately equal along the time
horizon.

Hybrid GA and TS algorithm was adopted to address this problem where MATLAB R2021a
programming was used to solve the problem, based on DELL desktop, CoreTM i7-1065G7 CPU
clocked at 1.50GHz and 16.0GHz. The time horizon in which the proposal was implemented is one
year, as a year consists of 52 weeks, assuming that a month consists of 4 and 5 weeks. The reason
weeks are used in this problem is because the duration of PM for any piece of equipment is calculated
in weeks.

Figures 7.a and 7.b show the water and electricity demand for one year for Al-Zour plant in the
state of Kuwait, where the demand appears to increase in the summer period. Table 1. illustrates the
production capacity for each piece of equipment for all units in the Al-Zour plant. D1 and D2
represent distiller 1 and 2, while R represents turbine. On the other hand, MIGD, represents million
imperial gallons per day, while MW, represents million watts.

Water demand

600
500

400 4

300 4
200 A
100 A

0 4

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51

Water demand MIGD

weeks

Power demand
250

200 4

150 4

100 4
50-‘ | }H
o4

13 5 7 9 1113 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51
Weeks
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Figure 7. a Total demand for water for 52 weeks. b Total demand for power for 52 weeks.

Table 1. Production capacity for all equipment in Al-Zour station.

Unit Equipment Production Unit Equipment Production

1 D1 50.41 5 D1 50.4
D2 50.4 D2 50.4

R 47,040 2 R 47,040
2 D1 50.4 6 D1 50.4
D2 50.4 D2 50.4

R 47,040 R 47,040
3 D1 50.4 7 D1 40.2

D2 50.4 D2 40.2
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R 47,040 R 47,040
4 D1 50.4 8 D1 40.2
D2 50.4 D2 40.2
R 47,040 R 47,040

IMIGD 2MW.

The aim of this study is to generate a reliable PMS within a reasonable CPU time, such that all
gaps between demand and available production in all time periods are very close throughout the
year, simultaneously, all constraints are satisfied. To achieve this goal, the standard deviations
StDev?® and StDev”, of the gap between demand and available production for water and electricity
was adopted, provided that the method presented in this paper searches for the minimum value of
the standard deviations. This ensures that there are no power outages or water shortages
throughout the year.

3.2. Model Validation and Analysis: Test1

Many experiments were applied to find the optimal or near optimal solution through the
following factors: number of chromosomes in each population CR, general iteration §, internal
iteration a, method of genes selection, and the value of the tenure y of Tabu list. It is important to
mention before starting with the details that the results of the proposal approach have been compared
with the two published articles, [25] and [26] that used optimal method, IP and NLIP, for the same
case.

First, regarding the population size CR, it was gradually increased from 50 to 100 parents, with
100 being the best number, as the solution was greatly improved. In addition, there was no
improvement in the solution after the population size exceeded 100 parents. According to general
iteration, the value of § was equal to 10,000, such that the optimal solution was reached at less time
than the & value for all experiments, as all cases reaching the threshold fitness value. For internal
iteration, 50 iterations as a value were the best. On the other hand, selecting genes from the two
parents with the aim of applying crossover and mutation, two methods were examined, the first was
through random selection, while the second was scientific selection. The method of scientific selection
of genes has proven to be the best, as it relies on selecting the gene for which the gap between demand
and available production is the highest. The scientific selection led to the optimal solution very
quickly, while this was not achieved when using the random selection method. Moreover, Tabu list
played a major role in the success of the gene selection process. This prevented returning to the same
solution area (the cycle problem) and diversifying the research into another solution area, as reaching
the optimal solution was guaranteed by its presence, while the optimal solution was not reached
when dispensing with it. The best value for tenure y = 4. Table 2 summarized all values mentioned

previously.
Table 2.
Symbol 4 a 4 CR
iteration 10,000 50 4 100

The proposed method was applied, and the optimal solution was obtained, compared to the two
IP and NLIP [25] [26] for the same problem. The value of the StDev? is equal to 59.6 MIGD and the
value of StDev” is equal to 33519 MW, as shown in Table 3. These results were obtained in a
computational time of 20 seconds. Regarding the distribution of equipment, Table 4. displays the
PMS for all equipment within one year (52 weeks) for both the proposed model and MEW. First, with
regard to turbines, for the Ministry's PMS, the number of weeks in which they were shut down for
PM operation, or were idle due to boiler PM, exceeds the proposed PMS approach, as they were
idling in weeks 32, 33, 34, 35, and 36 as shown in Table 4. Therefore, the average in the Ministry’s
PMS is less than the proposed PMS average, which resulted in a change in the standard deviation
StDev®. On the other hand, the minimum gap during the year in the Ministry’s project management
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system is equal to 101.3 MIGD, while in the proposed approach it is equal to 118.1 MIGD, and this
means that there is a difference equivalent to 16.8 MIGD. As for electricity, the minimum gap during
the year is in the Ministry’s PMS is equal to 110971 MW, while in the proposed approach it is equal
to 124,426 MW, which means there is a difference equivalent to 13,455 MW, as shown in Table 3. This
indicates that the surplus production of water and electricity through the PMS method presented in
this paper exceeded the experts of the MEW by 16.58% and 12.12% respectively. It should also be
emphasized that any increase in surplus production means an increase in the ability to meet demand.
Furthermore, the MEW performance management system has not been settled, with service outages
during week 11 and only one piece of equipment undergoing maintenance in week 47. This is
undesirable as it leads to unnecessary manpower costs at the time of low peak demand. In contrast,
the proposed method for PMS avoids this unnecessary overhead.

Table 3.

Proposal Approach MEW

Distiller St.Dev. 59.6 70.724
Average 235.32 235.32

Min. Gap 118.1 101.3
Turbine St.Dev 33519 33220.5
Average 175330 171712

Min. Gap 124426 110971

In addition to the above, all constraints have been satisfied, as shown in Table 4, where Table 4
shows the distribution of all equipment under maintenance over a period of 52 weeks. For example,
no more than two pieces of equipment of a given type are under PM during any of the 52 weeks of
the planning horizon. Also, when their boiler is under PM, neither the distiller nor the turbine is
working.

Table 4. PMS generated by the proposed model and by MEW.

Week Proposed Model MEW

Equipment under PM Idle Equipment under PM Idle
1 B-2, D1-2, D2-2, R-2 - B-4, D1-4, D2-4 R-4
2 B-2, D1-2, D2-2, R-2 - B-4, D1-4, D2-4, R-4 -
3 B-2, D1-2, D2-2, R-2 - B-4, D1-4, D2-4, R-4 -
4 B-2, D1-2, D2-2, R-2 - B-4, D1-4, D2-4, R-4 -
5 B-2, D1-2, D2-2 R-2 B-4, D1-4, D2-4, R-4 -
6 B-5, D1-5, D2-5, R-5 - B-3, D1-3, D2-3, R-3 -
7 B-5, D1-5, D2-5, R-5 - B-3, D1-3, D2-3, R-3 -
8 B-5, D1-5, D2-5, R-5 - B-3, D1-3, D2-3, R-3 -
9 B-5, D1-5, D2-5, R-5 - B-3, D1-3, D2-3, R-3 -
10 B-5, D1-5, D2-5 R-5 B-3, D1-3, D2-3 R-3
11 B-3, D1-3, D2-3 R-3 - -
12 B-3, D1-3, D2-3, R-3 - B-6, D1-6, D2-6, R-6 -
13 B-3, D1-3, D2-3, R-3 - B-6, D1-6, D2-6, R-6 -
14 B-3, D1-3, D2-3, R-3 - B-6, D1-6, D2-6, R-6 -
15 B-3, D1-3, D2-3, R-3 - B-6, D1-6, D2-6, R-6 -
16 B-6, D1-6, D2-6, R-6 - B-6, D1-6, D2-6 R-6
17 B-6, D1-6, D2-6, R-6 - B-5, D1-5, D2-5, R-5 -
18 B-6, D1-6, D2-6, R-6 - B-5, D1-5, D2-5, R-5 -
19 B-6, D1-6, D2-6, R-6 - B-5, D1-5, D2-5, R-5 -
20 B-6, D1-6, D2-6 R-6 B-5, D1-5, D2-5, R-5 -
21 - - B-5, D1-5, D2-5 R-5
22 - - - -
23 - - - -

N
=~
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25 - - - -
26 - - - -
27 - - - -
28 - - - -
29 - - - -
30 - - - -
31 - - - -
32 - - B-7, D1-7, D2-7 R-7
33 B-7, D1-7, D2-7 R-7 B-7, D1-7, D2-7 R-7
34 B-7, D1-7, D2-7, R-7 - B-7, D1-7, D2-7 R-7
35 B-7, D1-7, D2-7, R-7 - B-7, D1-7, D2-7 R-7
36 B-7, D1-7, D2-7, R-7 - B-7, D1-7, D2-7 R-7
37 B-7, D1-7, D2-7, R-7 - B-2, D1-2, D2-2 R-2
38 B-8, D1-8, D2-8, R-8 - B-2, D1-2, D2-2, R-2 -
39 B-§, D1-8, D2-8, R-8 - B-2, D1-2, D2-2, R-2 -
40 B-8, D1-8, D2-8, R-8 - B-2, D1-2, D2-2, R-2 -
41 B-§, D1-8, D2-8, R-8 - B-2, D1-2, D2-2, R-2 -
42 B-§, D1-8, D2-8 R-8 B-1, D1-1, D2-1, R-1 -
43 B-4, D1-4, D2-4, R-4 - B-1, D1-1, D2-1, R-1 -
44 B-4, D1-4, D2-4, R-4 - B-1, D1-1, D2-1, R-1, R-7 -
45 B-4, D1-4, D2-4, R-4 - B-1, D1-1, D2-1, R-1, R-7 -
46 B-4, D1-4, D2-4, R-4 - B-1, D1-1, D2-1, R-7 R-1
47 B-4, D1-4, D2-4 R-4 R-7 -
48 B-1, D1-1, D2-1, R-1 - B-8, D1-8, D2-8, R-8 -
49 B-1, D1-1, D2-1, R-1 - B-8, D1-8, D2-8, R-8 -
50 B-1, D1-1, D2-1, R-1 - B-8, D1-8, D2-8, R-8 -
51 B-1, D1-1, D2-1, R-1 - B-8, D1-8, D2-8, R-8 -
52 B-1, D1-1, D2-1 R-1 B-8, D1-8, D2-8 R-8

Figures 8.a. and 8.b, demonstrate the distribution of equipment for PM through the proposed
approach, and 3.a and 3.b illustrate the schedule generated by the Ministry’s administration. They
display production, demand, and number of units under maintenance. They show that the number
of distillers and turbines undergoing maintenance has become constant. This keeps water and
electricity production constant for the first 20 weeks. While production reaches its peak and
maintenance work stops when demand increases during the summer period during weeks 21 to 32,
while maintenance work resumes at the end of the summer period due to the steady decline in
demand. In contrast, the production surplus is greater during the winter, ensuring a large reserve
level and avoiding water shortages and power outages. It is equivalent to 118.1 MIGD for water and
124.426 MW for electricity. The total production amounts to 36,321.6 MIGD of water and 17,687,040
MW of electricity.

Turbine unit system output

Equipment in maintenance Equipment is Idle e Electricity Demand == Available Electricity

Thousands

Number of Equipment

o
8
o B N W A U B N ® ©



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2024 d0i:10.20944/preprints202404.0182.v1

15

Distiller unit system output

Equipment in maintenance  w—dmmWater Demand =@ Available MIGD

g
JEVEIMEM

MIGD

sy

8 g
Number of Equipment

4
3
2
1
0

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52
Weeks

Figure 8. a. Turbine equipment system output for Proposed method. b. Distiller equipment system
output for Proposed method.

3.3. Model Validation and Analysis: Test2

To measure the robustness and the efficiency of the hybrid method proposed in this research, 16
experiments were conducted, through which to measure the effectiveness of the proposed tool
through the quality of the solutions and the computational time to reach the solution. These
experiments were divided into two parts. First, the demand for water was stabilized and increased
the demand for electricity so that the increase was 5%, then it was gradually increased until reached
the highest possible increase percentage. The second part is the opposite: stabilizing the demand for
electricity and gradually increasing the demand for water by 5% until it reached the highest possible
increase rate. First, all results were optimal compared to the results of IP and NLIP optimal methods
[25], [26]. Additionally, the computational time to reach the optimal solution is less in most
experiments, as illustrated in Table 5.a. and 5.b. Also, in Figures 9.a. and 9.b, the curve shows how
short the computational time it takes to reach the optimal solution compared to other solutions, for
both experiments. Tables 5.a. and 5.b, showed that the average computational time is much lower for
the two sections. In the first part, when the electricity demand is stabilized, the average of the
proposed hybrid method is 61 second, while for the other two tools, the computational time is 211.8
and 401 second, for IP and NLIP, respectively, as shown in Table 5.a. Also, when the demand for
water is stabilized and the demand for electricity is gradually increased, the average computational
time for the proposed tool is much less than the other two tools. the average of the proposed hybrid
method is 55.8 second, while for the other two tools, the computational time is 216.3 and 304.9 second,
for IP and NLIP, respectively, as shown in Table 5.b. Figures 10.a and 10.b also showed the differences
in computational time to reach the optimal solution.

Table 5. a. Water Surplus production versus increased demand.b. Electricity Surplus production
versus increased demand

Water Min. Gap Time in second

Increased Demand Distiller P NLIP Hybrid
100% 100% 118.1 157 236 20

105% 89.565 192 642 59

110% 61.03 199 589 52

115% 32.495 315 212 92

120% 3.96 196 326 82
Average 211.8 401 61

Electricity Min. Gap Time in second

Increased Demand Turbine P NLIP Hybrid
100% 100% 124426 157 236 20

105% 114183 147 263 35
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110% 103941 234 225 99
115% 93697.9 290 200 85
120% 83455.2 256 270 34
125% 73212.5 235 394 56
130% 62969.8 69 256 72
135% 527271 238 466 33
140% 42484.4 248 392 61
145% 32241.7 324 241 85
150% 21999 181 411 34
Average 216.3 304.9 55.8
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Figure 9. a. Turbine equipment system output for MEW. b. Distiller equipment system output for
MEW.
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Computational time (Electricity surplus production)

Time (second)
N
]

100% 105% 110% 115% 120% 125% 130% 135% 140% 145% 150%

ey [P el NLIP Hybrid

Figure 10. a. Acomparison between the three methods in terms of CPU time (water surplus
production). b. Acomparison between the three methods in terms of CPU time (electricity surplus
production).

In summary, the hybrid approach consistently outperforms the IP and NLIP approaches,
showing a trend of faster optimization times. Moreover, optimal methods have great difficulty in
solving large-scale problems, and may sometimes be impossible, while this is not the case for
heuristic methods, such as the method proposed in this paper. This helps the user in scheduling
management in any power plants, to use this proposed method to create an optimal PMS for their
stations and in a short computational time. This is beneficial to save money and time.

4. Conclusions

This article delves into the complex field of PMS in cogeneration plants with production
operations. These plants have a dual function of generating electricity and producing water, which
makes scheduling their maintenance particularly difficult due to the need to balance production
requirements with PM. The researchers aim to find an ideal schedule that reduces downtime,
increases production efficiency, and reduces maintenance costs. During the study, a hybrid tool
consisting of metaheuristic methods was used; GA and TS. A number of constraints are taken into
consideration, such as maintenance window constraints, maintenance duration for each machine,
maximum tank water level, number of available labors, etc. By taking these factors into consideration,
schedules were created that ensured the reliability and longevity of plant operations while meeting
production goals. After using the tool proposed in this research, the optimal solution was reached
compared to previous studies that used optimal solution tools. Sensitivity analysis was also applied
to measure the robustness and effectiveness of the proposal, and the optimal solution was obtained
in all experiments.

The research seeks to provide cogeneration plant operators with a practical tool to optimize
maintenance schedules, ultimately improving operational efficiency, reducing downtime, and saving
costs. This approach represents a major advance in maintenance optimization, providing valuable
insights and solutions for managing the complex interplay between production and maintenance
activities in industrial environments.
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