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ABSTRACT

Compressors can be considered as one of the most important utilities in industrial processes. Around 10-
14 percent of the electricity consumption in industry was used to produce compressed air. So, in indus-
trial facilities, compressors are the largest energy-consuming equipment. Therefore, energy saving in
multi-compressor systems (MCS) is very challenging. In this paper, a new symbolic model based on multi
objective Jaya algorithm for the MCS is proposed. The proposed model considered an optimal electrical
power consumption (EPC) as well as optimal life span while maintaining the demanded compressed
air flow during load change. The proposed model selected compressors that would meet the demanded
air flow by adjusting their partial load ratio (PLR) for each changeable variable speed drive compressor
(VSDC). This study has optimized the operating period for each compressor based on the optimal power
consumption of MCS as well as optimal life span of each compressor. Evolutionary multi-objective Jaya
algorithm is proposed to solve the optimization problem. Furthermore, Grey Wolf optimizer has been
used and its results have been compared to show that MO-Jaya showed better performance with the pro-
posed problem. Different practical cases of study have been considered and analyzed showing that the
multi-objective optimization model could dramatically reduce consumption costs and increase machine’s
life span. Besides, the maintenance schedule of each compressor could be predicted and planned based on
the MCS schedule. Variant air flow has been applied to test the effectiveness of the proposed model.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Ain Shams University
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

1. Introduction

Energy saving became a basic necessity in national economic
development. Energy consumption in all sectors like: households,
industry, buildings and transportation was inefficient according
to key performance indicators [1]. Therefore, energy efficiency is
an area of increased importance due to the high cost of energy
[2]. The tendency is now to increase the electricity production,
especially through renewable resources due to their high reliability
and low cost. For instance; autonomous hybrid grid composed of
wind turbines, hydrokinetic turbines, photovoltaic (PV) systems,
energy storage systems and diesel generator [3].

Recently, there are worldwide studies aimed at reducing energy
consumption as a result of unexpected increase in energy con-
sumption [4]. There were many research works that have been rep-
resented in energy saving in various fields such as smart homes for
more convenience and industrial processes which lead to more
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profits in the competitive market. Various Metaheuristic optimiza-
tion algorithms have been used to solve optimal EPC problem [5].
Metaheuristic algorithms are inspired by nature which mostly
based on swarm intelligence. Such as Grey Wolf Algorithm
(GWO) was presented in the year 2014 which used for optimizing
electrical consumption of a smart home around the year [6]. Elec-
tricity demand is rising because of the population growth and eco-
nomic development. Causing a gap between energy production and
demand. So, an optimization-based energy management frame-
work is proposed for consumers’ power usage scheduling based
on a hybrid Genetic Ant Colony algorithm [7]. Furthermore, some
research work aim at developing poor-efficiency algorithms for
more accurate results. So, due to the poor-efficiency of traditional
particle swarm optimization (PSO) algorithm, improved PSO was
proposed for optimal energy consumption of office buildings in
cold area [8]. As a result of rapid increasing in electrical energy
consumption, there was a need to match this increase by increas-
ing the production of electricity either by integrating PV panels,
electrical energy storages in smart home to increase power gener-
ation using GA, PSO, Whale Optimization Algorithm (WOA) and
Sine Cosine Algorithm (SCA) for scheduling appliances of single
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Nomenclature

Abbreviations

AFR Average Flow Rate

Al Artificial intelligence

EPC Electrical Power Consumption

FR Flow Rate

FSC Fixed speed compressors

GWO Grey Wolf

Hr Hours

LS life Span

MCS multi compressors system

MO-Jaya multi objective Jaya

nl the number of standalone compressors
n2 the number of dependent compressors
n3 the number of changeable VSD compressors
OEPC Optimal Electrical Power Consumption
Py dependent compressor power

Psr standalone fixed compressor power

PLR partial load ratio

Qq dependent compressor flowrate

Qm mixed compressors flow rate

Qsen standalone changeable compressors flow rate

Qsr standalone fixed compressor flow rate

T the overall operation time

tm the operating period of mixed compressors

tseh the operating period of each standalone changeable
compressor

tsp the operating period of each standalone fixed compres-
sor

TEPC Total Electrical Power Consumption

VSDC Variable speed drive compressors
Tm the number of operating hours before maintenance

and multiple homes. These research achieved the user’s maximum
possible comfort extended to social welfare where consumers
could use all appliances with a reasonable electricity bill [9].

As a result of continuous increase of electricity prices, industry
had been forced to re-evaluate its energy systems and process con-
trols. The energy consumption varies significantly with respect to
the various industries. So, reduced energy consumption is cur-
rently driving research efforts towards an increase in industrial
applications [10]. For example, in China, according to the National
Bureau of Statistics in 2018, the total power consumption has
increased by 3.2% compared to 2017. The important energy con-
sumer of overall energy consumption was the building sector.
Hence, radiant cooling (RC) systems have been used as preferred
technology to reduce building energy consumption. So, RC system
have saved the energy by 41% in comparison to an air conditioner
[11]. So, improving the cooling system efficiency has attracted
much attention as the reduction of cooling system EPC. The exist-
ing optimization methods currently, can be classified into data-
based approaches and system-model-based. This system model
was used to optimize the energy consumption and operation cost
in each iteration of the optimization computing [12].

Due to cooling demand uncertainty robust optimization is
introduced for uncertainty modeling [5]. In order to obtain optimal
energy consumption of each chiller within satisfying demand and
excessive cooling avoiding. Equilibrium Optimizer (EO) algorithm
is proposed to solve the OCL problem of multiple chiller system
[13].

As explained, single objective metaheuristic optimization algo-
rithms have a high effectiveness in solving various energy saving
problems. But, industrial processes produce many products and
services required for society. As each industry faces various chal-
lenges from different perspectives, multi objective optimization
algorithms are developed to obtain profitable, productive, control-
lable, safe and sustainable processes [14]. Multi-objective opti-
mization algorithms have proved their effectiveness in design,
operation and control of such processes. In order to assess the sys-
tem performance including different metrics and evaluate the
trade-offs between the objectives in conflict [15]. There are many
applications of multi objective optimization in industrial processes
and each application has its own challenges [16,17]. As, a multi-
objective optimization is very important tool for the operation,
design, control and optimization of industrial processes such as
Life-Cycle Assessment, Product Development, Water Networks,
Energy Production, Storage, Distribution Systems and Supply Chain
Networks [14]. Also, multi objective optimization algorithms are

used for assembly line rebalancing processes which described by
multi objective functions [18].

In some industrial processes, air compressors have avital role as
many manufacture processes depend on compressed air. As indus-
trial air compressors are the most energy consumer [19]. Gener-
ally, about 10%-14% of the electricity consumption cost in
industry is used to produce compressed air [1,20]. So, in industrial
facilities compressors are the largest energy-consuming equip-
ment [21]. Therefore, an adaptive optimization matching method
is developed of the air supply in order maintain the high-
efficiency operation of the system based on (GA) and centrifugal
air compressor model are developed [22]. Also, a combined opera-
tion model of the air cooler and compressor based on optimization
of the switching scheme of compressors and air coolers, which can
extremely reduce the production energy consumption of the pipe-
line system. genetic algorithm (GA), simulated annealing (SA) and
particle swarm optimization (PSO) that are used to solve the opti-
mization model [23]. In order to, minimize compressors energy
consumption. As the compressed air systems are often very expen-
sive and inefficient industrial systems. A real time ambient sensing
are combined with Artificial Intelligence and knowledge manage-
ment to automatically minimize energy consumption for air com-
pressors. Based on real-time manufacturing conditions [24]. Also,
in [24] Artificial Intelligence will understand that data and auto-
matically act. Knowledge Management will simplify the processing
of information to advise operators on actions. In order to minimize
energy consumption and maintain productivity. The aim is to
develop new intelligent techniques to optimize energy in com-
pressed air systems. Moreover, electrical load profile of com-
pressed air systems has been predicted based on Artificial Neural
Network. Which is worthy to industry practitioners as well as soft-
ware providers in developing better practice and tools for load
management and look-ahead scheduling programs [20].

As shown, single-objective and multi-objective metaheuristic
optimization algorithms have a high effectiveness in solving vari-
ous energy saving problems and various industrial applications.
There are many works have discussed the EPC problem in smart
homes and their different applications as well as EPC control Chal-
lenge in industrial processes. Furthermore, the most of works have
discussed the optimal EPC problem of multi-chillers system in
refrigeration systems. But there are few works have studied the
problem of optimal EPC of MCS. unfortunately, the methodology
of researches which discussed the optimal EPC they will not be
effective for solving the problem of optimal EPC of MCS. As they
have some gaps as follows: only variable speed drive (VSD)
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machines were discussed whether compressors or chillers. VSD
machines have been loaded at a different load ratio for the same
operating period, which negatively affects the LS of each equip-
ment. As a result, it will be difficult to determine the machines that
could meet the demand independently. Furthermore, There is a dif-
ficulty for system’s maintenance planning. Besides, there is no
developed generalized mathematical model for MCS power con-
sumption control.

In this paper, a mathematical model for MCS was developed.
Based on it, MCS could be defined in terms of the type of each com-
pressor by its rated power, and rated flow rate. In addition, the oper-
ating duration of each compressor has been added to that model to
calculate the EPC of each compressor. Based on the proposed math-
ematical model, it became possible to apply artificial intelligence
optimization algorithms on MCS. In order to obtain the optimal con-
sumption of MCS as well as optimal LS of each compressor. Hence, a
new symbolic model based on a multi objective Jaya algorithm for
the MCS is proposed. In order to obtain optimal EPC in MCS as well
as optimal LS of each compressor for fixed speed compressors
(FSC) and VSDC. According to the previous explanation, the main
contributions of the proposed paper is briefly presented as follow:

- The study has been based on a real-life problem in one of the

biggest cooking appliances factories near to Cairo - Egypt. The

power consumption recordings have been gathered and a multi

objective optimization have been proposed. A min-max objec-

tive functions are optimized.

The study considered not only cost reduction but also low

power consumption and lifetime extension of MCS.

The study considered different air-flow rates during day/night

shifts.

Different scenarios for the MCS problem have been proposed.

- A comparison based on different optimization algorithms has
been studied and compared.

This paper is organized as follows: Section 2 presented problem
formulation of optimal compressors consumption in-detail. In Sec-
tion 3 multi-objective algorithms are explained, especially, MO-
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Jaya algorithm. Section 4 discusses research results for a real case
study, while the research conclusions are presented in Section 5.

2. Optimal EPC problem of MCS

Air compressors are vastly used in various industries. Whether
large, small and medium enterprises (SMEs) [21]. As, in the manu-
facturing industry a necessary form of energy used is stored as a
compressed air (CA) [25]. Compressed air is widely used in operat-
ing cylinders, pneumatic valves, cleaning, testing of products and
transporting products [14]. In industrial applications. Inlet fresh
air is compressed by compressors to the required pressure at suffi-
cient FR according to compressors rate. Then, compressed air is
dried by air dryers to be usable in order to preserve the equipment
from internal damage as shown in Fig. 1.

2.1. Structure of MCS

Fig. 2 illustrates the structure of MCS. Which consists of multi-
ple compressors, compressed air receiver, multiple dryers. In pro-
posed case study MCS consists of three compressors which
classified into two types: FSC which operates at a constant and reg-
ular speed. This produces a fixed air flow of compressed air per
minute [27] and VSDC in which the compressor’s operating speed
is automatically adjusted according to demand [28]. A brief
description of compressors data is provided in Table 1.

2.2. Optimal EPC problem formulation

High EPC and it’s corresponding high cost is our main research
problem. which caused due to trial and random operation based on
an unknown factory demand of air FR. Furthermore, some com-
pressors are being loaded for longer than others. Which negatively
affects the lifespan of each compressor and increase the number of
maintenance times for them. Which entails an additional high cost.
As, in every maintenance, filters and oil are changed. The high and
unstable EPC of multi compressors system is shown in Fig. 3.

A Intake air

B (O Airfoil mixture

c® oi

D . Wet compressed air
E @ Condensate

F Dried compressed air

Fig. 1. The adopted compressor operation cycle [26].
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Fig. 2. The MCS architecture in the proposed case study.

2.2.1. Compressors classification

To determine the factory’s actual demand of compressed air
during different loading conditions. An air flowmeter has been
installed. According to the demand of compressed air FR, multi
compressors system can be classified as follows:

The standalone fixed speed compressors which can provide the

Z::] QSF > Qreq (1)

The standalone changeable compressors which can provide the
demand alone are selected based on the following Eq. (2):

nl
demand alone are selected based on the following Eq. (1): Z Qsen > Qg (2)
i1
Table 1 And their PLR are determined based on the following Eq. (3):
Multi compressors system data. PLRg, = Qs / Q. (3)
Sch — ch req
Compressors Rated Power FR (m*/min) Type .
3 W o F— The fixed compressors which can’t meet the demand alone. In
K . 1Xe peel . . .
15 kW 9.4 Variable Speed Drive this case the changeable compressors which can be loaded with
75 kW 12.6 Fixed Speed them. In order to, be able to meet the demand are selected and
90 kW 17.6 Variable Speed Drive they have been called mixed compressors and PLR of changeable
compressors are determined based on following Eq. (4):
30000 35000
25000 30000
566 25000 'E
z 20000
E 15000 o
15000 -
10000 10000
5000 5000

Jan Feb Mar Apr May Jun

Jul Aug Sep Oct

MONTHS

—O— Compressors EPC

—O— Compressors EPC Cost

Fig. 3. Compressors EPC and it's corresponding cost for year 2021.
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PLR ey = (Qreq - Qd)/chh (4)

2.2.2. Optimal operating period based on a multi objective Jaya
optimization algorithm

In order to, achieve optimal electricity consumption for multi
compressors systems. The optimal operating period for each com-
pressor should be determined based on a multi objective Jaya opti-
mization algorithm. It is possible to select the compressor with the
lowest electrical rated power. In order to run for the longest period
more than other compressors, but this will inevitably negatively
affect the LS of this compressor and increase the number of main-
tenance times. Also, it will lead to an additional cost. So, the LS of
each compressor must be considered by increasing the period in
which it reaches the number of operating hours. At which mainte-
nance is carried out. So, single objective optimization will not be
effective for our problem. Therefore, it was intended to use multi
objective algorithms for their effectiveness in solving conflicting
objectives. Hence, our research problem can be formulated as
two objective functions. Which constrained with equality and
inequality constraints as shown in Fig. 4. First objective is to main-
tain optimal TEPC for MCS by obtaining the minimum of the fol-
lowing Eq. (5):

nl

n2 n3 n3
TEPC = Min (Z [P # tsu] + [ > Porj +min > (PLR gy 1 * Prmenk )] * tmj + Y PLRschy * Pocny * tS(hy>
=1 k=1

= y=1
()

And the second objective is to maintain optimal LS of compres-
sors by maximize the period before pre-maintenance operating
hours as presented in the following Eq.6:

nl n2 n3

LS = Max <Z [Tm/tSFi] + Z [Tm/tmj] + Z [Tm/tSchy]> (6)

i=1 Jj=1 y=1

And these objectives will be solved subject to the following
constraints:

PLRpen < 1 (7)

PLRsp <1 (8)

nl n2 n3
Dotrit > tmi+ Y by =T 9)
i1 = y=1

Lifespan g p sy < 0Tm (10)

Where the TEPC is total power consumption,t,, number of operat-
ing hours before maintenance it will be equal 2000 h in this pro-
posed case study,Ps is the power of standalone FSC which should

Min TPC

. =

[
Air Flow Meter

Max Life span

Qscnh = Qreq. PLR pep =1

Life span (SFmSch) = 0.3ty

Optimization Box

" n2 n3
n } } =
Z.’=1 tSF it 3 tmi + tS('hy i
=1 y=1

Ain Shams Engineering Journal 14 (2023) 102245

meet the desired air flow alone, P, is the power of dependent com-
pressor which can’t meet the desired air flow alone,Ps, is the power
of standalone changeable compressor which meet the desired air
flow alone, P, is the power of changeable VSDC which supports
the dependent compressor to meet the demand air flow, n1 is the
number of standalone compressors, n2 is the number of dependent
compressors, n3 is the number of VSDC,ts is the operating period of
each standalone compressor, t, is the operating period of mixed
compressors (dependent and changeable), ts., is the operating per-
iod of each standalone changeable compressors, Qg is FR of stan-
dalone compressors, Q4 is the FR of dependent compressors, Q,, is
the FR of mixed compressors (dependent and changeable), Qs is
the FR of standalone changeable compressors, T is the overall oper-
ation time will be equal 9 h for day shift and 8 h for night shift and o
is the maintenance duration factor which depends on the actual FR
and number of operated compressors during the shift and determi-
nes the period after which the maintenance process will be carried
out.

3. Metaheuristics optimization algorithms (MOA)

Optimization is one of the widely discussed subjects that has
many algorithms [6].For simple function, derivative and determin-
istic techniques are used for solving an optimization problem. For
complex and highly nonlinear optimization problems these deter-
ministic techniques aren’t effective for solving such types of prob-
lems. So, Metaheuristics algorithms are developed [29].Which used
for solving optimization problems through searching optimal solu-
tions to a specific problem of interest using many agents. Which
create a system of developing solutions using a set of mathematical
equations during multiple iterations until the best solution is
selected when system is reached a converged state [30]. Meta-
heuristic optimization techniques perhaps classified into main four
types, namely, physics-based algorithms, human-based algo-
rithms, evolutionary algorithms and swarm-based algorithms
[31]. The selective of this meta-heuristic algorithm based on the
algorithm behavior, time limitation, availability of resources, issue
type, and required accuracy [32]. In science and engineering fields
multiple conflicting objectives for optimization arise. So, multi-
objective meta-heuristic algorithms are developed to maximize
or minimize many conflicting objective functions simultaneously
[33].

3.1. Multi-objective optimization
Multi-objective optimization has been used in various engi-

neering problems where a set of conditions must be met to provide
an optimal solution for successful application [34]. A multi-

Fixed Compressors

ocs1 o

VSD Compressors &

Qsp = Qreq' PLRsch =1

Fig. 4. The proposed multi-objective constrained system.
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objective optimization problem includes a several objective func-
tions which are to be maximized or minimized and they may be
conflicting functions. The multi-objective optimization problem
may subject to some constraints must satisfy as in a single-
objective optimization problem. Multi objective optimization
problem can be formulated in a general form as:

Maximize/Minimize F,(x), m=1.2,..M
Subject to g;(x) >0, i=1.2,..];
hyx)=0, y=1,2,..Y;

b <x <y, L=12,...5;

Fm(x) is the objective functions, g;(x) is inequality con-
straints, h,(x) is equality constraints and yP,y are lower and
upper boundary respectively. For each solution x in the decision
variable space, if the solution x(*) isn’t worse than x in each objec-
tive and it is strictly better than x® in at least one objective, the
solution x(V is said to dominate the other solution x?. So, if one
point dominates the other can be confirmed. All points which are
not dominated by any another point of the set are called the
non-dominated points. For non-dominated points one property of
any other such points is a gain in an objective from one point to
the other [35-37]. The dominated and non-dominated points for
different types of objective functions are shown in the Figs. 5 to 7.

3.1.1. Multi-objective Jaya algorithm (MO-Jaya)
Jaya algorithm is a meta-heuristics algorithm proposed by R.
Venkata Rao in 2016. The inspiration of Jaya algorithm originates

A (Fl.min, FZ.max)

Non-optimal solutions
—_—~
f_'*, Pareto front
(o]
£
Optima] SO]utiOnS (F]J]];]x, Fz,min)
>
Fi(x)
Fig. 5. Min-Min objective functions space [35].
r 3
-% dominated ,
S I
[}
. G
[0}
=4
5| £
Pareto front ’ g
,ﬂ o
7] information
@ " orm atio
o optimal
m_ ,.-.’ e
-
§ | cost optimal g :L
poor - - rich -
information

Fig. 6. Min-Max objective functions space [36].
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from obtaining a solution for a given problem should move
towards the best solution through positive thinking. Also, should
avoid the worst solution by avoiding the negative thinking as
shown in Fig. 8. Jaya algorithm does not require any algorithm-
specific parameters. It requires only common controlling parame-
ters like population size and number of generations for its working
[38].

Then, for solving the multi-objective optimization problems
MO-Jaya algorithm is developed in 2017. It is a modified version
of Jaya algorithm to be able to solve multiple objectives effectively
[39]. The performance of MO-Jaya algorithm is tested on non-
quadratic unconstrained multi-objective benchmark functionof
CEC2009. The MO-Jaya algorithm was compared with various algo-
rithms such as GA, NSGA, NSTLBO, BBO, NSGA-II, SQP, PSO and
Monte Carlo simulations. The results had shown the better perfor-
mance of the MO-Jaya algorithm [40].

Jaya algorithm begins with a random initial population at first
iteration according to the populations size. Then selects the best
and the worst solutions at every iteration. Next, each solution
moves forward searching the best solution in the population and
moves away from the worst solution according the following
Eq. (11):

Xnewi = Xotai + 1 % (Xbesti — |Xoiai]) — 2 X (Xworsti — |Xotai|)
(11).where X,ew and Xgq are the variable values for the updated
solution and the current solution respectively. Xpess and Xyorse are
defined as the best solution and the worst solution respectively.

A
Max.
Fi(x e
1™ (| Infeasible
Non-dominated
4 solut;on
: &)
.
: Dominated
: solution i
=
o . [ 8]
‘& Pareto-optimal
front
) -
I Min.
F;(x)
Fig. 7. Max-Min objective functions space [37].
BEST ¥

[ ]
>

WORST
SoLUTION,

Fig. 8. Jaya algorithm positive/negative thinking.
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r; and r, are two random values between [0, 1]. In Eq.11,the
expression 1y x (Xpesti — |Xowi|) shows that the current solution
goes closer to the best solution and the expression
-r'1 x (Xworsti — |Xowai|) shows that the current solution goes away
from the worst solution [41].The Jaya algorithm steps are
explained in the following flow chart as shown in Fig. 9.

4. Results on cases study

4.1. Experiment data

An air flowmeter has been installed to monitor the factory’s
demand of compressed air, in order to select the compressors that

Initialize the parameters

v

Calculate fitness values

v

Sort the population

v

i=1 -
v

Update current Solution

Is solution
the best?

Select the new solution

Optimal LS?
Optimal PC?

Return the best solution

Fig. 9. The MCS proposed algorithm flowchart based on Jaya.

Ain Shams Engineering Journal 14 (2023) 102245

should be loaded to meet the demand as mentioned in Sec-
tion 2.2.1. Table 2 shows the average factory consumption of com-
pressed air for 5 months during day and night shifts. Two Scenarios
are simulated to test and confirm the effectiveness of the proposed
model.

4.1.1. Scenario 1

In this scenario, MCS consists of two fixed compressors 37,
75 kW and only one changeable VSD compressor of 45 kW, as pre-
sented in Table 1. Each compressor will be loaded based on the
proposed model to obtain the optimal EPC as well as the optimal
LS.

4.1.2. Scenario 2

In this scenario, the MCS consists of two fixed compressors 37,
75 kW and two changeable VSD compressors 45, 90 kW as in
Table 1. The 90-kW compressor has a more power and flow rate
than other compressors. Adding this specific compressor to the
system has the advantage of operating as a standalone compressor
in case of high/low FR maintaining optimal PLR to obtain better
EPC as well as LS.

4.2. Experiment environment

The simulation experiments is implemented on laptop, CPU:
Intel(R) Core (TM) i5-10210U CPU @ 1.60 GHz 2.11 GHz, RAM:
8.00 GB, OS: Windows 10. Moreover, Multi-Objective Jaya algo-
rithm is coded in MATLAB(R2018b) software environment for sim-
ulation experiments.

4.3. Parameter setting of Multi-objective algorithms
The parameters of multi-objective algorithms, are set as:

- Number of particles = 100.
- Maximum iteration = 100.

4.4. Experimental results and discussion

Through the proposed model, the compressors that should be
loaded to meet the factory’s demand of compressed air have been
determined. In addition, the optimal PLR for each VSDC as well as
the optimal operating duration for each compressor were calcu-
lated. Accordingly, the optimal EPC is maintained, as well as, the
optimal period of operating hours before maintenance is due,
which was recommended by the manufacturer to extend the LS
of each compressor.

The MO-Jaya algorithm will be compared to another well-
known GWO algorithm keeping the same multi-objective
functions.

4.4.1. Results of scenario 1

Table 3 shows the optimal standalone compressors that could
meet the air flow demand during day shift as proposed in Table 2.
According to AFR of the day shift during March, the 75-kW FSC
could meet the air flow demand alone for 3.35 Hr/day. Optimal
EPC will be obtained based on the proposed model. Optimal period
will be 596 days before periodic maintenance.

Fixed compressors that could not meet the demand alone will
operate in parallel with the optimal PLR of VSD compressor, as
mixed compressors. As shown in Table 4, for March AFR demand,
compressor 37 kW can’t meet the demand alone. Based on the pro-
posed model, it will operate with a VSD compressor at PLR 43.74%
to meet the demand for 5.64 Hr/day. Optimal EPC based on the pro-
posed model will be achieved. Optimal period of 354 days prior to
periodic maintenance, and so on for other months. The standalone
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Table 2
A Day/night shift AFR for 5 consecutive months.
March April May June July
Shift Day Night Day Night Day Night Day Night Day Night
AFR (m3/m) 10.088 2.29 10.32 0.94 10.20 1.06 8.76 0.945 8.99 1.57
Table 3 compressors and mixed compressors will be operated in parallel
Scenario 1: Standalone compressors during day shift. for high demand of FR.
Months  Compressors  Operating duration  Optimal  Optimal During the night shift according to very low FR, as in Table 2,
(kw) (Hr [Day) PLR LS (day) only VSD will operate with its optimal PLR based on the proposed
March 75 335 _ 506 model to achieve the optimal EPC. As shown in Table 5 according to
April 75 354 - 564 AFR demand, compressor 45 kKW will operate with its optimal PLR
May 75 342 - 584 25.16%, in order to obtain the optimal EPC as well as the optimal
June 75 2.03 - 985.2 period before pre-maintenance operating hours will be 250 days,
45 4.72 96.2% N
July 2z 2,00 ~ 1000 and so on for other months. The switching process between com-
45 4.95 98.7% pressors and operation duration of each compressor at AFR of
March will be shown in Fig. 10. and the load power profile of oper-
ated compressors are shown in Fig. 11 for monitoring the current
EPC at each operation duration.
In Fig. 12, the optimal EPC (kWh/Month) based on the proposed
Table 4 model and its corresponding cost will be Compared with EPC and
Scenario 1: Mixed compressors during day shift. its corresponding cost in case of random operation. As shown,
- - - the operating based on the proposed model led to a 30.89 % reduc-
Months - Compressors  Operating duration  Optimal tion in the average EPC, as well as the average cost of EPC per
(kW) (Hr/day) PLR Optimal LS (day) g : ; 8 p
o " . 5 months compared to random operation.
Marc 431; 5.6 ;13 a 35 As proposed, the model constraints are achieved as: the total
April 37 5.44 . 367 day shift operating period doesn’t exceed 9 h and the total night
45 46.26% shift operating period doesn’t exceed 8 h. The LS of each compres-
May 37 5.60 - 357 sor doesn’t exceed the o of 7, which adjusted at 0.3 for first
45 45.05% 3 months and 0.5 for last 2 months according to the actual FR
June 37 2.24 - 888.9 . .
45 20% and the number of operated compressors during the shift, as well
July 37 2.06 - 967.11 as the optimal period before pre-maintenance operating hours is
45 31.7% achieved.
Table 5 PkW)
Scenario 1: Optimal selected compressors during night shift.
Months Compressors Operating duration Optimal  Optimal LS o
(kW) (Hr/day) PLR (day) 2
March 45 8 25.16% 250
April 45 8 8% 250 132
May 45 8 11.5% 250 0
June 45 8 20% 250 3% 5 17 Tameihr]
July 45 8 17.3% 250
Fig. 11. Scenario 1: Compressors power profile at AFR in March.
Comp,r:ssor(kW)
75
>
3.35 Time(hr)
37
>
o 4 Time(hr)
45 |
43.74 % of 45K
e 75.16 % of 45Kw -
- 335 3 W 2
Time(hr)

Fig. 10. Scenario 1: Compressors switching and operating duration at AFR in March.
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Fig. 12. Scenario 1: Optimal Vs random operation of compressors for 5 months indicating EPC/cost.

The dominated and non-dominated points for two conflicting
objective functions min EPC-max LS are shown in Fig. 13.

The MO-Jaya algorithm has been compared to a well-known
GWO algorithm on the MCS problem using the same multi-
objective functions. The results had shown a better performance
for MO-Jaya algorithm as listed in Table 6 and Fig. 14.

4.4.2. Results of scenario 2

As explained in section 4.1.2 of scenario 2, the VSD compressor
90 kW has a maximum power and FR more than other compres-
sors. So, it can be operated as a standalone compressor in case of
a high and low FR at the optimal PLR, in order to obtain more opti-
mal EPC as well as optimal LS. Table 7 shows that, For March the
FSC 75 kW can be operated with the optimal PLR 57% of the VSD
90 kW alternately for 2.07 and 4.87 Hr/day respectively to obtain
optimal EPC based on the proposed model as well as the optimal

Optimal Solution Pareto Set

5756+ Non-dominated solution

e
7555 o \
00

5185

Pareto
frontier

Power Consumption

§T545

W74 12 W7 W68 -466 b4 62
Life Span

Fig. 13. Scenario 1: Pareto front for the proposed min-max EPC/LS objective
functions.

period before pre-maintenance operating hours will be 967.14
and 411.07 days for 75 kW and 90 kW compressors respectively.
And so on for other months.

The FSC which can’t meet the demand alone will be able to
operate in parallel with the optimal PLR of VSD compressor as
mixed compressors. As shown in Table 8, for March according to
demand compressor 37 kW can’t meet the demand alone. So, based
on the proposed model, it will operate with the PLR 43% of VSD
compressor to be able to meet the demand for 2.076 h/day to
obtain optimal EPC based on the proposed model as well as the
optimal period before pre-maintenance operating hours will be
354 days, and so on for other months.

During the night shift according to very low FR as shown in
Table 2, only VSD compressors will operate with its optimal PLR
based on proposed model as shown in Table 9 in order to obtain
the optimal EPC as well as LS. So, for March 45 kW will operate
with optimal PLR 25.16% alternately with VSD 90 kW with optimal
PLR 13.01% for 4.63 and 3.37 Hr/day respectively. The switching
process between compressors and operation duration of each com-
pressor at AFR of March will be shown in Fig. 15. and the load
power profile of operated compressors are shown in Fig. 16 for
monitoring the current EPC at each operation duration.

In Fig. 17, the optimal EPC (kWh/Month) based on the proposed
model and its corresponding cost will be Compared with EPC and
its corresponding cost in case of random operation. As shown,
the operating based on the proposed model led to a 36% reduction

Table 6
Scenario 1: Comparison between MO-Jaya and MO-GWO.

Months GWO EPC GWOLS (Day) JayaEPC(kWh) JayaLS (Day)
(kwWh)

March  16,260.88 900.56 13,691.4 950

April 16,174.86 858.96 14,448.3 931

May 16,026.58 924 14,616.2 941

June 14,736.5 1,960.53 11,885.2 2,270

July 14,234.24 1,888.51 12,695.3 2,371
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Fig. 14. Scenario 1: Optimal EPC/cost based on MO-JAYA compared with MO-GWO.

Table 7 Table 9
Scenario 2: Standalone compressors during day shift. Scenario 2: Optimal selected compressors during night shift.
Months Compressors Operating duration Optimal Optimal LS (days) Months Compressors Operating duration Optimal  Optimal LS
(kW) (Hr /Day) PLR (kW) (Hr/day) PLR % (days)
March 75 2.07 - 967.16 March 45 4.63 25.16 431.67
90 487 57% 411.07 90 3.37 13.01 593.85
April 75 2.03 - 987.38 April 45 5.31 10.34 376.63
90 4.90 58.6% 408.08 90 2.69 5.34 743.50
May 75 2.07 - 967.16 May 45 6.15 11.54 325.11
90 487 57.9% 411.07 90 1.85 5.97 1080.67
June 75 145 - 1374.75 June 45 6.23 10.38 319.55
45 4.57 96% 437.73 90 1.74 5.37 1146.33
90 1.49 49.7% 1338.34 July 45 6.32 17.29 316.40
July 75 1.17 - 1714.16 90 1.69 8.94 1186.23
45 3.34 98.7% 597.95
90 3.06 51% 654.02
rithm and MO-GWO has been illustrated in Fig. 19 and listed in
Table 10.
Table 8
Scenario 2: Mixed compressors during day shift.
Months Compressors Operating duration Optimal Optimal LS (days) 5. Conclusion
(kW) (Hr/day) PLR
March 37 2.076 - 963.07 In this paper, the random operation of MSC problem has been
45 43% studied. This unoptimized operation causes a high EPC, moreover,
April 37 2.079 - 961.89 negatively affects the LS of each compressor. A new symbolic
45 46% .
May 37 2.076 i 963.07 model based on a MO-Jaya algorithm has been developed for the
45 45% MCS. The proposed symbolic model offered optimal EPC besides
June 37 1.48 - 1343.67 optimal LS while maintaining the demanded compressed air flow
45 29.23% during load change. To meet the factory’s compressed air flow
July i; 151 ;] 265 1324.75 demand, the proposed model optimally selects either the FSC that

in the average EPC, as well as the average cost of EPC per 5 months
compared to random operation.

In Fig. 18 the optimal EPC (kWh/Month) based on Scenario 1
and its corresponding cost will be Compared with the optimal
EPC (kWh/Month) based on Scenario 2 and its corresponding cost.

The MO-Jaya algorithm has been compared to a well-known
GWO algorithm on the MCS problem using the same multi-
objective functions. The results had shown a better performance
for MO-Jaya algorithm. The comparison between MO-Jaya algo-

10

could operate on as a standalone, or selects the VSDC with its cor-
responding PLR. Alternatively, it selects dependent FSC that oper-
ates synchronously with VSDC with an optimal PLR as mixed
compressors. This model optimized the operating period for each
compressor based on the optimal EPC of MCS as well as the optimal
LS of each compressor. Different scenarios have been considered
and analyzed showing that the multi-objective optimization model
could dramatically reduce consumption costs and increase
machine’s life span. The overall cost reduction in scenarios 1 and
2 are 30.89 and 36 %, respectively. A recent well-known optimizer
GWO has been tested/compared for the same objectives to ensure
that Jaya was a better choice for the MSC problem. Jaya optimizer
showed better results of up to 15% reduction in EPC and up to 33%
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Fig. 15. Scenario 2: compressors switching and operating duration at AFR in March.

P(kW) Table 10
= Scenario 2: Comparison between MO-Jaya and MO-GWO.
Months GWO EPC GWO LS Jaya EPC Jaya LS
56.4) I (kWh) (days) (kWh) (days)
51.3] March 16,019.54 1,748.17 13,735.94 2,341.3
April 14,756.74 2,231.65 13,889.478 2,357.35
23.03] May 14,510.076 2,004.34 13,821.74 2,341.3
o June 12,596.78 3,839.94 12,079.989 4,494.498
207 6.94 9 17 Time(hr)
July 12,653.32 4,068.45 12202.892 4,290.88

Fig. 16. Scenario 2: Compressors power profile at AFR in March.

increase in LS. In addition, optimal operation of compressors allow
a better periodic maintenance planning for each compressor.

The future recommendations, is to modify the proposed model
to accommodate variable tariff system to achieve a generalized and
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Fig. 17. Scenario 2: Optimal Vs random operation of compressors for 5 months indicating EPC/cost.
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efficient model. Furthermore, survey production line operation/
scheduling to develop a processes scheduling model based on
multi-objective algorithms to gain higher productivity and mini-
mum power consumption.
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Fig. 18. Optimal EPC/cost based on Jaya for Scenario 1 compared to Scenario 2.
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Fig. 19. Scenario 2: Optimal EPC/cost based on MO-JAYA compared with MO-GWO.
Funding [5] Saeedi M et al. Robust optimization based optimal chiller loading under

cooling demand uncertainty. Appl. Therm. Eng. 2019;148:1081-91.
. . [6] Tilwalia R, Jain A, Gupta D. Optimization of Electricity Consumption using Grey
The authors received no funding. Wolf Algorithm. In: 2020 IEEE 5th International Conference on Computing
Communication and Automation (ICCCA); 2020. IEEE.
[7] Ali S et al. An optimization based power usage scheduling strategy using
Declaration of Competing Interest photovoltaic-battery system for demand-side management in smart grid.
Energies 2021;14(8):2201.
. [8] Zhang X et al. Research on building energy consumption optimization based on
The authors declare that theY have no known competing finan- improved particle swarm optimization algorithm. Journal of Physics:
cial interests or personal relationships that could have appeared Conference Series. IOP Publishing; 2021.
to influence the work reported in this paper. [9] El Sayed FT, Amer GM, Fayez HM. Scheduling home appliances with
integration of hybrid energy sources using intelligent algorithms. Ain Shams
Eng. J. 2022;13(4):101676.
References [10] Svendsen ES et al. Industrial methods of freezing, thawing and subsequent
chilled storage of whitefish. J. Food Eng. 2022;315:110803.

11 Widavati E. Nuzahar H. C. d ai " timization: cudy food [11] Zhang F et al. A critical review of the research about radiant cooling systems in
[1] Widayati E, Nuzahar H. Compressed air system optimization: case study foo China. Energ. Build. 2021:235:110756.

industry in Indonesia. IOP Conference Series: Materials Science and
Engineering. IOP Publishing; 2016.

[2] Ruiz LGB et al. Energy consumption forecasting based on Elman neural
networks with evolutive optimization. Expert. Syst. Appl. 2018;92:380-9.

[3] Arévalo P, Jurado F. Performance analysis of a PV/HKT/WT/DG hybrid [14] Cerda-Flores SC, Rojas-Punzo AA, Napoles-Rivera F. Applications of multi-

autonomous grid. Electr. Eng. 2021;103(1):227-44. objective optimization to industrial processes: a literature review. Processes
[4] Cao Y et al. Multi-objective optimization of a PEMFC based CCHP system by 2022:10(1):133.

meta-heuristics. Energy Rep. 2019;5:1551-9.

[12] Jia L, Wei S, Liu ]. A review of optimization approaches for controlling water-
cooled central cooling systems. Build. Environ. 2021;203:108100.

[13] Sun F et al. Optimizing multi-chiller dispatch in HVAC system using
equilibrium optimization algorithm. Energy Rep. 2021;7:5997-6013.

12



M.A. Bayoumi, A.M. Esawy and O.M. Salim

[15] Tian Y et al. Evolutionary large-scale multi-objective optimization: a survey.
ACM Comput Surveys (CSUR) 2021;54(8):1-34.

[16] Gunantara N. A review of multi-objective optimization: methods and its
applications. Cogent Eng 2018;5(1):1502242.

[17] Abdollahzadeh B, Gharehchopogh FS. A multi-objective optimization

algorithm for feature selection problems. Eng Comput 2022;38(3):
1845-63.

[18] Cimen T, Baykasoglu A, Akyol S. Assembly line rebalancing and worker
assignment considering ergonomic risks in an automotive parts

manufacturing plant. Int ] Ind Eng Comput 2022;13(3):363-84.

[19] dos Santos Mascarenhas ] et al. Energy, exergy, sustainability, and emission
analysis of industrial air compressors. ] Clean Prod 2019;231:183-95.

[20] Wu D-C et al. Air compressor load forecasting using artificial neural network.
Expert Syst Appl 2021;168:114209.

[21] Nagarkar P, Pal P. Conserving energy in compressed air system: practical case
studies from indian industry. In: Energy Efficiency in Motor Systems. Springer;
2021. p. 719-39.

[22] Gong Z et al. Adaptive optimization strategy of air supply for automotive
polymer electrolyte membrane fuel cell in life cycle. Appl Energy
2022;325:119839.

[23] Liu E et al. Research on the steady operation optimization model of natural gas
pipeline considering the combined operation of air coolers and compressors.
IEEE Access 2019;7:83251-65.

[24] Sanders DA, et al. Making decisions about saving energy in compressed air
systems using ambient intelligence and artificial intelligence. In: Proceedings
of SAI Intelligent Systems Conference. Springer; 2018.

[25] Caruana L, Refalo P. Sustainability analysis of a compressed air system; 2018.

[26] Copoco A. Atlas; 2022.

[27] Benton N, Burns P, Zahlan J. Compressed air evaluation protocol. The uniform
methods project: methods for determining energy efficiency savings for
specific measures, September 2011-August 2020; 2021, National Renewable
Energy Lab. (NREL), Golden, CO (United States).

[28] Péyhonen S. Variable-speed-drive-based monitoring and diagnostic methods
for pump, compressor, and fan systems; 2021.

13

Ain Shams Engineering Journal 14 (2023) 102245

[29] Sharma M, Kaur P. A comprehensive analysis of nature-inspired meta-heuristic
techniques for feature selection problem. Arch Comput Meth Eng 2021;28
(3):1103-27.

[30] Hussain K et al. Metaheuristic research: a comprehensive survey. Artif Intell
Rev 2019;52(4):2191-233.

[31] Oliva D et al. A review on meta-heuristics methods for estimating parameters
of solar cells. ] Power Sources 2019;435:126683.

[32] Salim OM, Fouad KM, Hassan BM. Dual-Level Sensor Selection with Adaptive
Sensor Recovery to Extend WSNs’ Lifetime. HUMAN-CENTRIC COMPUTING
AND INFORMATION SCIENCES; 2022. p. 12.

[33] Luo ] et al. A new hybrid memetic multi-objective optimization algorithm for
multi-objective optimization. Inf Sci 2018;448:164-86.

[34] Rodriguez-Molina A et al. Multi-objective meta-heuristic optimization in
intelligent control: a survey on the controller tuning problem. Appl Soft
Comput 2020;93:106342.

[35] Mergos P, Sextos A. Multi-objective optimum selection of ground motion
records with genetic algorithms; 2018.

[36] Noh K et al. A Pareto approach to resolve the conflict between information gain
and experimental costs: multiple-criteria design of carbon labeling
experiments. PLoS Comput Biol 2018;14(10):e1006533.

[37] Khezri R, Mahmoudi A. Review on the state-of-the-art multi-objective
optimisation of hybrid standalone/grid-connected energy systems. IET Gener
Transm Distrib 2020;14(20):4285-300.

[38] Rao R. Jaya: A simple and new optimization algorithm for solving constrained
and unconstrained optimization problems. Int J Ind Eng Comput 2016;7
(1):19-34.

[39] Rao RV. Jaya: an advanced optimization algorithm and its engineering
applications; 2019.

[40] Rao RV, Rai DP, Balic J. A multi-objective algorithm for optimization of modern
machining processes. Eng Appl Artif Intel 2017;61:103-25.

[41] Zhang Z et al. An enhanced multi-objective JAYA algorithm for U-shaped
assembly line balancing considering preventive maintenance scenarios. Int J
Prod Res 2021;59(20):6146-65.



