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Abstract — The municipal concrete waste production has grown recently due to the urban population's
considerable increment. With the advances in technology, SWM (solid waste management) has been a
significant challenge for many countries worldwide. Therefore, in this paper, a multi-objective mixed-integer
linear programming model with three objectives, maximizing job opportunities and minimizing costs and
carbon emissions, is extended under uncertainty. A fuzzy goal programming approach is applied to deal with
uncertain parameters and solve the proposed multi-objective model. A case study is employed for waste
management in Tehran's fifteen urban areas to demonstrate the proposed model's efficiency. Ultimately, the
model is solved using the CPLEX solver of GAMS software, and a sensitivity analysis is performed to assess
the results.

Keywords— Fuzzy goal programming, Location-allocation problem, Multi-mode transportation, Municipal
solid waste management, Sustainable waste management.

I. INTRODUCTION

The problem of waste management, as one of the most critical issues, affects, and concerns humanity. 1.3 x109 t of
municipal solid waste (MSW) are produced worldwide per annum or 1.2 kg/capita/d. It is prognosticated to go up to
2.2x109 t/y by 2025 or 1.42 kg/person/d (Hoornweg & Bhada-Tata, 2012).

The collection and disposal of municipal solid waste have become crucial by the escalation of its production. World
Bank (2012) stated that they had gathered less than 50% of the produced municipal solid waste in countries with lower
revenues, such as Ghana, Ethiopia, etc. Considerable pressure has been exerted by Solid Waste Management (SWM) on
the local authorities. Approximately 20 to 50 percent of the municipalities' budget in developing countries is currently
allocated for Solid Waste Management (Sharholy et al., 2008; Lohri et al., 2014; Herva et al., 2014).

Municipal Solid Waste is regarded as the most complex solid waste streams caused by two parts of society: the
household/residential and the business/commercial. A growing consciousness of the long-term and short-term effects of
SWM services results in the responsible authorities giving considerable attention to these particular sustainability dimensions.
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Hence, it cannot be considered entirely satisfactory to plan a municipal solid waste management system only according
to economic assumptions (Thikimoanh et al., 2015; Rabbani et al., 2019).

In the eighties and nineties, sustainable development started to be addressed, and the conclusion was drawn that
economic, environmental, and social dimensions are required to be investigated; if not, limited resources on the Earth
might not satisfy the requirements of the future generations (Edalatpour et al., 2018).

It is possible to classify waste from different viewpoints: the physical state (solid, liquid, and gas), the
main applications (packaging, food industries, etc.), the materials (glass, paper, etc.), the physical features
(need to be burned, have the potential of sundry reuse or recovery), the origin (household, commercial,
agricultural, industrial, etc.), and its safety (safe or dangerous) (Edalatpour et al., 2018).

A municipal solid waste management system comprises different economic, social, and environmental implications,
like waste production, transportation, treatment, and disposal (Wilson, 1985). In preceding studies, several models and
evaluation approaches were applied to support MSW management (Beigl et al., 2008; Khan & Faisal, 2008; Su et al.,
2008).

Paul et al. (2018) introduced a mathematical model for the waste management system optimization, and from then
on, numerous studies have extended solid waste management models as decision-support approaches for choosing
technology, locating, and sizing waste processing facilities.

Ghiani et al. (2014) developed an integrated waste gathering system and decided on the gathering time and number
of staff needed in this system. Ghiani et al. (2015) proposed a model to site centers of waste collection and make
decisions on the sort of collection bins.

To deal with the obnoxious waste location-routing problem, Asgari et al. (2017) presented a model with multiple
objectives using an efficient algorithm and taking into account different kinds of wastes and several treatment
technologies.

Hrabec et al. (2018) proposed a model for deciding in MSW management by combining waste generation and
treatment process according to greenhouse gas evaluation to decrease the generated waste. To determine the optimal
routes, Louati (2016) introduced an MSW collection model to maximize the quantity of collected waste and minimize
the environmental emission concerning vehicles.

LV et al. (2020) extended an optimization model utilizing the p-median technique to optimize locating the recycling
sites and prognosticated the municipal concrete waste production. Ng et al. (2013) appraised the possibility of
substitution of energy stemmed from MSW for the fossil fuels consumed in small cities taking into account diverse
factors.

To appraise MSW management strategies, ThiKimQOanh et al. (2015) extended a model to determine the optimal
distribution of MSW from population area to treatment centers. Yousefloo & Babazadeh (2020) proposed a bi-level
mathematical model with multiple objectives to optimize the MSW management network utilizing the Stackelberg
game approach and considering a case study to demonstrate the model's capability. To develop a decision support
system for sustainable municipal solid waste management, Hoang et al. (2019) presented a multi-objective optimization
model considering a non-linear programming approach. Heidari et al. (2019) presented a multi-objective mathematical
programming model that considers new employment opportunities as the social side of sustainability in an uncertain
environment. Besides, the literature gap is denoted in Table I.
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TABLE I. COMPARISON OF THE INTRODUCED MODEL WITH PREVIOUS STUDIES

Objective function |Sustainability Model assumptions 5;;; Solution approach
cAreicles Single Multi Multi-| Types| Multi- | Facility Deterministic | Uncertaint
9 mode |of SW| period |technology y
Ng et al. . MILP and CPLEX
v v
(2013) profit solver
Zhang et al Linear Chance
" | Cost 4 constrained
(2014) programming
Thikimonah Scenario based
v v v
et al. (2015) Cost decision- making
*Cost
Louati (2016) *Environmental 4 v v MIL;;E?)QAHP
emission
*
Asgari et al. - Cost memetic
Undesirability 4 v v A
(2017) *Risk algorithm
. *Cost
Pramanik et GHG emission v Fuzzy _
al. (2018) *Revenue programming
Hrabec et al. *Cost Scenario based
(2018) *GHG emission| decision-making
Linear
P?ggig? . Cost 4 4 programming
solved by LINGO
p-median
LVetal Cost v v optimization
(2020) model
MOMILP model
Yousefloo & *Cost solved by the
Babazadeh " o v v v v v augmented &-
(2020) GHG emission constrsir:jed
metho
*Cost MOMILP
*CO2 emission model solved
v v v v v v
Current study «Job by fuzzy goal
opportunities programming

Note: GHG denotes Greenhouse gas; MOMILP represents Multi-objective mixed-integer linear programming; SW
shows solid waste.
As represented in Table | and according to the existing literature, the most critical gaps in the literature covered in

this paper are as follows. In Asgari et al. (2017) and Yousefloo & Babazadeh (2020), various solid waste types have
been considered. Moreover, sustainability in solid waste management has been taken into account in Louati (2016),
Pramanik et al. (2018), and Yousefloo & Babazadeh (2020). Furthermore, Zhang et al. (2014) have assumed the multi-
period assumption in a mathematical model to design a solid waste management system. Even though job opportunity is
one of the most critical issues in sustainability, only a few studies have considered it.

Concerning the literature gaps mentioned above, in this paper, a new multi-objective mixed-integer linear
programming (MOMILP) model with three objective functions, namely maximizing job opportunity as well as
minimizing cost and CO, emission, is presented under uncertainty. Therefore, the main novelties of this paper are as
follows. A fuzzy goal programming approach is applied in this paper for municipal solid waste management problem in
order to deal with the proposed multi-objective model under uncertainty. Furthermore, different facility technologies,
permanent and temporary facilities, diverse types of solid wastes, multi-mode transportation, and multi-period
assumption are considered simultaneously in an integrated MOMILP model for sustainable design of municipal solid
waste management network.

The rest of this article is organized as follows. The introduced model is described in Section Il. Section I1l presents
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the solution approach. In Section IV, the model's applicability is represented employing a case study, and the results are
analyzed in Section V. Finally, Section VI provides the concluding remarks.

1. PROBLEM DEFINITION

Houses and organizations produce a large quantity of solid waste per annum. A large amount of wastes is comprised
of papers and glasses. Solid wastes are gathered from the areas influenced by them and carried to a solid waste
management site, where these wastes will be separated (Habib & Sarkar, 2017). The separated wastes such as glass are
conveyed to recycling centers, wastes such as paper are conveyed to incineration centers to generate energy, and the
other ones that are mainly organic are sent to landfill. Finally, the ash produced by incinerating wastes is sent to landfill
as well. One of the features that make the present investigation distinctive from past studies is considering multi-period
planning, temporary and permanent facilities, multi-mode transportation, and facility technology simultaneously. Fig. 1
illustrates the schematic diagram of the presented SWM supply chain model. Three conflicting objectives, namely
maximizing job opportunity provided while processing waste and minimizing costs and CO, emitted while processing
waste, are taken into account in the proposed mathematical model.

Furthermore, the facilities' number and locations in addition to the amount of waste transferred among the facilities
are determined, and the distribution channel from the solid waste storage centers to the facilities is adopted in this SWM
supply chain model. Since the problem is uncertain and hard to acquire accurate information, considering deterministic
values for the respective parameters might not produce proper outcomes (Shin et al., 2016; Moon et al., 2014). The
fuzzy possibility programming method is an appropriate tool for modeling the lack of knowledge regarding uncertain
parameters. Possibilistic programming employs possibility distributions in order to manage the uncertainty concerning
the parameters. Concerning the nature of a post-disaster situation, input parameters are assumed uncertain in the
presented mathematical model, and a triangular possibility distribution is taken into account for uncertain parameters.
Thus, the goal programming method is applied to solve the multi-objective model.

A. Model assumptions
The formulation of the introduced model is according to the following assumptions:

Recyclable wastes are already gathered from MSW in the stage of waste separation. The introduced model is

presented given the waste management hierarchy, which needs to gather recyclable waste before further waste

processing.

Collected wastes are transported to separation centers by vehicles with different capacities.

Solid wastes were gathered from the areas influenced by them and carried to the solid waste management site.

The amount of MSWs at each solid waste management site is known that are selected from Habib & Sarkar (2017).

The municipal solid waste considered in this study includes paper and glass, which are the most important solid

waste and have the highest production rate.

e There is a limitation on the number of permanent and temporary facilities in each area. Moreover, each kind of
facility has a particular capacity constraint.

e Processing facilities are permanent and temporary and can be established on the suburb of the urban network graph.

Traditional and modern technology is taken into account for these facilities with various capacities and

establishment expenses. These facilities ought to be established at the start of the planning horizon, if necessary.

There exist sufficient financial resources in order to accomplish all essential activities of the solid waste processing
operation. There is a need for millions of dollars for solid waste processing operations like collection, transportation,
recycling, and incineration facility installation. Sufficient availability of donations or government funds is guaranteed
by considering this assumption to carry out all the response waste management operations well.
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Fig. 1. The schematic diagram of the presented SWM supply chain model

Sets:

i The set of solid waste management sites {i =1,2,3,...1 }

j The set of possible locations for incineration centers {j =1,2,3,...J }
k The set of possible locations for landfill centers {k=1,2,3,..K }

l The set of possible locations for recycling centers {/=1,2,3,...L }

p The set of waste sorts

f The set of waste collection facilities (f=1 represents permanent facility and f = 2 represents temporary
facility)

The set of waste processing facilities (r=1 denotes facility with traditional technology and r=2 denotes
facility with modern technology)

t The index of periods

m The index of transportation modes
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Parameters:

a The upper bound of permanent incineration facilities j
a' The upper bound of temporary incineration facilities j
B The upper bound of permanent recycling facilities |
B’ The upper bound of temporary recycling facilities |

y The upper bound of permanent landfill facilities k

y' The upper bound of temporary landfill facilities k

@ The establishment cost of waste collection facility f at incineration center j with waste processing facility
fir technology r

The establishment cost of waste collection facility f at recycling center | with waste processing facility

bir technology r

c The establishment cost of waste collection facility f at landfill center k with waste processing facility

Tkr technology r

/ijr The total capacity of solid waste type p at incineration center j with waste processing facility technology r
/Tlpr The total capacity of solid waste type p at recycling center | with waste processing facility technology r

3 The total capacity of waste collection facility f at landfill center k with waste processing facility
kpr technology r

The total quantity of solid waste type p allocated from wastes influenced areas to solid waste management

Peipt siteiintimet
Vajpe The percent of total solid waste type p at incineration center j transformed into ash in time t
Oijp The number of job opportunities per ton of solid waste type p processed at incineration center j

6ryp The number of job opportunities per ton of solid waste type p processed at recycling center |
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Ol The number of job opportunities per ton of solid waste type p processed at landfill center k

The number of job opportunities per ton of waste collection facility f with waste processing facility

Si's; - i .
Lrir technology r processed at incineration center j

The number of job opportunities per ton of waste collection facility f with waste processing facility

O pir technology r processed at recycling center |

s’ The number of job opportunities per ton of waste collection facility f with waste processing facility
Jhr technology r processed at landfill center k

tre. The transportation cost of solid waste type p from solid waste management site i to recycling center | at
imp - transportation mode m

tlf, The transportation cost of solid waste type p from solid waste management site i to landfill center k at
tkmp transportation mode m

cer The CO2 emissions of solid waste type p during transportation from solid waste management site i to
imp recycling center | at transportation mode m

cel The CO2 emissions of solid waste type p during transportation from solid waste management site
Hmp i to landfill k at transportation mode m

cecy, The CO2 emissions during the collection of solid waste type p at solid waste management site i

P The CO2 emissions during the establishment of collection facility f at incineration center j with
PUir \waste processing facility technology r

cepr The CO2 emissions of the number of job opportunities per ton of collection facility f with waste

'™ processing facility technology r processed at recycling center |
cepl The CO2 emissions during incineration process of waste collection facility f at landfill k with
Tkr - \aste processing facility technology r

ceis The CO2 emissions during transportation of solid waste type p from solid waste management site
Y™MP i to incineration center j at transportation mode m

cel The CO2 emissions during transportation of solid waste type p from incineration center j to
jkmp

landfill k at transportation mode m

Bip The Collection cost of solid waste type p at solid waste management site i
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The incineration cost of solid waste type p at incineration center j

The recycling cost of solid waste type p at recycling center |

The ash cost of solid waste type p at landfill center k

The transportation cost of solid waste type p from solid waste management site i to incineration
center j at transportation mode m

The transportation cost of solid waste type p from solid waste management site i to recycling
center | at transportation mode m

The transportation cost of solid waste type p from solid waste management site i to landfill center
k at transportation mode m

The transportation cost of ash of solid waste type p from incineration center j to landfill center k
at transportation mode m

CO02 emissions during the collection of solid waste type p at solid waste management site i

Decision variables:

Positive variables:

T[L'jmpt

nrilmpt

T[likmpt

T[ajkmpt

vl’ipt

vript

The amount of solid waste type p conveyed from solid waste management site i to incineration
center j at transportation mode m in time t

The amount of solid waste type p conveyed from solid waste management site i to recycling
center | at transportation mode m in time t

The amount of solid waste type p conveyed from solid waste management site i to landfill center
k at transportation mode m in time t

The amount of ash of solid waste type p conveyed from incineration center j to landfill center k at
transportation mode m in time t

The percent of total solid waste type p at solid waste management site i need to be incinerated in
time t

The percent of total solid waste type p at solid waste management site i need to be recycled in
time t
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ol The percent of total solid waste type p at solid waste management site i need to be landfilled in
ipt H
time t

Binary variables:

If waste collection facility f via technology r is installed at incineration center j in time t then 1,

Xfpi .
frit otherwise 0

If waste collection facility f via technology r is installed at recycling center | in time t then 1,
Yrit otherwise 0

If waste collection facility f via technology r is installed at landfill center k in time t then 1,

Z .
Skt otherwise 0

The Mathematical model

' 1
Min Z1 zzzzzafjrxfrjt+Zzzzbﬂryfrlt @
t f r t f r 1
DD DL RN
t f r k t i p
+ Z Z Z Z Z(gjp + Tijmp)nijmpt
t m p i ]
+ Z Z Z Z Z(.ulp + treilmp)nrilmpt
t m p i l
+ Z Z Z Z Z(Ukp + tlfikmp)nlikmpt
t m p i k
+ Z Z Z Z Z(Ukp + tasjkmp)najkmpt
t m p j k

MinZ2 = 2

DY cypenet 33 Y Y ety

t i p t m p i

Y YTV ettt 3 E Y Y Y Wi
t f r j t m p i l

+ Z Z Z Z CePrirVrrit + Z Z Z Z Z Celikmp T[likmpt
t f r 1 t m p i k

# 2, 2,0 2. ceblprtrne + 2, ), ), ). D ceomn Moo
t f r k t m p j k



174 Mirnezami, S.A. et.al. / A Fuzzy Location-Allocation Problem for Sustainable Design of a Municipal Solid...

Max Z3 =

22,2, 2,8 et 2, 0, 0, 0. 0. S imn

t f r ] t m p i ]

+ Z Z Z Z 6r’flryfrlt + Z Z Z Z Z 5rlp T[rilmpt
t f r 1 t m p i I

+ Z Z ZZ 5l’fkrzfrkt + Z Z Z Z Z Slkp T[likmpt
t f r k t m p i k

+222225lkpnajkmpt
t m p j k

S.t.

Z Z T[ijmpt < Ajprxfrjt
i m
Z Z T[rilmpt < Alpr)’frlt
i m
Z Z T[likmpt + Z Z T[ajkmpt < Akprzfrkt
i m j m
ﬁipt - z Z TTijmpt — Z Z Tliimpt — z Z Tikmpt = 0
j m I m k m
DRTES Py
k m i m
Z Z Tl iimpt = VliptPCipt
I m
Z Z Tijmpt = Uiiptﬁéipt
j m
Z Z T[likmpt = Uliptﬁéipt
k m

Uript + viipt + vlipt =1

DIREE
j t r

®)

(4)

®)

(6)

U]

®)

)

(10)

(11)

(12)

(13)
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S < 2
'

T3S -
T 3mss :
T3 :
Tpmer -

X .t
T[ijmpt' T[rilmpt' T[likmpt' najkmpt' 17lipt' vript' VIipt € int (19)

Xerjo Yerie Zerke € 10,1} (20)

Diverse costs related to the solid waste processing supply chain are represented in Eq. (1). The installation cost of
incineration, recycling, and landfill centers is indicated in the first, second, and third terms. The fourth one indicates the
waste collection cost at the solid waste management site. The cost associated with waste transportation from the solid
waste management site to the incineration facility in addition to waste incineration cost is represented in the fifth term.
The sixth one indicates the cost of waste transportation from solid waste management to a recycling facility and waste
recycling cost. The cost of waste transportation from solid waste management site to landfill facility and waste landfill
cost is denoted in the seventh term. Ultimately, both the cost of ash disposal and the cost of ash conveyed from the
incineration facility to the landfill facility are represented in the eighth term.

Furthermore, Eq. (2) denotes the estimation of CO, emissions for the different disaster waste processes. Total CO,
emissions during disaster waste collection at solid waste management site are determined in the first term. The second
one represents the CO, emissions during waste incineration and disaster waste from the solid waste management site to
an incineration facility. Likewise, the next three terms indicate the total CO, emissions during recycling, waste landfill,
and ash landfill operations, respectively. Besides, Eq. (3) shows the total number of job opportunities provided during
disaster waste processing operations. These opportunities provided during disaster waste incineration, recycling, and
landfill processes are represented in the three terms of Eq. (3), respectively. The capacity constraints of the incineration,
recycling, and landfill facilities are depicted in constraints (4), (5), and (6), respectively. Constraint (7) guarantees that
all the waste from each solid waste management site has been processed. Constraint (8) depicts the quantity of ash
(produced by incineration) to be conveyed from incineration facilities to the landfill centers. The total quantity of
disaster waste to be recycled, incinerated, and landfilled at each TDDMS are determined in constraints (9), (10), (11),
and (12), respectively. Constraints (13), (15), and (17) represent various upper bounds for the number of permanent
incinerations, recycling, and landfill facilities to be installed in each area, respectively. Similarly, three different upper
bounds are considered for the number of temporary incinerations, recycling, and landfill facilities to be installed in each
area in constraints (14), (16), and (18), respectively. Ultimately, the respective decision variables' domain is determined
in constraints (19) and (20).
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I1I. SOLUTION APPROACH

To deal with the uncertainties in the proposed multi-objective mixed-integer linear programming model, a
possibilistic programming approach, that is a fuzzy goal programming technique, is presented. Considering B as a
triangular fuzzy number, Eq. (21) will be taken into account as the membership function of B:

x — bP bP < x < b
g PSS
1 =pm
et =1 po_ ¥ (21)
Bo —pm’ bM< x <b°
0, x < bPorx=b°

The fuzzy mathematical programming model, whose parameters are considered as fuzzy triangular numbers, is
assumed to be as follows:

Min Z = bt

S.t.

ax = ¢ v(i=123..,0

ax =d; vi=1+1,..,m)

x>0 (22)

It should be noted that some factors in this study are only assumed to be uncertain parameters. The presented
approach is applied for defuzzification to construct an equivalent crisp model for a fuzzy multi-objective model
(Mousavi et al., 2013; Vahdani et al., 2012). Using the presented approach in Jiménez et al. (2007), the equivalent crisp
a-parametric model of the model (22) will be as follows:

min [EV (B)]x

Subject to
(T-@)ES + aEHx = akS + (1 — a)ES i=12..,1
= a @ a i=l+1,..,m
((1'E)Eg + ;Ef)x = ;Ef + (1 — ;) Elc
(%Eg+(1—%)51a)xg<1_g)52c+%,51c i=1+1,..,m
x>0 (23)
Where
_.  bP+2b™+b°
EV(B) = ————

4



Journal of Quality Engineering and Production Optimization / Vol. 5, No. 1, Winter & Spring 2020, PP. 165-188 177

1

Ef = E(ap +a™)
1

Ef = E(am +a®)
1

ES = E(c” +c™)

E5 = i(cm + c%).

With the above in mind, the equivalent crisp a-parametric model of the proposed fuzzy multi-objective mixed-
integer linear programming model will be as follows:

Objective functions: (1)-(3)

S.t.
< ((1 EA]'PT EAJ'PT
Timpe < (1= @B, + aby ™ )Xprje ViDL foT (24)
i m
Atpr Apr
Z Z Tritmpe < (1 — E,™" + By ™" )Y VLt f,r (25)
i m
Liompe + e < (1= QEST 4+ qE T
Tlikmpt Tjempt < ( a)L, aE ") Zf e iV, p,t f,r (26)
i m j m

ay\ peipe | X _peipt
T Y T 30 T 3 VT S
j m I m k m
AN\ peipe | X _peipt
((1_E)E1 P +EE2 p)—ZZﬂiimPt—ZETETilmm—ZznikmptSO ;Vi,p, t (28)
j m I m k m
a pe; a _pe;
Z Z TQjkmpe = Z Z((l - 5) E, 7+ 5B P jmpe Vot (29)
k m i m
aN\ _pe; a _pe;
Z Z TQjjempt = Z Z((l h E) E, T+ EEl LT ;Vip,t (30)
k m i m

a pe; a pe;
Z Z T iimpt 2 vript((1 - E) E1 e + E Ez Lpt) ;Vi,p, t (31)
I m
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ay _pe; a pe; ,
E E T iimpe < vript((l — E) E, Pty — > E; pt) ;Vi,p, t (32)
1

m

~[M]

, ay _pe; a _pe;
Z TTijmpt 2 ‘ULipt((l _z) E1 vt +EE2 ll’t) ; Vi, p,t (33)
m

. a Peipt Peipt
Tijmpe < Wipt((l - E) E, """+~ > E i ;Vi,p, t (34)

M)
M

a pe; pe;
D limpe = e (1 - 5) BV + 2B, Vipt @)
k m
ay _pe; pe;
D Flampe < e (1= 5) L7 + ) vipt (@)
kK m

Constraints (12)-(20)

Further details concerning the method can be found in Jiménez et al. (2007). A multi-choice goal programming
(MCGP) approach called PM1 is utilized to solve this crisp multi-objective mixed-integer linear programming
(MOMILP) model, which is presented in Chung et al. (2018) and is based on the following definitions:

Definition A. There exist two feasible points, namely x and y. Here, x dominates y if {z, (x) = z,(y) and wy(x) <
ws(y), Vk, s} and {z;(x) > z;(y)}for some j, or w,(x) < w,(y) for some ¢, we illustrate it by x > y.

Definition B. x as a possible point is regarded as a Pareto-optimal solution if its criterion vector is not dominated by
the criterion vector of any point in the feasible region. Meaning that, x is considered as a Pareto-optimal solution if
there is not any possible point y such that y > x.

Goal programming has been extensively utilized in several multi-objective problems. The membership function is
regarded as an essential element of fuzzy theory. The relationship between goal programming and membership function
is addressed. Moreover, goal programming is applied to formulate membership function to benefit from the merits
mentioned above.

The membership function is rewritten as:

7 (x) — zg — 2 — 2 + 2 (x) Z = Zk(x)

_ _ N Sk 352 37)
() = Zk_Zk Zg = Zj, Zy = Zj,

The average membership function with weight w,, is maximized to have

— Zp X Zp \X
Max Zwkuk(x) —MaxZwk(l— k(_ )) —Zwk+Max{ Zwk = —kz( )} (38)
The aforementioned objective function is equivalent to minimizing Y% _, w Z’;*Z’;(x) For Z’;:Z’;(_x) k=1,,..,1
k™ k™ %k

with no loss of generality, z, = 0 and z; = g, = BN are determined.
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Where BN is a big positive value? Thus, %"(’C) is regarded in which Az, is a constant value. Also, Az, = Az, =
k
Az; = - = Az; = Az and g, — z,(x) = dj, are taken into account.

Consider the following model for the implementation of the PM1 approach in the proposed model.

l r
MinZ(akd,; + awger) + Z(ﬁsd; +8,e3) (39)
k=1 s=1

s.t.

Zyx)+d; =@ k=12,..,1 (40)

Orter = gkmax k=12,..1 (41)
wi(x) —df =@, s=12,..,1 (42)
Os—ef =Ggsmin S=12,..,1 (43)
Jrmin < Pk = Grmaxr Ysmin < Ps = smax (44)
di,eg,df, et >0k=12,..,,s=12,..,7r (45)

Where dy and d} are the negative and positive deviations attached to (Z, (x)—¢; ) and ( wy(x) —¢,) in Egs. (40)
and (42); g,and ¢ are continuous variables; e; and ej are negative and positive deviations attached to (@, —gk max)
and (s —gsmin ) IN EQs. (41) and (43); gk max aNd gs min are the upper and lower bound value of the goal target; a;,> 0
and B> 0 are the weights attached to the deviations of dj and df ; w,> 0 are the upper and lower bound value of the
goal target; 8> 0 are the weights attached to the deviations ey and ey ; gx max (9smin ) 1S the upper(lower) bound of
the k (s) the goal.

With the above in mind, the implementation of the approach mentioned above in the proposed mathematical model
is as follows:

Min(a,d3 + aze3) + (Bodi + 8,e1) + (B3d3 + 6,e5) (46)
s.t.

Z3(x) +d3 = @3 (47
@3+ e3 = g3max (48)
we(x)—df=¢, s=12 (49)

Os—ef = Gsmin S=12 (50)
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g3,min < (% < g3,maxr gs,min < Ps < gs,max (51)

Constraints (12)-(20),(24)-(36)

d3,e;,df, el >0,s =1,.2. (52)

IV. CASE STUDY

Generally speaking, Iranian municipalities have been in charge of different waste management activities since 1903.
A case study related to municipal solid waste management in Tehran is employed therein to demonstrate the introduced
model's efficiency. As a northern city and capital of Iran, Tehran is one of the most densely populated cities in the world
and one of the biggest cities in Iran. This city is ranked twenty-third in order of population and sixteenth in order of
density. The enormous amount of municipal solid waste produced per day, which needs to be gathered and disposed, is
a severe concern of Tehran's municipal solid waste management system.

In this research, an urban solid waste management system is presented for 15 urban areas of Tehran. Due to the
confidentiality of the information, the name of the candidate facilities to be established is withheld from the readers.
Since a significant amount of municipal solid waste consists of paper and glass, they have been investigated in this
study. One of the essential model inputs is the amount of the generated waste, regarding two waste types, namely paper
and glass, in 15 urban areas of Tehran in three periods of time is considered a triangular fuzzy number. Bounds, low
estimate, best estimate, and a high estimate of this triangular fuzzy number are presented in Tables 11-1V, respectively.
After entering other case study parameters, the model is implemented through the CPLEX Solver in GAMS 24.1.3.

TABLE II. AMOUNT OF GENERATED SOLID WASTES (LOW ESTIMATE)

sRo‘;f':liovIvI/’zste Leriod L g <

types (paper, glass)
1, paper 320 640 480
1, glass 336 656 496
2, paper 240 640 560
2, glass 252 652 576
3, paper 240 560 400
3, glass 248 576 416
4, paper 240 320 280
4, glass 252 333 296
5, paper 240 560 440
5, glass 248 572 456
6, paper 240 880 640
6, glass 256 912 656
7, paper 240 480 360
7, glass 257 492 376
8, paper 240 480 360
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CONTINUE TABLE II. AMOUNT OF GENERATED SOLID WASTES (LOW ESTIMATE)

181

ﬁiillo:;’aste Lertod 1 2 J
types (paper, glass)
8, glass 252 488 376
9, paper 320 400 360
9, glass 336 408 376
10, paper 160 320 240
10, glass 176 328 256
11, paper 240 400 352
11, glass 248 408 368
12, paper 320 480 444
12, glass 328 496 460
13, paper 160 400 268
13, glass 176 408 284
14, paper 160 320 276
14, glass 176 336 292
15, paper 160 400 280
15, glass 168 412 292
TABLE III. AMOUNT OF GENERATED SOLID WASTES (BEST ESTIMATE)
gziftllovlfzste o 1 2 J
types (paper, glass)
1, paper 400 800 600
1, glass 420 820 620
2, paper 300 800 700
2, glass 315 815 720
3, paper 300 700 500
3, glass 310 720 520
4, paper 300 400 350
4, glass 315 417 370
5, paper 300 700 550
5, glass 310 715 570
6, paper 300 1100 800
6, glass 320 1140 820
7, paper 300 600 450
7, glass 322 615 470
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CONTINUE TABLE III. AMOUNT OF GENERATED SOLID WASTES (BEST ESTIMATE)

R ; : ;

types (paper, glass)
8, paper 300 600 450
8, glass 315 610 470
9, paper 400 500 450
9, glass 420 510 470
10, paper 200 400 300
10, glass 220 410 320
11, paper 300 500 440
11, glass 310 510 460
12, paper 400 600 555
12, glass 410 620 575
13, paper 200 500 335
13, glass 220 510 355
14, paper 200 400 345
14, glass 220 420 365
15, paper 200 500 350
15, glass 210 515 365

TABLE IV. AMOUNT OF GENERATED SOLID WASTES (HIGH ESTIMATE)

\Region, Period 7 2 3

solid waste

types (paper, glass)
1, paper 520 1040 780
1, glass 546 1066 806
2, paper 390 1040 910
2, glass 409 1060 936
3, paper 390 910 650
3, glass 403 936 676
4, paper 390 520 455
4, glass 409 542 481
5, paper 390 910 715
5, glass 403 929 741
6, paper 390 1430 1040
6, glass 416 1482 1066
7, paper 390 780 585
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CONTINUE TABLE IV. AMOUNT OF GENERATED SOLID WASTES (HIGH ESTIMATE)

Region, Period 7 2 3

solid waste

types (paper, glass)
7, glass 418 800 611
8, paper 390 780 585
8, glass 410 793 611
9, paper 520 650 585
9, glass 546 663 611
10, paper 260 520 390
10, glass 286 533 416
11, paper 390 650 572
11, glass 403 663 598
12, paper 520 780 721
12, glass 533 806 447
13, paper 260 650 434
13, glass 286 663 462
14, paper 260 520 489
14, glass 286 546 475
15, paper 260 650 455
15, glass 273 669 474

V. RESULTS AND SENSITIVITY ANALYSIS

After implementing the model through the CPLEX Solver in GAMS 24.1.3, the three considered objective
functions' optimal solutions, namely maximizing job opportunities and minimizing costs and carbon emissions, are
obtained.

A. Numerical results

These Pareto optimal solutions are listed in Table V. Furthermore, the trade-off between the third objective function,
that is, job opportunities, and the second objective function, that is, CO, emissions, are represented in Fig. 2. It should
also be noted that the second and the third objective functions with 15 Pareto optimal solutions are only taken into
account as an example in both Table V and Fig. 2. As shown in Table V, the second objective function is increased
from 1270671.62 to 1358755.92 by increasing the third objective function from 9653.1 to 11455.85. Meaning that, with
a 15.73% increase in job opportunities, carbon emission grows 6.48%. Therefore, there is a direct relationship between
them, meaning that the second objective function, carbon emission, is increased by increasing the third objective
function, job opportunities.
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TABLE V. PARETO OPTIMAL SOLUTIONS OF THE SECOND AND THIRD OBJECTIVE FUNCTIONS

P! 7 Z2(CO2 emission) Z3(Job opportunities)
1 1270671.62 9653.1
2 1275390.52 9782.84
3 1282512.85 9893.47
4 1290323.44 10140.18
5 1297664.4 10254.02
6 1306251.9 10374.2
7 1308792.96 10527.2
8 1313493.99 10614.57
9 1321661.28 10734.75
10 1330074.15 10854.94
11 1333358.6 11067.96
12 1334680.54 11095.3
13 1342241.57 11215.49
14 1350942.65 11335.67
15 1358755.92 11455.85

11600
11400
11200
11000
10800
10600
10400
10200
10000

9800

9600

9400

Job opportunities

1.26E+06 1.28E+06 1.30E+06 1.32E+06 1.34E+06 1.36E+06 1.38E+06

CO2 emmision

B. Sensitivity analysis

A sensitivity analysis is performed on the proposed solution approach to analyze the three objective functions

Fig. 2. The trade-off between the second and third objective functions

changes considering different weights determined by decision-makers and various o levels. Table VI shows the first,
second, and third objective functions considering various a levels. As illustrated, by increasing o level from 0.1 to 0.7,

the amount of generated waste is increased, which leads to an increase in the values of objective functions.

1. Pareto solutions
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TABLE VI. THE VALUES OF OBJECTIVE FUNCTIONS IN DIFFERENT A LEVELS

185

OF

a — level Zl1 (Cost) Z2 (CO2 emission) Z3 (Job opportunities)
0.1 7.63E+06 1.23E+06 8626.682
0.2 7.70E+06 1.24E+06 8744.79
0.3 7.78E+06 1.25E+06 8862.899
0.4 7.86E+06 1.25E+06 8981.007
0.5 7.93E+06 1.26E+06 9099.15
0.6 8.01E+06 1.27E+06 9217.224
0.7 8.08E+06 1.28E+06 9335.332

Moreover, the influence of changes in goal programming coefficients on the values of objective functions is
evaluated in Table VII. It is worth noting that some of these results are only depicted as an example in Figs. 3- 5.
Meaning that, a, and «a, for the first objective function, g, and B, for the third objective function, g5 and B, for the
second objective function are only illustrated in these figures, respectively. While changing «; and «a, for the first
objective function, g, and f, for the third objective function, 85 and S, for the second objective function, both o level

and other goal programming coefficients are considered to be constant and equal to 0.5.

As it can be observed, the first objective function (minimizing cost) is increased by increasing a; from 0.1 to 0.5
and decreasing a, from 0.9 to 0.5. The second objective function (minimizing CO, emissions) is decreased by
increasing B; from 0.1 to 0.5 and decreasing B, from 0.9 to 0.5. Ultimately, the third objective function (job
opportunities) is decreased by increasing 8; from 0.1 to 0.5 and decreasing S, from 0.9 to 0.5.

TABLE VII. THE VALUES OF OBJECTIVE FUNCTIONS CONSIDERING DIFFERENT GOAL PROGRAMMING

COEFFICIENTS
@y, a; a7 Z1 (Cost) Z2 (CO2 emission) Z3 (Job opportunities)
0.1,0.9 7.93E+06 1.26E+06 9114.115
0.2,0.8 7.95E+06 1.26E+06 9169.225
0.3,0.7 8.12E+06 1.30E+06 9539.385
0.4,0.6 8.53E+06 1.35E+06 10201.907
0.5,0.5 8.75E+06 1.36E+06 10479.214
B1, B -l ZI1(Cost) Z2(CO2 emission) Z3(Job opportunities)
0.1,0.9 9.37E+06 1.38E+06 10967.232
0.2,0.8 9.37E+06 1.38E+06 10967.232
0.3,0.7 9.15E+06 1.36E+06 10817.892
0.4,0.6 9.04E+06 1.36E+06 10731.496
0.5,0.5 8.75E+06 1.36E+06 10479.214
B3, Ba - ZI1(Cost) Z2(CO2 emission) Z3(Job opportunities)
0.1,0.9 8.79E+06 1.37E+06 10520.208
0.2,0.8 8.77E+06 1.37E+06 10506.208
0.3,0.7 8.77TE+06 1.37E+06 10506.208
0.4,0.6 8.76E+06 1.36E+06 10492.389
0.5,0.5 8.75E+06 1.36E+06 10479.214




186 Mirnezami, S.A. et.al. / A Fuzzy Location-Allocation Problem for Sustainable Design of a Municipal Solid...

9.00E+06
8.80E+06
8.60E+06

o 8.40E+06
S 8.20E+06
N 8.00E+06
7.80E+06
7.60E+06

7.40E+06
01,09 0208 0307 0406 0505
alphal, alpha2

Fig. 3. The trend of the first objective function based on the changes in a; and a,
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Fig. 4. The trend of the third objective function based on the changes in $ and 8,
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Fig. 5. The trend of the second objective function based on the changes in 3 and 8,
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VI. CONCLUSION

Given the importance of solid waste management, a mixed-integer linear programming model with multiple
objectives for waste management was presented in an uncertain environment. Concerning the identified literature gaps
through investigating the prior studies, multi-mode transportation, permanent and temporary facilities, and two
municipal solid waste types were assumed simultaneously in the proposed model. The presented approach in Jiménez et
al. (2007) was utilized to cope with the existing uncertainties. The goal programming approach was applied due to the
considered multi-objective equivalent crisp model and the importance of decision-makers' opinions. A case study was
employed in fifteen urban areas of Tehran to demonstrate the applicability of the model. As illustrated, the second
objective function was increased from 1270671.62 to 1358755.92 by increasing the third objective function from
9653.1 to 11455.85. Meaning that, with a 15.73% increase in job opportunities, carbon emission grows 6.48%. Also, a
sensitivity analysis was performed. In this way, the proposed mathematical model was implemented, and the individual
results were appraised considering different o levels and goal programming coefficients. As expected, the objective
functions were increased by increasing the considered a levels. Even though various novelties were presented in this
paper, there are different other ways by which the model can be extended. For instance, hazardous wastes and particular
facilities for them can be assumed in the mathematical model. Besides, considering wet wastes can be interesting for
future research. Moreover, using other approaches can be taken into account to solve the multi-objective mathematical
model.
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