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ABSTRACT

Purpose: Reliability and maintainability are the key system effectiveness measures in process and man-
ufacturing industries, and treatment plants, especially in E-waste management plants. The present work
is proposed with a motto to develop a stochastic framework for the e-waste management plant to opti-
mize its availability integrated with reliability, availability, maintainability, and dependability (RAMD)
measures and Markovian analysis to estimate the steady-state availability of the E-waste management
plant. In the analysis an effort is also made to identify the best performing algorithm for availability opti-
mization of the e-waste plant.
Methodology: A stochastic model for a particular plant is developed and its availability is optimized using
various metaheuristic approaches like a genetic algorithm (GA), particle swarm optimization (PSO), and
differential evolutions (DE). The most sensitive component is identified using RAMD methodology while
the effect of deviation in various failure and repair rates are observed by the proposed model. The failure
and repair rates follow an exponential distribution. All time-dependent random variables are statistically
independent.
Originality/Novelties: A novel stochastic model is presented for an e-waste management plant and opti-
mum availability is obtained using metaheuristic approaches. The proposed methodology is not so far
discussed in the reliability analysis of process industries.
Findings: The numerical results of the proposed model compared to identify the most efficient algorithm.
It is observed that genetic algorithm provides the maximum value (0.92330969) of availability at a pop-
ulation size 2500 after 500 iterations. PSO algorithm attained the maximum value (0.99996744) of avail-
ability just after 50 iterations and 100 population size. So, its rate of convergence is faster than GA. The
optimum value of availability is 0.99997 using differential evolution after 500 iterations and population
size of more than 1000. These findings are very beneficial for system designers.
Practical Implications: The proposed methodology can be utilized to find the reliability measures of other
process industries.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

many different forms such as bio waste, electronic waste, agricul-
tural waste, industrial waste etc. Every kind of wastage have its

In current age of science and technology management of own consequences and different handling methods. Today rapid
wastage items becomes greatest challenge. Waste items come in growth of technology, up gradation of technical innovations in
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the electronic industry has led to one of the fastest growing waste
streams in the world. The global market of electronic and elec-
tronic equipment (EEE) continues grow exponentially in many
forms. E-waste is unwanted electronic items or not working equip-
ment’s those already completed their useful life, like electronic
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motor vehicles, mobile phones, computers, televisions, fax machi-
nes etc. It contains highly toxic substances that pose a danger to
health and the environment. When the people have lack of
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knowledge about E-waste and E- waste is incinerated, the burning
particles mix with soil or groundwater. Therefor it comes to the
human body in the form of drinking water or food. Some of the
E- waste components have mercury, lead, barium, chromium,
arsenic, and cadmium. As er the Global E-waste generation is con-
cerned, it is 59.5 million metric tons and projected to be 74.7 mil-
lion metric tons in 2030 (Tiseo, 2019).

The hike in petrochemicals and government’s determination to
reduce greenhouse gases drives the consumers to use electric vehi-
cles. In pandemic period use of computing devices increase in
many folds. All these resulted as the increment in the E-waste.
To handle this E-waste a sincere effort is required. Ikhlayel
(2017) described the situation in which e-waste is mixed with
solid waste. He is recommended that it needs special attention
and integrative thinking can provide a solution of such issues.
Kahhat et al. (2008) discussed the procedures adopted for e-
waste collection, recycling, and reuse in U. S.A. Ghimire and
Ariya (2020) described the recycling, composition, knowledge
gap in production, and sustainability implications involved in e-
waste. First regulation to manage e- waste in India was introduced
in 2011 and it comes into effect in 2012. Kaya (2012) suggested a
model for dismantling, shredding, separation, smelting and refin-
ing of waste electrical and electronic equipment’s. After that the
rules have been amended twice.

Various policies are recommended in this regulation for E-
waste handling and establishment of E-waste management plant
is prominent one. These plants are very complex having subsys-
tems like central E-waste collection centre, object recognition unit,
dismantling and destruction unit, disposal unit and crushing unit.
The complex configuration of plants influences the working envi-
ronment of it. And it becomes necessary to handle this plant with
utmost care. For this reliability measures of the plant are the key
performance assessment criteria. Several techniques like reliabil-
ity, availability, maintainability, and dependability (RAMD), fault
tree analysis, minimal cut-set approach, petri nets approach,
semi-Markovian approach and Markovian approach exists in liter-
ature to evaluate the reliability characteristics of process plant. All
these techniques evaluate the reliability as a local solution. Cheng
et al. (2020) proposed an optimization model to improve the reli-
ability of solid waste collection systems by reallocating the distri-
bution of waste demand between facilities without decrease the
waste generation or raise the waste management facilities capac-
ity. Aggarwal et al. (2016) carried out RAMD analysis of skim milk
powder production subsystem and identified the most critical
component responsible for low performance of dairy plant. Zeng
et al. (2015) developed a model to solve the e-waste problem in
an integrated mobile recycling plant. Saini and Kumar (2019) stud-
ied an evaporation system with the objective to analyze the appli-
cation of reliability, availability, maintainability, and dependability
in identification of most sensitive subsystem in sugar plant. Chap-
man-Kolmogorov differential equations are derived using Markov
birth-death process and all time dependent random variables
associated with failure and repair rates are exponentially
distributed.

Ni et al. (2021) conducted a systematic review of methodologies
involved in e-waste management and identified new research
agendas. Ahmadi and Amin (2019) developed an integrated
chance-constrained stochastic model for a mobile phone closed-
loop supply chain network with supplier selection. Kaya (2012)
explored the outsourcing alternatives in waste management in a
fuzzy environment. Wang et al. (2021) developed a stochastic
model for reliability evaluation of warm standby embryonic cellu-
lar array. Deenadayalan and Vaishnavi (2021) invented deep learn-
ing based new techniques for reliability evaluation and forecasting
using fault identification. Rahimifar et al. (2021) developed a ran-
dom Markov model for energy consumption prediction in software
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defined wireless sensor networks. Jithish et al. (2021) suggested a
decision-centric approach to develop secure and energy efficient
cyber-physical systems and those results are not considered
universally.

To achieve the global solution several soft computing tech-
niques like genetic algorithm (Goldberg and Holland, 1988), parti-
cle swarm optimization (Kennedy and Eberhart, 1995) and
differential evolution (Mullen et al., 2011; Storn and Price, 1997)
have been employed in process industries. Kehar and Chopra
(2021) used dynamic multi-objective differential evolution in visi-
bility restoration of remote sensing images. Padmanabhan and
Premalatha (2019) used different strategies of differential evolu-
tion for optimization of wind penetrated nonconvex dynamic
power dispatch problem. Syu and Wu (2021) modified ORB trading
policies using multi objective optimization techniques and particle
swarm optimization. Sinwar et al. (2021) used nature-based algo-
rithms GA and PSO in availability optimization of sewage treat-
ment plant. From literature review, it is revealed that the
reliability evaluation and performance optimization of E-waste
management plants not explored so extensively so far. Salehi
Amiri et al. (2020) determined the optimal sales level in a two-
stage supply chain of perishable goods. Abdi et al. (2020) proposed
innovative methodologies for designing the green supply chain
network with pick-up and split delivery options.

Fasihi et al. (2021, 2021) suggested a bi-objective mathematical
model for development of a fish closed-loop supply chain by using
various multi-objective metaheuristic approaches. Hamdi-Asl et al.
(2021) developed a model to achieve the sustainability in agricul-
tural supply chain by taking case study of palm date. Zahedi et al.
(Zahedi et al., 2021) designed a closed loop supply chain for multi-
task sales agencies having multiple modes of transportation.
Mousavi et al. (2021) used metaheuristic approaches in evaluation
of the performance of the supply chain design of the blood decom-
position employing the social factors. Akbarpour et al. (2021)
developed an innovative e-waste management plant for smart
cities using the vehicle routing problem under stochastic optimiza-
tion. Amuthan and Arulmurugan (2021) developed a semi-Markov
based hybrid trust prediction model for persisting lifetime using
reliable cluster head selection in WSNs. Prajapati (2021) used par-
ticle swarm optimization algorithm for architecture recovery of
large-scale many-objective software. Ghoushchi et al. (2021) pro-
posed the methodology for the medical waste management by
using Integrated SWARA-WASPAS framework operating on spher-
ical fuzzy set.

Shahsavar (2022) suggested the procedure for bio-recovery of
municipal plastic waste management working on the integrated
decision-making structure. Salehi-Amiri et al. (2022) designed a
sustainable waste management system accompanied with IoT
facilities. Chouhan et al. (2022) developed a sustainable model
for sugar mills based on decision-making techniques by consider-
ing the environmental effects. Kumar (2022) proposed an efficient
stochastic model for the operational availability of steam turbine
power plant components using population-based algorithms.
Saini et al. (2022, xxxx) utilized metaheuristic approaches for the
performance optimization of various process industries. Das et al.
(2022) used genetic algorithm in the designing of designing
multi-state computational grid by considering the ideas of cost
and bandwidth.

By keeping all the above facts and figures in mind, it is observed
that the reliability optimization of e-waste management plants is
not explored so far. In addition, the usage of metaheuristic
approaches to optimize the performance of e-waste management
plant was not carried out. This motivates the authors to perform
this study.

In short, the major contribution of this work is highlighted as
follows:
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e A novel stochastic framework is established to optimizing the

steady state availability of e-waste management.

The availability optimization is carried out using three well-

established metaheuristic approaches viz. differential evolu-

tions (DE), particle swarm optimization (PSO), and genetic algo-

rithm (GA).

e The most sensitive component is identified using reliability,

availability, maintainability, and dependability (RAMD)

methodology.

Exponential distribution is applied on failure and repair rates,

and their impact of variation is observed using proposed model

(i.e., Markovian approach).

e The numerical results of the proposed model are compared to
identify the most efficient algorithm.

The whole manuscript is organized into six sections including
the introductory section. Section 2, material and methods is desig-
nated for notations, system description, and description of various
metaheuristic approaches. The RAMD analysis of the various sub-
systems is done in section 3 while steady state analysis of avail-
ability and its optimization is performed in section 4. Section 5 is
devoted to discussion of results and conclusion is incorporated in
section 6.

2. Material and methods
2.1. Notations

The following nomenclature is utilized for model development:

S.  Sub-system Code Failure  Repair
No. Operative  Failed rate/hr. rate/hr.
Mode Mode i Hi

1 Collection X X T n
unit

2 Classification A a T4 IR
unit B b %) Ha2

3 Dismantling C C T3 L3
unit D d Ty a4

4 Crushing unit E e Ts Us

5 Waste F f Tg Ue
transfer G g T7 iV

Py(t) = Derivative of the Py(t)
Pqy(t),: At time t, the system at O state

O Operative state
[): Failed state

2.2. System description

In present section, the configuration of the E-waste manage-
ment plant is discussed. It is a very complex system having six
units namely centralized E waste collection unit, classifiers, dis-
mantling and destructing unit, crushing, disposal and transfer of
hazardous treatment centre.

Initially, the E-waste is collected in smart E-waste collection
boxes and after that waste is classified by object identification
techniques. The classified material is segregated in various cate-
gories like small IT equipment, PCB, lamps, temperature exchange
equipment’s, etc. In next step dismantling and destruction of
equipment started. The wastage having glass toxic contents either
sent for disposal or transferred to the hazardous waste treatment
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center. The materials including plastic, copper, steel, aluminium
is transferred for crushing and valuable material extracted or elec-
tronic cards exported for reuse. The flowchart of system descrip-
tion is given in Fig. 1. The failure and repair rates of all the units
are drawn with the help of the plant personnel and reported in
Table 1 along with the possible search space. All the random vari-
ables are statistically independent with each other and exponen-
tially distributed. The system performed under the assumptions
of availability of sufficient repair facilities, no simultaneous fail-
ures, and perfect repairs.

2.3. Optimization strategies

To optimize the steady state availability of e-waste manage-
ment, three well-established metaheuristic algorithms viz. DE,
GA and PSO are utilized. Based on literature review, it is observed
that these algorithms are found to be suitable for availability opti-
mizations of such systems. The brief description of these algo-
rithms is mentioned in the subsequent subsections as follows.

2.3.1. Differential evolution

Differential Evolution (DE) (Storn and Price, 1997) is gaining
interest in deriving optimized solutions to several engineering
and scientific problems. However, DE is a heuristic approach, but
it is not biologically inspired like other evolutionary algorithms
(Georgioudakis and Plevris, 2020). Evolutionary algorithms make
a few or no assumptions and start evolutions on the initial random
solution. To derive an optimum solution from a search space of
candidate solutions, DE stochastically performs the mutation,
crossover, and selection. The Standard DE algorithm is simple in
nature and requires adjusting only three control parameters.
Sometimes the problem of predicting the right values of control
parameters becomes hard and time-consuming for some problems.
To cope with this, several variants of DE are also proposed by
researchers and are termed as DE variants (Wang et al., 2011;
Brest et al., 2006; Zhang and Sanderson, 2009). The standard DE
algorithm is a direct search method that utilizes the population
of individual solutions. The basic steps of standard DE are men-
tioned as follows:

1. Initialization: The initial population NP consists of whole
parameter space of dimension D and is chosen randomly, or values
supplied by user. Uniform probability distribution is assumed to be
applicable for all random decisions. In case of availability of pre-
liminary solution, the addition of normally distributed random
deviations makes the initial population.

2. Mutation: The generation of new parameter vector is
obtained by adding the difference of two population vectors. Three
members of the population namely x,9,x1 and x,, are chosen at
random for creation of initial mutant vector v; as given in (1) for
each target vector X;g,i = {1,---.,NP}:

Vi = X0 + F.(Xn = Xn2) (1)
Here, F indicates the differential weighting vector, and its values are
generally between 0 and 1; and G indicates generation. The muta-
tion continues until specified number of mutations takes place.

Crossover: Crossover obtains the trial vector u; either from ele-
ments of donor vector »; or from the elements of target vector x; as
given in (2):

u,‘JI{

where i={1,---,NP}, j={1,---,D}, r;; U(0,1) is uniformly dis-
tributed random number generated for each j to ensure u;#x; and
CR is crossover probability.

vij if rij<CROr j = jum
Xij otherwise

(2)
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*Smart E waste collection Box 1
*Smart E waste collection Box 2
*Smart E waste collection Box 3

*Waste balers
*Waste Seperaors

*Waste shredders
*Wste Conveyers

*Reel Cutters

«Export for recycling and reuse
*Disposal and transfer to Hazardous waste treatment

Fig. 1. Flow chart of E-waste management plant.

3 Selection: To minimize, the trail vector is compared with tar-
get vector using greedy criterion. If u;¢,1 < X;¢ then x;c,1 = Uic1
otherwise the old value of x;¢ is retained.

2.3.2. Genetic algorithm

Genetic Algorithm (GA) (Goldberg and Holland, 1988) is a well-
established population-based approach inspired from Darwinian
theory of biological evolution process (survival of fittest). It is
one of the prevalent evolutionary computation techniques that is
characterized by fitness computations of individuals. Individuals
with adequate fitness participate in next round of evolution. Ini-
tially random solution is termed as chromosome and parameters
to be gene. The optimum solution can be obtained if the problem
can be encoded using decision parameters. The variation in compu-
tation of genetic operators (selection, crossover, and mutation) cre-
ates new variants of the basic algorithm. The basic pseudocode of
GA is mentioned in the algorithm 1 as follows:

Algorithm 1

test individuals (parents) are selected for further reproduction of
individuals. In Crossover, new offspring are generated based on
exchange of genes of selected parents until crossover point speci-
fied. The crossover point may be decided randomly or based on
certain assumptions. Whereas, in Mutation the genes of an indi-
vidual are shuffled or flipped according to the algorithm specified.
Numerous mutation algorithms exist in research literature that
provides autonomy to the researchers for their work.

2.3.3. Particle swarm optimization (PSO)

PSO (Kennedy and Eberhart, 1995) inspired by birds’ social
behavior is one of the efficient swarm intelligence-based meta-
heuristic techniques. Here, particle refers to individuals of problem
space that moves towards achieving common goal. The prelimi-
nary position of individuals is determined randomly based on con-
straints specified in lower bound and upper bound. Swarm on the
other hand refers to the population of particles and the speed at

Basic pseudocode of Genetic Algorithm (Goldberg and Holland, 1988).

START

Fitness computation
REPEAT

Selection

Crossover

Mutation

Fitness computation
UNTIL condition satisfi
STOP

Generation of initial population

ed

In Selection, the fitness value of individuals is compared with the
threshold specified. Few implementations are based on random
selection of individuals using roulette wheel mechanism. Two fit-
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which individuals move towards global optimization is referred
to as velocity. On each movement of particles, the algorithm com-
putes their fitness values known as personal best (or P_Best) and
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Table 1
Failure and repair rates of subsystems.
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Subsystems RAMD and Markov Analysis

Base values

Search Space

Failure Rates

Repair rates

Failure Rates Repair rates

Collection unit T =0.006 p=0.285 [0.00001-0.90] [0.00001-2.00]
Classification 7, = 0.007 1 = 0.281 [0.00001-0.80] [0.00001-2.10]
unit T, = 0.009 M2 = 0.196 [0.00001-0.95] [0.00001-2.45]
Dismantling 13 = 0.068 ps = 0.123 [0.00001-0.97] [0.00001-1.94]
Unit 14 = 0.087 114 = 0.401 [0.00001-0.96] [0.00001-1.43]
Crushing unit 5 = 0.041 ps = 0318 [0.00001-0.94] [0.00001-3.20]
Waste transfer 16 = 0.041 He = 0.167 [0.00001-0.87] [0.00001-2.43]

17 = 0.041 17 = 0.167 [0.00001-0.95] [0.00001-2.08]

determines the next position by adding velocity values to the cur-
rent position. The process of updating personal best based on glo-
bal best is usually indicated as “learning from experiences”.
Algorithm converges upon reaching maximum iterations or

Algorithm 2
Basic pseudocode of Particle Swarm Optimization.

and c; are acceleration coefficients. The pseudocode of the standard
PSO (Abbas and Abdulsaheb, 2016) is mentioned in the algorithm 2
as follows:

begin
for each particle

end for

do
for each particle

end if
end for

for each_particle
end for

end begin

random initialization of position and velocity

evaluate fitness function
if fitness > P Best
new P Best = current fitness value
choose G Best from P Best of all particles

update velocity and position

until stopping criteria satisfied

satisfying stopping criteria. The basic equation of PSO is mentioned
in Eq. (3). Here x;(t) denotes the position of a particle i in the search
space at time t. Whereas, »;(t) indicates the velocity of particle i at
time t. The updated position of a particle is achieved by adding the
velocity to the current position, as stated in (3).

Xi(t+1)=x(t)+ vi(t+ 1) (3)

The velocity v;(t + 1) takes into account several other compo-
nents viz. inertia coefficient, cognitive component, and the social

component as mentioned in eq. (4).
vi(t+ 1) = w.o(t) + cr(pi(t) — xi(t)) + c2(&(t) — xi(t)) (4)

Here, w indicates the inertia coefficient, p;(t) indicates personal
best, g(t) indicates the global best, #;(t) the initial velocity, and c,
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2.4. Simulation environment

For simulating the experimental evaluation, we have utilized
RStudio (version 1.2.5042) on Windows10 64-bit with 8 GB of pri-
mary memory and Intel Core i7 7th generation CPU.

3. RAMD analysis of the E-waste plant
3.1. Collection unit

It is the primary unit of any e-waste management plant. Here,
all the collected wastage stored in smart boxes. In proposed system
it comprises three parallel smart boxes. The failure and repair rates
of all boxes are same and exponentially distributed. The Markovian
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Fig. 2. State transition diagram of collection unit.

approach is used for reliability, availability, and maintainability
analysis of collection unit. The state transition diagram of it is
shown in Fig. 2.

The differential equations associated with the transition dia-
gram of collection unit are as follows:

Po(t) = —31Po(t) + puP1(t) (5)
Py (t) = —(2T + WPy (t) + 3TPo(t) + P (t) (6)
Py(t) = (T + WP(t) + 2TP1 (1) + pP5(t) (7)
P5(t) = TPy (t) — uPs(t) (8)
Under steady state conditions, Egs. (5)-(8) become

3TPy(t) = UPy (t) 9)
(2T + WPy (t) = 3TPo(t) + UP(t) (10)
(T + WP, (t) = 2TPy (t) + UPs(t) (11)
TPy(t) = uPs(t) (12)

After solving Eqs. (9)-(12) and using normalization condition
i Pi=1, we get

37 672

63
Pi(6) = Z Polt)s Pa(t) = 5 Poft)s Po(6) =~ Po(®) (13)
Where.
3t 612 673
Po= (14420 12 14
0 (+u+u2 u3> 19

3.2. Classification unit

It is a key unit of any e-waste management plant. Here, the col-
lected wastage stored in smart boxes is classified by waste separa-
tors. It comprises two non-identical components having distinct
failure and repair rates. The failure and repair rates are exponen-
tially distributed. The Markovian approach is used for reliability,
availability, and maintainability analysis of collection unit. The
state transition diagram of it is shown in Fig. 3.

The Chapman-Kolmogorov differential equations associated
with the transition diagram as shown in Fig. 3 for classification unit
are:

Po(t) = —(T1 + T2)Po(t) + 4, P1(8) + f1,Pa (1) (15)

Py (t) = =4, Py (t) + T1Po(t) (16)

4 [%) g U
/’/ A
Ab “‘ AB \| B
2 > 0 Je——— 1
) \ / 1
N

Fig. 3. State transition diagram of classification unit.
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Py(t) = —1,Pa(t) + T2Po(t) (17)
Under steady state conditions, Egs. (15)-(17) become,

(T1 + T2)Po(t) = W P1(t) + i, Pa(t) (18)
Wi P1(t) = T1Po(t) (19)
P2 (t) = T2Po(2) (20)

After solving Egs. (18)-(20) and using normalization condition
Sr.Pi =1, we getP; = 0.02418, P, = 0.00495 where

(21)

3.3. Dismantling unit

It is the prominent unit of any e-waste management plant.
Here, destruction of the waste material is performed. In proposed
system it consists of two components waste shredders and waste
conveyors. The failure and repair rates of both components are dif-
ferent but exponentially distributed. The Markovian approach is
used for reliability, availability, and maintainability analysis of dis-
mantling unit. The state transition diagram of it is shown in Fig. 4.

The Chapman-Kolmogorov equations associated with the tran-
sition diagram as shown in Fig. 4 for dismantling unit are:

Po(t) = —(T3 + Ta)Po(t) + fi4P1(t) + p15P2(t) (22)

Pi(t) = —p14P1(t) + TaPo(t) (23)

Py(t) = — 3P (t) + T3Po(t) (24)
Under steady state conditions, Eqs. (22)-(24) become

(T3 + Ta)Po(t) = pyPr(t) + psPa(t) (25)

UyP1(t) = T4Py(1) (26)

P2 (E) = T5Po(t) (27)

After solving Egs. (25)-(27) and using normalization condition
Sn.Pi =1, we getP; = 0.122588, P, = 0.312376 where

Po<1+3+3>:1
m

4 3
3.4. Crushing unit

(28)

It is the primary unit of any e-waste management plant. It per-
forms the crushing of steel, plastic, and aluminium material. In
proposed system it comprises a single component. The failure
and repair rate of it follows exponentially distribution. The Marko-
vian approach is used for reliability, availability, and maintainabil-
ity analysis of collection unit. The state transition diagram of it is
shown in Fig. 5.

The Chapman-Kolmogorov equations associated with the tran-
sition diagram as shown in Fig. 5 for crushing unit are:

B I-‘ o IS
< \—)
/ \
D [ CD \| Cd
1 N 0 — 2
Hy \ / 13

Fig. 4. State transition diagram of dismantling unit.
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>
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/<

Fig. 5. State transition diagram of crushing unit.

u

Py(t) = pisP1(t) — T5Po(t) (29)

Py (t) = —usPi(t) + T5Po(t) (30)
Under steady state conditions, Eqs. (29) and (30) become

UsPy(t) = TsPo(t) @31

After solving Eq. (31) and using normalization condition
S, P =1, we get
T
_5) =1
Hs

P1 = 0.114206 whereP, <1 + (32)

3.5. Waste transfer unit

It is configured in last phase of e-waste management plant.
From here useful material sent for recycling/reuse and material
containing hazardous material transferred for advanced treatment
or decomposition. In proposed system it comprises two non-
identical components for this task. The failure and repair rates of
both components are different and exponentially distributed. The
Markovian approach is used for reliability, availability, and main-
tainability analysis of collection unit. The state transition diagram
of it is shown in Fig. 6.

The Chapman-Kolmogorov equations associated with the tran-
sition diagram as shown in Fig. 6 for waste transfer unit are:

P/ (t) = —(t7 + Hg)P1(t) + T6Po(t) + 11;P(t) (33)

Py(t) = ugP1(t) — t6Po(t) (34)

P)(t) = u;Pa(t) + T7P1 (1) (35)
Under steady state conditions, Egs. (33)-(35) become

(TG + T7)P1 (t) = TsPo(t) + /J,7P2(t) (36)

UgP1(t) = T6Po(t) (37)

Wy P2 (t) = T7P1(2) (38)

After solving Eqgs. (36)-(38) and using normalization condition
P =1, we get

P; = 0.188016, P, = 0.046155 where

XP0(1+E+<3>(E)>=1 (39)
He U7/ \Ms

y Y G R

/ \\ /; \\

[ R [ e 6
L0 L )

\ A" @ b

Fig. 6. State transition diagram of waste transfer unit.
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From system structure, it is observed that all the components
arranged in series configuration and failure of anyone causes com-
plete system failure. So, RAM measures of the E waste system can
be derived using expressions:

Reliability = [ Ri(t) = e 7% (40)
. e 5

Awailability = T [, Ai(t) = 0.9999230 (41)

Maintainability = | M(t) = 1 — e * (42)

4. Steady state availability analysis of E-waste plant

The RAMD measures used to investigate the instantaneous per-
formance as well as for identification of most critical component of
the system. Among all measures availability is the most crucial
measure that is highly influenced by its failure and repair rates
as well as by time. So, it becomes necessary to investigate steady
state availability of the system before reaching any decision about
performance of the system. Thus, here a mathematical model for E-
waste management plant is proposed using Markov birth-death
process. Applying the notations and assumptions described in sec-
tion 2 state transition diagram is prepared and shown in Fig. 7. The
transition between states happened with some rate parameter.
Using simple probabilistic arguments and changeover diagram,
the mathematical model has been developed. The differential
equations have been described as follows:

Pi(t+dt)=(1-37T—7T1 —Tp — T3 — T4 — T5 — Tg — T7)P1(t)dt
+ UP»(t)ot + pyPs(t)ot + p,Ps(t)ot + ;P4 (t)ot
+ gPs(£)0t + UsPo(t)0t + UgPro(t)0t + p7 P11 (£)5E
Py (t + ot) — P1(t)
ot
=.(73T —T1— T2 —T3 — T4 —Ts — Tg — 'C7)P1(t) —+ .U,Pz(t)

+144 P (t) + U Ps(t) + 13 P7 () + pyPs(t) + tsPo(t)
+UP10(E) + 1, P1q(t)Taking limit 8t — 0, we get

Pi(t)+ 3T+ T1 + T2+ T3 + Ta + Ts + Te + T7]P1(t)
= UP(t) + 44 Ps(t) + U, Ps(t) + p3P7(t) + 14 Ps(t)

+ UsPo(t) + fsP1o(t) + ;P11 (F) (43)
Similarly,

Py(t) + 2T+ [+ Ty + T2 + T3 + Ta + Ts + T + T7]P2(t)
=3P (t) + 1P (t) + Uy Pr2(t) + P13 (E) + UsPra(t)

+ 1 P15(t) + UsPis(t) + LgP17(t) + p;Pis(t) (44)
Py(t) + [T+ [+ T1 + T2+ T3 + Ta + Ts + Ts + T7]P3(t)

= 2TP(t) + P4 (t) + Uy P1o(t) + Ly Pao(t) + 3P (t)

+ UyP22 (t) + UsPa3(t) + pePaa(t) + ;P25 (L) (45)
P,(t) + puPa(t) = TP3(t) (46)
P;H(t) + wPs(t) = tiP1(t);1=1,2,3,4,5,6,7 (47)
P}Hl(t) + ﬂjplz(f) =1TiP,(t);j=1,2,3,4,5,6,7 (48)
Pi1s(0) + ePro(t) = TePs(£):k = 1,2,3,4,5,6,7 (49)

Now taking limit t—oo on Egs. (43)-(49) and using normalization
property > 2 P; = 1, we get
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Table 2
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Parameter values for metaheuristics.

Fig. 7. State transition diagram of E-waste plant.
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Algorithm

Parameters

Genetic Algorithm

Particle Swarm
Optimization

Differential Evolution

Population size = 100, 1000, 1500, 2000, 2500, 5000; Number of maximum iterations = 500; crossover rate = 0.7; mutation factor = 0.8

Population size = 100, 1000, 1500, 2000, 2500, 5000, number of maximum iterations = 500; inertia weight = 1; damping ratio = 0.9; global
best = 2.8; personal best = 1.8
Population size = 100, 1000, 1500, 2000, 2500, 5000; Number of maximum iterations = 500; crossover rate = 0.7; mutation factor = 0.8

Table 3

Reliability indices of e-waste plant and its subsystems.

Indices SS2 SS3 SS4 SS5

Availability 0.999998 0.99999 0.999998 0.99999 0.999955
Reliability o-0.018¢ 0016t o-00155¢ o-0.041¢ 00082t
Maintainability 8999.994¢ £15999.9744t 77499 5544t -0.40999905¢ o~ 1822.14083¢
Dependability 499999.001 999998.4 499997.125 9.999977 22221.2298
MTTR (hrs.) 0.000111112 0.0000625001 0.0000129033 2.43903 0.000548805
MTBF (hrs.) 55.556 62.5 6.4516129 24.3902439 12.195122
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{1+ +6—2+6L+ T UL PR L T S
p? B My My My Hs Mg My waste management plant are:

+<if>(m>+(3J>(uz>+(3i)<u3)+(if)(m) preo - {117] -

37 37 37 2\ [ 14 0ifi=1
+ + + +6( )+
o Hs o Ha m H7 L Hy
+6< ) (TZ ) n 6< 72 > <T3 ) 16 ( T > < T4 > By using above differential difference equations and initial con-
Hz Ho [TEANTS [TEAN ditions an algebraic solution has been derived for a particular case
Ts T2 T 72 N using MATLAB R2019a. The steady state availability of E-waste
+6 HZ n 6(2)( ) T8 2 } (50) management plant is:
5 He" K H g p :
Similarly, probability at state are as follows:
37 Availability = P; + P, + P3
_ - — T 2
PZ*'uPhPB 5#21’1,1)4 6M3P1,P5 Iulphps <1+%+6;2>
To Ts
:—P1,P7*—P17P8 —P17P9:—P1,P10 { 37 T T, T3 T4 Ts
1+ 465 +6—+—+—+—+ —+ —
Ho Hs Ha s T T T T AR

T T 3t
:u—zpl, Py :H—iPh P = (—)

) e G0
-G B

) Ge) G G+ () ()
(i) rer ()G G Ge) Ga) i)
(i e o) () o) ) +oGa) ()

(=
Us

The initial conditions associated with the Markov model of E-

2 2 T 1 72 T
T T T T 5 6 7
=6(— ) (- )P1, Po=6(—)(-=)P1, Pa +6< 2)( >+6( 2 )+6< 2>< )} (53)
w2\ ) 12 )\ iy K Hs B g H Ha
72 T3 T Tq . . .
=6 W 17 P1,Py» =6 ﬁ ,LT Py, P It is observed that results derived from algebraic methods are
) 3 5 4 local solution. To attain a global solution, here an effort has been
-6 (%) (E) Py, Pyy=6 <L2> <L> Py, Pys made to optimize the availability of the system using genetic algo-
) \Hs W 6 rithm (GA), particle swarm optimization (PSO) and differential
2\ (17 evolution (DE). The search space for all the algorithms is given in
=6(—|(— P, (51)
wz) \u, Table 2.
Table 4
Impact of failure rates on e-waste plant’s availability.
T Base values as Table 1 T1+10% of T1 T2+10% of T2 T3+10% of T3 T4+10% of Ta T5+10% of Ts T6+10% of T6 T7+10% of T7
0.006 0.406399 0.405988 0.405642 0.397469 0.402847 0.404281 0.402385 0.402385
0.007 0.406394 0.405983 0.405637 0.397464 0.402843 0.404276 0.40238 0.40238
0.008 0.406388 0.405977 0.405631 0.397458 0.402836 0.40427 0.402373 0.402373
0.009 0.40638 0.405969 0.405623 0.39745 0.402828 0.404262 0.402365 0.402365
0.01 0.40637 0.405959 0.405613 0.397441 0.402818 0.404252 0.402355 0.402355
0.011 0.406357 0.405946 0.405601 0.397429 0.402806 0.404239 0.402343 0.402343
0.012 0.406343 0.405932 0.405586 0.397415 0.402792 0.404225 0.402329 0.402329
0.013 0.406326 0.405915 0.40557 0.397399 0.402776 0.404209 0.402313 0.402313
0.014 0.406307 0.405896 0.40555 0.397381 0.402757 0.40419 0.402294 0.402294
0.015 0.406285 0.405874 0.405528 0.39736 0.402735 0.404168 0.402273 0.402273
Table 5
Impact of repair rates on e-waste plant’s availability with respect to repair rate pL.
H Base values as Table 1 H 1+10% of M 1 H 2+10% of M 2 M 3+10% of ML 3 M 4+10% of M 4 H 5+10% of H 5 M 6+10% of M 6 M 7+10% of M 7
0.285 0.406399 0.406774 0.40709 0.414873 0.409683 0.408344 0.410119 0.410119
0.286 0.406399 0.406774 0.40709 0.414873 0.409683 0.408345 0.410119 0.410119
0.287 0.4064 0.406774 0.40709 0.414873 0.409683 0.408345 0.410119 0.410119
0.288 0.4064 0.406774 0.40709 0.414873 0.409683 0.408345 0.41012 0.41012
0.289 0.4064 0.406774 0.40709 0.414874 0.409684 0.408345 0.41012 0.41012
0.29 0.4064 0.406774 0.40709 0.414874 0.409684 0.408345 0.41012 0.41012
0.291 0.4064 0.406774 0.40709 0.414874 0.409684 0.408345 0.41012 0.41012
0.292 0.4064 0.406774 0.407091 0.414874 0.409684 0.408345 0.41012 0.41012
0.293 0.4064 0.406774 0.407091 0.414874 0.409684 0.408345 0.41012 0.41012
0.294 0.4064 0.406774 0.407091 0.414874 0.409684 0.408345 0.41012 0.41012
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Table 6
Availability of e-waste management plant corresponding to various population sizes after several number of iterations using DE, GA and PSO.

Iteration\Pop. 100 1000 1500 2000 2500 5000

DE 10 0.57186 0.65088 0.67894 0.66324 0.64079 0.72968
50 0.83808 0.88819 0.92715 0.93101 0.92166 0.93149
100 0.97242 0.97508 0.98021 0.98161 0.98258 0.98718
150 0.99088 0.99627 0.99588 0.99476 0.99574 0.99609
200 0.99706 0.9984 0.99849 0.99886 0.9991 0.99911
250 0.99875 0.99933 0.99962 0.99966 0.99951 0.99969
500 0.99996 0.99997 0.99997 0.99997 0.99997 0.99997

GA 10 0.682163754 0.492237318 0.540949783 0.747069294 0.590373408 0.61942313
50 0.788893712 0.899252001 0.805315996 0.741884876 0.777622629 0.661576147
100 0.771045887 0.827706545 0.836137092 0.735580642 0.785460908 0.774586286
150 0.891477728 0.77152548 0.856142927 0.792508543 0.904568546 0.84228081
200 0.846061967 0.839109663 0.820325698 0.893291024 0.824479993 0.812661241
250 0.886625412 0.796007602 0.899252001 0.841920101 0.869461721 0.853197045
500 0.845926564 0.861549945 0.893794327 0.87633046 0.92330969 0.884338206

PSO 10 0.898239418 0.992268821 0.994314679 0.99972813 0.996432193 0.999838134
50 0.99996744 0.99996744 0.99996744 0.99996744 0.99996744 0.99996744
100 0.99996744 0.99996744 0.99996744 0.99996744 0.99996744 0.99996744
150 0.99996744 0.99996744 0.99996744 0.99996744 0.99996744 0.99996744
200 0.99996744 0.99996744 0.99996744 0.99996744 0.99996744 0.99996744
250 0.99996744 0.99996744 0.99996744 0.99996744 0.99996744 0.99996744
500 0.99996744 0.99996744 0.99996744 0.99996744 0.99996744 0.99996744

Table 7
Parameter estimation of various failure and repair rates of e-waste management plant after 10 iterations using DE, GA and PSO.

iter\NP 100 1000 1500 2000 2500 5000

DE T 0.0529 0.92284 0.03624 0.12722 0.08295 0.00456
T2 0.15877 0.04971 0.06092 0.19568 0.20532 0.17171

10 T3 0.06665 0.09149 0.01819 0.11913 0.25295 0.03413
T4 0.00313 0.34311 0.14934 0.32032 0.06145 0.06198
Ts 0.4034 0.08349 0.04827 0.01968 0.03633 0.02424
Ts 0.02124 0.00509 0.40671 0.03415 0.08065 0.01847
17 0.21382 0.00846 0.05119 0.02338 0.06172 0.28167
T 0.38242 0.18735 0.36506 0.40262 0.34349 0.59904
My 1.2472 0.87591 1.55099 1.68409 1.71711 1.16052
Mo 1.93771 0.69971 0.98216 1.52621 1.31209 1.79475
U3 0.42959 1.57367 2.36789 2.04142 2.23198 1.5126
Mg 0.5028 1.72441 1.77371 1.8401 0.97955 1.02154
Us 1.23894 1.15234 0.59584 0.98165 1.30841 1.34449
Ue 2.43742 2.42199 2.6806 1.97734 2.75863 2.70992
W7 2.28645 0.98051 0.81938 1.88778 1.0616 1.88741
n 0.45831 0.89023 0.0401 0.32037 0.797 0.15482

GA T 0.062088398 0.024631284 0.124101766 0.000798516 0.281128146 0.15634331
T2 1.477169575 0.11277188 0.344985661 0.226234824 0.135437411 0.001051267
T3 0.039987682 0.002577529 0.035842737 0.025898667 0.13202867 0.038039374
T4 0.02251269 0.035455529 0.004671065 0.141988286 0.144043099 0.023034206
Ts 0.005657059 0.001324544 0.002229503 0.011275149 0.000620237 0.000335157
Ts 0.09622308 0.002670865 0.05274112 0.001626294 0.007470696 0.005077256
T7 0.282851894 0.102817063 0.206067881 0.188481239 0.125545206 0.308643643
T 0.055445781 0.374178938 0.729388402 0.12665264 0.826299752 0.270581548
i 0.647681475 0.153909262 0.35455813 0.661296639 0.232100617 0.143437651
1y 3.969044075 0.464613159 0.790372418 1.016746503 0.508981683 0.773977148
3 1.664777646 0.004668892 2.225057601 0.367810618 5.134334095 0.572810645
N 1.031293665 0.171805014 0.556283734 1.603521516 1.701454059 3.708409592
Us 0.392154782 0.714588879 0.327264713 1.087871263 0.491252164 1.292527745
Ue 1.767173972 1.492354247 0.446188395 1.05616157 0.333883398 0.338862692
7 1.14004701 0.27361917 0.480375382 1.751314908 0.65155174 0.287642444
n 1.403432413 0.302359521 0.843754672 1.241214288 2.095161866 5445185148

PSO T 0.165205345 0375369177 0.246261328 0.119520187 0.311501701 0.103190574
T2 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001
T3 0.378082778 0.000001 0.000001 0.000001 1E-06 0.000001
T4 0.009531185 0.00001 0.00001 0.00001 0.00001 0.00001
Ts 0.020859416 0.00001 0.00001 0.00001 0.00001 0.00001
Ts 0.092167019 0.00001 0.00001 0.00001 0.00001 0.00001
T7 0.00001 0.00001 0.006039983 0.00001 0.00001 0.00001
T 0.083709218 0.00001 0.00001 0.00001 0.00001 0.00001
Ly 1.444059853 1.369168067 1.199551548 1.546359321 1.52157281 1.704303954
Mo 0.551881469 1.098402739 1.826544541 1.270091104 1.581812507 1.604859634
U3 2.45 1.572257702 1.58977744 1.942989573 2.259644907 1.556510145
g 1.682096469 1.131890095 0.700313569 1.746001 1.723494224 0.795326384
Us 1.015105901 1.267547299 0.954322431 0.930041361 0.923379372 0.973263923
He 2.888924508 1.732159596 2.854079931 3.078448916 1.923062016 2.833431398
W7 0.502163066 1.56997504 1.034630364 1.681446202 1.604311873 2.268436058
u 1.432112469 0.24312269 0.44486568 1.919669452 1.382975125 1.426826751

4721



N. Kumar, D. Sinwar, M. Saini et al.
5. Results and discussion

In this section, RAMD and steady state availability results of e-
waste management plant are illustrated. The impact of variation in
various failure and repair rates on steady state availability is also
investigated. Subsystem’s failure and repair rates are varied by
10% and its effect is studied on availability. The results of steady
state availability are appended in Tables 4-5. Table 3 shows the
reliability, availability, maintainability, dependability, MTBF and
MTTR results of all the subsystems. It is observed that SS3 has
the minimum MTBF. E-waste plant reliability, maintainability
and availability based on subsystems RAMD measures are shown
in Egs. (40)-(42) (Table 6).

Table 4appended the steady sate availability of e waste man-
agement plant derived through the model developed in Eq. (53).
The base value of the availability is derived by using initial values
of the parameters given in Table 1. After that +10% variation is
made, and availability is evaluated. It is observed dismantling unit
is highly sensitive as its failure rate t3 is very influential. It is
revealed that availability of the system declines sharply with the
increase of failure rate. The value of availability changes from
0.406399 to 0.331842.

Table 5 shows the steady sate availability of e-waste manage-
ment plant derived through the model developed in Eq. (53). The
base value of the availability is derived by using initial values of
the parameters given in Table 1. After that +10% variation is made
in repair rates, and availability is evaluated. It is observed that dis-
mantling unit is highly sensitive as its repair rate (p3) shows high-
est increment in availability. It is revealed that availability of the
system increases sharply with the increase of repair rate. The avail-
ability changes from 0.406399 to 0.457831.

In the last, an effort has been made to attain the optimum value
of system availability. For this purpose, metaheuristic approached
genetic algorithm (GA), particle swarm optimization (PSO) and dif-
ferential evolution (DE) applied on the availability function given
in Eq. (53). The experiment is run at various population sizes
between 100 and 5000 and different iterations from 10 to 500.
The genetic algorithm provides the maximum value
(0.92330969) of availability at population size 2500 after 500 iter-
ations. PSO algorithm attained the maximum value (0.99996744)
of availability just after 50 iterations and 100 population size. So,
its rate of convergence is faster than GA. The optimum value of
availability is 0.99997 using differential evolution after 500 itera-
tions and population size more than 1000. The values of all the fail-
ure and repair rates is also estimated at various population sizes
and number of iterations as shown in Table 7 and Appendix-I
(Tables A1-A6).

6. Conclusion
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ment plants. In this situation the assessment of these measures
at any instantaneous time points as well as long-time becomes
necessary. The optimization of availability and parameter estima-
tion becomes necessary to obtain a global solution. So, in this paper
first RAMD analysis is performed and observed that availability of
system and all subsystems is greater than 0.9999 at instant time
point. But in long run the availability is sharply decreased, and it
reached at 0.406399. The variation in availability is due to the vari-
ation in failure rates. And the variation of failure and repair rates
also influences the availability of the plant. In this situation, it
becomes necessary to assess such values of failure and repair rates
in such a way that the system remains highly available. So, various
metaheuristic approached GA, PSO and DE are applied on the avail-
ability model and optimum value 0.99997 of availability is
achieved corresponding to the estimated parameter values. The
results of RAM measures and estimated parameters can be used
further to design the new e-waste management plants and to
develop life cycle costing models. The present study is conducted
on a single e-waste management plant. For more efficient results,
it is recommended to perform the same on the data of several
plants. Future works will be devoted to the estimation of parame-
ters using some other nature inspired algorithms and to develop
mathematical model to estimate the impact of simultaneous
failures.
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The reliability characteristics namely reliability, availability, Appendix I
maintainability, and dependability play crucial role during the
design phase as well as operation period of the e-waste manage- See
Table A1
Parameter estimation of various failure and repair rates of e-waste management plant after 50 iterations using DE, GA and PSO.
iter\NP 100 1000 2000 2500 5000
DE T 0.08475 0.00247 0.01027 0.0075 0.00458 0.04594
T, 0.02692 0.02795 0.02253 0.00343 0.03704 0.01653
T3 0.09732 0.00652 0.00267 0.00015 0.01073 0.01682
T4 0.01512 0.05963 0.00436 0.03487 0.00624 0.02589
5 0.03581 0.05079 0.02384 0.02276 0.02149 0.00531
Tg 0.02267 0.07325 0.04741 0.035 0.01055 0.00515
1, 0.00558 0.01255 0.01243 0.01248 0.01104 0.01605
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Table A1 (continued)
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iter\NP 100 1000 1500 2000 2500 5000
T 0.61041 0.04466 0.173 0.01307 0.56288 0.1092
Ly 1.79198 1.70157 1.89479 1.90114 0.76242 1.83651
M2 2.05971 2.02097 1.5185 1.11749 1.28977 2.06049
U3 1.46896 1.45693 2.09163 1.95671 2.08887 224114
Ly 1.30248 1.70851 1.73708 1.46987 1.83297 1.78325
Us 1.39701 1.36776 1.30725 1.37662 1.2687 1.38056
Ue 2.46502 2.57927 1.53286 1.63031 2.62098 2.53982
7 2.20441 2.2058 2.42463 2.36622 1.80039 1.89967
n 0.17604 0.0589 0.06824 0.86133 0.1731 0.79236

GA T 0.098327997 0.01738154 0.003515388 0.192275748 0.010373113 0.092431277
T2 0.030409379 0.008744319 0.032787422 0.121067519 0.012298427 0.014053925
T3 0.00182943 0.0125748 0.012367954 0.048070267 0.060326318 0.041246365
T4 0.005613936 0.032024137 0.006530782 0.001045521 0.129367717 0.006353632
Ts 0.001222364 0.003764149 0.011417447 0.005679233 0.00075201 0.013488584
Ts 0.003657761 0.111388254 0.034681343 0.003549851 0.042892222 0.11355944
T7 0.177076631 0.042301641 0.107953358 0.123440774 0.316848991 1.308051153
T 0.501120934 0.078218436 0.175652845 0.634945467 0.048171051 0.008672101
i 0.993182595 0.16094856 2.294633788 2.482122898 3.037155846 0.082416872
Mo 0.386625744 1.008208173 0.257178916 3.465070207 0.313120302 0.25808869
U3 0.261749281 0.463045988 2.773815122 1.791882409 0.763480806 0.354424394
g 0.233102405 3.338438795 1.442271565 0.243985966 1.001274383 0.094912185
Hs 2.083199101 0.641292098 0.51911701 2.523363376 0.375943319 0.818691803
Ue 0.198377883 0.523102778 0.978526756 0.225834426 0.161910926 0.392587743
7 0.457235604 1.695710481 0.595720187 2.516927772 1.780389583 4.753323824
u 3.680074138 1.756110077 1.358768641 0.669707341 1.012579491 3.207952394

PSO T 0.00001404 0.00001001 0.00001001 0.00001000 0.00001000 0.00001000
T2 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T3 0.00000100 0.00000100 0.00000100 0.00000100 0.00000100 0.00000100
T4 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
Ts 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
Ts 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
17 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
My 1.54354775 1.88556932 1.92933335 1.93139298 1.96967002 1.88166433
U 2.10000000 2.10000000 2.10000000 2.10000000 2.10000000 2.10000000
U3 2.45000000 2.45000000 2.45000000 2.45000000 2.45000000 2.45000000
Mg 1.93999995 1.94000000 1.94000000 1.94000000 1.94000000 1.94000000
Hs 1.42999998 1.43000000 1.43000000 1.43000000 1.43000000 1.43000000
Ue 3.19999996 3.20000000 3.20000000 3.20000000 3.20000000 3.20000000
W7 2.42999987 2.43000000 2.43000000 2.43000000 2.43000000 2.43000000
n 2.08000000 2.08000000 2.08000000 2.08000000 2.08000000 2.08000000

Table A2
Parameter estimation of various failure and repair rates of e-waste management plant after 100 iterations using DE, GA and PSO.

iter\NP 100 1000 1500 2000 2500 5000

DE T 0.00199 0.00726 0.01027 0.01134 0.0015 0.00081
T2 0.02019 0.00461 0.01312 0.00451 0.00378 0.0045
T3 0.00989 0.00956 0.00653 0.00145 0.00482 0.00193
T4 0.0005 0.0131 0.00149 0.00045 0.00051 0.00013
Ts 0.00438 0.00008 0.00214 0.00126 0.00025 0.00069
T6 0.0066 0.00376 0.00091 0.01188 0.01218 0.01616
Tz 0.01373 0.00866 0.00243 0.00895 0.00907 0.00298
T 0.47901 0.14148 0.09855 0.00126 0.05623 0.05587
i 1.7456 1.83461 1.7499 1.87643 1.28339 1.37645
Iy 2.06104 2.04219 1.9534 1.74077 1.75835 1.70275
U3 191116 2.15991 217177 1.99063 2.38899 1.83707
g 1.91979 1.59276 1.64127 1.75656 1.71368 1.83513
Us 1.35304 1.22552 1.40907 1.4039 1.27632 1.36365
Ue 2.97224 2.91507 2.17406 2.85071 1.65491 2.58969
7 2.10185 2.24017 1.71294 221234 2.21602 2.05197
n 0.00395 0.24666 0.16706 0.36423 0.54968 0.55292

GA T 0.018942685 0.098127856 0.173957729 0.052602187 0.092873994 0.099321941
T 0.036257837 0.023888896 0.019238457 0.110040438 0.257911489 0.129252606
T3 0.030785089 0.011480337 0.001687625 0.001762628 0.007727482 0.08252085
T4 0.01273129 0.032905235 0.013546923 0.03919958 0.028026597 0.016577261
Ts 0.008384474 0.003202844 0.007645753 0.006736844 0.007667393 0.000240709
Ts 0.15309501 0.043908133 0.062178979 0.058891505 0.010049556 0.016723778
17 0.206790843 0.236835525 0.177838744 0.017867212 0.011641792 0.360573717
T 0.534517907 0.025218872 0.043137292 0.30448676 0.212398297 0.005991856
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Table A2 (continued)

iter\NP 100 1000 1500 2000 2500 5000
1 3.72432091 0.387803782 0.850568213 0327427718 1.304834364 0.613345317
Ha 0.345583641 1.419956059 0.647855601 0.454891913 1.651801745 1.58109221
U3 0.901383187 0.15700864 0.542729778 1.660394512 1.170979493 1.009832965
Ha 0.828525719 0.281580147 0.330751628 2.469297289 4.058497533 2.599622996
Hs 0.519599072 1.663364549 0.925277535 0.684749428 1.497681364 1.33493222
He 0.774699224 0.820876416 0.485520147 0.445686336 0.053605138 0.542847753
i 1.603741893 1.129009301 1.214112565 1.016305411 0.162716682 0.743649007
n 2.235205229 0.876187265 0.257951995 1.002070185 1.289538854 1.25462955

PSO T 0.00001003 0.00001033 0.00001000 0.00001003 0.00001085 0.00001004
Ty 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T3 0.00000100 0.00000100 0.00000100 0.00000100 0.00000100 0.00000100
T4 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
Ts 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T6 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T7 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
M1 1.97257913 1.91189597 1.92767814 1.88255134 1.99992728 1.92665879
o 2.10000000 2.10000000 2.10000000 2.10000000 2.10000000 2.10000000
M3 2.45000000 2.45000000 2.45000000 2.45000000 2.45000000 2.45000000
Ha 1.94000000 1.94000000 1.94000000 1.94000000 1.94000000 1.94000000
Hs 1.43000000 1.43000000 1.43000000 1.43000000 1.43000000 1.43000000
He 3.20000000 3.20000000 3.20000000 3.20000000 3.20000000 3.20000000
My 2.43000000 2.43000000 2.43000000 2.43000000 2.43000000 2.43000000
n 2.08000000 2.08000000 2.08000000 2.08000000 2.08000000 2.08000000

Table A3
Parameter estimation of various failure and repair rates of e-waste management plant after 150 iterations using DE, GA and PSO.

iter\NP 100 1000 1500 2000 2500 5000

DE T 0.00191 7.00E-05 0.00196 0.00039 0.00258 0.00058
T2 0.00177 0.00285 2.00E-04 0.00332 0.00144 0.0006
T3 0.00291 0.00019 0.0015 0.00072 6.00E-04 0.00065
T4 0.00087 0.00448 6.00E-05 0.00053 0.00131 0.00305
Ts5 0.00005 0.00269 0.00094 0.00216 0.00049 0.00111
Ts 0.00747 6.00E-05 0.00122 0.00025 0.00112 0.00048
17 0.00191 0.00025 0.00101 0.00243 0.00073 0.00053
T 0.38862 0.06792 0.02155 0.03028 0.06293 0.08855
1 1.7512 1.5066 1.23475 1.27364 1.8669 1.98854
Ha 2.03092 1.85866 2.09048 2.02668 1.77756 1.92042
M3 2.2329 2.28743 1.74739 2.36682 233167 2.33751
Ha 1.92781 1.5929 1.60587 1.87191 1.70701 1.92731
Hs 1.37855 1.41864 1.39372 1.34131 1.38738 1.39784
He 3.16356 3.11195 2.9942 3.02876 2.87163 3.19006
i 2.33509 0.65497 2.34338 2.42699 2.29929 2.22258
n 0.09313 0.03999 0.74993 0.30045 0.00036 0.17423

GA T 0.061984879 0.001028614 0.062952778 0.045916654 0.000663558 0.07678634
T2 0.036727337 0.361544766 0.012532802 0.266492622 0.080518589 0.034794864
T3 0.013814557 0.085733529 0.036538108 0.211775166 0.023956679 0.001692315
T4 0.024005561 0.004591531 0.018272291 0.009527564 0.024790136 0.05887881
Ts 0.007928857 0.007511107 0.002426165 0.008380384 0.00107309 0.006746754
T6 0.041057755 0.0575407 0.026498829 0.026815894 0.00080602 0.103465509
T7 0.040499743 0.418868505 0.288466465 0.18496036 0.016735919 0.139053821
T 0.000259929 0.085032838 0.035363601 0.112912364 0.144611428 0.141082039
i 0.595496518 0.505742114 0.351137923 1.021708445 0.628844795 1.84852738
Ha 1.03659918 2.762008766 1.156004484 2.90200593 1.107877535 0.678464054
M3 0.821883161 1.239676646 0.171414856 1.676289106 1.732608624 0.716172076
Ha 0.847094462 0.284596668 0.891193935 0.989694961 0.853067636 1.437811628
Hs 0.493328334 0.628835792 0.184076092 1.399876787 2.170889039 0.694694133
He 0.530286731 0.603679495 0.717936599 0.297506512 0.396861885 0.497616306
My 0.397089181 1.547377015 3.060177996 0.861710986 0.938637581 1.574831195
n 1.645304076 1.570339004 1.065205421 1.531768971 2.687973728 1.851542454

PSO T 0.00001000 0.00001000 0.00001000 0.00001010 0.00001000 0.00001017
T2 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T3 0.00000100 0.00000100 0.00000100 0.00000100 0.00000100 0.00000100
T4 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
Ts 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
M 1.88758435 1.97021890 1.87961438 1.97800178 1.88469279 1.90218097
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Table A3 (continued)

iter\NP 100 1000 1500 2000 2500 5000
U2 2.10000000 2.10000000 2.10000000 2.10000000 2.10000000 2.10000000
U3 2.45000000 2.45000000 2.45000000 2.45000000 2.45000000 2.45000000
M 1.94000000 1.94000000 1.94000000 1.94000000 1.94000000 1.94000000
Us 1.43000000 1.43000000 1.43000000 1.43000000 1.43000000 1.43000000
e 3.20000000 3.20000000 3.20000000 3.20000000 3.20000000 3.20000000
W7 2.43000000 2.43000000 2.43000000 2.43000000 2.43000000 2.43000000
n 2.08000000 2.08000000 2.08000000 2.08000000 2.08000000 2.08000000

Table A4
Parameter estimation of various failure and repair rates of e-waste management plant after 200 iterations using DE, GA and PSO.

iter\NP 100 1000 1500 2000 2500 5000

DE T 0.00114 0.00031 0.00076 0.00017 0.00002 0.0001
T 0.00156 5.00E-04 2.00E-04 0.00009 0.00021 0.00011
T3 0.00004 9.00E-04 0.00031 0.00033 0.00047 0.00027
T4 0.00073 0.00022 0.00024 0.00109 0.00001 0.00027
Ts5 0.00141 0.00013 0.00067 0.00007 0.00003 0.00038
Ts 0.00005 0.001 0.00026 0.00005 0.00073 0.00015
17 0.00035 0.00033 0.00032 0.00047 0.00067 0.00045
T 0.04774 0.03005 0.01225 0.0167 0.01219 0.02613
My 1.85131 1.96511 1.71458 1.9685 1.80575 1.79114
1P 2.03588 1.65082 2.05889 1.93741 1.89672 1.96529
U3 1.94578 2.42446 2.35938 2.41668 2.21722 2.34836
Hag 1.87947 1.9097 1.90861 1.90422 1.79596 1.937
Us 1.4223 1.34004 1.39349 1.39596 1.36981 1.39379
Ue 2.98934 3.05686 2.99241 3.01579 2.93824 3.05262
W7 2.33242 1.99625 2.27659 2.00904 2.34848 2.2956
n 0.00181 0.44807 0.80736 0.00178 0.05398 0.08714

GA T 0.006758744 0.083651709 0.09195037 0.048278547 0.027394809 0.019009945
T2 0.069556761 0.056289837 0.186568394 0.039238147 0.1202491 0.081729199
T3 0.003705374 0.03022232 0.037956359 0.068456073 0.007109911 0.035166173
T4 0.130873297 0.014555226 0.051156863 0.013675671 0.046996482 0.003778835
Ts 0.01764361 0.014241921 0.000627769 0.00383984 0.004769226 0.002130655
Ts 0.004539613 0.009001206 0.007322473 0.060768878 0.011316122 0.004388266
T7 0.077088332 0.346453605 0.027594259 0.013418323 0.194314582 0.038256579
T 0.247763283 0.049773856 0.290092504 0.056381591 0.929855712 0.006043907
Iy 0.437635966 0.208674318 1.084650799 0.65688313 0.672325512 0.106528693
1Py 2.706940391 1.152509256 2.862470313 0.987318943 1.642286663 0.833718604
U3 0.166906587 1.741646312 0.872673339 1.778756221 2.034080997 0.266849051
Ly 1.781964328 1.918881077 0.286115661 1.874529901 1.63797774 0.584539929
Us 0.586948685 1.11969803 0.23169425 0.14059163 1.057497377 0.018815746
Ue 1.195524326 0.677478059 0.767636743 0.687310745 0.783714217 0.653484433
ivs 1.221730925 1.399925223 2.154423639 2.019810478 1.119000804 1.487235224
n 1.041031025 0.821181332 1.819399331 0.842373614 4.063033952 0.833849805

PSO T 0.00001002 0.00001001 0.00001001 0.00001000 0.00001001 0.00001005
T2 0.00001000 0.00001000 0.00001001 0.00001000 0.00001000 0.00001000
T3 0.00000100 0.00000100 0.00000100 0.00000100 0.00000100 0.00000100
T4 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
Ts 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
Ts 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
Tz 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
I8 1.88465871 1.93255741 1.92562247 1.92289945 1.88046161 1.88781095
Ha 2.10000000 2.10000000 2.10000000 2.10000000 2.10000000 2.10000000
M3 2.45000000 2.45000000 2.45000000 2.45000000 2.45000000 2.45000000
Ly 1.94000000 1.94000000 1.94000000 1.94000000 1.94000000 1.94000000
Us 1.43000000 1.43000000 1.43000000 1.43000000 1.43000000 1.43000000
He 3.20000000 3.20000000 3.20000000 3.20000000 3.20000000 3.20000000
W7 2.43000000 2.43000000 2.43000000 2.43000000 2.43000000 2.43000000
u 2.08000000 2.08000000 2.08000000 2.08000000 2.08000000 2.08000000

4725



N. Kumar, D. Sinwar, M. Saini et al. Journal of King Saud University - Computer and Information Sciences 34 (2022) 4712-4728

Table A5
Parameter estimation of various failure and repair rates of e-waste management plant after 250 iterations using DE, GA and PSO.
iter\NP 100 1000 1500 2000 2500 5000
DE T 0.00022 0.00027 7.00E-05 0.00001 0.00016 0.00003
T 0.00069 6.00E-05 3.00E-05 0.00022 4.00E-05 0.00007
T3 0.00023 0.00031 0.00017 0.00002 3.00E-05 0.00003
T4 0.00011 0.00043 0.00021 0.00009 0.00027 0.00003
Ts 0.00063 4.00E-05 2.00E-05 0.00015 2.00E-04 0.00021
Te 0.00003 0.00014 0.00033 0.00016 6.00E-05 0.00007
T 0.00044 0.00015 6.00E-05 0.00002 3.00E-05 0.00011
T 0.17619 0.00108 0.00328 0.01508 0.02523 0.00683
i 1.90451 1.99543 1.92547 1.93404 1.90997 1.98946
Ha 2.03282 2.01274 2.06174 2.09496 1.92667 2.07551
H3 2.44214 2.33309 2.26989 2.28172 2.43602 2.33154
Ha 1.88858 1.88918 1.86126 1.84941 1.93068 1.93123
Hs 1.42404 1.39875 1.31907 1.35213 1.42834 1.40492
He 3.14647 2.95298 3.09376 3.12653 2.75931 2.98599
1% 2.34278 1.9885 2.3938 2.25236 0.77436 2.10917
1 0.01164 0.30972 1.23309 0.17482 0.55061 0.00499
GA T 0.013858306 0.042034606 0.01738154 0.285028207 0.005739437 0.232853634
To 0.053625448 0.304531851 0.008744319 0.166707818 0.005595088 0.066622487
T3 0.001216733 0.02018085 0.0125748 0.011054002 0.008587143 0.029742572
Ty 0.003969356 0.006524492 0.032024137 0.001854317 0.012226805 0.00410904
Ts 0.000715869 0.004545323 0.003764149 0.004544069 0.010498651 0.004752373
Tg 0.010568267 0.114608511 0.111388254 0.006755232 0.005947608 0.004903127
T7 0.020977203 0.16684372 0.042301641 0.120837501 0.150384761 0.119483051
T 0.568519023 0.122138897 0.078218436 0.207651643 0.108633474 0.134734605
i 1.023176182 0.782495655 0.16094856 0.774352875 0.180236412 1.131036701
Ha 1.243801712 7.153833129 1.008208173 5.892877701 0.358899392 3.65472218
M3 3.002018448 3.664567932 0.463045988 0.350509761 1.417374505 1.856237932
Ha 0.786858037 1.187021787 3.338438795 1.093945927 0.635113026 0.18890229
Hs 1.202614097 0.044202663 0.641292098 1.186047048 0.333203265 0.149453582
He 0.342255895 0.411372656 0.523102778 0.497830906 0.286455765 0.117301839
1% 1.209224366 1.764665133 1.695710481 0.562735248 0.603059589 0.522328087
n 2.327188089 1.211315952 1.756110077 1.21951327 3.938239401 1.987590156
PSO T 0.00001040 0.00001012 0.00001006 0.00001014 0.00001001 0.00001012
Ty 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T3 0.00000100 0.00000100 0.00000100 0.00000100 0.00000100 0.00000100
T4 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
Ts 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T7 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
1 1.97035254 1.89543123 1.97511433 1.99608431 1.97142867 1.89206276
Ha 2.10000000 2.10000000 2.10000000 2.10000000 2.10000000 2.10000000
M3 2.45000000 2.45000000 2.45000000 2.45000000 2.45000000 2.45000000
Ha 1.94000000 1.94000000 1.94000000 1.94000000 1.94000000 1.94000000
Hs 1.43000000 1.43000000 1.43000000 1.43000000 1.43000000 1.43000000
He 3.20000000 3.20000000 3.20000000 3.20000000 3.20000000 3.20000000
1% 2.43000000 2.43000000 2.43000000 2.43000000 2.43000000 2.43000000
n 2.08000000 2.08000000 2.08000000 2.08000000 2.08000000 2.08000000
Table A6
Parameter estimation of various failure and repair rates of e-waste management plant after 500 iterations using DE, GA and PSO.
iter\NP 100 1000 1500 2000 2500 5000
DE T 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001
T 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001
T3 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001
Ty 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001
Ts 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001
Te 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001
T 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001
T 0.00375 0.0009 0.00087 0.00057 0.00199 0.00076
e 1.99073 1.98158 1.97895 1.99572 1.9893 1.98901
Ha 2.08072 2.09936 2.07667 2.07853 2.09861 2.09133
M3 2.43489 2.43724 2.4479 2.44872 2.42696 2.44244
Ha 1.92354 1.93565 1.92679 1.93519 1.92685 1.92996
Hs 1.42533 1.42558 1.42094 1.42427 1.42807 1.42869
He 3.18615 3.17014 3.19584 3.17974 3.19701 3.1831
Wy 2.39181 2.38537 2.40565 242144 2.42432 2.40701
i 0.06083 0.45402 0.15068 0.37328 0.2954 0.47076
GA T 0.250415176 0.013608071 0.244335011 0.014977493 0.082126135 0.016621164
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iter\NP 100 1000 1500 2000 2500 5000
T2 0.018518257 0.057539551 0.059458397 0.047129576 0.006118488 0.041893965
T3 0.136978659 0.011272428 0.003869947 0.005449012 0.003805663 0.049295917
T4 0.01457364 0.006701227 0.007351925 0.00844475 0.015009048 0.006790128
Ts 0.002512083 0.014092331 0.005256271 0.001736416 0.002255645 0.005792934
Te 0.024581056 0.064619697 0.011398867 0.037741556 0.048294263 0.004198128
17 0.172434289 0.027984066 0.057100471 0.072488905 0.183308871 0.060289183
T 0.049741585 0.00270113 0.242244823 0.019881673 0.043490082 0.012449438
[T 0.634460967 0.039635418 2.123045822 0.054758075 1.287456687 2.200988698
1 0.670022402 0.520371786 1.562756437 0.756527562 0.591910583 1.448795743
M3 1.725428341 0.4109658 0.760776337 1.092352953 0.296834303 0.232009599
[ 1.224108213 3.532653748 0.21564359 1.61283496 1357555408 1.262330523
Us 0.275686142 0.741320874 0.396810242 0.110426425 0.714578532 3.038349968
M6 1.558575395 2.112667875 0.337719779 0.5402051 0.538478353 0.486405934
Uy 0.736033421 0.561555082 3.150501127 0.652287749 2.101035529 1579590507
u 1.965034262 0.878857056 1.74867778 1.299768666 3.374213839 1.084156489

PSO T 0.00001030 0.00001020 0.00001000 0.00001077 0.00001001 0.00001000
T2 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T3 0.00000100 0.00000100 0.00000100 0.00000100 0.00000100 0.00000100
T4 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
s 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
Te 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
T 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000 0.00001000
[T 195527309 1.99185185 1.88869575 199999751 1.88529923 197771036
Mo 2.10000000 2.10000000 2.10000000 2.10000000 2.10000000 2.10000000
M3 2.45000000 2.45000000 2.45000000 2.45000000 2.45000000 2.45000000
[ 1.94000000 1.94000000 1.94000000 1.94000000 1.94000000 1.94000000
s 1.43000000 1.43000000 1.43000000 1.43000000 1.43000000 1.43000000
He 3.20000000 3.20000000 3.20000000 3.20000000 3.20000000 3.20000000
i 2.43000000 2.43000000 2.43000000 2.43000000 2.43000000 2.43000000
u 2.08000000 2.08000000 2.08000000 2.08000000 2.08000000 2.08000000

References Ghimire, H., Ariya, P.A., 2020. E-wastes: bridging the knowledge gaps in global

Abbas, N.H., Abdulsaheb, J.A., 2016. An adaptive multi-objective particle swarm
optimization algorithm for multi-robot path planning. J. Eng. 22 (7), 164-181.

Abdi, A. Abdi, A., Akbarpour, N., Amiri, A.S., Hajiaghaei-Keshteli, M., 2020.
Innovative approaches to design and address green supply chain network
with simultaneous pick-up and split delivery. J. Clean. Prod. 250,. https://doi.
0rg/10.1016/j.jclepro.2019.119437 119437.

Aggarwal, AK., Kumar, S., Singh, V., 2016. Mathematical modeling and fuzzy
availability analysis of skim milk powder system of a dairy plant. Int. ]. Syst.
Assur. Eng. Manage. 7 (1), 322-334.

Ahmadi, S., Amin, S.H., 2019. An integrated chance-constrained stochastic model for
a mobile phone closed-loop supply chain network with supplier selection. J.
Clean. Prod. 226, 988-1003.

Akbarpour, N., Salehi-Amiri, A., Hajiaghaei-Keshteli, M., Oliva, D., 2021. An
innovative waste management system in a smart city under stochastic
optimization using vehicle routing problem. Soft Comput. 25 (8), 6707-6727.
https://doi.org/10.1007/s00500-021-05669-6.

Amuthan, A., Arulmurugan, A., 2021. “Semi-Markov inspired hybrid trust prediction
scheme for prolonging lifetime through reliable cluster head selection in WSNs.
J. King Saud Univ. - Comput. Inf. Sci. 33 (8), 936-946. https://doi.org/10.1016/j.
jksuci.2018.07.006.

Brest, J., Greiner, S., Boskovic, B., Mernik, M., Zumer, V., 2006. Self-adapting control
parameters in differential evolution: A comparative study on numerical
benchmark problems. IEEE Trans. Evol. Comput. 10 (6), 646-657.

Cheng, J., Shi, F., Yi, J., Fu, H., 2020. Analysis of the factors that affect the production
of municipal solid waste in China. J. Clean. Prod. 259, 120808.

Chouhan, V.K., Khan, S.H., Hajiaghaei-Keshteli, M., 2022. Sustainable planning and
decision-making model for sugarcane mills considering environmental issues. J.
Environ. Manage. 303, 114252. https://doi.org/10.1016/j.jenvman.2021.114252.

Das, D., Tripathy, C.R,, Tripathy, P.K,, Kabat, M.R., 2022. A Genetic Algorithm based
approach for designing multi-state computational grid with cost and
bandwidth constraints. J. King Saud Univ. - Comput. Inf. Sci. 34 (2), 443-456.
https://doi.org/10.1016/j.jksuci.2018.10.006.

Deenadayalan, V., Vaishnavi, P., 2021. Improvised deep learning techniques for the
reliability analysis and future power generation forecast by fault identification
and remediation. J. Ambient Intell. Humaniz. Comput., 1-9

Fasihi, M., Tavakkoli-Moghaddam, R., Najafi, S.E., Hajiaghaei-Keshteli, M., 2021.
Developing a bi-objective mathematical model to design the fish closed-loop
supply chain. Int. J. Eng. 34 (5), 1257-1268.

Fasihi, M., Tavakkoli-Moghaddam, R., Najafi, S.E., Hajiaghaei, M., 2021. Optimizing a
bi-objective multi-period fish closed-loop supply chain network design by three
multi-objective meta-heuristic algorithms. Sci. Iran.

Georgioudakis, M., Plevris, V., 2020. A Comparative Study of Differential Evolution
Variants in Constrained Structural Optimization. Front. Built Environ. 6, 102.
https://doi.org/10.3389/fbuil.2020.00102.

4727

production budgets, composition, recycling and sustainability implications.
Sustain. Chem. 1 (2), 154-182.

Ghoushchi S. ], Bonab S. R., Ghiaci A. M., Haseli G., Tomaskova H., Hajiaghaei-
Keshteli M., 2021. Landfill site selection for medical waste using an integrated
SWARA-WASPAS framework based on spherical fuzzy set, Sustainability, 13(24),
doi: 10.3390/su132413950.

Goldberg D. E., Holland J. H., 1988. Genetic algorithms and machine learning.

Hamdi-Asl, A., Amoozad-Khalili, H., Tavakkoli-Moghaddam, R., Hajiaghaei-Keshteli,
M., 2021. Toward sustainability in designing agricultural supply chain network:
A case study on palm date. Sci. Iran.

Ikhlayel, M., 2017. Environmental impacts and benefits of state-of-the-art
technologies for E-waste management. Waste Manag. 68, 458-474.

Jithish, J., Sankaran, S., Achuthan, K., 2021. A Decision-centric approach for secure
and energy-efficient cyber-physical systems. ]. Ambient Intell. Humaniz.
Comput. 12 (1), 417-441.

Kahhat, R., Kim, ]J., Xu, M., Allenby, B., Williams, E., Zhang, P., 2008. Exploring e-
waste management systems in the United States. Resour. Conserv. Recycl. 52
(7), 955-964.

Kaya, L., 2012. Evaluation of outsourcing alternatives under fuzzy environment for
waste management. Resour. Conserv. Recycl. 60, 107-118.

Kehar, V., Chopra, V., 2021. Visibility restoration of remote sensing images using
dynamic multi-objective differential evolution. J. Ambient Intell. Humaniz.
Comput., 1-13

Kennedy ]., Eberhart R., 1995. Particle swarm optimization. In: Proceedings of
ICNN’95-international conference on neural networks, 1995, vol. 4, pp. 1942-
1948.

Kumar, A. et al, 2022. Efficient stochastic model for operational availability
optimization of cooling tower using metaheuristic algorithms. IEEE Access 10,
24659-24677.

Mousavi, R., Salehi-Amiri, A., Zahedi, A., Hajiaghaei-Keshteli, M., 2021. Designing a
supply chain network for blood decomposition by utilizing social and
environmental factor. Comput. Ind. Eng. 160, 107501. https://doi.org/10.1016/
j.cie.2021.107501.

Mullen, K., Ardia, D., Gil, D.L., Windover, D., Cline, ]., 2011. DEoptim: An R package
for global optimization by differential evolution. J. Stat. Softw. 40 (6), 1-26.

Ni, Z., Chan, H.K,, Tan, Z., 2021. Systematic literature review of reverse logistics for
e-waste: overview, analysis, and future research agenda. Int. J. Logist. Res. Appl.,
1-29

Padmanabhan, B., Premalatha, L., 2019. A statistical analysis in optimization of wind
penetrated non convex dynamic power dispatch problem using different
strategies of differential evolution algorithm. J. Ambient Intell. Humaniz.
Comput., 1-9

Prajapati, A., 2021. A particle swarm optimization approach for large-scale many-
objective software architecture recovery. J. King Saud Univ. - Comput. Inf. Sci.
https://doi.org/10.1016/j.jksuci.2021.08.027.


http://refhub.elsevier.com/S1319-1578(22)00167-7/h0005
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0005
https://doi.org/10.1016/j.jclepro.2019.119437
https://doi.org/10.1016/j.jclepro.2019.119437
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0015
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0015
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0015
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0020
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0020
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0020
https://doi.org/10.1007/s00500-021-05669-6
https://doi.org/10.1016/j.jksuci.2018.07.006
https://doi.org/10.1016/j.jksuci.2018.07.006
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0035
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0035
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0035
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0040
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0040
https://doi.org/10.1016/j.jenvman.2021.114252
https://doi.org/10.1016/j.jksuci.2018.10.006
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0055
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0055
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0055
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0060
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0060
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0060
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0065
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0065
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0065
https://doi.org/10.3389/fbuil.2020.00102
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0075
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0075
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0075
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0090
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0090
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0090
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0095
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0095
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0100
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0100
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0100
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0105
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0105
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0105
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0110
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0110
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0115
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0115
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0115
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0125
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0125
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0125
https://doi.org/10.1016/j.cie.2021.107501
https://doi.org/10.1016/j.cie.2021.107501
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0135
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0135
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0140
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0140
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0140
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0145
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0145
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0145
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0145
https://doi.org/10.1016/j.jksuci.2021.08.027

N. Kumar, D. Sinwar, M. Saini et al.

Rahimifar, A., Seifi Kavian, Y., Kaabi, H., Soroosh, M., 2021. Predicting the energy
consumption in software defined wireless sensor networks: a probabilistic
Markov model approach. J. Ambient Intell. Humaniz. Comput. 12 (10), 9053-
9066.

Saini M., Goyal D., Kumar A., Patil R. B., 2022. Availability optimization of biological
and chemical processing unit using genetic algorithm and particle swarm
optimization, Int. J. Qual. Reliab. Manag., ahead-of-p, no. ahead-of-print, doi:
10.1108/JQRM-08-2021-0283.

Saini M., Gupta N., Shankar V. G., Kumar A., Stochastic modeling and availability
optimization of condenser used in steam turbine power plants using GA and
PSO, Qual. Reliab. Eng. Int., doi: https://doi.org/10.1002/qre.3097.

Saini, M., Kumar, A., 2019. Performance analysis of evaporation system in sugar
industry using RAMD analysis. ]. Braz. Soc. Mech. Sci. Eng. 41 (4), 1-10.

Salehi Amiri, S.A.H., Zahedi, A., Kazemi, M., Soroor, ]., Hajiaghaei-Keshteli, M., 2020.
Determination of the optimal sales level of perishable goods in a two-echelon
supply chain network. Comput. Ind. Eng. 139, https://doi.org/10.1016/
j.cie.2019.106156 106156.

Salehi-Amiri, A., Akbapour, N., Hajiaghaei-Keshteli, M., Gajpal, Y., Jabbarzadeh, A.,
2022. Designing an effective two-stage, sustainable, and IoT based waste
management system. Renew. Sustain. Energy Rev. 157, 112031. https://doi.org/
10.1016/j.rser.2021.112031.

Shahsavar, M.M. et al., 2022. Bio-recovery of municipal plastic waste management
based on Alan integrated decision-making framework. J. Ind. Eng. Chem.

Sinwar D., Saini M., Singh D., Goyal D., Kumar A., 2021. Availability and performance
optimization of physical processing unit in sewage treatment plant using

4728

Journal of King Saud University - Computer and Information Sciences 34 (2022) 4712-4728

genetic algorithm and particle swarm optimization, Int. J. Syst. Assur. Eng.
Manag., 12 (6) 1235-1246.

Storn, R., Price, K., 1997. Differential evolution - A simple and efficient heuristic for
global optimization over continuous spaces. ]. Glob. Optim. 11 (4), 341-359.
https://doi.org/10.1023/A:1008202821328.

Syu, J.-H., Wu, M.-E., 2021. Modifying ORB trading strategies using particle swarm
optimization and multi-objective optimization. J. Ambient Intell. Humaniz.
Comput., 1-13

Tiseo 1. 2021. Projected electronic waste generation worldwide from 2019 to 2030 (in
million metric tons). https://www.statista.com/statistics/1067081/generation-
electronic-waste-globally-forecast/ (accessed May 13, 2022).

Wang, Y., Cai, Z,, Zhang, Q., 2011. Differential evolution with composite trial vector
generation strategies and control parameters. [EEE Trans. Evol. Comput. 15 (1),
55-66.

Wang, T., Cai, J., Meng, Y., Zhu, S., Lv, M., Li, Z., 2021. Reliability evaluation method
for warm standby embryonic cellular array. J. Ambient Intell. Humaniz. Comput.
12 (1), 617-634.

Zahedi, A., Salehi-Amiri, A., Hajiaghaei-Keshteli, M., Diabat, A., 2021. Designing a
closed-loop supply chain network considering multi-task sales agencies and
multi-mode transportation. Soft Comput. 25 (8), 6203-6235. https://doi.org/
10.1007/s00500-021-05607-6.

Zeng, X., Song, Q., Li, J., Yuan, W., Duan, H., Liu, L., 2015. Solving e-waste problem
using an integrated mobile recycling plant. J. Clean. Prod. 90, 55-59.

Zhang, J., Sanderson, A.C., 2009. JADE: adaptive differential evolution with optional
external archive. IEEE Trans. Evol. Comput. 13 (5), 945-958.


http://refhub.elsevier.com/S1319-1578(22)00167-7/h0155
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0155
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0155
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0155
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0170
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0170
https://doi.org/10.1016/j.cie.2019.106156
https://doi.org/10.1016/j.cie.2019.106156
https://doi.org/10.1016/j.rser.2021.112031
https://doi.org/10.1016/j.rser.2021.112031
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0185
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0185
https://doi.org/10.1023/A:1008202821328
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0200
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0200
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0200
https://www.statista.com/statistics/1067081/generation-electronic-waste-globally-forecast/
https://www.statista.com/statistics/1067081/generation-electronic-waste-globally-forecast/
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0210
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0210
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0210
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0215
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0215
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0215
https://doi.org/10.1007/s00500-021-05607-6
https://doi.org/10.1007/s00500-021-05607-6
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0225
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0225
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0230
http://refhub.elsevier.com/S1319-1578(22)00167-7/h0230

	Efficient computational stochastic framework for performance optimization of E-waste management plant
	1 Introduction
	2 Material and methods
	2.1 Notations
	2.2 System description
	2.3 Optimization strategies
	2.3.1 Differential evolution
	2.3.2 Genetic algorithm
	2.3.3 Particle swarm optimization (PSO)

	2.4 Simulation environment

	3 RAMD analysis of the E-waste plant
	3.1 Collection unit
	3.2 Classification unit
	3.3 Dismantling unit
	3.4 Crushing unit
	3.5 Waste transfer unit

	4 Steady state availability analysis of E-waste plant
	5 Results and discussion
	6 Conclusion
	7 Compliance with Ethical Standards
	Declaration of Competing Interest
	Appendix I
	References


