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The aim of this paper is to investigate and propose a novel mathematical
model to enhance the performance of production systems in the
petrochemical industry by utilizing a closed-loop supply chain approach.
The mathematical model is designed to optimize material flow,
procurement, and product distribution within petrochemical systems, and is
capable of accommodating uncertain demand. The objective functions
considered include transportation and inventory costs (as the first objective
function) and the level of pollution at treatment and distribution centers (as
the second objective function). The primary goal of this research is to
develop a mathematical model that simultaneously manages production
costs and environmental pollution within the closed-loop supply chain of
petrochemical products. The model seeks to find an optimal balance
between costs and the environmental impacts arising from the production
and distribution of petrochemical products. The proposed model is solved
using the weighted sum method and the NSGA-II metaheuristic algorithm.
According to the results obtained for the objective function, it is observed
that the value of the objective function is highly sensitive to the weight
assigned to the first objective. Increasing this weight leads to an increase in
the objective function value, whereas a higher weight for the second
objective results in a decrease in the objective function value. The findings
indicate that the minimum value of the objective function is 35,996.988.
Additionally, the results of the metaheuristic approach demonstrate that as
the problem size increases, its computational complexity increases as well.
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1. Introduction

Most enterprise architectures have traditionally
adopted a linear approach, adhering to the value
chain  model, which involves production,
consumption, and disposal, consequently depleting
the Earth's natural resources (Hejazi, 2025).
Consequently, sustainable development guidelines
increasingly advocate for a transition from linear to
closed-loop supply chain models, incorporating
circular principles such as reuse, refurbishment, and
recycling in innovative ways (Bahrami et al.,, 2025).
Therefore, the integration of closed loops within
supply chains has garnered significant attention
from researchers, practitioners, and policymakers as
a strategy to enhance sustainability outcomes in
businesses (Alghababsheh & Gallear, 2022).
Numerous companies are actively seeking solutions
to accelerate comprehensive initiatives and
transition toward more circular supply chains (Iji et
al., 2025). This shift necessitates not only innovation
in products, processes, and technologies but also in
business models, which must incorporate novel
recycling systems to facilitate the return of used
products (Mozafari & Savari, 2025). Moreover,
establishing a closed-loop supply chain is not
feasible for a single organization, as it requires
collaboration among various supply chain entities
and other stakeholders from similar or diverse
sectors (Safaie et al., 2025).

In general, a transformation in an organization’s
business model impacts the operations of other
entities involved in its supply chain. Thus, a systemic
approach to managing the efficient use of materials,
energy, and other valuable resources through higher
rates of recycling, reuse, and regeneration is essential
for success. However, there remains limited
theoretical and empirical knowledge regarding this
phenomenon (Yang et al,, 2018). The need to meet
global demand sustainably, which continues to
grow, underscores the importance of effective and
efficient supply chain management. Specific sectors,
such as the automotive industry, operate within
complex supply chain networks that contribute to
environmental degradation along their value chains.
To enhance operational, economic, and social
performance through improved sustainability, many
companies have begun integrating new or recycled
materials, cleaner technologies, and innovative
organizational and logistical practices (Gonzdlez-
Sanchez et al., 2020).

Sustainability has sparked extensive discourse
within academic literature, particularly in supply
chain management (SCM). Nevertheless, global
patterns of production, consumption, and trade
remain  perilously = unsustainable. =~ Without
transformative changes in sourcing, production,
delivery, use, recovery, and regeneration of products,
the world will continue to deplete significant natural
resources  at  current consumption levels
(Abolghasemian et al., 2024). A pivotal philosophy

that may facilitate such transformation is the
circular economy (CE). This paradigm is increasingly
recognized as a viable alternative to the conventional
economic model. The CE framework is emerging as a
significant driver of sustainability in both theory and
practice, offering substantial potential to support
organizations in achieving sustainable performance
outcomes (Farooque et al., 2019).

Circular supply chains have evolved into a strategic
variable for organizations, extending beyond
environmental considerations. Furthermore, there is
a critical research trajectory that emphasizes the
broader socio-economic implications affecting
various  stakeholders, contributing to the
development of studies on transitioning toward
more sustainable production systems. Defining a
new scope of specific practices to effectively
implement circular economy principles in supply
chains is essential, necessitating the adoption of
systemic innovations (Govindan et al., 2023).

2. Methodology

In this section of the article, a mathematical model is
proposed for the transportation and distribution of
condensates as a production system aimed at
reducing costs and investments while mitigating the
adverse effects of greenhouse gas emissions.
Generally, the objective functions considered in the
mathematical modeling include: transportation
costs (A), inventory costs (B), environmental
pollution at processing centers (C), and
environmental pollution at distribution centers (D).
To address the limitations of methods when the
number of objectives exceeds two, and considering
that some objectives, such as A and B, as well as C
and D, share the same units, the sum of objectives
with identical units is taken as the final objective,
transforming the problem into a bi-objective
optimization. Thus, the objectives considered in the
modeling are formulated as follows: 1) min (F1) = A +
B;2) min (F2) =C +D.

3. Results and Discussion

This section presents the numerical results of the
proposed mathematical model for optimizing the
transportation and distribution of condensates in a
circular supply chain within the petrochemical
industry. The model, formulated as a linear
programming problem, aims to minimize costs and
environmental pollution, with objective functions
combining transportation and inventory costs (F1 = A
+ B) and environmental pollution from processing
and distribution centers (F2 = C + D). The problem
was solved using the weighted sum method,
transforming the multi-objective problem into a
single-objective one, with weights assigned to each
objective (w1 for F1 and w2 for F2, where w1 + w2 =1).
The results indicate that the objective function value
is highly sensitive to the weight of the first objective
(w1), increasing as w1 increases and decreasing as wa
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(weight of the second objective) increases. The
minimum objective function value of 988.35996 was
achieved when w1 =0.1and w2 =0.9.

The model was implemented in GAMS software for a
small-scale problem, with calculations based on
predefined sets and parameters. Key findings include
zero condensate transfers from certain fields to
processing centers in specific periods and a
maximum transfer of 106.080 units in the third
period from the first field to the first processing
center. Inventory levels at processing centers were
also zero in the first two periods, peaking at 20.749
units in the third period. The NSGA-II metaheuristic
algorithm was employed to solve the model, with
parameters tuned using the Taguchi L9 design. The
algorithm’s performance was compared to exact
methods across small, medium, and large problem
sizes, demonstrating that NSGA-II significantly
reduces solution time while maintaining accuracy,
with errors below 0.05 deemed negligible. This
validates NSGA-II's effectiveness for large-scale
problems.

A sensitivity analysis was conducted on field
capacity, a critical parameter affecting the objective
function. Increasing capacity by 100 units raised
transportation costs due to higher production, while
decreasing capacity by 100 units reduced costs but
led to lost sales opportunities from exports. Overall,
the results confirm the model’s ability to optimize
production and distribution decisions, supporting
cost reduction and environmental sustainability in
the petrochemical supply chain.

4. Conclusions

This article addresses the integration of two critical
decision-making domains in the petrochemical
products sector, namely production planning and
distribution planning. In this regard, it is noteworthy
that decisions in production planning have a direct
impact on distribution planning. If products are not
prepared and made available according to a proper
schedule, the distribution unit will also be unable to
fulfill customer requirements in a timely manner. For
this reason, it is essential and necessary to study
production planning and distribution planning in an
integrated manner. To this end, a mathematical
model is first proposed to optimize the decision
variables related to production and distribution.
Therefore, through the precise execution of this
research, we can achieve enhanced collaboration
among organizations in the petrochemical supply
chain, leading to increased efficiency, reduced costs,
and improved environmental performance. For
instance, the establishment of digital platforms and
shared information systems that provide all supply
chain stakeholders with access to relevant data and
information can facilitate improved communication
and coordination. The development of collaboration
contracts that encompass shared objectives,
responsibilities, and commitments for each
organization can foster motivation for cooperation
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and mitigate tensions. Identifying and establishing
common goals for all supply chain stakeholders,
such as cost reduction, quality improvement, and
pollution minimization, can further incentivize
greater collaboration. By implementing these
strategies, organizations in the petrochemical supply
chain can enhance their cooperative efforts and
attain superior outcomes in economic and
environmental domains. This article, which pursues
the objectives of integrating production planning
and distribution planning in the petrochemical and
refining industries, as well as simultaneous
production and distribution planning to meet the
requirements  for  petrochemical  derivatives,
accomplishes this through the presentation of a
mathematical programming model. Based on the
obtained results for the objective function, it is
observed that the value of the objective function is
highly dependent on the weight of the first objective.
As this weight increases, the objective function value
rises, whereas a higher weight for the second
objective leads to a lower objective function value.
According to the results, in the scenario where the
weight of the first objective (w1 = 0.1) and the weight
of the second objective (w2 = 0.9), the objective
function attains its minimum value of 988.35996.
Furthermore, the metaheuristic method results
indicate that as the problem dimensions expand,
computational complexity increases. This is because
the solution time varies and escalates from one
problem instance to another. However, the solution
time using the NSGA-II metaheuristic algorithm is
considerably shorter compared to the exact method.
Therefore, for solving large-scale problems, reliance
on the NSGA-II algorithm can be justified, with
expectations of satisfactory performance.

This research exhibits similarities and differences
when compared to similar studies, such as those by
(Govindan et al., 2023) and (Jabarzadeh et al., 2020).
Firstly, all three studies present a mathematical
model for closed-loop supply chains. In the study by
(Jabarzadeh et al,, 2020; Govindan et al., 2023),
minimizing carbon dioxide emissions is addressed,
while evaluate greenhouse gas emissions from
vehicles. Additionally, the current research, akin to
(Govindan et al, 2023) examines uncertainty in
demand rates to better approximate real-world
conditions. Unlike previous studies that solely
employed exact solution methods such as epsilon-
constraint, this research also utilizes a metaheuristic
algorithm. Moreover, greenhouse gas pollution levels
are calculated specifically and more precisely in
distinct segments, such as distribution. Many
petrochemical companies may withhold accurate
data related to production and distribution due to
confidentiality concerns. This issue can result in
inaccuracies and imprecision in the model's input
data. Furthermore, for future research, it is
recommended to extend the proposed model by
incorporating pollution emissions at production
centers alongside those at distribution centers.
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Additionally, categorizing pollution types by solids,
liquids, and gases can enable the determination of
which wastes exert greater influence on emission
levels. Moreover, incorporating social aspects, such
as employment and employee health, could be
considered for model development and future
investigations. Finally, to account for uncertainty,
parameters beyond demand rates—such as costs and
capacities—should also be examined.
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Figure 1. Conceptual model of the article's
execution method.

b silw oo —)-Y
Gy oas B 5 o ol alS i al o

Trdy Altas lojyiio g ol dadegeme oy

loddseals
ac gozmo

1,..,1 ‘G‘):'z.’;w‘ 6‘)—.’ L%Q‘Ai.o acgozms il
1,..,] ‘oLi.:l..’{YLi 50 oniSdabal degosxo :]

fe)wlb o)sé/\f‘f JL""/&S)5°}V.5M"&5‘”W

Lthb&.:JL:é 9 uLuLa Ls’l’°l> o J)J Ogude 6‘)1‘
bige 383l g wtazy Jpame CaSL upos
o2l 4o «Govindan et al, 2023) )L Ken 9 laigsS
blize movo sae b ghaely Jow S Gabod
5 Sllos Sloponai (gjlwaigy Boa 4z LS, adungs
drwgd A dil> ool 0 4l o o ol
_QS'L‘U&A EYCINN &: )‘ 6&'.@‘.\.».«...) J..\.A lesls
5 Spee Ssw 4l LSl Gl ol e 097 9
w1y 9095 by JSiw g S Sl celew
Sl oley 9 slaldS slojl8 Ll alS gl cu
sl 2 (e 3,805, (omizred S (o0 Jlesl 9,09
Sg.d oo ol Lolay conhad sae b abilie (gl Bolas
e Jo (6l oadila ol ekl Cosgazme (b9, o
Jaxe 0,5 ol o ooliwl  golpiiyy adamgs
slp Bamgs Jool, 5505, LS g okt
2ol Gilwesly &bl cis > oladl 4 sl
Dgbse sy Olrl ) pee s BB Cnio
SO (vt ey Dldod gy 4 4z g5 b
Dgd oo astine b8 7 b 4 Gusod
T e O
5 Sopliel Slaeal gileainge Gl
gle ohisn wudy mbeo o Slle
0o Plax B85 Sl 0 b centy
@looanVl 5 (oszse o Jiml loane
LSL‘"L"-‘ b ALLM LS‘f. ‘50)5.15) u,..._u ‘a..\.c °
NPT u*“l-’ o py o >k o oabd e

G b, -V

s JEl sly o2b, oo o dllie 51 25wl o
G2 sl o e S g Dl &598
g 5B Al imen g g IS lo s g laa e
aS Baw g U5 sbay 0sd oo Sl lallS slaslE
Sl le Casl ool ax g5 bl 4 oL, gl S o
Olee «(B) o9rge anze «(A) Juul glaanie
Ol 5 (C) eatiSahas ST jo (aacin) (Sl
& 4l Gl (D) @ig ey et (Sooll

Ban g0 3l G Blaal slaws a5 Sley yo b g, cars



W oy iy Y guatmo dudgi )0 ity (ol 0 i) S e 3O (hrnocims § (SgT g Al 38 J 58 (sl Adupgd ol y Jue Sy (&l5b

t oy ,0

t olej o Poblew

ey olole Sl sl pl i slolas ylade :DE .,
t QLo)' 5o

im u‘\))‘ﬁ ;‘]A )‘ 4...]3‘ \)‘5.0 Jl&...a‘ LR :Cldm im,d,t
t ol 0d @iy S e

Frooa gl ol ead oly dlse w3 anme L1,
t by o) aphal

J astal 35 e 00l o)lg adgl Slge s lg ass5e €1 5,
t ooy 0

odS Bras SThe jo Dbl oy anye (Cle 'y,
t ooy 4o ¢ Ollews

oS Brac Sl ;o Olliwe Bras anje (Cle o,
t oloj 4o ¢ Ollews

»d g Slhe o Sl adg ause Cld 'y,
t QLo)'

o h eVl ST jo Sblewe adgs i «Clh 'y,
t ol

S 5l P Dbl 55l e S0 byl Cap o
t ole ,o € 0aS G pae

Sy 5l P Sllee syl xex ane f ‘0,
t ole ,o € 0aS G pae

BN o..\_..._fd]m S )‘ p h.)l)l.ﬂ_a.ﬂ u.mf); C).a :yctp
t ol

@ e 5l e oly Sllae g5z 50 anze CII
t oloy o) ashal Sy

5 aial 35 e gl oal gy 5 olge asy s CIT
t oo

0aiS a5 35150 50 slme (Sogll caps By

oS aial 3STe 10 sl (Sogll olie B

HESUELH

Hlala,le

odisSaaal 4 pli Hlae 51 Ollew Jll jlase 2

plt oley » el

1., P il

1,..,T ‘Lasc)so acgos T

1,..,D Qlf.x.;.;S@bJ dcgoze D

1,..,5 b ca slo Lol acgorna S

1, ,C Sh.)lJl.ﬂ.A.A o.\....sg_ﬁj..a.o A€ goro :C

1,..,H ‘Laol.i.i;iyg 4 gosno :H

osuSaaal degoxo i € ]

QYW Ac gomo P EP

20,90 dcgoza : t ET

OB S 595 acgamo:d €D

pl e sl dcgoe S ES

g_)l.al.:.uo o.\....sg_ﬁj..a.o dcgozmo i€ ecC

Laol.i&iYL& AL goro h €H

b yl,b

ol o cod b sSlas capacity;

oaSadai 4 pli lae 5l Sllee JWasl as jo :Coxgjy
plt ooy s el

@ el caSada I Sl JWl anse (Cyd gy,
plt oloy o d ouisSay el

4 pl j ooasSasal 5l Ol Js! agse :Cyd ey,
‘n‘ t QLA) B ULL:...A o..\.;.;:;é]m

@ ol j oaSasai 5l Ol Jlsl agye Cyhjpy,
alt oloy yo plh oBigVl

s bl ayd onisS ey g8 5l Ollewe Jlaisl asy jo :Cdsgg,
d oaisSasje 45 Ll 51 Ollees Jlas! as jo :(Csdsqy
sl ad caisSay e 5l pls e Jlal ws o ydsgs
d oaisSasje5 a5 Ll 5l pls cad Jasl as joysdg,

obey ;o d w395 S ;o Slilwe B yae anjo :Cldgy,

t
o h RYb STy Sllee B yas ayje (Clhyyy,
t ol

)‘ (Wjﬁ LSLQOQ)ﬁ])é) p Jﬁ..am )‘..\M ..\..0)\) :)\ip
Pl Oloe (53959 o35
P lilagoj] € 00iiS' G o 35 50 sLolis ludo : DC g,

t QLA)’ 5o

fo)Lm::/Q e”o/\f'f Jb»/é)somsw‘sww



89 \wy
DN dsger-Csase + & pl eaSahar Gl ple JUsl e yd g
deD ses teT plt oloj o d saisS a9
ZZZSdsdt.Cdssdt + h i eaiSaass Al i sl ske ¥C g
d€D ses ter At les o Sllase d 0aiiSa )95
Z Z Z’dmim,d,r-admim,d,t oKV & plf oaiSaias 5l ol JUsl Jlade R g

d Ime€IM teT
ZZZI , f’ Ia‘t UL’°) )o ‘n‘h
+ C .fo . ..
Ll ctp ctp syl asd casS e 5l Sblawe Jl lade ds g,

Ol oy S el |, Jlal slaas o (V) doles
00S 8 pan (sgw 5l P Sl (65] ez 4 je aloles
3 oolatwl b weSee Sz 3z gl t 0,90 o ¢
el oals Blod Yoee Xeer ZpeP I’ ctp -floctp aba

4]

B
= ZZCIIlt.II]t +ZZCII,]t.II,]t

jEJ teT jEJ teT

+ Z Z Z Ic ¢ip- CIC ¢

CEC teT peP

+ Z Z Z Cl' - CIC'

CEC t€T peP

+ Z Z Z 1d gp- C1d gz

deD teT peP

+ Z Z Z 1d ep- C1d’ g

CEC teT peP

+ ZZ Z 10 nep- CIh ey
des teT pep

+ Z Z Z 10y CIN Z Z IS 4. CISq

CES tET peP JES teT

+ Z Z Z CaPetp-TetplC'etp

ceC teT pep

Ol p S e a1y (699290 Al (V) dolee

S5 5 2 85 Ny 555730 el

Gk 5 ol S cd b e a5l S5 e

w88 a5 o Veee Deer Lpep CaPctp-TetplCerp 4l
Ll 00

C= )

Yjes B REaep Xpep Xter Y jape- €yd jape +
ZCEC ZtET ZpEP ycjdpt- Cycjdpt +
Yhen Zpep 2ter YCjnpe- CYN japt)

She o hmecen; (Sogl Gl () doles
el ool a8 3 L 0 (V-19) o) Ke g )15

fe)wlb o)sé/\f‘f JL""/&S)5°}V.5M"&5‘”W

d oaisS a5 405 Ll 3 Sllase Jinl laie sd g
Fea Glowe 5l eads oly Sllaw (604290 lade I,
t oloy o) aphal

Sl 50 sowdayy Slluw 85290 Hlade :C gy,
t oloy 4o € Slils 00iiS 3 pan

Oley 2 d g555 SThe 50 Sllene (G052 50 Hlade :Id 4y,
t

o h RVl ST )0 Sllee (539290 laie dTh gy
t ol

£ ole; 0 S LT e o Sllase 639250 ke IS ¢,
P ke S ye 6lp edd (55l 5 lse jlade Al
t oo

Sl 0 sewdigyn Sllaw ods i dc ’Ctp
t oley 4o € Sliluw 00iiS' S pan

Oley A g8 STy po Sl adg laie Id gy
t

o h oSaVl ST o Sllags oy ke D,

t ol

S dm SIsls 5SThe 5l adsl Slge jlade ldm g,
t ol o d @js

HERVIFTIPY

b Syl (2by Joe Vb ojlge (385 Sl 50 b
A e e (3L, siledae lp a5 (2l e 2 4
Gl 00l 00ld dawsgi 15 Y olre jo ool aud\F

A=222xm.6xm+ M

i€l jEJ teT

Z Z Zzydjdpt-cydjdpt +

i€l dED pEP teT

Zzzzydjdpt-cycjdpt +

j€J cEC peP teT

Z Z z Zydjdpt . Cyhjdpt +

j€J hEH peP teT



WA oy piy OY pao gl 50 (i y2 (rmoli 0702055 S poke 53 (anrmocums ) (o931 g a3 J S (gl adudgs (il Joo S (>hb

Thpey = Thpeqp + Z yhjape + Z Y€ japt

Jj€J Jj€J
+ z yd jdpt — Dd dpt
j€l

Syl lade iSlas a4 wiS po el o(B) Cudguse
Cudgasme W0gdh 48,5 Ll o beauSadal 4 o )
) boauSacaar 5l (635,5 Sllae (39750 laie «(7)
Sade Cosgazs cpl oY) Codgaoe ams o Ll
50 Sl 00S B pae ST o 1) Gllas (9490
Ol Hlade a2 oo predl ((A) Cudgaze 0,8 o s
o)l QB aSmssi plo @ j oaisSahal 51wl oS
5390 05 ks Jpmn SN 5| g s 35
Gl Slade a2 o i (V) Cudgase bl (6999
OB Sy ple 4 j caSanar I Wb a5 o>
odd adal Jparme pSlax 5l i wls 9l Jlu)l
23 go el (V1) Cadgazme Al (599)5 A 90
plo @ J eaSahar 51wl a5 bl e
Al ol e wls wed Jl)l GBS e e
Cudgae SBb (60955 s s oud abal Jpame
s 1) 21595 3S1pe 50 Sllane (g092 50 jlade (1))
JB Cllw s092 50 ot (VV) Cudgame .05 oo

g oo dumlie oKVl jo 4 e

Corlad puce 539 ya0l w -Y-Y

2 oadlae cpl jo Ceabd pae b ad aglye 550,
(Rezaei et al, 2021) )L,Sen 5 olo, olpainy Wl
b 51l ol o ool Olasaas .l ool JLso
il sl gl £9,8 oy s 5 Lalolis o5 5
o Lol o el |y i e 5 2 syl e
oS Syee 2 Z; Jie 1SS0 gyl 4 o0 S oo
Pr g inl e 50 5 So bl 05 0050 Lol
1<i<] g 1<t=sT Gl & oy wlex a0 b
acgere & bogye Lo ST el o pln i i
10 09 03,90 b ooyg0 4o 1 Dbl (laodiiS L yas
Slog wales sao bl ol ke ©jse ol e
H spyaabp 38 50 Silgs o laid Lol ,o a5 Sl

ipeld cnlplo il o Bt b Sy

T
Zi=zyit' 1<is[1<t<sT; i oY)
t=1

D = Yaep Ba Xter Cds g5t + 4]
Yises Leer SAsar- €Sdsar +

Yimeim et [AMim q ¢ CldMiy g 1)

) @95 351 5 shemeians s (Sogll oliee (F) lolee
oHlar g o)y asdllas 31 By lade aiS o el
o Lol o,lg0 a4y dzgi b .l oals aid 5 a5 o (Y 19)
G ML ML) SYobws ggemme Vb o 00l
S5 ;0 F=0.5"FI+0.5"F2 O j90ds oled Ban mi olgie
Dyl oo 418 T

HEYOPRTRE P

ZX ije < capacity; )
JjeJ
V.ELteT *)

I
= ”jt—l + inﬂ +Z Z Zydjdpt

Jj€J i€l p2ep jej
h Z Z ydjdpt Z Z thdpt
ceC plepP h€H p3€eP

V.eCteT,pleP )

Icctp = Icc,t—l,p + z Xt — Z YCacpe

i€l i€l
- z yh dept — z yd dcpt
s Jj€J
- DC ctp

V.€C,teT,pleP W)

Zydjdpt_z)\iP -Xjt

deD i€l

V.ECteET,plEP Q)

Zydjdpt Sz)\iP Xijt

deD i€l

Vet eT,p3€P -

thjdpt Sz)\iP Xijt

deD i€l

V,ED,teT,p2€P ay)

Iddtp = Idd,t—l,p + z idm im,d,t
imelM
- Z DE ex,t
exeEX
- Z YdS st ds dst
SES
+ Z ysd g sd g4 + Z yd japt
SEJ Jj€J
+ Z ycjdpt —Dd dpt
JEJ
V,ED,t€T,p2€P QD)

fo)Lmﬁ/Q e”o/\f'f Jb»/é)somsw‘sww



(1)

Y4

sty g9 ol 5l nse TsileseS
Sl oe 0B 13059 Ghg; el oS
2 P Jlnl Ko gl 4 eal oy gseme G,
(Sobe s a leane s S
bt el Jelos g aie cobl 5 g pdycbllasl
S8 olatwl 850 calite sloaie; jo (gles S
LB oS (oo S8 QWS el @0 (g (rl 005 (o
womlie (23059 5 Eide lajlae (285l o
50 Solw Jdoas gy ol oS 3l (6 e Slowenas
ool oolaul BB sl 4 gilweoly 5 wed
5 o ) bjlae (S2l) 4wl o GBS S e
4 ead by Egeme by, S (B30))9
Gyl a5 amsie ) ool ol HEN S ere
055 el il 5 gyl 4 azg L ) calike
Py ol el S Vs a4 axg LS a0
Lol JolB gy cpl o)l colaiwl (gl alisee sblse
(Koo o4 Ak blee WSS
dglio 1) banyss 2oy @ sl e GBS pread
M0 Eyeme She) NS St Slepeal 5 aLS
99,00 (9 4z s ;2 a5 wad o0 Gl Fadg 4 0ud
Sl pl SIS e U Sl mE p 4%s
S SaS Dloona 4y slazel jiol38l 4y wilgs oo
A= olgds Sj9 o o slp Y ERP S 5,8
ol pl acgerme 3L (Ay, .., 4,) €RE
IS8 4 A Sie on 4 Cus damaiz jledigy
535 n i u5 VA ala,
SAY)={pey:<iy> (A
=min < 4,y >;y €Y}
Pl R s ISl Gpe <Ay > o] jo oS
YE 5wl b Sio gl oS <Ay >=coss
JLis a4 cads o0 polie pled w3l il Y
arl G SLasl a5 aeilie € e oSS
aSolw] jlasl bbb <dy>=c Y Sud
o s ol Gl o)lsen [, XP_ 2 =1 Lo
e woline Glaclyx acgorme ;o (6psd byb
A=Ay, s dp) € byd 4y Cos ddoanis (g5l
Poide=1 Lyi 5l ojlgen 14 S ooi sbnl RZ
DS B8 S oo ool

!'Scalarization

fe)wlb o)sé/\f‘f JL""/&S)5°}V.5M"&5‘”W

S asile Z; e a5 20 o |y o5l ) (VYY) oles
Gl sie (VF) doles jo 9> S Jos Qg sl
Jol> diile Sy 10 oSO L s oo b Jitee
o Gslas b 55,5 e Ky S00Sy b bay] mex
g 03,910k 0)95 10 Lol Sy 51 Jl s Semsy
dslme (VF) alugy piie Boybo 511 Vi edlgioe o

Yik = Dt=1Yik, 1< 0t
i<l 1<t<T;i=1,..,I, t=1,..,T

o gl QT ok wgis co)siﬁ 0,95 Job ,o Lol 31
ke 5 wls LalE jlade JS 09h 00 485 L o
Sile b 5alx ©)g0 ;0 9z WS el ogill Lol
29 (50 909, Olge
YieNie < N, 1< )
i<l 1<t<T;i=1,...I,t=1,..,T
JEREW ..\.J9.s QYW Q‘}.:.o (JLM‘) ao,e ‘09){4;3
u,..uo 0)3Q ).Q )Q 0l odjﬁiﬁ 6LDL¢LIU )‘ u& ).Q uuLw‘
O F) aaly o el e dloles G &y guods Cudgaze
doles jlaiwl slian (VY) dolre .l oal ools lis
30 (V) dolee glzas [, (VY) dolre cpl ol el (V)
O 65 o3l axlg) 355 aulgi Cosl 3Y a5 oy
(Al o0 2oy
Yoy WieNy = %)
S, 1<i<L1<t<T;i=1,..;t=
1,..,T
YioiWieNy = §; — Ay
S 1<i<L1<t<T;i=1,..,t=1,..,T

ol 510039 Egaxe W9y ikl Jo (yig, - Y-V

4 odpS el odl 0058 Egee g, Gb
Bad milgl e g 220 0 plaisl 5y alizs Slaal
San ol Coles 0 g wpo dbgye slagiy yo |,
v J> slaghy; 51 (S 0yslse 292 59l
sloainge altas S 2 o] o ddoasiz gleaig
ks gg ol 4 &5 cwl Gl ddee SO



e oy iy Y guaze dlgi 40 (o y2 (ol 0 yumi ) g ke 50 haatmocaums ) (ST 5 iy 3p S gl adamgd b Jue Sy )b

NSGA-II sbg :aliwmo Jo gy —F-V

&BalB @S 5l Jae S gl dlie cal o
ol cuie bl alezl Ll ouls oolaiwl NSGA-II
A8 slapi sl (S DS oS Sl cnl o)l
PR Sz Sy o ki ) altese Olgx (slas a5
S & Sy iz 58 Olejes ek WS o
9 Swg 4 S el LS poe b p oo Slsx
St oSy S50 5l Bl i l) Bas @l oss
NSGA-IT o )65l & Slos L0gad Sloald 1,651 (il
ol Gyl Olagld cioman ol 5y oS 4 b gollas

Sl 00l ooy L ¥ S o

S¥) = Upere SALY) = 0
U{x>o:2,€=1,1k=1} SAY)
ARD)

S0(Y) = Upegp SAY) = Upaggp_ 5y SALY)
dcgarme iy 4 Se(Y) 5 SY) ¥+ 514 Lalg, yo0 a5
) ddsanr giluang aiee osliaps LS plos
aied e (L A ERE 5A € RS Jjg 5lop ) o
pY ) A g0 4 azgl el Hlogyjg Eseze by o
o
Min | Max &hgar b Bos mlys oled @
il
b Sas ol o )0 pread Glojpiite culyo
Ol 5 ail (ulidepe Wb s Sas &b

sl (SHm g 00, S elyls

NSGA-II iy o8l ol 2! &l gls ¥ JSC&
Figure 2. Executive flowchart of the NSGA-II algorithm.

Step 4: Create offspring using a crossover operator
Step 5: Introduce genetic variation in the offspring
using a mutation operator

Step 6: Replace some of the least fit individuals in
the current population with the new offspring
End loop

Finish//.

//Start:

Step 1: Generate an initial population

Begin loop /* Loop until a termination condition is
met*/

Step 2: Evaluate the fitness of a subset of
individuals from the population

Step 3: Select pairs of the fittest individuals for
reproduction
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Table 10. Examining the value of the objective
function for different weights
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Table 12. Response variable values in Taguchi
technique for NSGA-II
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Table 11. Parameters and their levels for the NSGA-
IT algorithm

g 52 0l
o g ol
Y Y \
Y Yoo O+ Population size (PS)
-/ <Y +/&  Crossover rate (CR)
[0 Y /Y  Mutation rate (MR)
Y.. Vo Voo 1(\/;;:}151;; iterations

PR 95l b ol )y o losd
MID Max_iter MR CR PS 1,>1

- [OY'Y \ \ \ \ \
<I7\Y Y Y Y \ Y
<IOYY A S Y
<P Yoov o)y \
RN \ Y Y Y 0
< IPYY LS T T ¢ 5
/049 Y Y \ Y \
“/avY L R R ¢ A
< [7EY \ Y Y Y a

Ul g (adad o UG ag lio —V-)-F

SzsS olal o plajtalel oSl o2 )5Sl G )b
B 5 IF Jpar U alan 55 5 b

fa)L».&/A o)sé/\f‘f JL""/&S)5°}V.5M"&5‘”W

S mah il 4 (Saw OV 4 S Jgu (pl o
oulsaz8 § las 0 NSGA-IT o o8l slo xS (gl 4
st‘ U’““"Lo)] ) JL.A 6‘); R EPRWIRIKY QLAM) Sl
Oialejl 5o 955 s (n S i) 4 sl alls
S Hlade LIPS 6uSE (pgo oinleyl o sl S

ALl gaz 3g3
°~ml5de‘)Ju1M‘-”>fL“wﬁM‘b
5 oinlosl o Gl b ogd o oSS bl jo el
L ks e wl mhow MID asls jlade acwlse
ol WL b ogi e 8,9l p Lasls cpl 5l eslaul
Sygods SN loges MINITAB ljéle 5 a0 Lo 9,5
oalaid 5 Sl 50 sl adST 6l 4 gl 4 JUSew
gl lp e (pl 4z s dayeSE Gl S e
LSBT alp amaw o] jlade wsl eSS s ge
oadosls Hlas ¥ USS jo a5 jsbylen 09 oo bl



VE ooy iy OY pao anlgi 50 (i y2 (el 0702055 Ca ke 53 (anocems j (S0l g a3 J S g1y adusgd (il S S 2k

b, Gnb S e gl sl

|mathematical model-metaheuristic model|

mathematical model

$oae sladiges olel NP Jous

Table 14. Dimensions of numerical samples
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Table 13. Optimal value of variables in NSGA-II
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Figure 3. Minitab output for Taguchi method in
NSGA-II algorithm.
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Table 16. Maximum capacity of fields
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Table 15. Comparative results of the solution in
small and medium dimensions
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Table 17. Field capacity with the addition of 100
units
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Table 18. Field capacity minus 100 units
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Figure 4. Sensitivity analysis on the capacity of the
fields and its impact on the objective function.
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