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3.1 Introduction

Chemical and related processes are usually optimized for a chosen objective function or
criterion, with respect to relevant design and operation variables. Until the end of the last
century, economic criteria such as cost and profit were commonly used for optimizing
design and operation of processes. In the last decade, multi-objective optimization (MOO)
has been used increasingly to optimize chemical engineering applications for conflicting
objectives such as conversion, selectivity and yield besides economic criteria. Of late, other
performance criteria related to energy, environment and safety are receiving considerable
attention in process design and operation optimization. MOO enables optimization of
the process with respect to two or more objectives simultaneously, to provide a set of
nondominated solutions.

Bhaskar et al. (2000) have reviewed reported applications of MOO approach in chemical
engineering. Rangaiah (2009) published a monograph on MOO techniques and applica-
tions in chemical engineering. In this monograph, Masuduzzaman and Rangaiah (2009)
reviewed more than hundred papers on MOO in chemical engineering, from the year 2000
to the middle of 2007. They observed that use of MOO in chemical engineering applica-
tions has increased between the years 2003 and 2007. Masuduzzaman and Rangaiah (2009)
summarized these MOO applications under five categories: process design and operation;
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petroleum refining and petrochemicals; biotechnology and food technology; pharmaceu-
ticals; and polymerization. In this chapter, we summarize MOO applications in chemical
engineering reported from the year 2007 until the end of June 2012.

A good understanding of current optimization practices in chemical engineering is impor-
tant in both academia and industry. This chapter will help both researchers and practitioners
by outlining the MOO applications studied and encouraging them to explore various pos-
sibilities. Some studies compared the performance of different algorithms on application
problems. The present review makes general comments on the MOO methods used and
results obtained in different studies. Hence, this chapter will be useful for finding the appli-
cations optimized and in the selection of suitable objective functions and an optimization
tool for applications of interest to readers.

Articles on MOO applications in chemical engineering since the year 2007 were identified
by searching the Scopus database using the keywords “multiobjective,” “multiobjective
optimization,” and “multi-objective optimization,” in the areas of chemical engineering,
environmental science and energy, in the article title, keywords and abstract. The source
type was journals. Conference papers were thus not included because of their limited
availability and they are often extended and later published in journals. The Scopus search
missed several relevant articles known to us; hence, a search using Web of Science was
also performed. Interestingly, some MOO articles known to us were missed by both these
search engines, but were nevertheless included in this review. Of the more than 960 articles
identified by the Scopus search, about 230 articles were selected based on their relevance
to chemical engineering and related areas.

The selected journal papers for the present review were grouped into six categories:
(1) process design and operation; (ii) petroleum refining, petrochemicals and polymer-
ization; (iii) food industry, biotechnology and pharmaceuticals; (iv) power generation
and carbon dioxide emissions; (v) renewable energy; and (vi) hydrogen production and
fuel cells. The last three categories are new and not separately covered in the review
by Masuduzzaman and Rangaiah (2009). This shows that MOO approach is utilized in
these areas due to increasing importance and attention given to energy and environment.
Grouping articles into categories is somewhat subjective since a particular article can be
placed in one or more categories, so readers should browse through more than one category
of interest.

Figure 3.1 presents the number of reported MOO applications in different categories of
interest to chemical engineers. It can be seen that number of published articles has increased
continuously during the period covered. In total, 232 articles have been published on MOO
applications in chemical engineering; of these, 97 articles are related to process design and
operation. Applications studied in this book are not included in Figure 3.1 and are also not
covered in this chapter.

The next section of this chapter presents MOO applications in process design and oper-
ation. Section 3.3 reviews applications of MOO in petroleum refining, petrochemical and
polymerization. Section 3.4 discusses MOO applications in food industry, biotechnology
and pharmaceuticals. Section 3.5 reviews MOO applications in power generation and car-
bon dioxide emissions, whereas applications related to renewable energy are reviewed in
section 3.6. Section 3.7 presents reported MOO articles in hydrogen production and fuel
cells. Useful conclusions are drawn from this review at the end of this chapter.



Multi-Objective Optimization Applications in Chemical Engineering 37

80

(1) Process design & operation
(2) Petroleum refining, petrochemicals & polymerization
70 + (8) Food industry, biotechnology & pharmaceuticals
» (4) Power generation & CO, emissions "@
2 60 1 (5) Renewable energy @->
= (6) Hy production & fuel cells
5 0] O]
@
©
3 «®
o]
g
2 20
0 T T T T T

2007 2008 2009 2010 2011 2012
Year of publication

Figure 3.1 Number of articles on MOO applications in chemical engineering published from
the year 2007 until the end of June 2012,

3.2 MOO Applications in Process Design and Operation

A total of 97 articles were published on the optimization of process design and opera-
tion for multiple objectives, during the period 2007 to June 2012. These studies cover a
wide range of applications such as parameter estimation, heat exchanger networks, crys-
tallization, pervaporation, distillation, reactive distillation, simulated moving bed reac-
tors, batch plants, supply chain, membrane bioreactors and water purification (see Table
3.1). In all tables in this chapter, journal papers are arranged in chronological and then
alphabetical order. Acronyms used in the tables are given after the conclusions section of
this chapter.

In the MOO studies on process design and operation (Table 3.1), process economics
(e.g., profit, capital/equipment cost and operating cost) is often one performance criterion.
Apart from economics, other objectives such as cycle time, hot and cold utilities, heat
recovery, productivity, conversion, efficiency, final products qualities, recycle flow rate,
number of equipments, environmental impact, pressure drop and so forth are considered as
appropriate to the application. In some studies, different indicators are used to account for
environmental impact; these include potential environmental index, eco indicator 99, global
potential environmental impact, global warming potential, damage to natural resources,
IMPACT 2002+ and green degree.

Some studies on the MOO of process design and operation have first developed or
improved MOO algorithms and methodologies; they are then used for solving the applica-
tion problems in process design and operation (e.g., Agarwal and Gupta, 2008a; Barakat
et al., 2008; Cauley et al., 2008; Guillen-Gosalbez, 2011). A few studies have compared
different MOO algorithms on selected mathematical functions and application problems;
examples of such studies are Mjalli ef al. (2007); Nagrath et al. (2010); Lopez-Maldonado
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et al. (2011); Chaudhari and Gupta (2012) and Logist et al. (2012). Weighted sum, ¢-
constraint, NNC, NSGA-II, and MO GA are commonly used MOO techniques for opti-
mizing process design and operation applications.

3.3 MOO Applications in Petroleum Refining, Petrochemicals and
Polymerization

Petroleum refining, petrochemicals and polymerization industries are related, and hence
these are grouped together. Petroleum refining uses a significant amount of energy to
produce many valuable products from crude petroleum, and also produces a significant
amount of pollutants that affect the environment. Further, it has safety concerns due to the
significant fire and explosion potential of crude, intermediates and products. Petrochemical
industries produce a variety of products such as olefins, styrene, phthalic anhydride and 1,3-
butadine. Some of these products are polymerized into polymers having desired molecular
weight and properties.

At the time of writing, there have been 40 studies on MOO applications in petroleum
refining, petrochemicals and polymerization since the year 2007 (Table 3.2). Studies on
petroleum refining have employed objectives such as profit, investment cost, energy and
water consumptions, yield, conversion, emission of greenhouse gases and hydrocarbon
inventory. Cost, productivity, and selectivity are generally used to evaluate performance
of petrochemical processes. Polymerization processes have employed objectives such as
monomer conversion, degree of polymerization, and batch time.

The applications studied in petroleum refining include crude distillation unit, steam
reformer, fuel blending, fluidized catalytic cracker, thermal cracker, naphtha pyrolysis, gas
separation, hydrogen network and liquefaction of natural gas (Table 3.2). In petrochemicals,
styrene reactors, phthalic anhydride reactor systems and butadiene production were studied
for MOO. Finally, in polymerization, low-density polyethylene tubular reactor, polymer
filtration, nylon-6 and injection molding were optimized for multiple objectives. Some
studies have compared performance of a few MOO algorithms on selected applications;
these include Agrawal ef al. (2007); Khosla et al. (2007); Sankararao and Gupta (2007);
Ramteke and Gupta (2008 and 2009a); Gujarathi and Babu (2009); Abo-ghander et al.
(2010) and Sankararao and Yoo (2011). MOO algorithms are developed or improved in
some of these studies.

Sometimes, changes in an optimization algorithm may be required due to specific char-
acteristics of a problem; for example, chromosome structure is modified for scheduling of
multiproduct polymer plants (Ramteke and Srinivasan, 2011). Sadhukhan and Smith (2007)
presented a methodology for structural decomposition of a large-scale industrial system.
Zhai et al. (2011) have used weighted sum method to select a solution from the obtained
Pareto-optimal front.

3.4 MOO Applications in the Food Industry, Biotechnology and
Pharmaceuticals

The use of optimization tools for applications in food technology, biotechnology and
pharmaceuticals is increasing continuously (Figure 3.1). In this group, 25 journal articles
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66  Multi-Objective Optimization in Chemical Engineering

used the MOO approach from the year 2007 until June 2012 (Table 3.3). The applications
studied in the food industry were lactic acid production, baking of bread, thermal processing
and milk concentration. Large-scale metabolic networks, protein recovery, flux balance for
metabolic networks and bio-synthesis factory were optimized for multiple objectives in
the biotechnology area. In the pharmaceutical industry, applications such as drug design,
bioremediation, antibiotic and penicillin V production, scheduling and product development
were studied for MOO.

In food technology, performance objectives are related to product quality and water con-
tent (which affects the shelf life of products). Productivity and conversion are the commonly
used objectives for biotechnology and pharmaceutical applications; these applications have
other specific objectives, and these can be seen in Table 3.3. Reported applications in this
group used well-established MOO algorithms that include both deterministic and stochas-
tic methods. A few studies developed optimization methodologies due to specific problem
requirements (e.g., MO evolutionary graph algorithm and non-inferior set estimation).

3.5 MOO Applications in Power Generation and Carbon
Dioxide Emissions

In recent years, researchers have applied MOO techniques for the design and operation
of power plants. In all, 29 studies on MOO in power generation including carbon dioxide
emissions and capture are summarized in Table 3.4; there was no MOO study in power
generation in the year 2007 and there was only one article in the year 2008. Pulverized coal
power plants and their retrofitting were studied for multiple objectives. Some of the works
focused on natural gas power plants, integrated gasification and combined-cycle power
plants and cogeneration plants. Power production capacities of these applications varied
significantly. Further, MOO was applied to distributed power generation using multiple
facilities and distribution network planning. Several studies focused on carbon dioxide
capture.

In the studies summarized in Table 3.4, capital cost, fuel cost, emissions of CO, CO,
and NOy, exergetic efficiency and net power are the commonly used objectives. There are
several types of environmental impact, and so some of these studies have more than two
objectives. As is the case with publications in other categories, a few studies have considered
improvement and/or modifications in MOO algorithms, and then these algorithms were used
to optimize the selected applications (e.g., Cai et al., 2009; Wu ef al., 2009; Hammache
etal.,2010; Lu ef al., 2011; Subramanyan et al., 2011). Sayyaadi et al. (2011) have used a
fuzzy approach for selection of one solution from the obtained Pareto-optimal front.

3.6 MOO Applications in Renewable Energy

Currently, several countries are focusing on energy production using renewable energy
sources. Biodiesel and bioethanol are the main liquid biofuels. Design and operation of
these processes have been considered for MOO (Table 3.5). For example, ethanol production
using second generation feed-stocks was optimized by Chen and Wang (2010), and Sharma
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and Rangaiah (2012). Biomass-based gasification plants and synthetic natural gas from
wood were also optimized for multiple objectives. MOO studies on supply chains for
biomass, bio-energy and bio-fuels were also reported (e.g., Zamboni et al., 2009; Cucek
etal.,2011).

Some of the studies summarized in Table 3.5 focused on optimization of individual
units (e.g., Yingling et al., 2011), whereas others considered optimization of complete
plants (e.g., Gerber et al., 2011). In total 22 articles related to MOO of renewable energy
production were reported from the year 2007 to June 2012. Important objectives employed
in these studies are cost, energy efficiency, water consumption, environmental impact,
productivity and conversion. Most of the reported studies in Table 3.5 used MOO methods
from the literature, and both deterministic and stochastic approaches are equally used in
these studies.

3.7 MOO Applications in Hydrogen Production and Fuel Cells

In this category, a total of 19 MOO studies were published from the year 2007 to June 2012
(Table 3.6). MOO applications relating to hydrogen production include methane steam
reforming, photovoltaic-battery-hydrogen storage system and hydrogen plant with CO,
absorber. In these applications, hydrogen production rate, energy cost and CO, emission
are considered as objectives.

Fuel cells have high conversion efficiency compared to traditional technologies. Since
the early 2000s, several studies have improved the design and operation of different types
of fuel cells for multiple objectives. These studies considered both individual fuel cells
(polymer electrolyte membrane fuel cells, solid oxide fuel cells, alkaline fuel cells, fuel
cell electrode assembly, phosphoric acid fuel-cell systems, molten carbonate fuel cell) and
their systems. The cost of fuel-cell systems, efficiency, current density and size of stack
were used as objectives in the design and operation of fuel cells (Table 3.6).

Distributed energy systems and supply chains were optimized for multiple objectives
by a few researchers (Ren ef al., 2010; Sabio et al., 2010). MOO techniques used in the
applications summarized in Table 3.6 are mostly those developed by other researchers, and
they include both deterministic and stochastic methods.

3.8 Conclusions

This chapter summarized reported applications of MOO in chemical engineering in the
five years since the review by Masuduzzaman and Rangaiah (2009). There have been
recent applications of MOO in the areas of fuel cells, power plants and renewable energy.
Nowadays, considerable attention is given to energy, environment and safety as perfor-
mance objectives. A total of 232 articles were published in different journals from the
year 2007 to June 2012; hence, on average, about 40 applications of MOO are reported
yearly in this period. In some reported studies, earlier application problems were modi-
fied, and then the process was optimized using the same or improved algorithms whereas,
in other reported studies, new applications were optimized for the first time for multiple



(panunuod)

(8000

“2ouewlopad
puE $)S0D U9MIa]
jjoapen) poog sanld sudisap

*s)500 uononpoud
‘uiw pue 93e}|OA UdAIS

A|quiasse apoudd[a

[ 19 [|auedag oy1oads jo a8uel e AjuQ poylaw SAA 1€ AJISUSP JUBLIND [[9D XN auelquiaw |92 |an4
‘uononpoud ?H Joy Jeaul| sl
01) [ewndo-ojaied seasoym
‘paa)yeds ale suonn|os
PoJBUILIOPUOU ‘SISOUIUAS
Joueow Jo{ “suonedrjdde sso| AS1axa
(8002) OM] Joj pazAjeue alom ‘ulw pue ajel juejoeal Jofew uononpoud 2 pue
‘Je 39 Suay) S10)0BaJ dUBIqUIBW DNA[eIRD) II-VDSN “utw ‘ayes 1onpoud Jofew xep SISAUUAS [ouryIDIN
'segd doams IN
0} patedwoo ‘pjaiA 1aysiy ajes mojj sed deams “uiw
1@ ¢Y asow 2onpoud ued pue ajel uondnpoud T xep uononpoid
10]0EaJ dUEBICISW Y} U] p|oIA Alonodal xew H Jo} ulwioyal
(£007) “[e 12 NA sed deams ayy se wea)s Jo asn VOSN pue ajes uononpoud T Xep wieals aueyiay
‘AjD11309]9
0JUI PALIBALOD 3¢ UBD IyMm
‘aimeladwa) ydiy Je Jeay
(£007) $S90X0 9ABY SUONEBINSIHUOD STETRIITE] M 06 JO WsAS
Je 19 1ZZe|ed wia)sAs (|20 [any [ewndo INIT-OOW "Xew PUe JS0D JUSWISIAUL “UIN [[92 [N} apIXO pIjOS
‘patpnis X0(q |00} ||92
waIsAs AN 0 9y} 1oy uoneziwndo wiasAs [oN} (dueIqIBW
(£007) saA1303(qo Yloq sedousnjul av1IVW [[92 [9N} 83 JO 150D pue SNINIGETE]
non pue eN Apeals Ajisuap juaun) ur Xewiuiwy AduaidIyje usamiaq Jjoapel| JawAjod) Wid
(GERIEIETEN SJuUaWIWOD) (S)poylo saAndalqoO uoneodijddy

'sjj22 jany pue uononpo.d uadoipAy ur suonedidde uoneziwndo aandalgo-ninyy  9°€ 3yqer



eyep

[eLasnpul 0} ajqesedwod
a.e sy nsal |9pow *(VSd

JO peajsul) Jojeueylaw pue

(0107) @orUIg laglosqe ¢{QD) ‘SI0MPAUOD (xoq |00} Jojeueylaw pue
pue newyey IYS J1WLIORI Wed)s AV ILYW Ul 9el Moj) weals Lodxa Jaquosge 10D yum
-19ZeJUOW JO s1515u0d ssado.d paipmg VOSN/VD OW os|e pue uononpoid T Xepw we|d 24 jeuisnpul 0l
‘Ajisuap d1awiAeI3 2y}
03 pasedwod Aysuap Jemod
(0100) dLaWIN|OA Ay} ut 3jqissod aviivw ul
Awemse3uay s1 Juawaoldwi Juediyiudig uodulwy 3uisn
pue “ejep [ejuswiLiadxa yoeoudde sanisuap Jamod dLIIaWN|oA IENEL
eAAieyoeneyq 1surede pajepijeA sem [OPO o1ydesgooixa 0S| pUB JLIJDWIARIS "XeN 9pIXO pl1jos Jejngn] 6
“SWIS) WNIPaW pue 1loys
10} paysadans ale uonesauad
A31aud Jo suoneUIqUOD pu3 yym pagueyoxa wisAs
(0102) /S92IN0S JUIIP A)o11393}9 Jo Aynuenb uiw a8ei0)s uadolpAy
1819 |LUAY ‘@dueld Ul pue(sl aJowWwal e 104 OSd OW pue sod [enuue [e10) Ul -A19)eq-o1R} 0A0}OY 8
"%/ y=0F Udamiaq Aouaidiye [eGO|DOANIT
dABY PNOYS Jjoapes] dursn >O®IS JO 9ZIS puUe 3oB)S
(0107) Je 12 Suy ADUBIDIYJ-ZIS SANDDYS dY | poylaw SAA jJo Aouaidiyye usamiaq yoape.] WIASAS |92 [N} Wd /
‘uoneziwndo
dy} ul pasn uay) pue
‘suole|nwis (4D Uo paseq poyeow sed JuepIXO JO el MOJ}
(8000 padojarap alom sjapow JUIe)Su0d-3 D11}WN|OA “UlW pue sed [any wia)sAs
‘Je 19 SeAIdZ NNV PUE UOIssai3as Jeaur] 0} JejIWIg JO 9Bl MO[} DLIIDWN|OA “UlN [ony p1oe droydsoyd 9
(GESIEIEIEN SJUBILIOD) (S)poyIoW saAndalqO uoneolddy

(ponunuod) 9 aqel



(panunuod)

(1100)
JRERIEIN

(0102)
u1jodIN

pue epiap

(0102)
e 10 0iqes

(0107) e 10 usy

(01090)
‘e 19 snppnQ

‘sudisap aAneuls)je 198 0}
pasn 2Jam s)ydiom JuaIayIp
JO S19s Qf "pazijewiou
alam saAnalqo
‘paipnis sem Ajioeded AN 99
YUM []9D |9y pajanj-ua30ipAH
"s19dueyoxe
1eay Jo uoneindyuod
[ewndo 1oy pasn sem
sisAjeue yould "uononpo.d
°H 104 VSd pue (AioLndaje
10J) auiqun} sed ouiw
UIM pajesdaiul sem Wa)sAs
[|92 [oN} 9}eUOGIED U} OW
‘paJapisuod
alom ‘uonenodsuen
pue adelo0)s ‘uondnpoud
H Joy sa130jouyda) [eI9AdS
‘uonejnuwuoy wajqold ayy uj
‘uononpoud AJoLosje
10} PaIaPISUOD d19M duIgin)
sed pue [|20 [an} ‘D1€}|0A0I0Y(
‘(syonpoud apis ul
asealoul Jy3I[s e yIm %56
Aq paseaour uononpoud
7 1) uonesado
Juasaud ayy saroiduwil
OOW ‘sisAjeue AjiAnisuas
9y} UO paseq Pajia|as
919M Sd|qELIBA UOISIDR(

vD 8uisn

poyiaw SM

poylaw
JUIRIISUOD-3

Suiwweldoid
asiwoidwo)

D[e-]I-VDSN

paonpoud yiom Jo 1500

‘utw pue Aouaidiyje A31exa

xew ‘Aouaionye Adiaua
"Xew jlom paonpoid ‘Xep

Aouaiye juerd
"Xew pue 1502 AJIDLIO3J Ul

(9sed 1s10M) ¥sLI |eldoueUly
oiy1oads "ulw pue 1500
pajunoosip |ejo} pajoadxa Uiy

‘uolssiwe 0D
"ulW pue 3500 A31aua Uy

Jamod "xew pue

sponpoud apis jo uononpoud

‘uiw ‘uononpoud (suajAyle

pue aueyle) ¢ ‘xew
:swajqoad aandalqo-1y pue -1g

ESTRIVENY
104 {[99 [9N} Wid

uononpoud
uagolpAy
pue A}101109]9
10} Wa)sAs
PHgAy pajeny-sedolg

sureyo Ajddns 2y
JO [03UOD ¥SII YIm
Suruue|d o13areng

WAlsAS
A81aua painqisiq

aueylaw Jo
3uijdnoo aanepixo
10} 10y0€91

[[93 [9N} 9PIXO PIjOS

Gl

cl

Ll



"PaALIBP dlam

ajes uononpoud Adonua l0)oey
(91102 pue Aduaidiye ndino somod SunySrom Aduadiye [[92 [ony
‘Je 19 Sueyz ‘98eyj0n []92 J0j suonenb] € U}IM 1oNpoid pue Jomod usamiaq yospel| 9)eUOCIED U)o 61
JOELY
Jo sainjeladwa) Jualayip
Je S)SIXa UOI}elUadu0d (“dyygiomHd
aAjond9e wnwndo = ) 10)o®}
(1102 uy ‘paALIap a1am suonenba SunysSiom Jamod pue (DO4V)
/e 19 ueyz Aduadiye pue Indino Jomoy e U}IM JoNnpoid AdUaI1D1J§9 USIMID] JJospel] [[92 [ony auley Y gl
[ouueyd JuajeAlnba ajppiw
“uonNgLISIP Moj} 9y} 9y} Ul S93eI MO[} JO AUADISUDS
(1102 s)09)je Apjeald uonewloep “ulw pue pjaty Moy
1 19 Suad 1ake| uoisnyip sen poyiaw SAA 9y} Jo Ayiwilojiun-uou Uy s|[92 |9} Wid /1
“Wd)SAS ay) Jo awndyI| aY) 4oy
pawuopad sem uoneziwndo
‘uoneziwndo jo days
auo ul pakojdwa sem [ppouw uononpoud
NNV pue ‘siadueyoxa jeay ZH yum pajdnod
(1102) eplaA jo uoneindyuod jewndo AouaId1ye [ed11109d "Xew WasAs |92 [any
pue u1jodIN 1o} pasn sem sisAjeue youiq - pue A}10L1}23]9 JO 150D JIUN “UIWN 9)BUOCIED U} O 9]
(GERIEIETEN SJuUSWIWOD) (S)poylo saAndalqO uoneoiddy

(panunuo)) 9°¢ a|qe|
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objectives. NSGA-II and related algorithms are commonly used by researchers to opti-
mize the performance of studied processes for multiple objectives. Some researchers have
developed problem-specific optimization methodologies. Only a few published works con-
sidered selection of one solution from the set of tradeoff solutions. This could be due to
some subjectivity involved in the selection. However, this also indicates the need for further
research on selection of one solution for implementation from the Pareto-optimal front.

Acronyms

ANN — artificial neural network

BB — branch and bound

DE — differential evolution

EA — evolutionary algorithm

EI 99 — eco-indicator 99

GA — genetic algorithm

GAMS — general algebraic modeling system
HDE — hybrid differential evolution
LINGO - linear interactive general optimizer
max. — maximization

min. — minimization

MO — multi-objective

MOO — multi-objective optimization

NBI —normal boundary intersection
NNC — normalized normal constraint
NPV — net present value

NSGA-II - nondominated sorting genetic algorithm
PSO — particle swarm optimization

SA — simulated annealing

SPEA — strength Pareto evolutionary algorithm
SQP — sequential quadratic programming
WS — weighted sum
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