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ABSTRACT

In the recent past, an increasing number of reeeesdave been focusing on working
out realistic solutions to environmental problem8s environmental issues become
increasingly important for organizations, the mamagnt of environmental decisions
becomes critical. Solid waste management (SWMpisidered as an important part of

the environmental management problems.

Solid wastes can be defined as all of the unddsirabd unavailing materials arising
from routine or business or industrial human attiand animal activity. It is possible
to classify the solid wastes by their resource asiaipal, commercial, industrial, open
areas, treatment plant sites and agriculture sedstes.

The strategy defined to achieve sustainable wastpagement practice, named as

“waste hierarchy”, is denoted in Figure 1.

Most prevention
favored
option minimization

. reuse

recycling

energy recovery
Least
favored
option

disposal

Figure 1. Waste hierarchy

Modeling of waste management is not a recent issliee first waste management
models were optimization models and dealt with djgeaspects of the problem. As a
result of the recent upsurge in environmental gnoisl caused by the solid wastes,

determining an efficient waste management systemchwconsiders environmental,



technical, economic and social factors, is of owtimimportance. Some of these factors
can be quantified, while others are qualitativenaist. To deal with quantitative and
gualitative considerations of the waste managemeniblems, multi-criteria decision
making (MCDM) techniques can be used.

This study focuses on the detailed multi-attribenaluation of a number of solid waste
management scenarios to determine the most suitatdefor Istanbul. In classical
MCDM methods, the ratings and the weights of theega are assumed to be known
precisely. In general, crisp data are inadequataddel real-life situations. Fuzzy set
theory can be used in real-world decision makingb@ms for quantifying the
gualitative data. After gathering the data, anrappate multiple criteria decision
analysis method is selected for either determititggmost suitable alternative solutions

or ranking them.

When a large number of performance attributes @tgetconsidered in the evaluation
process, it may be preferred to structure them mudti-level hierarchy in order to
conduct a more effective analysis. Real-world sieai problems such as the selection
of the best SWM scenario for Istanbul often invothe consideration of numerous
performance attributes, yielding in general a rielel hierarchical structure.

In this study, both the hierarchical fuzzy MCDM ailighm proposed by Karsak and
Ahiska (2005), and the fuzzy analytic hierarchy gass (AHP) method proposed by
Chang (1996) have been employed for addressingdiie waste management problem
in Istanbul including recycling, landfill, incineian, and composting processes.
Economic, technical, environmental, and socialeciat and their related sub-criteria,
which incorporate both quantitative and qualitatilaga, are employed to evaluate the

alternative waste management scenarios.

Karsak and Ahiska’s MCDM algorithm is based on pheximity to the ideal solution
concept and it can address decision problems comggboth crisp and fuzzy data. The
origins of the proposed decision-making procedure faund in the multi-criteria
decision tool named TOPSIS (technique for orderfepe@ace by similarity to ideal
solution). TOPSIS is based on the intuitive ppheithat the preferred alternative



should have the shortest distance from the iddatisn and the farthest distance from
the anti-ideal solution. TOPSIS is a widely aceepmulti-attribute decision making
technique due to its sound logic, simultaneous idenstion of the ideal and the anti-
ideal solutions, and easily programmable computapiocedure. Although TOPSIS
has numerous advantages, it requires quantitatikiblaes expressed as crisp humbers.
Karsak and Ahiska’s algorithm can handle crisp datd fuzzy data expressed in
linguistic terms or triangular fuzzy numbers. Thislity will facilitate the use of the
algorithm in SWM scenario selection process reggiboth quantitative and qualitative

aspects to be taken into consideration.

A different systematic approach that uses botHitigiistic assessments and numerical
values for the alternative selection problem hawimgti-level hierarchical structure is

named as fuzzy analytic hierarchy process. Fuzdi? Ases the concepts of fuzzy set
theory and hierarchical structure analysis for sedection of the most appropriate
alternative among set of feasible alternatives. this study, we use Chang’s extent
analysis method. The extent analysis method reptesperformance scores by
membership functions and uses entropy conceptsltollate aggregate weights. The

method is based on both probability and possihiigasures.

After the evaluation of different SWM scenarios fetanbul using two fuzzy multiple
criteria decision making methods, the rankings @tained. The rankings obtained
from two MCDM methods appear to be very close. Witite two methods, we obtained
the fourth scenario as the best alternative faanlstil, due to higher percentages of
recycling and composting.  Although, landfill hagveral drawbacks for the
environment, the scenarios with high landfill perteges rank after scenario four since
landfill is a highly economic alternative comparedth incineration. Finally, the
scenarios with high incineration percentages avadoat the lowest ranks because of
the high cost and adverse environmental impacitscoferation.
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RESUME

Dans le passé récent, un nombre croissant deshelgs s'est concentré mettant au
point des solutions réalistes de problemes env@ommtaux. Comme des questions
environnementales deviennent de plus en plus imapta$ pour des organisations, la
gestion de décisions environnementales deviengueit On considére la gestion des
déchets solide comme une partie importante des lgmaEs de gestion

environnementaux.

Des déchets solides peuvent étre définis commelésunatieres indésirables et inutiles
résultant de I'activité humaine ordinaire ou diaés ou industrielle et l'activité animale.
Il est possible de classifier les déchets solidmslgur ressource comme des secteurs
municipaux, commerciaux, industriels, ouverts, ditss d'usine de traitement et des

déchets solides d'agriculture.

La stratégie définie pour réaliser la gestion déshdts durable, nommée comme "la

hiérarchie de déchets", est dénotée dans la Figure

. révention
L'option P
laplus minimisation
favorisée
réutilisation
recyclage
rétablissement d'énergie
La S enfouissement
derniére
option

favorisé¢

Figure 1. Hiérarchie de déchets

Modeler de la gestion des déchets n'est pas unme iésente. Les premiers modeles de
gestion des déchets étaient des modeles d'optiomseit traité des aspects spécifiques
du probleme. Suite a l'augmentation récente délémmes environnementaux causés



par les déchets solides, déterminant un systéemgesdtion des déchets efficace, qui
considére des facteurs environnementaux, techniggEmomiques et sociaux, ont
d'importance. Certains de ces facteurs peuvemggtlués quantitativement, tandis que
d'autres sont qualitatifs au plus. Pour traiteecales considérations quantitatives et
gualitatives des probléemes de gestion des décletsnéthode d'aide a la décision

multicritére peut étre utilisée.

Cette étude se concentre sur I'évaluation d'uicenbmbre de scénarios de gestion de
déchets solides pour déterminer le plus appropiér pstanbul. Dans des méthodes
d’'aide a la décision multicritere classiques, osua®e que les évaluations et les poids
des critéres sont connus avec précisément. Errajgdé@s données précisées soient
insatisfaisantes pour modeler des situations eella théorie des ensembles flous peut
étre employée dans des problemes de décisionstesafpour mesurer les données

gualitatives.

Quand un grand nombre d'attributs doivent étre idénss dans le processus
d'évaluation, il peut préférer les structurer dans hiérarchie a multi niveaux afin de
conduire une analyse plus efficace. Les problénéels de décision tels que le choix du
meilleur scénario de gestion des déchets pour Hstaimpliquent souvent la

considération de nombreux attributs, rapportangé@méral une structure hiérarchique a

multi niveaux.

Dans cette étude, l'algorithme proposé par Karsakhéska (2005), et l'analytique
hierarchy processus (AHP) floué proposée par ChHA8§6) ont été utilisés pour
adresser le probleme de gestion de déchets salitlktanbul comprenant la recyclage,
'enfouissement des déchets, l'incinération, etdepostage processus. Des critéres
économiques, techniques, environnementaux, etwsoeialeurs relatifs sub-critéeres, qui
incorporent des données quantitatives et qualdstiwont utilisés pour évaluer les
scénarios de gestion des déchets alternatifs.

L'algorithme d’aide a la décision multicritere derkak et d'Ahiska est basé sur la
proximité de la solution idéale et il peut adresdes problemes de décision contenant
des données précisés et floués. Les origines nethode proposée sont trouvées dans
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la décision outil appelé TOPSIS (technique de mnitére pour la préférence d'ordre
par similitude a la solution idéale). TOPSIS eaté sur le principe intuitif que

l'alternative préférée devrait avoir la distanceplias courte de la solution idéale et la
distance la plus lointaine de la solution anti-ldééaTOPSIS est largement admis la
méthode d'aide a la décision multi attribue graceaalogique saine, considération
simultanée des solutions idéales et anti-idéalBgen que TOPSIS ait de nombreux
avantages, il exige des attributs quantitatifs ex@s comme des nombres précisés.
L'algorithme de Karsak et d'Ahiska peut manipules dlonnées précisées et des

données flouées exprimées en termes linguistique®mbres floues triangulaires.

Une approche systématique différente qui emplaeélaluations linguistiques et des
valeurs numériques pour le probléme choix d’altéfiagant la structure hiérarchique a
multi niveaux est appelée I'analytique hierarchggassus floué. AHP floué emploie
les concepts de la théorie des ensembles flouds Kinalyse hiérarchique de structure
pour le choix de l'alternative la plus appropriéenpi 'ensemble de solutions possibles.

Apres l'évaluation de différents scénarios de gmesties déchets pour Istanbul en
utilisant deux méthodes, les rangs sont obtenuss rAngs obtenus a partir de deux
méthodes d’aide a la décision multicritere sembging tres étroits. Avec les deux
méthodes d’aide a la décision multicritére, nousnavobtenu le quatrieme scénario
comme la meilleure alternative pour Istanbul, graates pourcentages plus élevés du
recyclage et du compostage. Bien que, I'enfouissgnues déchets ait plusieurs
inconvénients pour l'environnement, les scénariex ales pourcentages élevés de
'enfouissement des déchets se rangent apresiarsz&uatre puisque I'enfouissement
des déchets est une alternative fortement éconeniqmparée a lincinération. En
conclusion, les scénarios avec des pourcentagedsétiincinération sont trouvés aux
plus bas rangs en raison du co(t élevé et desemocis sur l'environnement

défavorables de l'incinération.
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OZET

Gunumuzde, cevre sorunlarina etkin ¢ézim bulabilngak yurittlen cakmalarin

sayisi hizla artmaktadir. Organizasyonlar icinresel sorunlarin 6nemi arttikca,
cevresel kararlarin yonetilmesi kritik hale gedtmi Kati atiklar, ¢evresel yonetim
probleminin  6nemli bir kismini ogturmaktadir. Kati Atiklarin  Kontroll
Yonetmelgi'ne gore kati atiklar, Ureticisi tarafindan atikngstenen ve toplumun
huzuru ile o6zellikle cevrenin korunmasi bakiminddiizenli bir sekilde bertaraf

edilmesi gereken kati maddeler ve aritma camudarak tanimlanmaktadir.

Kati atik yonetimi, atik maddelerin, insangsgi tUzerindeki etkilerini azaltmak igin,
toplanmasi, tanmasi, glenmesi, geri kazanilmasi veya yok edilmesi olarak
tanimlanabilir. Surdurulebilir atik yonetimine gddoilmek igin belirlenmy olan ve “atik
hiyerasisi” olarak adlandirilan stratefiekil 1'de gorulmektedir.

6nleme
En fazla
tercih azaltma
edilen
secene
tekrar kullanim
geri dongim
enerji kazanimi
En az bertaraf etme
tercih
edilen
secelek

Sekil 1. Atik hiyeragisi

Atik hiyeragisinde yer alan geri dogiam, atiklarin bir Uretimprosedirine tabi
tutularak, orijinal amacli ya da enerji geri kazaniharic olmak tzere, organik geri
dongim dahil dger amaclar icin yeniderslenmesi olarak tanimlanmaktadir. Enerji
geri kazanimi ise yanabilir ambalaj atiklarininnus geri kazanimi amaciyla, glmdan

tek bgina ya da der atiklarla birlikte yakilarak enerji tUretiimesiifiade etmektedir.



Kati atiklari bertaraf etme yontemleri dizenli depea ve yakma sureclerini

icermektedir.

Kati atik yonetimi modellerinin ofturulmasi ve kati atik ydnetim sistem ve
teknolojilerinin seciminde karar verme yontemlegnd faydalaniimasi yeni bir
argtirma alani olmasa da, konunun o6nem kazanmasi \smye tekniklerden
faydalanilmasi 6zellikle son dénemlere rastlamakta@erek bir yletmenin gerekse bir
sehrin kati atik yonetiminde, yillardan beri siregejekilde digik maliyet Glcutinin
dikkate alinmasi, en uygun alternatifin belirlenmde tek baina yeterli olmamakta;
artan cevre bilinci ve sinirli gal kaynak rezervleri, diik maliyet 6lgttindn yani sira
sosyal, ¢cevresel ve teknik etmenlerin de g6z 6ralmenasini gerektirmektedir. Kati
atik yonetim sistemi secim problemi, birbiriyle igeh ve hiyeragik yapiya sahip, farkli
Olcutler iceren yapisiyla ¢cok olcutlli karar verm@ntemlerinin uygulanmasina uygun
bir zemin olgturmaktadir.

Bu calsmanin amaci,Istanbul icin en uygun kati atik yonetim senaryosunu
belirlenmesidir. Klasik ¢cok 6l¢utli karar vermengémlerinde, dlgttleringrliklarinin
veya dnem derecelerinin kesin olarak bilgidrarsayiimaktadir. Kesin veriler gercek
hayat durumlarini modellemede yetersiz kalmaktad\itel veriler iceren dlgutlerin
sayisallatirilmasinda bulanik kiime teorisinden yararlanitabktedir.

bir veya birkac tanesini icereistanbul icin belirlenmi alternatif kati atik yonetim
senaryolari Karsak ve Ahiska (2005) tarafindan ibmer olan hiyeragik bulanik ¢ok
Olcutlu karar verme yontemi ve Cheng (1996) tadeEmonerilmg olan bulanik analitik
hiyeragi sureci (analytic hierarchy process - AHP) yonterkullanilarak
degerlendirilmigtir.  Ekonomik, teknik, cevresel ve sosyal Olgutkee bunlarin alt
Olcutlerinin  hiyeragik yapisi, alternatif kati atilk y0netim senaryafan

deserlendiriimesinde kullanilngtir.

Karsak ve Ahiska’nin 6nergoldusu yontem ideal ¢6ziime yakinlik olgusuna dayanan
ve hem bulanik hem de kesin verilerin bir aradgedendiriimesine olanak gkyan bir

yaklasimla karar vericiye stk tutmaktadir. Klasik cok Olcutli karar verme
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yontemlerinde, Olgutlerin @rliklarinin ve dnem derecelerinin kesin olarakinailgi
varsayllmaktadir. Kesin veriler gercekte gidagilan problemleri modellemede yetersiz
kalmaktadir.  Onerilen karar verme yontemleri, dii hiyeragik bir yapida
modellemekle birlikte, karar vericiye so6zel gikenleri kullanma olana
sgzlamaktadir. Sonuc¢ olarak, bu gatada kullanilan karar verme yontemleri, karar
vericinin kesin olmayan varsayimlarini sayisgitanasindaki etkingi ile kullanigli ve
salikli sonuclar veren karar verme yontemleri olabakrmektedir.

Elde edilen sonuglar irdeler@inde, kullanilan iki yontem ile bulunan sonuglarin
birbirine  benzer oldgu gorilmektedir. Senaryo 4’Un, g@r senaryolarla
kiyaslandginda daha yuksek geri d@iim ve kompostlama oranina sahip olmasi
nedeniyle en iyi kati atik yonetim senaryosu oldvakrlendgi gorilmektedir. Duzenli
depolama ekonomik bir alternatif ollw icin, dizenli depolama orani yuksek olan
senaryolarin &en sonra siralangi, yakma orani yiuksek olan senaryolarin ise yuksek

maliyet ve olumsuz cevre etkileri nedeni ile saalsrda yer algyn gozlenmektedir

Xvil



1. INTRODUCTION

Recently, an increasing number of researchers h&es focusing on working out
realistic solutions to environmental problems. @svironmental issues become
increasingly important for organizations, the mamagnt of environmental decisions
becomes critical. Solid waste management (SWMbprmsidered as an important part of

the environmental management problems.

Table 1.1 Classification of solid wastes [1]

Source Activities & location Types of solid wastes

Municipal Single-family and multi-family Food waste, rubbish, ashes,
dwellings, low, medium and higlspecial wastes
rise apartments

Commercial Stores, restaurants, markets, Food waste, rubbish, ashes,
office buildings, hotels, print  demolition and construction
shops, auto repair shops, medicabstes, occasionally hazarde
facilities and institutions, etc. wastes

Industrial Construction, fabrication, light Food waste, rubbish, ashes,
and heavy manufacturing, demolition and construction
refineries, chemical plants, wastes, special wastes,

lumbering, mining, power plantdyazardous wastes
demolition, etc.

Open areas Streets, alleys, parks, vacant IBfscial wastes, rubbish
playgrounds, beaches, highways,
recreational areas, etc.

Treatment plant sited/ater, waste water and industri@ifeatment plant wastes

treatment processes, etc. principally composed of
residual sludge
Agriculture Field and row crops, orchards, Spoiled food wastes,
vineyards, diaries, feedlots, agricultural wastes, rubbish,
farms, etc. hazardous wastes

Solid wastes can be defined as all of the unddsirabd unavailing materials arising
from routine or business or industrial human attiaind animal activity. It is possible

to classify the solid wastes by their resourcenabable 1.1. For a robust environment,



these wastes should be effectively disposed bo#canomical and ecological terms
within the context of waste hierarchy.

Istanbul, with more than 12 million inhabitantsthe most crowded city of Turkey and
approximately 10000 ton/day of solid wastes aredpced in this metropolitan. Until
1953, the wastes of Istanbul were thrown away & $em that day forward the wastes
have been started to be dumped in wide areas withoy control. Consequently,
environmental pollution was imminent. In 1995, thevernment terminated that
implementation and solid waste disposal technidwea® been started to be used. Six
transfer centers were constructed and the wastlestenl were initially stored in these
centers, and then, they were transported to didjaosas.

The composition of solid wastes in Istanbul variesthe seasons. The average
composition of material groups is shown in Figurke 1

B Organic substance
1 Paper

B Plastic

Nylon

3 Textil

B Glass

>-36% 48%  7.76% N Metal

9.37% Nappy
Ash and others

Figure 1.1 Average composition of material groupkstanbul [2]

Modeling of waste management is not a recent cdan¢8p The first waste

management models were optimization models and daédd specific aspects of the



problem [4]. Most waste management models congdenomic and environmental
factors, but very few of them consider social aspeor a waste management system
to be sustainable, it needs to be environment#fisceve, economically affordable and
socially acceptable [3]. To deal with quantitataved qualitative considerations of the
waste management problems, multi-criteria decisioalysis (MCDA) technigues can
be used [5].

MCDA is both an approach and a set of techniquefy the goal of providing an
overall ordering of options, from the most prefdrte the least preferred option [6].
MCDA is divided in two groups as multi-objective algon making (MODM) and
multi-attribute decision making (MADM). The intéot of MCDA methods is to
improve the quality of decisions by making choigasre explicit, reasonable and

effective [7].

This study focuses on the detailed multi-attribenaluation of a number of solid waste
management scenarios to determine the most suiteiglefor Istanbul. In most real-
world solid waste management problems, uncertaoiftyys an important role [8].

Fuzzy set theory can be used in real-world decismaking problems for quantifying

the qualitative data. In our study, we have usgt the crisp and fuzzy data.

The rest of the study is organized as follows: ént®n 2, literature review on waste
management is given. Section 3 analyzes the diffewaste management strategies.
Section 4 reviews multi-criteria decision makingndathe fifth section presents the
basics of fuzzy set theory. Section 6 analyzediuhey decision making methodologies
employed in this study for the evaluation of alkive waste management scenarios.
Section 7 presents the application of the proposemtels to Istanbul's waste

management problem. Finally, conclusions are piexvin section 8.



2. LITERATURE REVIEW

In the literature, there are a number of studies dvaluate the SWM strategies. We
can classify these studies according to the metheed.

Analytic hierarchy process (AHP)-based methods wsesd in the first group. Seo et
al. [9] executed AHP for evaluating the best aléke for a solid waste management
system. Karamouz et al. [10] introduce a new fraor& to develop a master plan for
solid waste management by using AHP. Gemitzi.eflal] applied the AHP and order
weighted average (OWA) to determine the site ofigipal solid waste landfills.

Outranking methods were used in the second grodpkkanen and Salminen [12]
employed preference ranking organization method #&mrichment evaluation
(PROMETHEE) to the location of a waste treatmentlifg in eastern Finland. Chung
and Poon [13] used dominance pairwise comparisaetermine the preferred waste
management option for Hong Kong. Hokkanen and Ba&im [14] employed

ELECTRE Il method for choosing a SWM system in tBelu region, Finland.

Karagiannidis and Moussiopoulos [15] ranked the igipal solid waste alternatives by

applying elimination et choix traduisant la rea(EE.ECTRE) IlI.

In the third group, fuzzy techniques were used. ar@hand Wang [16] executed
nonlinear fuzzy goal programming to evaluate vasitgoes of solid waste management
planning scenarios. Chang and Lu [17] proposedyfigdobal criterion technique and
fuzzy multi-objective mixed integer programming fome long term planning of
metropolitan solid waste management systems. ChadgWang [8] employed fuzzy
goal programming for the optimal planning of sol@dste management systems in a
metropolitan region. Huang et al. [18] developeatenval-parameter fuzzy integer
programming for the planning of waste flow allooatiand facility expansion. Sadiq et
al. [19] employed AHP, aggregation and defuzzifmaimethods for the selection of the
best drilling waste discharge option. Differenzdzy MCDM techniques to resolve the



insufficiencies in policy impact analysis used d&cision making in Taiwan are applied
for developing a decision making model of municig&VM by Su et al [20].

In the fourth group, integer programming was emptby Chang et al. [21] presented a
sustainable waste management strategy in which ddeision makers and the
environmental analysts may put forward their viess the assimilative capacity of
environment by using mixed integer programming nhodghang et al. [22] presented
mixed integer programming and dynamic optimizatiapproaches to present
sustainable waste management strategies in whectgbision makers may put forward
their views on material recycling and the assimi@tcapacity of the environment.
Chang and Wang [23] applied multi-objective mixeateger programming for
reasoning the potential conflict between environm@erand economic goals and
evaluating sustainable strategies for waste managenm a metropolitan region.
Chang et al. [24] implemented mixed-integer programg for the collection vehicle
routing and scheduling. Ferrell and Hizlan [25hswucted an integrated municipal
solid waste management plan in several South @aracbunties by using mixed-integer
programming model. Berger et al. [26] proposedeatiinteger linear programming to
help regional decision-makers in the long term pilag of solid waste management
activities. Vaillancourt and Waaub [27] elaborated waste management plans on a
regional scale by employing mixed integer lineangpamming. Maqgsood et al. [28]
presented an inexact two-stage mixed integer lipeagramming approach for Planning
of regional solid waste management system undeertainty. Li and Huang [29]
developed interval-parameter two-stage mixed intégear programming for the long-
term planning of waste management activities inGhig of Regina. Recently, Pati et
al. [30] determined the facility location, routedarilow of different varieties of
recyclable wastepaper by using mixed integer goagiamming model. Chang and
Davila [31] used minimax regret integer programmimgdel for improving SWM
strategies in the Lower Rio Grande Valley basediffarent environmental, economic,
legal, and social conditions.

The papers that used linear programming can bsifiéasinto the fifth group. Everett
and Modak [32] used piecewise linear approximatimethod and linear programming



for the long-term scheduling of disposal and diwarptions in a regional integrated
solid waste management system. Chang and WangB3@8pyed goal programming to
evaluate the compatibility issues between municgoditl waste (MSW) recycling and
incineration. Amouzegar and Moshirvaziri [34] implented linear bi-level
programming for waste capacity planning and treatnfecility location. Cosmi et al.
[35] evaluated the feasibility of the model in regenting the waste management system
to estimate the environmental impact of the wagsiecgssing technologies in the
context of the whole productive system by applyingar programming model. Sarkis
and Weinrach [36] used data envelopment analydtAjRo evaluate environmentally
conscious waste treatment technologies. Lineagraroming has been used to assist in
identifying alternative SWM strategies that meettcoenergy, and environmental
emissions objectives by Solano et al. [37]. Namd &l-Fadel [38] planned a regional
waste management strategy by using linear progragimmodel. Lin et al. [39]
assessed different municipal solid waste managerfdB8\WM) policies, especially
regionalization strategies, and their impact on M®&Wsystems in the Taipei

metropolitan area by using linear programming model

Non-linear programming was utilized in the sixtltogp. Fiorucci et al. [40] helped
decision-makers of a municipality in the developmeri incineration, disposal,
treatment and recycling integrated programs by ewympd non-linear optimization
model. Costi et al. [41] helped decision makera afunicipality in the development of
incineration, disposal, treatment and recyclinggnated programs by using non-linear

programming model.

The papers that used grey programming can be foutheé seventh group. Huang et al.
[42, 43, 44, 45] developed grey fuzzy quadratic gpamming and grey linear
programming for allocating the waste flow withimanicipal solid waste management
system in two different studies. They also usesly glynamic programming and grey
fuzzy linear programming for the planning of solhste management systems in
separate studies. Huang and Baetz [46] proposey guadratic programming to
allocation the waste flow within a municipal soliciste management system. Huang et

al. [47] utilized grey fuzzy linear programming agrey integer programming models



for planning the waste management facility expawsigization within a regional solid

waste management system. Huang et al. [48] prdpgssy programming model for
the planning of solid waste management systemsangliand Baetz [49] developed
grey integer programming model to formulate theac#ty planning of an integrated
waste management system under uncertainty. DawudaChang [50] developed grey
integer programming model to expand decision aditves using the uncertainty
surrounding waste generation, incidence of recyetabrouting distance, recycling
participation, and other planning components. R#ge Chang and Davila [51]

proposed grey minimax regret integer programminglétermine an optimal regional
coordination of solid waste routing and possibledfdl/incinerator construction under

an uncertain environment.

In the eighth group, stochastic programming wasduskluang et al. [52] proposed
inexact fuzzy-stochastic mixed integer linear pamgming for the long-term planning
of waste management activities in the City of RaginFurther, Huang et al. [53]
proposed fuzzy-stochastic linear programming ferglanning of integrated solid waste
management options, and answering questions regatting, sitting and sizing of
the related waste management activities under taogr. Magsood and Huang [54]
proposed two-stage interval-stochastic programniorgthe planning of solid-waste

management systems under uncertainty.

The studies that used economical analyses methad<e classified into the ninth
group. Chang and Wang [55] used risk analysigHerregulation of the impacts of air
pollution, leachate, traffic congestion, and namszements in the long-term planning of
metropolitan solid waste management systems. Debat. [56] evaluated the selected
waste management scenarios with regard to the goflshe Austrian Waste
Management Act, taking into account long-term emwmmnental protection and resource
conservation as well as costs by utilizing Costeberanalysis and modified cost-
effectiveness analysis. Kumar et al. [57] propase@w plan for municipal solid waste
management with the objective of landfill gas remgvby executing cost-benefit
analysis. Nunes et al. [58] employed net presahtevmethod and breakeven analysis
for analyzing of construction and demolition wastanagement and recycling in Brazil.



Statistical analysis techniques were utilized ia tenth group. Weng and Chang [59]
applied statistical modeling to investigate theedepment track of sanitary landfills, to
review the technology scenarios and to conduct kivatate statistical analysis with
respect to construction and operating costs. Ajota et al. [60] presented statistical
analysis approach for sitting municipal solid wdatedfills in Kuwait. Weighted linear
index model, correlation and regression analyssseanployed by Clarke and Maantay
[61] to identify the geographic patterns of recyglparticipation in New York City, and
characterize the communities using socio-demogcapidicators. Tsilemou and
Panagiotakopouls [62] employed statistical analysessuggest a procedure for
generatingost functions relating initial set-up c@std operating cost with facility size;
and present such cost functions, relevant to Eamos¢atesor selected types of solid
waste treatmerdnd disposal facilities. Calvo et al. [63] empldys&atistical analyses
for determining the environmental impact, locatgntability, design and exploitation
of deposit points in the area to establish meastwesminimizing environmental
hazards.

There exist papers which have employed simulatjptivozation. Liu et al. [64]

proposed Monte Carlo simulation for analyzing eommental risks of groundwater
contamination at waste landfill site. Yeomans [65kd simulation optimization for
solving the solid waste management problems cantairsignificant sources of

uncertainty.

The studies that used system analysis take plaide itwelfth group. Chang et al. [66]
designed and implemented nationwide computer-agystem for handling enormous
amount of information flows for SWM among variousiveonmental protection
agencies. Joos et al. [67] used Delphi experttguesg to assure social compatibility
of a waste management program. Klang et al. [68Hisystem analyses to investigate
which aspects the elected representatives and ipahicfficers regard as the most
important ones to include in a waste managemertess analysis, and how they

perceive the value and usefulness of systems asalys® decision-support tool.



Life cycle assessment was used in the thirteergipgyr Clift et al. [69] employed life
cycle assessment model to develop a municipal s@&te management system used by
the UK Environment Agency. Powell [70] ranked thaste management scenarios in
the waste collection authorities of Gloucestershuith the assistance of life cycle
inventory model. Wilson [71] used life cycle intery model to evaluate the
environmental performance of municipal solid wasmagement options. Arena et al.
[72] assessed the environmental performance ofnalfi#e solid waste management
options that could be used in an area of the Sofithaly by the aid of life cycle
assessment. Lundie and Peters [73] used life aggdact assessment to evaluate the
In-Sink-Erator food waste processor system and eoenpp with the alternative options.
Finnveden et al. [74] evaluate different stratefgdreatment of solid waste in Sweden
by using life cycle impact assessment. Dahlbd.d73] ranked the waste management

alternatives by using life cycle impact assessment.

In the fourteenth group, we find the studies in ahhthe authors applied geographic
information systems (GIS). Le&o et al. [76] quizedi the relationship between the
demand and supply of suitable land for waste dspaver time by employing
geographic information systems and dynamic modelihgdo et al.[77] devised and
articulated a systematic and comprehensive modspatially and dynamically model
the demand and allocation of facilities for urbatidswaste disposal in urban regions
under development by utilizing geographic inforrmatsystems, cellular automata and
urban modeling. Gautam and Kumar [78] proposed fGiShe design of solid waste
system considering the waste generation, allocatieaycling options, and locating
drop-off stations. Ghose et al. [79] used GIS aptimal routing model to determine
the minimum cost/distance efficient collection gatbr transporting the solid wastes to
the landfill.

Also, there are few papers that applied integragetiniques. Chang and Wang [80]
applied cost analysis and statistical regressiodeinog for the development of material
recovery facilities in the United States. Chengakt[5] applied different MCDM
techniques to solve the landfill selection problenRegina of Saskatchewan Canada.
Huang et al. [81] integrated different MCDM techieg and multi-objective
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programming for finding the optimal food waste mgement schemes. Huang et al.
[82] combined evolutionary simulation-optimizatiaith grey programming model for
generating policy alternatives of Hamilton-Wentwom Canada. Aye and Widjaya
[83] employed life cycle assessment and cost-bemeflysis together to assess the
potential options of handling waste from traditibmmearkets in Indonesia. Shmelev and
Powell [84] integrated linear mixed integer prograimg, life cycle impact assessment
and GIS for providing a new methodological backgwebdor the regional solid waste
management modeling taking into account spatial semdporal patterns of waste
generation and processing, environmental as wedlcasiomic impacts of the system

development with a particular emphasis on publatheand biodiversity.

Other than the aforementioned groups, there eaistdapers that examine the SWM
strategies. Chambal et al. [85] introduced vabmi$ed thinking method for ranking
competing MSW alternatives based on how well thegetmthe decision maker’s
strategic objective. Vasiloglou [86] used undodbtevaluation to determine the
potential location of new landfill areas with wide communiparticipation and

acceptance.

A complete list of these studies are provided ibl&&.1.

Table 2.1 Literature review on SWM

Year Author(s) M ethod(s) Reference
Number
1993 Huang et al. Grey linear programming [43]
1993 Huang et al. Grey fuzzy linear programming [45]
1994 Huang et al. Grey dynamic programming [44]
1994 Huang et al. Grey fuzzy quadratic programming [42]
1995 Huang and Baetz Grey quadratic programming [46]
1995 Huang et al. Grey fuzzy linear programming@ygr [47]

integer programming
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Table 2.1 Literature review on SWM (cont.)

Year Author(s) M ethod(s) Reference
Number
1995 Chang and Wang Cost analysis, statistical regression [80]
modeling
1996 Chang et al. Mixed integer programming [21]
1996 Everett and Modak Piecewise linear approxmnati [32]
method, linear programming
1996 Chung and Poon Dominance pair wise comparison [13]
1996 Chang et al. Mixed integer programming, dymami [22]
optimization
1996 Huang et al. Grey programming [48]
1996 Chang and Wang Nonlinear fuzzy goal progrargmin [16]
1996 Chang and Wang Multi-objective mixed integer [23]
programming
1996 Chang and Wang Risk analysis [55]
1997 Hokkanen and PROMETHEE [12]
Salminen
1997 Chang and Lu Fuzzy global criterion technidquezy [17]
multi objective mixed integer
programming
1997 Chang et al. Mixed-integer programming [24]
1997 Hokkanen and ELECTRE Il [14]
Salminen
1997 Karagiannidis and ELECTRE Il [15]
Moussiopoulos
1997 Ferrell and Hizlan Mixed-integer programming [25]
1997 Chang and Wang Goal programming [33]

1997

Chang and Wang

Fuzzy goal programming

[8]
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Table 2.1 Literature review on SWM (cont.)

Year Author(s) M ethod(s) Reference
Number

1997 Huang and Baetz Grey integer programming [49]

1998 Chang et al. Client/server computer network [66]
system, computer network system

1999 Berger et al. Mixed-integer linear programming [26]

1999 Joos et al. Delphi-expertquestioning [67]

1999 Amouzegar and Linear bi-level programming [34]

Moshirvaziri

2000 Cosmi et al. Linear programming [35]

2000 Clift et al. Life cycle assessment [69]

2000 Powell Life cycle inventory [70]

2001 Ledo et al. GIS, dynamic modeling [76]

2001 Sarkis and Data envelopment analysis [36]

Weinrach

2001 Huang et al. Inexact fuzzy-stochastic mixeegar [52]
linear programming

2001 Huang et al. Fuzzy-stochastic linear programgmi [53]

2001 Weng and Chang Statistical modeling [59]

2002 Wilson Life cycle inventory [71]

2002 Al-Yaqout et al. Statistical analysis [60]

2002 Doberl et al. Cost-benefit analysis, modifiedt- [56]
effectiveness analysis

2002 Solano et al. Linear programming [37]

2002 Vaillancourtand  Mixed integer linear programming [27]

Waaub
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Table 2.1 Literature review on SWM (cont.)

Year Author(s) M ethod(s) Reference
Number
2002 Huang et al. Interval-parameter fuzzy integer [18]
programming
2002 Cheng et al. Simple weighted addition method, [5]
weighted product method, technique
for order preference by similarity to
ideal solution (TOPSIS), cooperative
game theory, ELECTRE.
2003 Fiorucci et al. Non-linear optimization [40]
2003 Magsood and Two-stage interval-stochastic [54]
Huang programming
2003 Seo etal. AHP [9]
2003 Arena et al. Life cycle assessment [72]
2003 Chambal et al. Value-focused thinking [85]
2004 Costiet al. Non-linear programming [41]
2004 Najm and ElI-Fadel Linear programming [38]
2004 Vasiloglou Undoubted evaluation [86]
2004 Liu et al. Monte Carlo simulation [64]
2004 Sadiqg et al. AHP, aggregation, first of maxamu [19]
defuzzification method
2004 Kumar et al. Cost-benefit analysis [57]
2004 Magsood et al. Inexact two-stage mixed intégear [28]
programming
2004 Ledo et al. GIS, cellular automata, urban rogle  [77]
2005 Lundie and Peters Life cycle impact assessment [73]
2005 Finnveden et al. Life cycle impact assessment [74]
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Table 2.1 Literature review on SWM (cont.)

Year Author(s) M ethod(s) Reference
Number
2005 Hung et al. Fuzzy AHP, fuzzy weighting method, [81]
simple additive method, centralized
weights method, multi objective
programming
2005 Gautam and Kumar GIS [78]
2005 Davila and Chang Grey integer programming [50]
2006 Huang et al. Evolutionary simulation-optimiaat [82]
grey programming
2006 Clarke and Weighted linear index model, [61]
Maantay correlation and regression analysis
2006 Aye and Widjaya Life cycle assessment, cosefite [83]
analysis
2006 Linetal. Linear programming [39]
2006 Shmelev and Linear mixed integer programming, [84]
Powell life cycle impact assessment
2006 Tsilemou and Statistical analyses [62]
Panagiotakopouls
2006 Ghose et al. GIS optimal routing model [79]
2006 Dahlbo et al. Life cycle impact assessment [75]
2006 Klang et al. System analyses [68]
2006 Chang and Davila Grey mini-max regret integer [51]
programming
2006 Liand Huang Interval-parameter two-stage thixe [29]
integer linear programming
2006 Su et al. Fuzzy AHP, policy impact potential [20]

analysis, fuzzy weighting method,

simple additive method, optimal index

method, ELECTRE
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Table 2.1 Literature review on SWM (cont.)

Year Author(s) M ethod(s) Reference
Number

2006 Patiet al. Mixed integer goal programming [30]

2006 Nunes et al. Net present value method, breskev  [58]
point analysis

2007 Chang and Davila Minimax regret integer pragrang [31]
model

2007 Karamouz et al. AHP [10]

2007 Gemitzi et al. AHP, OWA [11]

2007 Calvo et al. Statistical analyses [63]

2007 Yeomans Simulation-optimization [65]




3. WASTE MANAGEMENT STRATEGIES

Waste management is the collection, transport, ggsing, recycling or disposal of
waste materials, usually ones produced by humanmitgctn an effort to reduce their
effect on human health or local aesthetics or atyei sub focus in recent decades has
been to reduce waste materials' effect on the alaworld and the environment and to
recover resources from them [87]. The strategynddfto achieve sustainable waste
management practice, named as “waste hierarchgénsted in Figure 3.1.

Most prevention
favored
option minimization

. reuse

recycling

energy recovery
Least
favored
option

disposal

Figure 3.1 Waste hierarchy [87]

The waste hierarchy classifies waste managemeitgmhccording to their preference.
The aim of the waste hierarchy is to extract theximam practical benefits from
products and to generate the minimum amount ofe\83t].

According to the waste hierarchy, to have a morstastiable waste management
strategy, the first priority is the minimization whste production. Then reuse, which is
defined as to prolong the lifespan of an objectdpairing it or by affecting a new place
to it, comes. The objective is keeping its inifihction however. The next level is the
waste recovery category, which incorporates madsenacycling, composting and

recovery of energy from waste. Waste disposallasqn at the bottom of the waste
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hierarchy, as the least attractive waste managesteategy. However, waste disposal
has to be accomplished at high standards to maleestistainable as possible [87].

3.1 Waste Reduction

Waste reduction can be defined as an overall wastgagement strategy that seeks to
reduce the amount of waste generated at each stag@roduct's life span. It can be
done on two levels: reduction of the material comstion or reduction of the energy
consumption. The objective of this step is:
e to limit the quantities of objects intended foriagée use (for example, packing
of foodstuffs should be made of glass rather tHastig),
e to support the re-use of the products,
e to design the machines according to requiremeatsefample, not to make turn
on a washing machine with half charges or not tp duefrigerator larger than
its needs which will unnecessarily consume moretedaty).

e to ensure efficient use of resources within exgspnocesses.

Waste minimization usually requires knowledge & giroduction process, cradle-to-
grave analysis (the tracking of materials from rtheeitraction to their return to earth)

and detailed knowledge of the composition of thete§38].

3.2 Waste Reuse

In conventional reuse procedure, products are dedigo be used a number of times

before they are discarded. Reuse will usuallygsgnt an environmental gain.
The advantages of re-use can be summarized aw$0&9]:

e Reduces the amount of manufactured products, caesdy, reduces the costs
and needs of raw materials.

e Reusable product is often cheaper than the norabdigproducts, so re-use
provides cost savings for business and consumers.

o Generally, older items are more precious in value.
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Also several disadvantages are apparent [89]:
e Re-use necessitates cleaning or transport.
e« Some re-use items can be less energy efficielttegscontinue to be used.

e Reusable products required to be more robust timglesuse products, so the
production of such a product needs more raw méderia
e Sorting and preparing items for reuse takes tinms ts inconvenient for

consumers and costs money for businesses.

The households, like the supermarkets, have a dsgonsibility in helping reuse
products as engaging with their customers in reafs@lastic carrier bags, plastic
garment hangers, etc. There are many other pahetiays for householders to reuse

waste.

3.3 Waste Recovery

Waste recovery represents the process by whichevimsonverted either into a usable
form or energy that is derived out of the wastd.[9Dhere exist three sub-categories of

waste recovery:

3.3.1 Waste Recycling

Waste recycling is a process by which the matea&ls manufacture are re-used at the
end of its lifespan, to constitute a usable rawemaltor a new product. They will thus
be reintroduced in production cycle. Recyclinggass can be determined as a loop that
includes the activities of collecting recyclable terals, sorting and processing
recyclables into raw materials, and manufacturirggv nproducts from these raw

materials.

During previous years, the volume of waste produmedach inhabitant was increased.
That presented a real problem and menace for theoement, because we destroyed
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these wastes either by burning or by landfill. & of mentality was necessary to
overcome this problem. Instead of systematicdilyirated the waste totally, we put

these wastes in re-use.

Recycling permits to save raw material and thupreserve the natural resources. It
also reduces the volume and the weight of produweaesde and thus diminishes the risks

of air and land pollution.

3.3.2 Waste Composting

Composting is defined as a controlled biologicalgass of conversion and valorization
of the organic matter (by-products of the biomasganic waste of biological origin...)

in a product stabilized, hygienic, rich in humiag@ounds.

Composting is an operation which consists of fertiaigon of the organic wastes in the
presence of oxygen, under controlled conditionsher@ exist two phenomena in a
process of composting. The first phenomenon thagb the wastes into fresh compost,
iS an intense aerobic fermentation. It means #mohposition of the fresh organic
matter at high temperature (50-70°C) by the baateriThe second phenomenon
transforms the fresh compost into a ripe compadt, in humus. This phenomenon of
maturation, which occurs at lower temperature (3%}, led to the biosynthesis of

humic compounds by mushrooms.

Benefits of compost for the ground and soil caslommarized as follows [91]:
o Increases the gap volume,
o Facilitates processing,
o Increases the capability to keep water,
o Increases organic material value,

o Enables that the nutritive materials are betteduse
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3.3.3 Energy from Waste

Energy from waste is a process by which energyedtar the waste is extracted in the
form of fuel or electric power, which can then bged as power source for various

applications [92].

Two main ways of recovering energy from wastes Haen employed in practice [92]:

o Waste incineration: Incineration is the controlled burning of waste hegh
temperatures. It is used in two principal fields:

o Technical funerary
o Method of urban or industrial waste disposal

Certain incineration factories recover the energydpced by the waste combustion to
heat buildings and/or to produce electricity thaams energy valorization.

The incineration is criticized because the dioxidascinogenic are produced by the
incinerators, especially by the old installationBhe combustion of waste rejects also
carbon dioxide, which is known as greenhouse dfasauses the reheating of the Earth.
The lack of current knowledge on the effects of itt@nerator fume on human health

makes the incinerators rejected by their vicinity.

The ash is the solid residues of the waste inciimera 5% of the entering quantities
arise in the form of ash. They are mixtures ofatsetglass, silica, alumina, limestone,
lime, unburned residues and water. They undergortang in order to detach various
metals which can be recycled. According to themldly and stability, the remainder of
the ash is either stored in discharge, or uselddarchemical industries.

Newer incineration methods include gasification pgiblysis, where wastes are heated
to very high temperature with limited oxygen to gwoe low-to-medium-heating fuel
gases, together with tars, char and ash. Theskodwtre more effective than direct

incineration since, more energy can be recovereduaed. The pyrolysis transforms
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materials into solid, liquid or gas products. Rytio oil and the gases can be burned to
produce energy or to be refined in other produdhke gasification is used to directly

transform organic matter into a gas synthesis, lwsccomposed of carbon monoxide
and hydrogen. This gas is then burned to prodigctreity and vapor.

. Using biogas (landfill gas): In a landfill site, the methane generated by
biological processes must be controlled for miningzits effect on environment.
Collecting and using methane as a fuel has two flberes preventing pollution and
generating energy. However, the energy recover@a fandfill is considerably less

efficient than incineration.

3.4 Waste Disposal

Waste disposal is the last option in the wasteahotry. Several disposal options have
been used. Landfill and incineration can be lisiatbng disposal strategies. Disposal
options depend on the type of waste streams. S@mtes are not suitable for landfill.
Likewise, some wastes are not suitable for incim@nabecause of their low calorific

value.

Landfill is the most traditional waste disposal huet, and currently major countries
employ this method. As compared with the othepasl techniques, landfill seems to
be inexpensive and hygienic and a wide variety ast@s are suitable for landfill. It is
worth noting that ultimately, many other waste tm@gant and disposal options require
that the final disposal route for the residues meglandfill [93]. But it also has a
number of adverse environmental impacts. Landfifproducts contain harmful wastes
and landfill gas which composed of methane and ararthioxide. These gases are
known as greenhouse gases and they have diversuha&ffiects on earth and humans.
Also, landfill gas causes aesthetic problems sulodor. To avoid these problems,
disposal waste must be compacted and covered. fillsrale also equipped with
landfill gas extraction systems installed to extrgas produced by the decomposing
waste materials. With this system, biogas is kdiinea boiler to produce electricity.
For the environment, burning of biogas is more gnadfle than allowing it to the
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atmosphere. Because, it consumes methane, whichore harmful than carbon

dioxide. A part of this biogas can also be usefliak

Incineration is a waste disposal method that in¥elthe combustion of waste at high
temperatures. Incineration and other high tempegatvaste treatment systems are
described as thermal treatment [87]. Due to issueb as emission of pollutant gases

and high cost, incineration is not a favored digpagethod.



4. MULTI-CRITERIA DECISION ANALYSIS

Multi-criteria decision analysis is both an apprioand a set of techniques, with the aim
of providing an overall ordering of options, frorhet most preferred to the least
preferred option [6]. MCDA approaches provide atsgnatic procedure to help
decision makers choose the most desirable andagatisy alternative under uncertain
situation [94]. MCDA approaches are classifiedointvo groups [95]. This
classification makes distinction between MODM andDM. The main distinction
between the two groups of methods is based on timber of alternatives under
evaluation. In MCDM problems, there exist a refaty small number of alternatives
and these alternatives are denoted in terms obuwks. Multi-objective decision
problems have a very large number of feasible radt@re and the objectives and the
constraints are depend on the decision variabls [IADM methods are designed for
selecting discrete alternatives while MODM are macdequate to deal with multi-
objective planning problems, when a theoreticaliinite number of continuous
alternatives are defined by a set of constraint& asector of decision variables [96].
MADM methods provide simple and intuitive tools foraking decisions on problems
that involve uncertain and subjective informatiddd]] These methods have the
advantage that they can assess a variety of opticeterding to a variety of criteria that
have different units. This is a very important ahage over traditional decision aiding
methods where all criteria need to be convertethéosame unit. Another significant
advantage of most MADM methods is that they hawe ¢hpacity to analyze both

guantitative and qualitative evaluation criterigeéther [97].

The differences between MODM and MADM are systecadiy summarized in Table
4.1.
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Table 4.1 Comparison of MODM and MADM approache] [9

Criteria for comparison MODM MADM

Criteria defined by Objectives Attributes
Objectives defined Explicitly Implicitly
Attributes defined Implicitly Explicitly
Constraints defined Explicitly Implicitly
Alternatives defined Implicitly Explicitly
Number of alternatives Infinite (large) Finite (dipa
Decision maker's control Significant Limited
Decision modeling paradigm Process-oriented Outeonanted
Relevant to Design/search Evaluation/choice

MCDA have six basic functions as follows [7]:

1. Structure the decision.

2. Show the differences among criteria.

3. Help people to reflect, to articulate and to applyir judgments concerning of
the alternatives.

4. Help people to make more coherent and reasonaladkiagions of risk and
uncertainty.

5. Facilitate negotiation.

6. Document how the decisions are made.

The intention of MCDA is to improve quality of de@ns by making choices more
explicit, reasonable and effective. MCDA providdscision makers with powerful
capabilities in analyzing, exploring and comparanget of incompatible alternatives. It
can help them gain insight on the problem as wellcanfidence when making a
decision. MCDA can be used for a wide variety afitattribute selection problems
[94]. Also there exist several inconvenient of ME[®4]. MADA problems involve
subjective parameters such as public and politcaterns. For this reason, one might
argue that the results obtained would not be meéuin It is possible to find an ideal
solution using a particular method for a decisicaker, but a different solution could be
more appropriate when another method is used.
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Applying MCDA has the following steps [6]:

1. Set up the context of the decision
1.1. Determine decision makers and other impornp&nformers and construct
the objectives of the MCDM.
1.2. Create the socio-technical system to orgahzd1CDM.
1.3. Think about the context of the evolution.

2. Define the alternatives to be evaluated.

3. Define the objectives and criteria
3.1. Define the criteria for estimating the outesnof each alternative.
3.2. Group the criteria under high level and loveser objectives in a hierarchy

to organize them.

4. “Assessment of the scores”. The performance df edternative with respect to
the criteria must be evaluated.
4.1. Identify the outcomes of the alternatives.
4.2. Score the alternatives on the criteria.
4.3. Examine the agreement of the scores on e#ehan.

5. “Assessment of the weights”. Assign weight for tbeterion that shows
importance of the criterion to the decision.

6. Congregate the weights and scores for each alteentd develop an overall

value.

7. Review the results.

8. Perform sensitivity analysis.

8.1. Organize a sensitivity analysis: Using othhoices or weights has an

influence on the ranking of the alternatives?
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8.2. Check the advantages and drawback of choseonspthan perform a
pairwise comparison.

8.3. Try to form new potential options that cout tnore successful than those
originally thought.

8.4. Repeat the steps above until a “required masl@cquired.

As a result of the recent upsurge in environmeotablems caused by the solid wastes,
determining an efficient waste management systemchwconsiders environmental,
economic and social factors, is of outmost impartan A solid waste management
program often involves multiple conflicting econasad, environmental, and socio-
ecological objectives Hence, finding the optimal SWM system can be pdssity
reaching a compromise among the conflicting caterifo deal with quantitative and
gualitative considerations of the waste managemeaiilems, multiple criteria decision
analysis techniques can be used [5].



5. FUZZY SET THEORY

Fuzzy set theory, which was introduced by Zadeh {@@leal with problems in which a
source of vagueness is involved, has been utii@ethcorporating imprecise data into
the decision framework.

A fuzzy setd can be defined mathematically by a membershiptiomg.;(x), which
assign each elementin the universe of discourséa real number in the interval [0,1].
This terms the membership grade of the element thithconcept represented by the
fuzzy set.

In the following paragraph, we briefly review soio@sic definitions of the fuzzy sets
[100]. These basic definitions and notations beleiN be used in the following

paragraphs, unless otherwise stated.

Definition 1: A fuzzy setd is convex if and only if for ak, andx, € X:

w5 (A + (1= 2)x0) = min(uz (), 45 (x2)) 4 €[0]] (5.1)
Definition 2: A fuzzy setd is called a normal fuzzy set implying

3% € X, uz(6)=1 (5.2)
Definition 3: o cut is defined as

N ={x (%) 2 a,% € X} (5.3)
where « €[0,1]
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n%is a limited nonempty bounded interval containedXirand it can be noted by

n = ln,“,nﬁ‘ J n” andn; are the lower and higher bounds respectively efdlosed

interval.

A triangular fuzzy numbefi can be defined by a triplehy( ny, ns). The membership

function u(x) is defined as

0, X<y
X—h
1l nm<x<n, (5.4)
N, —ny :
Hy, = X—n
3 n,<x<n
1) 3
Ny — N3
0, X>g

Definition 4: If /i is a fuzzy number andy” >0 for a €[0, 1] then/i is named as a

positive fuzzy number.

Any two positive fuzzy numbersnandn and a positive real numbey the o —cut of
two fuzzy numbers ign® = lm“,rrﬁ‘], and n% = ln,“,nﬁ‘ J (a €[0,1] ), respectively.

According to the confidence interval, some printipperations of positive fuzzy

numbers can be expressed as follows [7]:

(TR = |m + 0, mg +ng | (5.5)

(TR = [ —ng mg —n?| (5.6)

()R = [ * i mg * | (5.7)
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oy - 69

(ma)‘l{i,i} (5.9)

my my’
() = | >y | (5.10)
topy - 7 (511

Definition 6: If iiis a fuzzy number and” > 0, nf <1 for & € [01], thenn is called a

normalized positive fuzzy number [100].



6. FUZZY DECISION MAKING METHODOLOGIES

In this section, we present two alternative fuzzyCBM methodologies for the

evaluation of alternative waste management scenaritstanbul.

6.1 Hierarchical Fuzzy MCDM Approach

Real-world decision problems such as the seleatibthe best SWM scenario for
Istanbul often involve the consideration of numearparformance attributes, yielding in
general a multi-level hierarchical structure. Rart in general, crisp data are
inadequate to model real-life situations. Sincenaéin judgments regarding preferences
are often vague, one cannot estimate his/her mmderwith an exact numerical value.
A more realistic approach may be to use linguiaBsessments instead of numerical
values, that is, to suppose that the ratings andhtseof the criteria in the problem are
assessed by means of linguistic variables [101].

When a large number of performance attributes @igetconsidered in the evaluation
process, it may be preferred to structure them mudti-level hierarchy in order to
conduct a more effective analysis. In this stutlg, hierarchical distance-based fuzzy
MCDM algorithm introduced by Karsak and Ahiska [1@2employed for determining
the best SWM scenario for Istanbul. This MCDM aidion is based on the proximity
to the ideal solution concept and which can addigsproblems containing both crisp
and fuzzy data. The origins of the proposed degisnaking procedure are found in the
multi-criteria decision tool named TOPSIS [103].0ORSIS is based on the intuitive
principle that the preferred alternative shouldéhéive shortest distance from the ideal
solution and the farthest distance from the amaidolution [104]. One direct MCDM
technique would be to select the alternative tleegt the minimum distance from the
ideal alternative [105]. Since an alternative witle shortest distance from the ideal
may not have the farthest anti-ideal, and vice ayeT®©PSIS considers the distances
from both the ideal and anti-ideal simultaneousl®q]. The traditional TOPSIS
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approach uses the Euclidean norm to normalize tiggnal attribute values, and the
Euclidean distance to calculate each alternatigiesstance from the ideal and anti-ideal
solutions. The ideal solution is named as the baeing the best attribute values
attainable, and the anti-ideal solution is deteedims the one possessing the worst
attribute values attainable. The relative proxynigimilarity) of each alternative to the
ideal solution is calculated based on its distarfoes both the ideal and anti-ideal
solutions at the same time. The preference oblteenatives is determined by ranking

the calculated proximity measures in a descendidgrd106].

TOPSIS is a widely accepted multi-attribute degisimaking technique due to its sound
logic, simultaneous consideration of the ideal #mel anti-ideal solutions, and easily
programmable computation procedure [107]. Althou§®PSIS has numerous
advantages, it requires quantitative attributesesged as crisp numbers. In here, an
easily applicable decision-making algorithm, thah ¢vandle crisp data and fuzzy data
expressed in linguistic terms or triangular fuzeynbers, is presented. This ability will
facilitate the use of the algorithm in SWM scenasalection process requiring both

guantitative and qualitative aspects to be takemadonsideration [106].

The proposed fuzzy MCDM approach can be describddllaws:

Step 1. Construct the decision matrix that denotes theyassessments corresponding
to qualitative sub-criteria and the crisp values&sponding to quantitative sub-criteria

for the considered alternatives.

Step 2. Normalize the crisp data to obtain unit-free andhparable sub-criteria values.
The normalized values for crisp data regarding fieredated as well as cost-related

guantitative sub-criteria are calculated via adingcale transformation as

Hik I e oByri=12,.,m =120

, Yik = Yik

Yijk =3 . (6.1)
M’ kECCj;i:lza---,m;j:lz,...,n
Yik = Yik
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where yjj, denotes the normalized value gy, which is the crisp value assigned to

alternativei with respect to the sub-criteriok of criterionj, m is the number of
alternativesn is the number of criterig’B; is the set of benefit-related crisp sub-criteria

of criterion]j and CC; is the set of cost-related crisp sub-criteria ofecon j,

y’;-‘k =maxy;x and yj =miny;. The normalized values for crisp data can be
| |

represented  as Vi = (Yaijk Yoijk» Yaj) N triangular  fuzzy number format,

whereygik = Yoijk = Yeijk = Yijk -

Step 3. Aggregate the performance ratings of alternataeshe sub-criteria level to

criteria level as follows:

- > Wi ®Vk (6.2)
Xij = (Xaij + Xpij + Xgjj ) = =K _ VL

Zk

where iij represents the aggregate performance rating e@falivei with respect to

criterionj, W%k indicates the average importance weight assigmeitb-criterion k of

criterionj, and® is the fuzzy multiplication operator.

Step 4. Normalize the aggregate performance ratings aer@ilevel using a linear
normalization procedure, which results in the wedtie to be equal to 1 and the worst

one to be equal to 0, as follows:

o ) = Xaij = Xaj  Xpij = Xgj  Xcij — X i i (6.3)
ij — \laij b”a cij/ — * — X* = ,X* = y 1]
G~ Xaj Xg X X~ Xy

where xzj :miaxxcij, Xaj _m|n Xqj, and r; denotes the normalized aggregate

performance rating of alternativevith respect to criteriopn
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Step 5. Define the ideal solutionA® =(r;',r5,...,r;) and the anti-ideal solution

A" =(r 5 ,....Ty), wherer; = (L11) andr; = (0,0,0) for j=12...,n.

Step 6. Calculate the weighted distances from ideal smutind anti-ideal solution’

and D; , respectively) for each alternative as

D; :ij/z{max(ng‘raij —:I\,wéj‘rdj —ﬂ)+méj‘rbij —ﬂ}i =12,...m (6.4)

Di = ij/z{max(ng\raij ~ 0w |r — O+ | —O(}J =12,...m. (6.5)

Step 7. Calculate the proximity of the alternatives to thkeal solutionP™, by

considering the distances from ideal and anti-idealtions as

R = D%f +Di_),i ~12,...m (6.6)

Step 8. Rank the alternatives according B values in descending order. ldentify the

alternative with the higheﬂiﬁ* as the best alternative.

The presented MCDM framework possesses a numbeneoits compared with the
alternative approaches employed in SWM system seted106]. The proposed
decision approach enables the decision-makers golinguistic terms while making
gualitative assessments, and thus, reduces themitas@ burden in the evaluation
process. Both the vaguely defined quantitativevels as qualitative criteria values and
precisely defined criteria values are integratedhia decision-making process. The
computational efficiency of the developed appro&chot affected considerably when

the number of criteria and/or alternatives increasehe decision framework provides a
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direction to the process of generating new altéreatby establishing an ideal that
stimulates creativity and invention of alternativays to move towards it. As humans
strive to be both as close as possible to the mladlas distant as possible from the anti-
ideal [105], the ideal and anti-ideal solutions epasidered at exactly the same time in
the presented approach. By considering the wedgthttances from both the ideal and
anti-ideal simultaneously, the proposed decisiopr@gch tackles the problem that an
alternative with the shortest distance from thelideay not have the farthest distance
from the anti-ideal. Finally, this approach doedg employ fuzzy number ranking
methods that can produce inconsistent results en @ankings contrary to intuition

while comparing alternatives.

6.2 Fuzzy Analytic Hierarchy Process

A different systematic approach, named as fuzzyytaoaierarchy process, that uses
both the linguistic assessments and numerical saloe the alternative selection
problem having multi-level hierarchical structurgl e represented.

Fuzzy AHP uses the concepts of fuzzy set theoryreedrchical structure analysis for
the selection of the most appropriate alternativ®ray a set of feasible alternatives.
The earliest fuzzy AHP method was proposed by Vaarhoven and Pedrycz [108] in
which the fuzzy numbers with triangular membersfupctions describe the fuzzy
comparing judgment. Buckley [109] found out thezy priorities of comparison ratios
with trapezoidal membership functions. Boendealef110] extended van Laarhoven
and Pedrycz’'s method and developed a more robysbagh to the normalization of
the local priorities. Chang [111] proposed a neethod with the use of triangular
fuzzy numbers and extent analysis method for thevise comparison scale of fuzzy
AHP and the synthetic extent values of the pairw®aparisons, respectively. Cheng
[112] evaluated naval tactical missile systems sipgifuzzy AHP based on grade value
of membership function. Furthermore, many AHP huods developed by various
authors can be found in literature. However, thethomds mentioned above have
important differences in their theoretical struesif97]. In Table 6.1, the comparison

of these fuzzy AHP methods is given.
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Table 6.1 Comparison of different fuzzy AHP meth@ik3]

Sources The main characteristics of Advantages (A) and
the method disadvantages (D)
Van Laarhoven e Direct extension of Saaty’s (A) The opinions of multiple
and Pedrycz AHP method with triangular decision- makers can be modeled
(1983) fuzzy numbers in the reciprocal matrix

e Lootsma’s logarithmic least (D) There is not always a
square method is used to  Solution to the linear equations
derive fuzzy weights and (D) The computational
fuzzy performance scores requirement is tremendous, even
for a small problem
(D) It allows only triangular
fuzzy numbers to be used

Buckley (1985) e Extension of Saaty’'s AHP (A) It is easy to extend to the

method with trapezoidal fuzzy case

fuzzy numbers (A) It guarantees a unique

e Uses the geometric mean solution to the reciprocal

method to derive fuzzy comparison matrix

weights and performance (D) The computational

scores requirement is tremendous
Boender, de e Modifies van Laarhoven (A) The opinions of multiple
Grann and and Pedrycz’'s method decision makers can be modeled
Lootsma e Presents a more robust (D) The computational
(1989) approach to the requirement is tremendous

normalization of the local

priorities

Chang (1996)

Synthetical degree values (A) The computational
e Layer simple sequencing requirement is relatively low

« Composite total sequencing(A) It follows the steps of crisp
AHP. It does not involve

additional operations
(D) It allows only triangular
fuzzy numbers to be used

Cheng (1997) e Builds fuzzy standards (A) The computational
e Represents performance requirement is not tremendous
scores by membership (D) Entropy is used when
functions probability distribution is known

e Uses entropy concepts to (D) The method is based on both

calculate aggregate weightsProbability and possibility
measures
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In this study, we use Chang’s extent analysis ntketfid1l] due to its steps that
relatively easier than the other fuzzy AHP appresacand similar to the conventional
AHP.

The method can be described as follows:

Let X ={X,%y,....X,} be an object set and = {u,,u,,....u,} be a goal set. According

to Chang’s extent analysis [111], each objectkemaand extent analysis for each goal,

0, , is performed, respectively. Therefonegextent analysis values for each object can

be obtained, with the following signs:

Mg Mg ..My, i=12..n (6.7)

where all theM é (j = 12,...,m) are triangular fuzzy numbers whose parameters,are

b, andc.

Step 1. The value of fuzzy synthetic extent with respecthiei™ object is defined as

§=2Mg®

=1

22 Mg

i=lj=1

nom _]1 (6.8)

Step 2. The degree of possibility d¥l , = (a,,b,,¢,) > M, = (a;,b;,¢;) is defined as

V(M > M) =sugmin(zy, (X), 2, () (6.9)

y>X

and it can be represented as follows:
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1 if by > by
_ (6.10)
V(M3 =My)=hgt{M; A M3) = sy, (d)=10, if &g > ¢
a; —Cp .
,  Otherwise
(b —co)—(by—ay)

whered is the ordinate of the highest intersection p@'rhetweenuMland Hwm, -

To compareéM; andM,, we need both the values\{M; > M,) andV(M, > M,).

Step 3. For a convex fuzzy number, the degree of possilidi be greater thaknconvex

fuzzy numbersM; (i = 12,...k) can be given by

V(M =M{,M5,...M)=V[M =M;)and(M > M,)and...and(M > M) ]|=

minV(M > M, ),i = 123,... k. (6.11)
Assume that
d(A)=minV(S >S,) for k=12..n; k=i (6.12)
then the weight vector is expressed as

(6.13)

Step 4. Via normalization, the normalized weight vectors abtained as
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W = (d(A), d(Ay).....d(An)T (6.14)

whereW is a nonfuzzy number.



7. APPLICATION OF THE FUzZzY MCDM METHODS TO SOLID WASTE
MANAGEMENT PROBLEM IN ISTANBUL

This section gives the application of the proposeddels to Istanbul's waste
management problem. First the application backgpiasi analyzed, and then the results
of hierarchical fuzzy MCDM method and the resultéuazy AHP are presented.

7.1 Application Background

In Istanbul, approximately 10.000 tons of municipalid waste is produced per day.
The solid wastes in Istanbul were collected fromeedt corners till 1995 but there was
no suitable separation. The solid wastes weretsempen “wild storages”. Because of
unhealthy transports, spilled garbage, and garbagkage, this system was not
economic and it caused terrible odor for the emwment. The people and
municipalities were saved from this harmful probleml995. After that, a number of
different projects were combined under the titlenwVEEonmental Protection” and they
were put into practice [114].

In this concept:

e In 1995, “Medical Waste Project” was started. Dgrihe project, medical
wastes that was always arranged together with athstes were moved apart
from other wastes, and they were exposed to aaepprocess and collected
in a specific way.

e Healthy and sanitary landfill was set up in 1995.

e KoOmiurcuoda Sanitary Landfill was put into service Anatolian side of
Istanbul.

e The wild dump areas had ended officially in Decenit#95.
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e Regular Storing Fields Solid Waste Transfer Statimere established to get
rid of the solid

e Park and Gardens Directorate of Istanbul MetroaoliMunicipality put into
practice a “Forestation Project” which was prepaiedhree years starting
from 1997.

e Compost and Recovery Plant and Electric Generatyatem from Landfill

Gas were created in 2001.

As a result of discussions with experts from Minjisbf Environment and Forestry,
ISTAC Co. (Istanbul Metropolitan Municipality Emenmental Protection and Waste
Materials Valuation Industry and Trade Co.) ancbul Metropolitan Municipality
Directorate of Waste Management, we have definegrs@ossible scenarios for the
management of solid wastes in Istanbul. The sa@naan be defined as follows:

Scenario 1: 100% landfill.

Scenario 2: 20% recycling, 80% landfill.

Scenario 3: 20% recycling, 10% composting, 70% landfill.
Scenario 4: 40% recycling, 50% composting, 10% landfill.
Scenario 5: 20% recycling, %10 incineration, %70 landfill.
Scenario 6: 70% incineration, 20% recycling, 10% landfill.
Scenario 7: 75% incineration, 20% composting, 5% landfill.

Benefiting from the literature on the evaluationsofid waste management alternatives,
economic criteria, environmental criteria, techhimréeria, and social criteria, and their

related sub-criteria are identified as the select@mttributes as in Figure 7.1.



Determining the best SWM scenario

Economic (E) Technical (T) Environmental Social (S)
(EN)
|
Net cost per | Revenue Process Operating
ton (C) (R) feasibility experience Land Adaptability to Public
(P) (O) requirement || environmental acceptance
(LR) policy (EP) (PA)
Release to
Release CO, emission — — land (L)
with health (CO) NOy emission SOz emission
effects (H) (NO) (SO) Surface water Aesthetic
CH, emission disperses pollution and
(CH) releases (W) odor (A)

Figure 7.1 Hierarchical structure of the SWM scenario evaluation problem

144
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Net cost per ton criterion represents the totabahnost per waste ton of given
waste management scenario. It considers bothaghiat and the operating and
maintenance expenditures. The capital expendisutiee initial cost of factory
construction.

Revenue criterion presents the income from resorgcevery of given waste
management scenario.

Process feasibility explains the applicability afoposed waste management
scenario.

Operating experience indicates the scenario’s Usgfu

Release with health effects criterion denotes tfieces of heavy metals as
cadmium and lead and organic compounds to air atdrnwhich affect health.
CO, and CH are known as greenhouse gases and they conttibudg¢obal
warming. The augmentation of their concentratioatmosphere cause serious
environmental problems.

The emissions of SOand NQ specify acidificative emissions. They have the
effects on public health and environmental safety.

Surface water disperses releases criterion covegsrisk of groundwater
contamination. This impact is particularly hightive area where the landfill and
composting plants are located.

The compounds such as3] ester and hydrocarbon that cause odor are fiound
gas produced during waste disposal process. Tdmspounds are generally
toxical. Aesthetic pollution and odor criterionpresents the unaesthetic
conditions cause by these toxic.

Release to land criterion indicates the land pwlluinduced by waste disposal
process.

Several waste management techniques such as laaalfil composting need
wide areas for putting in practice. This fact céiogied the applicability of the
management technique. Because of this, land egeint is appears as an
important criterion.

The employed waste management technique must bacdéordance with
Turkey’'s and the European Union’s legal arrangementenvironment.

Public acceptance criterion denotes the accepiameeof the local inhabitants.
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7.2 Application of the Hierarchical Fuzzy MCDM Method

The importance weights of various criteria and tagngs of qualitative criteria are
considered as linguistic variables. These linguistiriables can be expressed by

triangular fuzzy numbers as represented in Figuze 7

UX)

1-x--—"—--"---+ N - N -~ -

T T

0 0.2t 0.f 0.7t 1.C X

Figure 7.2 A linguistic term set where VL = (0,0025), L = (0, 0.25, 0.5), M =(0.25,
0.5, 0.75), H = (0.5, 0.75, 1), VH = (0.75, 1, 1)

Step 1. The expert used the linguistic variables “very IGW)”, “low (L)”, “moderate
(M)”, *high (H)” and “very high (VH)” to evaluatehte importance of the criteria and
sub-criteria, and also the ratings of alternativath respect to various subjective
criteria and sub-criteria [115]. The evaluations eepresented in Table 7.1, Table 7.2

and Table 7.3, respectively.

Table 7.1 Fuzzy importance weights of criteria

Criteria Importance weight
Economic M
Technical M
Environmental VH

Social H
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Table 7.2 Fuzzy importance weights of sub-criteria

Sub-Criteria Importance weight
Net cost per ton VH
Revenue H
Process feasibility VH
Operating experience M
Release with health effects H
CO,emission H
CH,4 emission VH
NOy emission H
SO, emission H
Surface water disperses

releases VH
Aesthetic pollution and odor L
Release to land H
Land requirement VH
Adaptability to

environmental policy VH
Public acceptance H

Table 7.3 Data related to SWM problem

Sub-Criteria S S S S

Net cost per tc (25,30,40) (27,33,43) (30.5,37.5,485.5,58.5,71)
Revenue VL L L VH
Process feasibility VH VH VH VH
Operating experience M H H H
Release with health effects VL VL VL VL
CO, emission (65,90,120) (52,72,96) (45.5,63,84(6.5,9,12)
CH, emission (80,120,150)(64,96,120) (56,84,105) (8,12,15)
NOy emission (0,0,0) (0,0,0) (0,0,0) (0,0,0)
SO, emission (0,0,0) (0,0,0) (0,0,0) (0,0,0)
Surface water disperses VH H H M
releases

Aesthetic pollution and VH H H M

odor

Release to land VH H H M
Land requirement VH H H L
Adaptability to H H H VH

environmental policy
Public acceptance H H H H
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Table 7.3 Data related to SWM problem (cont.)

Sub-Criteria S S S

Net cost per tc (49.5,60,72)  (184.5,222,246) (200.75,241.65,267.5)
Revenue L H VH

Process feasibility VH VL VL
Operating experience H H H

Release with health effects L H VH

CO, emission (45.5,63,84) (6.5,9,12) (3.25,4.5,6)
CH,4 emission (56,84,105) (8,12,15) (4,6,7.5)

NOx emission (15,27,40) (105,189,280) (112.5,202.5,300
SO, emission (20,55,80) (140,385,560) (150,412.5,600)
Surface water disperses H L L

releases

Aesthetic pollution and H L L

odor

Release to land H L L

Land requirement H M M
Ada_ptablllty to M VH VH
environmental policy

Public acceptance M M L

In the following steps, we will only show the cations related t&,. The remaining

computations are performed in a similar way.

Step 2. By using equation (12), the crisp data is norneglias given below.

Net cost per ton is a cost criterion, agf] = maxyi;; = 2675 and y;; = min y;;; = 25.
| |

Then, we obtain

2675 40, 267.5— 30, 2675-25 _ (094 ,0.98,1)
2675-25 2675-25 2675-25

Y11= (y(fﬂll, Vb1 Ye111) = [

CO, emission is a cost criterion, and, = maxy;s, = 120 and y3, = min y;3, = 325.
| |

Then, we find
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120—120’ 120-90 | 120-65 _ (0,026,0.47),
120- 325 120- 325 120- 325

Vizz = (Yarso, Yiaao Yeis2) = [

CH, emission is a cost criterion, angh; = maxy;33 =150 and yz3 = min yis3 = 4.
| |

Then, we obtain

150-150 150-120 150-80
150-4 ' 150-4 '150-4

Y133 = (Ya133 Vhias Yeiss) = [ j = (0,021,048),

NOx emission is a cost criterion, angh, = maxy;z, = 300 and ys4 = min yj3, = 0.
| |

Then, we find

300-0 300-0 300-0
|- (a2

Vi34 = (Ver34: Ybaaa Yer3a) = [300_ 0'300-0'300-0

SO, emission is a cost criterion, anghs = maxy;ss = 600 and yzz = min y;55 = 0.
| |

Then, we obtain

600-0 600—0 600-0
600— 0’ 600- 0’ 600— oj = (1)

V135 = (Yar3s: Yinas: Yerss) = [

The normalized data related to SWM problem are shiovilable 7.4
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Table 7.4 Normalized data related to SWM problem

Sub-Criteria S S S S

Net cost per tc (0.94,0.98,1) (0.93,0.97,0.9@).91,0.95.0.99)0.81,0.86.0.91)
Revenue (0,0,0.25) (0,0.25,0.50) (0,0.25,0.50) (0.75,1,1)
Process feasibility (0.75,1,1) (0.75,1,1) (0.75,1,1) (0.75,1,1)
Operating (0.25,0.50,0.75) (0.50,0.75,1) (0.50,0.75,1) (0.50,0.75,1)
experience

Release with health  (0,0,0.25) (0,0,0.25) (0,0,0.25) (0,0,0.25)
effects

CO, emission (0,0.26,0.47) (0.21,0.41,0.5®).31,0.49,0.64(0.93,0.95,0.97)
CH,4 emission (0,0.21,0.48) (0.21,0.37,0.5®.31,0.45,0.64(0.92,0.95,0.97)
NOx emission (1,1,1) (1,1,1) (1,1,2) (1,1,2)
SO, emission (1,1,1) (1,1,1) (1,1,2) (1,1,2)
Surface water (0.75,1,1) (0.50,0.75,1) (0.50,0.75,1) (0.25,0.50,0.75)

disperses releases

Aesthetic pollution (0.75,1,1) (0.50,0.75,1) (0.50,0.75,1) (0.25,0.50,0.75)
and odor

Release to land (0.75,1,1) (0.50,0.75,1) (0.50,0.75,1) (0.25,0.5(BP

Land requirement (0.75,1,1) (0.50,0.75,1) (0.50,0.75,1) (0,0.25,p.50

Adaptability to (0.50,0.75,1) (0.50,0.75,1) (0.50,0.75,1) (0.75,1,1)
environmental

policy

Public acceptance (0.50,0.75,1) (0.50,0.75,1) (0.38,1) (0.50,0.75,1)




Table 7.4 Normalized data related to SWM problean{(9

Sub-Criteria S S S

Net cost per tc (0.81,0.86.0.90) (0.09,0.19.0.34) (0,0.11.0.28)
Revenue (0,0.25,0.50) (0.50,0.75,1) (0.75,1,1)
Process feasibility (0.75,1,1) (0,0,0.25) (0,0,0.25)
Operating (0.50,0.75,1) (0.50,0.75,1) (0.50,0.75,1)
experience

Release with health  (0,0.25,0.50) (0.50,0.75,1) (0.75,1,1)
effects

CO, emission (0.31,0.49,0.64) (0.93,0.95,0.97) (0.98,0.99,1)
CH, emission (0.31,0.45,0.64) (0.92,0.95,0.97) (0.98,0.99,1)
NOx emission (0.87,0.91,0.95) (0.07,0.37,0.65) (0,0.33,0.63)
SO, emission (0.87,0.91,0.97) (0.07,0.36,0.77) (0,0.31,0.75)
Surface water (0.50,0.75,1) (0,0.25,0.50) (0,0.25,0.50)
disperses releases

Aesthetic pollution (0.50,0.75,1) (0,0.25,0.50) (0,0.25,0.50)
and odor

Release to land (0.50,0.75,1) (0,0.25,0.50) (0,0.25,0.50)
Land requirement (0.50,0.75,1) (0.25,0.50,0.75) (0.25,0.50,0.75)

Adaptability to
environmental
policy

Public acceptance

(0.25,0.50,0.75)

(0.75,1,1)

(0.25,0.50,0.75) (0.25,0.50,0.75)

(0.75,1,1)

(0,0.25,0.50)

Step 3. Sub-criteria values are aggregated to criterialleging equation (13), and are

represented in Table 7.5

X117 = (Xa11: Xp1 10 Xea 1) =

=(056,056,063),

((07511)® (094 ,0981)) @ ((050,0.751)® ( 0,0025))

(07511)® (050,0751)
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(07511)®(07511)) @ ((025,050,075)® (025,050,0.75))
(07511)® (025,050,075)

X12 = (Xa12: Xp12: Xc12) =

=(063,083,089),

X3 = (Xa13 %13 X9 =

((050,0751)® ( 00025)®((050,0751) @ (0026,047))®((0.75,1,1(0021,048) ®(( 050,0751) ® (111))
(050,0751)®(050,0751)®(0.75,1,J(050,0751)®(050,0751)®(0.75,1,)( 0,025,050 @( 050,0751)

((050,0751) ® (112))®((0.75,1.5(0.75,1, 4@ (( 0025,050® (0.75,1 )& ((050,0751)© (0.75,1. )
(050,0751)®(050,0751)@(0.75,1,(050,0751) @ (050,0751)®(0.75,1,15 ( 0,025,050 @ (050,0751)

=(048,065,076),

X14 = (Xa14» Xo141 Xc14)

(07511)®(07511) @ ((07511)®(0.50,0.751)) @ ((0.50,0.751) ® (0.50,0.75L))
(07511)® (07511)® (0.50,0.751)

—(059,0847),
Table 7.5 Criteria level aggregated values
Criteria S S S S
Economic (0.56,0.56,0.63)0.56,0.66,0.75)0.54,0.65,0.74)0.79,0.92,0.96)
Technical (0.63,0.83,0.89)(0.69,0.92,1)  (0.69,0.92,1)  (0.69,0.92,1)
Environmental (0.48,0.65,0.7¢p.47,0.61,0.79)0.50,0.64,0.80)0.62,0.69,0.81)
Social (0.59,0.84,1) (0.50,0.75,1)  (0.50,0.75,1).41(0.66,0.83)
Table 7.5 Criteria level aggregated values (cont.)
Criteria S S S
Economic (0.48,0.60,0.70(0.25,0.43,0.67)0.30,0.49,0.64)
Technical (0.69,0.92,1) (0.13,0.25,0.50.13,0.25,0.57)

Environmental (0.47,0.64,0.83p.37,0.54,0.75)0.40,0.58,0.75)
Social (0.34,0.59,0.83(0.44,0.68,0.83)0.38,0.61,0.75)
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Step 4. The normalized values of these aggregate perfarenaatings are computed
using equation (14) and are represented in Tablewhere 0 indicates the worst value
and 1 indicates the best value.

X = MaxXg; = 096 and xz; = min x,;; = 025, then we find
| |

056— 025 056- 025 063- 025
096— 025" 096— 025’ 096— 025

M1 = (faa1, M1 fa1) = ( j = (044,044,053

Xep = MaXXgo =1 and Xz, = min X4, = 013, then we obtain
| |

063- 013 083— 013 089- 013
1-013 ' 1-013 ' 1- 013

M2 = (fa2h12, fe12) = [ j - (057,081,088

Xeg = MaxXgz = 083 and X33 = min X,3 = 037, then we find
| |

048- 037 065- 037 076- 037
083- 037 083- 037 083- 037

M3 = (fa13. Mo13, fe13) = [ j - (025,061,086)

Xea = MaXXg4 =1 and X34 = Min x4, = 034, then we obtain
| |

059- 034 084- 034 1- 034
1-034 ' 1-034 '1- 034

M4 = (fa4."h1a: fe14) = [ j = (038,076}

Table 7.6 Normalized values of aggregate performaatngs

Criteria S S S S
Economic (0.44,0.44,0.53)0.43,0.58,0.70Y0.41,0.56,0.69) (0.76,0.95,1)
Technical (0.57,0.81,0.88)(0.64,0.90,1) ~ (0.64,0.90,1)  (0.64,0.90,1)

Environmental (0.25,0.61,0.8p.22,0.53,0.92)0.29,0.59,0.95)Y0.54,0.71,0.96)
Social (0.38,0.76,1)  (0.24,0.62,1)  (0.24,0.62,1).10(0.48,0.75)
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Table 7.6 Normalized values of aggregate performaatings (cont.)

Criteria S $ S
Economic (0.33,0.49,0.64)(0,0.25,0.59) (0.07,0.34,0.55)
Technical (0.64,0.90,1) (0,0.14,0.51) (0,0.14,0.51)
Environmental (0.22,0.60,1) (0,0.38,0.83) (0.0ARM0MMB3)
Social (0,0.38,0.75) (0.14,0.52,0.78).05,0.41,0.62)

Step 5. We define the ideal and the anti-ideal solutiosis a

A" = ((220), (12, (1), (122),

A~ =((000),(000),(000),(000))

Step 6. We calculate the weighted distances from ideal anti-ideal solutions as
follows:

D; =/2{max(025%|044- 1,075%|053-1) + 050%| 0441}
+1/2{max(025+|057 - 1,075+|088-1) + 050+| 0811}
+1/2{max(075%|025- 11+ |086-1) + 1% 0611}
+1/2{max(050%| 038~ 111~ 1) + 075+| 0761}
~1.14

D, = 114
D; =110
D = 085
D: =131
Dg = 182

D; =182
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D; =1/2{max(025*| 044 0,075+|053- @)+ 050%| 0440}
+1/2{max(025+|057- 0,075%|088- 0) + 050%|081- 0}
+1/2{max(075%| 025~ 4,1%| 086~ 0]) +1+|061- 0}
+1/2{max(050%| 038~ 41%[1- 0) + 075+|076- 0]}

- 2.36

D, = 247

D3 = 250

D; = 260

Ds = 228

Dg = 169

D; = 162

Step 7. We calculate the proximity of the alternativedtie ideal solution as follows:

P = 236/(114+ 236)= 0.6746
P, = 247/(114+ 247)=0.6834
Py = 250/(110+ 250) = 0.6948
P, = 260/(085+ 260) = 0.7541
P, = 228/(131+ 228) = 0.6353
P, = 169/(182+ 169) = 0.4814

P; = 162/(182+ 162) = 0.4721
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Step 8. The results are illustrated in Table 7.7.

Table 7.7 Ranking of the SWM scenarios

R’ Ranking
0.675
0.683
0.695
0.754
0.635
0.481
0.472

LPLP LYY DN
~ouRrNwA

Table 7.7 shows that the fourth scenafig with the highes®* value is the best SWM
scenario due to higher percentages of recyclingcamdposting compared with other
scenarios. Since landfill is an economic altersatihe scenarios with high landfill
percentages rank after scenario 4. As expectedsd¢hnarios with high incineration
percentages are found at the lowest ranks becaligbeohigh cost and adverse

environmental impacts of incineration.

7.3 Application of the Fuzzy Analytic Hierarchy Pracess to Solid Waste
Management Problem in Istanbul

The expert used the triangular fuzzy conversiorlesshown in Table 7.8 for the

pairwise comparison.

Table 7.8 Triangular fuzzy conversion scale [97]

Triangular  Triangular fuzzy

Linguistic scale fuzzy scale reciprocal scale
Just equal (JE) (1,1,1) (1,1,1)
Equally important (EI) (1/2,1,3/2) (2/3,1,2)
Weakly important (WI) (1,3/2,2) (1/2,2/3,1)
Strongly more important (SMI) (3/2,2,5/2) (2/5,2UB)
Very strongly more important (VSMI) (2,5/2,3) (125%,1/2)

Absolutely more important (AMI) (5/2,3,712) (2/7312/5)
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In the following, we will only show the calculatisrfor determining the weighting
vector of the criteria. For the rest, the caldals are performed in the same way and
the results given in the tables are obtained.

Determining the weighting vector of the criteria:

Via pairwise comparison of criteria, the fuzzy easlon matrix is constructed as in
Table 7.9.

Table 7.9 Fuzzy evaluation matrix of criteria

Economic Technical Environmental Social
Economic JE WI 1/SMI 1/El
Technical 1/WiI JE 1/SMI 1/WiI
Environmental SMI SMi JE WI
Social El WI 1/WiI JE

Step 1. By using Eq. 6.8, we find

1 1 1
2283'1750'1347

Se = (307 ,4,5.67)®[ j - (013,023,042

1 1 1
2283'1750'1347

Sr = (2.40,2.83,3.67)@[ j -(011,016,027)

1 1 1
2283'1750'1347

SeN = (5,6.50,8)@[ j =(022,037,059)

1 1 1
2283'1750'1347

Ss = (3447 ,5.50)@[ j =(013,024,041)

Step 2. Using Eqg. 6.9 and 6.10, we obtain

V(Sg >Sr)=1

022- 042

= 059
0.23-0.42-0.37+0.22

V(Sg > Sgy) =
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013- 042

V(Sg > Sg)= = 097
(Se = Ss) 0.23-0.42-0.24+0.13
013- 027
V(s > 5 ) = 067
(Sr=Se) 0.16-0.27-0.23+0.13
022- 027
V(Sp = Sgy )= = 020
(Sr = Sen) =5 16027057+ 022
013- 027
V(S; = Sg)= = 065
(Sr=S5) 0.16-0.27-0.24+0.13
V(Sgy = Sg)=1
V(Sen = Sp)=1
V(SEN > Ss):]-
V(Ss=Sg)=1
V(S =Sr)=1
V(e = Suy) = 022- 041 059

024-041-037+022

Step 3. Finally, by using Eq. 6.11, 6.12, and 6.13, wel fin

d (E)=V(Sg = Sr,Sen. Ss) = min (1059,097) = 059
d (T)=V(Sr = Sg,Sen.Ss)=min (067,020,065 = 020
d (EN)=V(Sgn = Sg, Sr,Sg)=min (111)=1

d (S)=V(Ss = Sg,Sr,Sen ) = min (11,059) = 059

Therefore,

W' = (059,020 1059)" .
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Step 4. Via normalization, the normalized weight vectorghwespect to the criteria
have been obtained as

W =(025,008,042,025)"

Determining the weighting vector of the sub-critera related to economic criterion:

Through pairwise comparison of sub-criteria relate@deconomic criterion, the fuzzy
evaluation matrix is constructed as in Table 7.10.

Table 7.10 Fuzzy evaluation matrix of sub-critegéated to economic criterion

Net cost per ton Revenue
Net cost per tc JE SMI
Revenue 1/SMi JE

Therefore, we have
W' =(20)"

Using the normalization procedure, the normalizesight vectors of the sub-criteria
with respect to the economic criterion have bedaiobd:

W =(10)"
Determining the weighting vector of the sub-critera related to technical criterion:

Employing pairwise comparison of criteria, the fyzwvaluation matrix is constructed
as in Table 7.11.
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Table 7.11 Fuzzy evaluation matrix of sub-critegéated to technical criterion

Process feasibility Operating experience
Process feasibility JE Wi
Operating experience 1/WiI JE

Thus, we find
W' =(1046)

Via normalization, the normalized weight vectorsiué sub-criteria with respect to the
technical criterion have been obtained:

W =(068,032)"

Determining the weighting vector of the sub-critera related to environmental

criterion:

Using pairwise comparison of criteria, the fuzzyleation matrix is constructed as in
Table 7.12.

Table 7.12 Fuzzy evaluation matrix of sub-critegfated to environmental criterion

Release with CO, emission CH4 emission NO, emission
health effects

Release with health JE 1/WiI 1/WiI 1/WiI
effects

CO;emission Wi JE 1/El WiI
CH, emission WI El JE WI
NO, emission WI 1/WiI 1/WI JE
SO, emission Wi 1/WI 1/WI 1/El
Surface water dispers SMi 1/SMi 1/SMI 1/WiI
releases

Aesthetic pollution and WiI 1/SMi 1/SMI 1/SMI
odor

Release to land VSMI 1/SMI 1/SMI 1/WiI
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Table 7.12 Fuzzy evaluation matrix of sub-critegtated to environmental criterion
(cont.)

SO, emission Surface water Aesthetic Release to

disperses pollution and land
releases odor
Release with health 1/WiI 1/SMI 1/WiI 1/VSMI
effects
CO;emission Wi SMi SMI SMI
CH, emission WI SMI SMi SMI
NO, emission El WI SMi WI
SO, emission JE Wi SMI WI
Surface water dispers 1/WiI JE SMI 1/El
releases
Aesthetic pollution an 1/SMI 1/SMi JE 1/SMI
odor
Release to land 1/Wi El SMI JE

Thus, we have
W' = (027 11080,081,066,026,069)"

Employing the normalization procedure, the nornemliaveight vectors of the sub-
criteria with respect to the environmental criterftave been obtained:

W =(005,018,018,015,015,012,004,013)

Determining the weighting vector of the sub-critera related to social criterion:

Employing pairwise comparison of criteria, the fyzwaluation matrix is constructed
as in Table 7.13.
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Table 7.13 Fuzzy evaluation matrix of sub-critegtated to social criterion

Land Adaptability to Public
requirement environmental policy acceptance
Land requirement JE 1/WiI 1/SMi
Adaptability to WI JE 1/El
environmental policy
Public acceptance SMi El JE

Therefore, we find
W' =(038,0891)"

Using the normalization procedure, the normalizesight vectors of the sub-criteria
with respect to the social criterion have beenwated as

W =(017,039,044)"

Determining the weighting vector of the scenarios ith respect to net cost per ton

criterion:

Via pairwise comparison of criteria, the fuzzy emxlon matrix is constructed as in
Table 7.14.

Table 7.14 Fuzzy evaluation matrix of scenarioatesl to net cost per ton sub-criterion

Net cost perton $ S S S S S S

S JE El SMI VSMI  SMI AMI AMI
S 1/El JE El SMI Wi AMI AMI
S 1/SMi 1/El JE SMi WiI AMI AMI
Sy 1/VSMI  1/SMI  1/SMI JE 1/El  VSMI VSMI
S 1/SMi 1/Wi 1/WiI El JE VSMI  VSMI
Ss 1/AMI  1/AMI  1/AMI 1/VSMI 1/VSMI  JE El
S

1/AMI  1/AMI  1/AMI 1/VSMI 1/VSMI 1/EI JE
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Therefore, we have
W' =(1,085,080,043,047,00)

Employing the normalization procedure, the nornealizveight vectors with respect to
the criterion have been obtained:

W =(028,024,023,012,013,00)"

Determining the weighting vector of the scenarios ith respect to revenue
criterion:

Using pairwise comparison of criteria, the fuzzyleation matrix is constructed as in
Table 7.15.

Table 7.15 Fuzzy evaluation matrix of scenarioatesl to revenue sub-criterion

Revenue S S S S S S S
St JE 1/WiI /Wl 1/AMI  1/SMI 1/VSMI 1/VSMI
S Wi JE 1/El 1/VSMI 1/WI 1/SMI 1/SMI
S Wi El JE 1/VSMI 1/wWI 1/SMI 1/SMI
Sy AMI VSMI  VSMI JE SMI 1/El 1/El
S SMI Wi Wi 1/SMi JE  1/VSMI1/VSMI
S VSMI SMI SMI El VSMI JE 1/El
S VSMI SMI SMI El VSMI El JE

Therefore, we have
W' =(0023,017 1041,092,092)"

Employing the normalization procedure, the nornealizveight vectors with respect to
the criterion have been computed as

W = (0,006 ,005,028,011,025,025)"
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Determining the weighting vector of the scenarios ith respect to process
feasibility criterion:

Via pairwise comparison of criteria, the fuzzy emxalon matrix is constructed as in
Table 7.16.

Table 7.16 Fuzzy evaluation matrix of scenarioatesl to process feasibility sub-

criterion
Process St S S S S S S
feasibility

S JE 1/WiI /Wi 1/AMI  1/WI VSMI  VSMI
S Wi JE 1/El 1/AMI  1/WI VSMI  VSMI
S; Wi El JE 1/AMI  1/WI VSMI  VSMI
Sy AMI AMI AMI JE El El El
S5 Wi Wi Wi 1/El JE VSMI  VSMI
S 1/VSMI 1/VSMI 1/VSMI  1/El  1/VSMI JE 1/El
S 1/VSMI 1/VSMI 1/VvSMI  1/El  1/VSMI El JE

Thus, we have
W' = (055,070,069 1,089,014 ,007)

Using the normalization procedure, the normalizegigivt vectors with respect to the

criterion have been obtained:

W =(014,017,017,025,022,003,002)"

Determining the weighting vector of the scenarios ith respect to operating

experience criterion:

Employing pairwise comparison of criteria, the fyzwaluation matrix is constructed
as in Table 7.17.
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Table 7.17 Fuzzy evaluation matrix of scenarioategl to operating experience sub-

criterion
Operating St S S S S S S
experience
S JE 1/WiI /Wl 1/AMI SMI 1/AMI  1/AMI
S Wi JE 1/El  1/VSMI 1/WI 1/VSMI 1/VSMI
S3 Wi El JE 1/VSMI 1/El  1/VSMI 1/VSMI
S, AMI VSMI  VSMI JE SMi El El
S SMI Wi El SMI JE 1/SMI  1/SMI
S5 AMI VSMI  VSMI 1/El SMI JE El
S AMI VSMI  VSMI 1/El SMI 1/El JE

Therefore, we obtain

W' =(008,018,024 1057 11)"

Via normalization, the normalized weight vectorshaespect to the criterion have been

computed as

W = (002,004,006,024 014 ,025,025)"

Determining the weighting vector of the scenarios ith respect to release with

health effects criterion:

Using pairwise comparison of criteria, the fuzzyleation matrix is constructed as in

Table 7.18.

Table 7.18 Fuzzy evaluation matrix of scenarioatesl to health effects sub-criterion

Release with S S, S; S S S S
health effects

JE /Wl 1/SMI  1/SMI El VSMI  VSMI

Wi JE 1/El 1/Wi El SMI  VSMI
SMI El JE 1/SMI Wi VSMI  VSMI
SMI Wi SMI JE Wi VSMI  AMI

1/El 1/El 1/Wi /Wi JE VSMI  SMI

1/VSMI 1/SMI 1/VSMI 1/VSMI 1/VSMI  JE Wi
1/VSMI  1/VSMI 1/VSMI 1/AMI 1/SMI 1/WI JE

PLYPLLLYPY




63

Thus, we have

W' = (054,069,079 106300)"

Employing the normalization procedure, the nornealizveight vectors with respect to

the criterion have been obtained:

W =(015,019,022,027,017,00)"

Determining the weighting vector of the scenarios ith respect to CG, emission

criterion:

Via pairwise comparison of criteria, the fuzzy easlon matrix is constructed as in
Table 7.19.

Table 7.19 Fuzzy evaluation matrix of scenarioatesl to CQ emissiornsub-criterion

CO, emission 5 S S S S S S

St JE /Wl 1/SMI 1/VSMI 1/SMI  1/AMI  1/AMI

S Wi JE 1/wl 1/ VSMI 1/WI  1/VSMI 1/AMI
Ss SMI Wi JE 1/VSMI 1/ElI 1/VSMI 1/VSMI
Sy VSMI  VSMI  VSMI JE VSMI El 1/El

S SMI Wi El 1/VSMI JE  1/VSMI 1/VSMI
Se AMI VSMI  VSMI 1/El  VSMI JE 1/WiI

S AMI AMI  VSMI El VSMI Wi JE

Therefore, we have

W' =(00022,089,017,0901)"

Using the normalization procedure, the normalizexigit vectors with respect to the

criterion have been obtained:

W =(00007,028,005,028,032)"
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Determining the weighting vector of the scenarios ith respect to CH; emission

criterion:

Employing pairwise comparison of criteria, the fyzwaluation matrix is constructed
as in Table 7.20.

Table 7.20 Fuzzy evaluation matrix of scenarioatesl to CH emissionsub-criterion

CH, emission o S S S S S S

St JE /Wl 1/SMI 1/VSMI 1/SMI  1/AMI  1/AMI
S Wi JE /Wl 1/VSMI 1/WI  1/VSMI 1/AMI
Ss SMI Wi JE 1/ VSMI 1/ElI 1/VSMI 1/VSMI
Sy VSMI  VSMI  VSMI JE VSMI El 1/El

S SMI Wi El 1/VSMI JE  1/VSMI 1/VSMI
S AMI VSMI  VSMI 1/El  VSMI JE 1/WiI

S AMI AMI  VSMI El VSMI Wi JE

Therefore, we obtain
W' =(00022,089,017,0901)"

Using the normalization procedure, the normalizexigitt vectors with respect to the

criterion have been computed as
W =(00007,028,005,028,032)"

Determining the weighting vector of the scenarios ith respect to NO« emission

criterion:

Employing pairwise comparison of criteria, the fyzwaluation matrix is constructed
as in Table 7.21.
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Table 7.21 Fuzzy evaluation matrix of scenarioatesl to NQ emissionsub-criterion

NOx emission $ S, S; S S S S

JE 1/JE 1/JE 1/JE Wi AMI AMI
JE JE 1/JE 1/JE Wi AMI AMI
JE JE JE 1/JE Wi AMI AMI
JE JE JE JE Wi AMI AMI

1/WiI 1/WiI 1/WiI 1/Wi JE VSMI  VSMI
1/AMI  1/AMI  1/AMI 1/AMI 1/VSMI JE Wi
1/AMI  1/AMI  1/AMI  1/AMI 1/NSMI  1/WI JE

PLYPLLLYPY

Thus, we have

W' =( 1111,060,00)

Using the normalization procedure, the normalizexigitt vectors with respect to the

criterion have been obtained:
W = (022 022 022,022,012 ,O,O)T

Determining the weighting vector of the scenarios ith respect to SQ emission

criterion:

Employing pairwise comparison of criteria, the fyzwaluation matrix is constructed

as shown in Table 7.22.

Table 7.22 Fuzzy evaluation matrix of scenarioatesl to S@Qemissionsub-criterion

SO, emission 5 S S S S S S

JE 1/JE 1/JE 1/JE Wi AMI AMI
JE JE 1/JE 1/JE Wi AMI AMI
JE JE JE 1/JE Wi AMI AMI
JE JE JE JE Wi AMI AMI

1/WiI 1/Wi 1/WiI 1/Wi JE VSMI  VSMI
1/AMI  1/AMI  1/AMI 1/AMI 1/VSMI JE Wi
1/AMI  1/AMI  1/AMI  1/AMI 1/NSMI  1/WI JE

PYLPLLYLYPY
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Therefore, we have

W' =( 1111,060,00)

Using the normalization procedure, the normalizexigivt vectors with respect to the

criterion have been calculated as

W =(022,022,022,022,012,00)"

Determining the weighting vector of the scenarios ith respect to surface water

disperses releases criterion:

Via pairwise comparison of criteria, the fuzzy easlon matrix is constructed as in

Table 7.23.

Table 7.23 Fuzzy evaluation matrix of scenarioatesl to surface water disperses

releases sub-criterion

Surface water S S S S S S
disperses releases

S JE /Wl 1/SMI 1/SMI 1/AMI  1/VSMI
S WI JE 1/El 1/WiI 1/AMI  1/VSMI
S SMi El JE 1/WiI 1/VSMI1/VSMI
S SMi WI WI JE 1/SMI 1/SMI
S SMi WI El 1/WiI 1/VSMI 1/VSMI
Ss AMI AMI  VSMI SMi JE El
S VSMI  VSMI VSMI SMi 1/EI JE

Therefore, we have

W' =(0007,020,041,021 1,093)"

Employing the normalization procedure, the nornealizveight vectors with respect to

the criterion have been obtained:
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W =(0,003,007,015,007,035,033)

Determining the weighting vector of the scenarios ith respect to aesthetic

pollution and odor criterion:

Using pairwise comparison of criteria, the fuzzyleation matrix is constructed as in
Table 7.24.

Table 7.24 Fuzzy evaluation matrix of scenarioatesl to aesthetic pollution and odor
sub-criterion

Aesthetic pollutiot  S; S, S S S S S

and odor
S JE 1/WiI 1/SMI 1/sMI 1/WI 1/VSMI 1/SMI
S Wi JE 1/El 1/WI /Wl 1/VSMI 1/SMI
S3 SMI El JE 1/WiI 1/El 1/SMI  1/SMI
S, SMI Wi Wi JE Wi 1/SMI  1/SMI
S5 Wi Wi El 1/WI JE 1/SMI  1/SMI
Ss VSMI  VSMI SMI SMI SMI JE El
S SMi SMI SMi SMI SMI 1/El JE

Thus, we have
W' =(0030,042,059,038 1093)

Via normalization, the normalized weight vectorshwespect to the criterion have been

computed as
W =(0008,012,016,011,028,025)

Determining the weighting vector of the scenarios ith respect to release to land
criterion:

Via pairwise comparison of criteria, the fuzzy exatlon matrix is constructed as shown
in Table 7.25.
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Table 7.25 Fuzzy evaluation matrix of scenarioatesl to release to land sub-criterion

Release to land 1S S S S S S S

St JE /wi 1/SMI 1/SMI 1/SMI  1/AMI 1/VSMI
S Wi JE 1/El 1/Wi /Wl 1/AMI 1/VSMI
Ss SMI El JE 1/WiI 1/El  1/VSMI1/VSMI
Sy SMI Wi Wi JE Wi 1/SMI 1/SMI
S SMI Wi El 1/Wi JE  1/VSMI1/NVSMI
S AMI AMI  VSMI  SMI  VSMI JE El

S VSMI VSMI VSMI SMI  VSMI 1/El JE

Therefore, we obtain
W' =(0007,020,041,021,1093)"

Using the normalization procedure, the normalizexigit vectors with respect to the
criterion have been calculated as

W =(0,003,007,015,007,035,033)"

Determining the weighting vector of the scenarios ith respect to Land

requirement criterion:

Employing pairwise comparison of criteria, the fyzwaluation matrix is constructed
as in Table 7.26.

Table 7.26 Fuzzy evaluation matrix of scenarioatesl to land requirement sub-
criterion

Land requirement $; S S S S S S
JE 1/WiI 1wl 1/AMI 1/SMI 1/AMI  1/VSMI
Wi JE 1/El  1/VSMI 1/WI  1/VSMI 1/VSMI
Wi El JE 1/NVSMI 1/WI 1/VSMI 1/VSMI
AMI  VSMI VSMI JE SMi 1/WiI 1/WiI
SMI Wi Wi 1/SMI JE 1/SMI 1/SMI
AMI  VSMI VSMI Wi SMI JE Wi

VSMI  VSMI VSMI Wi SMi 1/WI JE

PLPLLYLYPY
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Thus, we have

W' =(0008,001,086 ,0331,089)"

Employing the normalization procedure, the nornealizveight vectors with respect to

the criterion have been obtained:
W = ( 0,002 0027,011,032 ,028)T

Determining the weighting vector of the scenarios ith respect to adaptability to

environmental policy criterion:

Using pairwise comparison of criteria, the fuzzyaleration matrix is constructed as

given in Table 7.27.

Table 7.27 Fuzzy evaluation matrix of scenarioategl to adaptability to environmental
policy sub-criterion

Adaptability to
environmental S S S Sy S Ss S

policy
S JE 1/El 1/El  1/AMI WI 1/El 1/El
S El JE 1/El  1/VSMI WI 1/El 1/El
S El El JE 1/VSMI  EI 1/El 1/El
S AMI  VSMI VSMI JE VSMI SMi SMI
S 1/WiI 1/WiI 1/El 1/VSMI JE 1/El 1/El
Ss El El El 1/SMI El JE El
S El El El 1/SMI El 1/El JE

Therefore, we have
W' = (046,044,037 1,033,032 036)"

Via normalization, the normalized weight vectorshwespect to the criterion have been
obtained:
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W =(014,014,011,030,010,010,012)"

Determining the weighting vector of the scenarios ith respect to public

acceptance criterion:

Via pairwise comparison of criteria, the fuzzy exatlon matrix is constructed as shown
in Table 7.28.

Table 7.28 Fuzzy evaluation matrix of scenarioatesl to public acceptance sub-
criterion

Public acceptance S; S S S S S S

JE /Wi /Wl 1/VSMI  El SMI  VSMI
Wi JE 1/El  1/SMI Wi VSMI  VSMI
Wi El JE 1/SMI Wi VSMI  VSMI

VSMI  SMI SMI JE SMI AMI AMI
1/El 1/Wi /Wl 1/SMI JE AMI AMI
1/SMI 1/VSMI 1/VSMI 1/AMI - 1/AMI JE El

1/VSMI 1/VSMI 1/VSMI 1/AMI 1/AMI  1/E| JE

PLPLLYLYPY

Therefore, we have
W' = (032,060,058 1,052,00)"

Employing the normalization procedure, the nornealizveight vectors with respect to

the criterion have been obtained:

W =(011,020,019,033,017,00)"

All priority weights calculated above are showTable 7.29.
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Table 7.29 Calculated priority weights

ScenarioE T EN S

0.25 0.08 0.42 0.25

C R P O H COCHNO SO W A L LR EP PA
1 0 0.680.320.050.180.180.150.150.120.040.130.170.390.44
0.28 0 0.140.020.15 0 0 022022 0 O O O 0.140.11
0.240.060.170.040.19 0 0O 0.220.220.030.080.030.020.140.20
0.23.050.170.060.220.070.070.220.220.070.120.07 0 0.110.19
0.120.280.250.240.270.280.280.220.220.150.160.150.27 0.300.33
0.130.110.220.140.170.050.050.120.120.070.110.070.110.100.17
0 0.250.030.25 0 0.280.28 0 0 0.350.280.350.320.10 O
0 0.250.020.25 0 0.320.32 0 0O 0.330.250.330.280.11 O

~No ok, WN R

Finally, we obtain the final weights and rankingtloé alternatives as in Table 7.30.

Table 7.30 Ranking of SWM scenarios

Weight  Ranking
0.1331
0.1410
0.1510
0.2212
0.1196
0.1168
0.1174

PP LYY LN
ONUORNWA

Table 7.30 shows that the results of the fuzzy AmMEthod for the solid waste
management problem in Istanbul are approximatedydhame as the results obtained
using the hierarchical fuzzy MCDM method. The thuscenario S, with the highest
weight, is the best SWM scenario. The scenaridk Wigh landfill percentages rank
after scenario 4, and the scenarios with high gration percentages are found at the

lowest ranks.



8. CONCLUSION

Recently, due to the rise in the environmental |enols caused by the solid wastes, it is
necessary to construct an efficient waste managersgsiem, which considers
numerous factors including environmental, econcemid social aspects. Some of these
factors can be quantified, while others are qualtaat most. Thus, especially in
metropolitans, choosing the adequate waste managesystem appears as a multi-
criteria decision making problem with a hierarchicature. A robust MCDM
procedure used for evaluating SWM scenarios shdiddable to consider both
qualitative and quantitative data. Fuzzy set themppears as an effective way to
express factors such as process feasibility antihhetiects, which can be assessed by

neither crisp values nor random processes.

In this study, the hierarchical fuzzy MCDM algoritiproposed by Karsak and Ahiska
[102] and the fuzzy AHP method proposed by Charid[have been employed for

addressing the solid waste management problentanisi.

In classical MCDM methods, the ratings and the Wisigpf the criteria are assumed to
be known precisely. In general, crisp data ardengaate to model real-life situations.
Besides having the capability of considering nurosrattributes that are structured in a
multi-level hierarchy, the proposed decision frarogkg enable the decision-makers to
use linguistic terms. These approach are abladorporate both crisp data and fuzzy
data represented as linguistic variables or fuzaynlers into the analysis. The
decision-makers’ importance assessment of evatluatiteria is incorporated into the

analysis via linguistic variables [106].

Considering the fact that an alternative with thertest distance from the ideal

alternative may not have the farthest distance fimenanti-ideal, Karsak and Ahiska’s
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decision algorithm takes into account the weigldestances from both the ideal and
anti-ideal simultaneously. Furthermore, Karsak Ahdka’s approach does not require
the use of fuzzy number ranking methods, which wyiald different results according
to the ranking method selected for application pags.

In conclusion, the decision frameworks presentedhia study appear to be robust
decision tools due to their effectiveness in quginig the imprecision inherent in

decision-maker’s assessments.

After the evaluation of different SWM scenarios fetanbul using two fuzzy multiple
criteria decision making methods, the rankings @btained. The ranking obtained
according to the hierarchical fuzzy MCDM algoritilpmoposed by Karsak and Ahiska is
S -S3>-S,-§ -S>~ S5 >~ S;, whereas the ranking found using the fuzzy AHP is

as $,-S3>-S,-§>~5>S;,>-S;. The rankings obtained from two MCDM

methods appear to be very close. Using both ointathods, we obtained the fourth
scenario as the best alternative for Istanbul dukigher percentages of recycling and
composting. Thus, we can conclude that the Turldslvernment and Municipalities

have to put special emphasis on waste recoveryigobs. With the legal arrangement,
they have to compel the producers to fabricate fh@iducts by recoverable materials.
Furthermore, they have to encourage the citizensuge recoverable materials.
Although landfill has several drawbacks for the ismvment, the scenarios with high
landfill percentages rank after scenario four sidaadfill is a highly economic

alternative compared with incineration. Finallize tscenarios with high incineration
percentages are found at the lowest ranks becaligbeohigh cost and adverse

environmental impacts of incineration.

For further study, extensions of the proposed nuilugy can be developed employing
both subjective and objective weight assessmentiseodriteria and related sub-criteria.
Moreover, the results can be compared with thosetbér fuzzy MCDM methods

reported in the literature.
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