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Technology progress is a cause of industrial hazardous wastes increasing in the whole world . Management of hazardous waste is
a significant issue due to the imposed risk on environment and human life. This risk can be a result of location of undesirable
facilities and also routing hazardous waste. In this paper a biobjective mixed integer programing model for location-routing
industrial hazardous waste with two objectives is developed. First objective is total cost minimization including transportation
cost, operation cost, initial investment cost, and cost saving from selling recycled waste. Second objective is minimization of
transportation risk. Risk of population exposure within bandwidth along route is used to measure transportation risk. This model
can help decision makers to locate treatment, recycling, and disposal centers simultaneously and also to route waste between these
facilities considering risk and cost criteria. The results of the solved problem prove conflict between two objectives. Hence, it is
possible to decrease the cost value by marginally increasing the transportation risk value and vice versa. A weighted sum method is
utilized to combine two objectives function into one objective function. To solve the problem GAMS software with CPLEX solver
is used. The problem is applied in Markazi province in Iran.

1. Introduction

The harmful wastes are produced from industries, manu-
facturers, hospitals, and other sectors which have harmful
health effect on human and environment. The main sources of
producing hazardous wastes are industrial and manufactur-
ing processes; other generators can be household or com-
mercial groups. There is wide and various range of industries
to produce hazardous waste, for instance, chemicals manu-
facturing, oil refining, waste acids, and electroplating compa-
nies. Hazardous material is divided into four subgroups based
on their features: toxicity (e.g., barium, cadmium, and chlo-
roform); reactivity (e.g., sulfides and peroxide formers); cor-
rosiveness (acids and bases); and ignitability (e.g., flammable
liquid, oxidizers). These materials need specific transporting

and treating to reduce their effect on environment and human
health.

Definition of hazardous waste management is collecting,
transporting, treating, recycling, and disposing waste residue
under safe, efficient, and cost effective manner [1]. Two
important objectives are included in transportation of haz-
ardous waste: cost and risk. For carrier firms the best route is
the shortest with minimum cost, but for government the basic
problem is risk minimization. Hazardous waste also requires
different technologies for treatment such as incineration,
chemical, biological, and immobilization. Compatible treat-
ment technology should be chosen based on waste features.
In addition, recycling and disposing are two important stages
in hazardous waste management.

The proposed framework for management of industrial
hazardous waste is shown in Figure 1; it starts with generation
nodes, and then wastes are divided into three groups. First
group is recyclable waste; it is transferred to the recycling
centers. Second group requires treatment facility, so they are
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FIGURE I: Proposed framework for hazardous waste management.

routed to the treatment centers with incineration technology.
Third group is nonrecyclable and nontreatable waste, there-
fore it is transported to the disposal centers directly. In the
end, residues from treatment and recycling centers are carried
to the disposal centers.

At present, there have been little studies on the location
of undesirable facilities and routing hazardous waste between
these facilities simultaneously. So far, however, no research
has been found that presented a comprehensive mathematical
model based on proposed frame work (Figure 1). Recycling
waste is an important stage in waste management [2], but
this stage is often ignored in the literature. Therefore, in this
model also locations for recycling centers are considered. In
this study, a two-stage work is performed. First, appropriate
site for undesirable facilities is selected by GIS. Second,
the new mathematical model aids in locating facilities and
routing waste. In addition, using total cost and transportation
risk as objectives for this model can help decision makers to
have a good tradeoff between environmental and economic
aspects. In this way, using operational cost parameter for
each facility and also cost saving parameter for recycled
hazardous waste are suggested to have a more comprehensive
cost objective. Applying the proposed model in a real case
study showed that this model is practical in real world.

The remainder of this paper is arranged as follows.
First a review from related paper is presented in Section 2.
Mathematical model for proposed framework is formulated
in Section 3. Section 4 gives a solution for multiobjective
model. In Section 5, appropriate sites selection via GIS is
illustrated and then the model is applied in Markazi province
in Iran. A conclusion will be discussed in Section 6.

2. Literature Review

The initial works in the field of hazardous waste management
only focused on locating facilities such as disposal and
treatment centers. In this area a simple classification based
on related papers considering hazardous waste management
aspects will be illustrated as follows:

(1) locating undesirable facility,
(2) routing hazardous material via risk assessment,
(3) locating and routing hazardous material.

Several studies have addressed the location of undesirable
facilities such as Ratick and White [3]. They provide a model
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with three objectives to locating undesirable facilities; the
objectives are maximization of facility location cost, maxi-
mization of opposition, and equity maximization. Erkut and
Neuman [4] also developed a multiobjective model which is
the same as that of Ratick and White. They used maximizing
of disutility objective instead of minimizing equity. In their
model transportation cost is also considered. Wyman and
Kuby [5] introduced a frame work and model for locating
waste incineration with three conflicting objectives: mini-
mizing cost, risk, and inequity. Rakas et al. [6] developed a
multiobjective model to locate undesirable facilities with two
objectives. First is to minimize cost including transportation
and initial investment cost. Second objective is to minimize
population opposition. They also believe that some input data
in the model are not deterministic. Therefore, an extension of
model has been proposed, considering uncertainty for a
parameter. The fuzzy theory is used to show uncertainty for
amount of produced waste per person. Locating incineration
facilities is a sophisticated problem because of environmental
and economic effects. Algada-Almeida et al. [7] utilized a
mixed integer multiobjective programming model to solve
this problem. Their model has considered capacity for incin-
eration. They also used a developed interactive decision
support system by utilizing geographical information system
(GIS) to select suitable option. Eiselt [8] worked on a model
that is based on hub location model with cost minimization
objective for locating landfills and transfer station. Krarup et
al. [9] state the most locational models considering positive
or negative effect for locating facilities close to demand
center or far away from special places, respectively. They have
presented a group of models with push and pull objectives
for locating semiobnoxious facilities. In this way some papers
have used different methods for locating undesirable facility
such as Saamefio et al. [10]. In their method, a weighted
location problem in polygonal area is utilized.

Some models use assessment risk for routing and trans-
porting hazardous material. Erkut and Verter [11] reviewed
previous models to measure hazardous material transporta-
tion risk. They utilized one example to compare different
types of risk models (traditional risk, population exposure,
incident probability, conditional risk, and perceived risk).
The results proved that various models have various con-
sequences for choosing suitable transporting route. They
believe selecting risk models for transporting HazMats (haz-
ardous materials) requires more attention. Zhang et al. [12]
applied Gaussian Plume model to model the number of
people imposed by airborne contaminates. In this way, unde-
sirable consequence probability is modeled to assess HazMats
transportation as well as GIS to estimation risk. Erkut and
Ingolfsson [13] believe that for satisfying risk models three
reasonable axioms should be considered: path evaluating via
monotonicity axiom, optimality principle for selecting path,
and attribute monotonicity axiom. All previous models have
violated from one or more axioms. They proposed new set
models to fulfil all axioms. These axioms are also mentioned
by Erkut and Verter [11]. Bonvicini and Spadoni [14] devel-
oped a new OPTIPATH model using TRAT4-GIS software to
route HazMats and also decreasing risk. They illustrated that
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TRAT4-GIS is helpful for selecting suitable routes. Kazantzi
etal. [15] proposed a framework for reducing risk and cost in
transportation of hazardous material simultaneously. They
used Mont Carlo simulation for finding impacts of risk
incident and accident rate uncertainty on transportation
model.

Several attempts have been made on locating and routing
hazardous material concurrently. ReVelle et al. [16] devel-
oped mathematical model for locating storage facilities and
selecting road for transporting spent fuel rods while min-
imizing transportation cost and perceived risk. Jacobs and
Warmerdam [17] presented a biobjective model for hazardous
waste locating and routing with risk and cost objective in 10-
month horizon plan. Their model considers hazardous waste
risk in transporting, storage and disposal. Wyman and Kuby
[5] have used a multiobjective mixed integer programming
model for toxic waste. In their model a variable for choosing
treatment technology is introduced and the goals of model are
minimizing cost, risk and inequity. Giannikos [18] developed
a multiobjective model for routing hazardous material and
locating related facilities. A goal programming method has
been used to solve the problem with four objectives including,
operation cost minimization, perceived risk minimization,
Minimum of Maximum individual perceived risk, and min-
imum of maximum disutility. Alumur and Kara [19] pro-
posed a comprehensive new model for locating and routing
hazardous waste with two objectives. First objective is to
minimize total cost including transportation and fixed annual
cost for opening a related facility. Second objective is to min-
imize transportation risk via population exposure method.
In their model transporting different types of hazardous
waste, compatibility of treatment technology with type of
waste, percentage of recyclable waste, and percentage of mass
reduction after using different treatment technology have
been considered. Zhao [20] developed a locating and routing
model for hazardous waste with the same objectives as those
of Alumur and Kara [19] model. He used a goal programing
method to solve the problem. In this area, Samanlioglu [2]
also developed a multiobjective model based on [19, 20] mod-
els. Samanlioglu considered some additional features such
as considering location for recycling centers, assessing site
risk for hazardous waste facilities, and routing nonrecyclable
waste from recycling centers to disposal centers. Xie et al. [21]
proposed a multimodal hazardous material location-routing
problem. In their model transfer yard location and suitable
routes are optimized. Multiple modes in routing plans such
as highways and railways are used.

Before proposing a model to locate facilities, finding
suitable sites based on important criteria is necessary. One
of the popular methods to select site in waste management
is using GIS. Wang et al. [22] have used qualitative and
quantitative factors to select proper site. Their proposed
method has used the geographical information system (GIS)
to select disposal site based on spatial data with environ-
mental and economic criteria. Gorsevski et al. [23] have used
multicriteria decision method based on geographical infor-
mation system (GIS) for landfill site selection. Mahamid and
Thawaba [24] also utilized (GIS) tool to find proper landfill

site considering environmental factors. In this research, GIS
tool will be utilized to find an appropriate site for treatment,
recycling, and disposal centers based on some important
criteria.

The complexity in hazardous waste management becomes
apparent while solving model with conflict objectives simul-
taneously. In general one of the most popular approaches to
solve such problems is combined multiobjectives to the single
objective that is named the scalarization method. In this field
the weighted sum method is more popular than other meth-
ods. Using the weighted sum method a group of supported
efficient solutions from the Pareto frontier are achieved.
Alumur and Kara [19] and Rakas et al. [6] are instances that
have used this method in waste management. In this paper
the weighted sum method will be utilized to find efficient
solution from Pareto frontier.

The frame work of our model is close to the Alumur and
Kara [19] and Samanlioglu [2]; they proposed a multiobjec-
tive model to location-routing hazardous waste. The differ-
ence between this paper and that of Alumur and Kara [19]
included (1) establishing the locations for recycling centers
and routing hazardous waste to these centers, (2) routing a
part of generated hazardous waste to disposal centers directly,
(3) considering population risk for all routes, (4) considering
unit operation cost for treatment centers, disposal centers,
and recycling centers in cost objective function, and (5) con-
sidering income from selling recycled waste in cost objective
as cost saving parameter. Samanlioglu [2] also presented a
comprehensive model with three objectives; our model is
different from his model in some aspects and input data. We
route a piece of generated hazardous waste to disposal centers
directly. We take into account operation cost for all facilities
and also recycled waste income in cost objective.

This assay attempts to develop a multiobjective model to
locating-routing industrial hazardous waste with two objec-
tives; for this reason the appropriate sites are selected to
related facilities by GIS tool based on important criteria, then
the weighted sum method is utilized to solve model and find
efficient solution of Pareto frontier.

3. Mathematical Model

With respect to formulating location and routing problem for
industrial hazardous waste, a multiobjective mixed integer
programming model is proposed considering two conflicting
objectives. First objective is minimization of total cost and
second objective is minimization of transportation risk. The
purpose of the model is to locate treatment centers with
incineration technology and route hazardous waste to these
centers, also to locate recycling centers and route hazardous
waste from generation nodes and treatment centers to recy-
cling centers, in addition, location of disposal centers and
routing waste residue from other facilities to disposal centers.

Note that the model is an NP-hard problem; even single
objective location routing problem is an NP-hard one [25]. A
framework of model with input parameters and variables that
help to understand the model easier is illustrated in Figure 2.
The Objectives and constraints of this problem are as follows.
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FIGURE 2: Input parameters and decision variables on proposed framework.

3.1. Objectives. Two objectives are considered in the model:

Minimize ( f,) = Total cost,

Minimize f, (x) = Transportation risk.

@

3.11. Cost Objective. The total cost is formulated with sum of
the transportation cost, operation cost, and initial investment
cost to open facilities minus cost saving or income from
recycled waste in recycling centers:

Minimize f; (x) = Z ZCGTgt * HGT,
g t

+Y Y CGR,, * HGR,,
75

+Y Y CGD,, * HGD,,
g

+Y Y CIR,, * HTR,,
ol

+Y Y CRD,,; * HRD,,
i

+ Z ;CTWI « HTD,,

+ ZOCR, * RW, + ZOCTt * TW,

+ ;OCDd * DW,, + ZICTt Y,

+ Y ICR, * X, + Y ICD,; * Z,
r d

- YN, « (RW, = (HRD,d)> :

2)

In this objective, transportation cost is calculated by multi-
plying unit transportation cost and amount of transported
waste between two nodes. The operation cost is the cost
of processing hazardous waste in treatment, recycling, and
disposal centers that can be obtained by unit operation cost
product to quantity of hazardous waste in each center. Initial
investment cost is capital cost if a new facility is established
for anode. Also, total cost saving or income from the recycled
waste is estimated in the cost function.

3.1.2. Risk Objective. The transportation risk is considered
for all routes between generation nodes, recycling centers,
treatment centers, and disposal centers. To quantify risk,
the exposure risk method is used. In this approach, the
total number of people along a route during a hazardous
waste transportation are considered. This objective considers
environmental aspect to transport hazardous wastes and
waste residues:

Minimizef, (x) = )" » PGR,, * HGR,,
g r

+Y Y PGT,, » HGT,,
g t

+Y Y PGD,, * HGD,,
9 d

+ )" ' PRD,, * HRD,,
rd
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+Y Y PID,,; * HTD,,
t d
+Y Y PTR,, * HTR,,.
t r
(3)

3.2. Constraints. The model is under several reasonable
constraints.

3.2.1. Mass Balance Constraint. There are flow balance con-
straints for each node of graph:

GEN, = Y HGR,, + Y HGT,, + Y HGD,;, Vg ¢€G,
r t d

(4)
Y HGR,, = f, * GEN,, VgeG, ®)
-
RW, = Y HGR,, + Y HTR,,, Vre€R, (6)
g t
TW, = Y HGT,,, VteT, 7)
g
YHIR, =b, « TW,, VteT, (8)
:
Y HGD,, =k, * GEN,, Vg e€G, 9)
d

D HRD, =a, + TW, - Y HTR,,, VteT, (i
d r
YHRD,; = (1-¢)*RW,, VreR, )
d

DW, = Y HRD,,; + Y HTD,; + Y HGD,,, Vd € D.
r t 9
(12)

Constraint (4) shows flow balance from generation nodes to
other facilities. In this constraint, the amount of hazardous
waste at generation nodes is equal to transported waste to
recycling centers, treatment centers, and disposal centers.
Constraint (5) says total amount of transported hazardous
waste to the recycling centers has to be equal to the percentage
of generated waste. Constraint (9) is also about transported
hazardous waste from generation nodes to disposal centers.
Constraints (6), (7), and (12) are amount of hazardous wastes
that are recycled, treated and disposed in their centers,
respectively. Constraint (8) denotes percentage of recyclable
hazardous waste after treating. Constraints (10) and (11)
present flow of hazardous waste between treatment centers
and recycling centers to disposal centers, respectively.

3.2.2. Capacity Constraints. The capacity of facilities is lim-
ited to some factors such as equipment and manpower.
Hence, a group of constraints are needed to display the max-
imum capacity of treatment, recycling, and disposal centers
for a unit time. Constraints (13), (14), and (15) show this

limitation. Also, to establish a new center minimum amount
of hazardous waste or waste residue is required. Constraints
(16), (17), and (18) are utilized as minimum capacity con-
straints for treatment, recycling and disposal centers, respec-
tively:

RW, < CAR'X,, VreR, (13)
TW, < CATYY,, VteT, (14)
DW, < CADYZ,, Vd e D, (15)
RW, > CARLX,, VreR, (16)
TW, > CAT)Y,, VteT, (17)
DW, > CAD,Z,, Vd e D. (18)

3.2.3. Variables Constraints. The problem is a mixed integer
programming model; therefore, binary and nonnegative vari-
ables are utilized to formulate that. Constrain (19) is used for
nonnegativity variables, and constraint (20) is considered for
binary variables:

HGR,, >0, VgeG, VreR,
HGTgt >0, VgegG,VteT,
HGD,; >0, VgeG, VdeD, (1)
HTR,, >0, VteT, VreR,
HRD,; >0, VreR, VdeD,
HTD,; 20, VteT, VdeD,
TW, >0, VteT,
RW, >0, VteT,
DW,; >0, VdeD,
(20)
Y, €{0,1}, VteT,
X, €{0,1}, VreR,
Z;€1{0,1}, VdeD.

If g is the number of generation nodes, t is the number
of potential treatment nodes, r is the number of potential
recycling nodes, and d is the number of potential disposal
nodes, then the proposed model has (r+t+d) binary variables
and (gr + gt + gd + tr + vd + td + r + t + d) real decision
variables. The number of total constraints of the proposed
model without variable constraints is (3g + 4r + 5t + 3d).

4. Proposed Solution to
Multiobjective Problem

Here, a multiobjective model with two conflict objectives was
proposed. Multiobjective optimization [26] is to optimize two
or more conflicting objectives with regard to a set of group



constraints simultaneously. If the optimization of one objec-
tive leads to the automatic optimization of the other, it is not
a multiobjective optimization. There is a group of solution
methods for multiobjective problems called classical multi-
objective optimization methods. To solve the model, the
weighted sum method (WSM) is utilized. This method is a
classical method that is used widely to solve multiobjective
models. WSM combines two objectives to a single objective
by multiplying each objective with a decision maker supplied
weight. This method scalarizes the set of objectives with a
convex combination. f;(x) and f,(x) have different units;
after the objectives are normalized, a combined objective
function can be created by summing the weighted normalized
objectives and the multiobjective model is converted to a
single objective model as follows [26]:

. _w (%) w,x f (%)
Minf (x) = 0 + O (21)
w, +w, = 1. (22)

Here w, and w, are the weights of f;(x) and f,(x) objective
function, respectively. First each objective is solved separately
and optimal objectives are named f;"(x) and f, (x). There-
after f1(x)/f, (x) and f,(x)/f, (x) are weighted by w, and
w,; then two objectives are summed together. The single
objective model is solved by considering different weights and
constraints to have Pareto frontier of solutions. Amounts of
obtained variables are inserted to the objectives to compute
value of each objective function.

To have Pareto frontier of solutions the model is solved
with different weights for each objective. There are two
theorems in regard to classical method and also (21).

Theorem 1. The solution to the problem represented by (21) is
Pareto-optimal if the weight is positive for all objectives.

Theorem 2. If x* is a Pareto-optimal solution of a convex
multiobjective optimization problem, then there is a nonzero
positive weight vector w such that x* is a solution to the problem
in (21) (Figure 3).

5. Analysis and Application for
Province of Iran

Analysis of model requires a real data; therefore, application
of model is done in a province of Iran called Markazi. This
province has 12 counties with a population of 1325159 and
29400km” area. There are fundamental industries in this
province such as refinery, petrochemical industries, and
aluminum manufacturers. There are 15 industrial areas in
Markazi province with a total area of 14km”. Amount of
industrial hazardous waste in all counties is about 160000 ton
per year. It is estimated to be around 700 tons per day consid-
ering 255 workdays in Iran. Out of 12 counties 7 are chosen
for this model due to producing industrial hazardous waste.
The information about the amount of hazardous waste in
each county is not attainable. These amounts have been
assumed proportional to industrial zone area in each county.
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FIGURE 3: The weighted sum method on convex Pareto-optimal
front.

For instance, the whole of industrial zone area in Arak county
is 3 km?; hence the amount of produced industrial hazardous
waste is 150 ton per day. The same method has been utilized
for other industrial zones in different counties.

To select proper site for treatment, disposal, and recycling
centers a geographical information system tool is applied. For
GIS analysis Arc view (3.2) software has been used. Some
input information is needed to carry out this software analy-
sis. In this paper, common and significant criteria have been
considered to select suitable area. These criteria are geology,
topography, climate, land slope, distance from urban and
rural area, protected area, infrastructure and distance to high-
way. Thereafter, analyzing with software, final site selection
has been achieved. In a general manner all proper areas
have been put in 2 groups: first is excellent area and second
group is good area. These areas are illustrated in Figure 4.
Based on amount of produced hazardous waste and capacity
of facilities 5, 5, and 3 of selected areas are considered for
treatment, disposal and recycling centers respectively. We
tried to choose these 13 areas from excellent areas and also
closer to big industrial zones. Selected areas are illustrated
in Figure 5. To calculate transportation cost, fuel cost and
amount of fuel that a truck consumes are considered. Average
of the fuel consumption for a truck is about 0.5 liter per km in
Iran, and price of fuel is $0.3 per liter. Hence transportation
cost is $0.15 per km, but in reality fuel cost is only 50 percent
of trucks cost in transportation; therefore, it is around $0.3
per km. This cost is different for hazardous waste due to using
specific equipment and trucks. Therefore, based on [2, 19]
the unit transportation cost for CTR,,, CDR,,, and CTD,, is
70% of hazardous waste. Capacity of these centers with regard
to other centers in Iran is 100 tons, 250 tons, and 250 tons
for recycling centers, treatment centers, and disposal centers,



Journal of Applied Mathematics

Final site selection
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FIGURE 4: Final site selection by GIS.

respectively. The investment cost to open a new center for
hazardous waste based on previous price in Iran is around $10
million for treatment centers, $5 million for recycling center,
and $7 million for disposal centers. Operation costs in various
centers are considered to be $200, $250, and $50 per ton
for treatment, recycling, and disposal centers, respectively.
Income from recycled waste is about $700. The population
exposure bandwidth is considered to be 1000 m along the
road here due the fact that ReVelle et al. [16] believed that
different bandwidth does not have any effect on their solution.
For this aim Arc GIS (3.2) has been used to estimate
population in 1000 m bandwidth. In generation nodes 15% of
generated hazardous waste is assumed recyclable and also
10% of generated hazardous waste is directly transported to
disposal centers. Rate of mass reduction in incineration is
about 80% based on [2, 19]. In treatment centers 10% of
treated waste is considered recyclable and is transported to
recycling centers. Also in recycling centers 95% of hazardous
waste is recycled and transported to the market or other
factories.

Considering input data and problem framework, the
model has been solved via GAMS software with CPLEX
solver version 12.5 using a computer with Intel core i5-
2.5GHZ, 4 GB memory.

To solve model different weights are utilized. Thus, with
changing w, and w,, also considering w;, + w, = 1, groups
of weight vectors are produced to achieve efficient solution of

@ Treatment
B Recycling

Final site selection
[ Excellent
[ Good

A Disposal

FIGURE 5: Appropriate site for waste management facilities.

the model from the Pareto set. In this paper 11 weight vectors
have been used. In Table 1 weight vector groups, amount of
each objective function based on its special weight, and
generation time to solve model using GAMS software are
illustrated. In Table 2, location of treatment centers, disposal
centers and recycling centers with regard to 11 weight groups
are presented.

The result in Table 1illustrates a tradeoff between cost and
risk objectives. The conflict between two objectives appeared
by varying amount of w; and w, between 0 and 1 increments
of 0.1. It is clear that the cost value increases in order to
decrease the risk value in Table 1. The same result can be seen
in Table 2. The location of treatment, recycling and disposal
centers is changing by using different weight factors.

A sample of solved model with w; = 0.5 and w, = 0.5 is
displayed in Figure 6; in this figure relation between chosen
facilities is presented.

6. Conclusion

This assay has developed a multiobjective model to locating-
routing hazardous waste. This model is based on literature
and studied models with some difference. First, considering a
part of generated hazardous waste as nonrecyclable and non-
treatable waste and routing it to disposal center directly. Sec-
ond, to have more comprehensive model, operation cost for
each facility and saving cost from selling recycled waste



TABLE 1: Amount of two objective functions with regard to their weight vectors.
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Solution number 1 2 3 4
w, 0 0.1 0.2 0.3
w, 1 0.9 0.8 0.7

(x) 6.839707 * 10 6.839707 * 10’ 6.8397707 % 107 6.442543 % 10

1

(x) 763254 763254 763254 849007
f
CPU time 0.047 0.094 0.039 0.047
Solution number 5 6 7 8
w, 0.4 0.5 0.6 0.7
w, 0.6 0.5 0.4 0.3

(%) 6.442543 % 107 6.342844 * 107 6.342791 * 10’ 6.342791 * 10’

1

(x) 849007 864802 878519 878519
12
CPU time 0.078 0.078 0.047 0.031
Solution number 9 10 11
w, 0.8 0.9 1
w, 0.2 0.1 0

(%) 6.23202 % 10’ 6161363 * 107 6.136445 * 107

1
£H(x) 895567 899487 977830
CPU time 0.036 0.093 0.062

TABLE 2: Location of different facilities considering various weight
vectors.

Weighs Treatment Disposal Recycling
w, w, centers centers centers
0 1 1,3,4 1,2,3,5 1,3
0.1 0.9 1,3,4 1,2,3,5 1,3
0.2 0.8 13,4 1,2,3,5 1,3
0.3 0.7 13,4 1,2,5 1,3
0.4 0.6 1,3,4 1,2,5 1,3
0.5 0.5 2,3,4 1,2,5 1,3
0.6 0.4 2,3,4 1,2,5 2,3
0.7 0.3 2,3,4 1,2,5 2,3
0.8 0.2 13,4 13,5 2,3
0.9 0.1 1,3,4 13,5 1,2
1 0 1,2,3 1,3,4 1,3

were considered. The framework of this problem is location
of treatment centers, recycling centers and disposal centers
in suitable sites and routing industrial hazardous waste
between them. Two conflict objectives have been considered.
First, total cost minimization consists of transportation cost,
operation cost, initial investment cost, and also cost saving
parameter form earned income of selling recycled waste.
Second objective is routing risk minimization using risk
exposure method. To combine multiobjective model and the
single objective model, the weighted sum method that is a
kind of scalarization method was utilized. Application of
model has been tested in Markazi province in Iran consider-
ing some assumptions for unavailable input data. The result of
the solved example shows conflict between transportation

Recycling centers

Generation nodes

............

Treatment centers

FIGURE 6: A sample of efficient solution for the model with equal
weights.

risk and total cost objectives. For example, it is possible to
decrease the cost objective with allocating higher weight (pri-
ority), while risk objective with lesser weight has a marginal
increase. The same result can be taken in location of facilities.
Their locations are changing when the weight vectors are
varying. In this study, GAMS software with applying CPLEX
solver has been used to solve problem.

The finding from this study suggests some future research.
First, amount of hazardous waste depends on the number
of industry and population and they vary in course of time.
Hence, developing a model with long term planning for
hazardous waste is necessary. Second, to solve multiobjective
model in the field of locating-routing hazardous waste,
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scalarization method is common and popular. For such prob-
lem with conflicting criteria using metaheuristic method to
encounter these problems with conflict objectives can be
good as mentioned in Samanlioglu [2] and Alumur and Kara
[19]. This study developed a new mathematical model based
on a proposed framework; therefore, a data-driver framework
[27] can be applied for future research. The last suggestion
for future research is about amount of produced hazardous
waste; in previous research amount of hazardous waste was
considered deterministic, whereas amount of produced waste
is uncertain in reality; hence fuzzy set theory can be useful in
this way.

Nomenclature

Indices

: Total of hazardous waste generation nodes
(L,....9)

Total of treatment center nodes (1,...,t)
Total of recycling center nodes (1,...,r)

: Total of disposal center nodes (1,...,d).

orEEQ

Input Data

CGT ,: Unit transportation cost from generation

node (g) to treatment center (t)

CGR,,: Unit transportation cost from generation
node (g) to recycling center (r)

CGD gyt Unit transportation cost from generation

node (g) to disposal center (d)

gt

CTD,;: Unit transportation cost from treatment
center () to disposal center (d)

CTR,,: Unit transportation cost from treatment
center (t) to recycling center (r)

CRD,,;: Unit transportation cost from recycling
center () to disposal center (d)

OCT,: Unit operation cost at treatment center (t)

OCR,: Unit operation cost at recycling center (r)

OCDy: Unit operation cost at disposal center (d)

ICT,: Initial investment cost to open a new
treatment center (t)

ICR,: Initial investment cost to open a new
recycling center (r)

ICD,;: Initial investment cost to open a new
disposal center (d)

IN,: Unit income from selling recycled hazardous
waste (1)

PGR,: Population within bandwidth along route
from generation node (g) and recycling
center ()

PGT,: Population within bandwidth along route

from generation node (g) and treatment
center (t)

PGD,;: Population within bandwidth along route
from generation node (g) and disposal
center (d)

PTR,,: Population within bandwidth along route
from treatment center (¢) and recycling
center (r)

PRD,;: Population within bandwidth along route
from recycling center (r) and disposal center

(d)

GEN,: Quantity of produced hazardous waste at
generation nodes (g)

a: Percentage of hazardous waste mass
reduction after treating at treatment centers
(t)

b,: Percentage of recyclable hazardous waste
after treating at treatment centers (t)

[ Percentage of recycled hazardous waste at
recycling centers (r)

fq Percentage of recyclable hazardous waste
generated at generation nodes (g)

kg Percentage of disposable hazardous waste
generated at generation nodes (g)

CAR;: Maximum capacity of recycling center (r)

CAT}: Maximum capacity of treatment center (¢)

CAD};: Maximum capacity of disposal center (d)
CAR':
CAT}:
CADZ: Minimum capacity of disposal center (d).

Minimum capacity of recycling center ()
Minimum capacity of treatment center (¢)

Variables

HGR_,: Transported hazardous waste quantity from
generation nodes (g) to recycling center ()
: Transported hazardous waste quantity from
generation nodes (g) to treatment center (t)
HGD ;: Transported hazardous waste quantity from

generation nodes (g) to disposal center (r)

HTR,,: Transported hazardous waste quantity from
treatment center (t) to recycling center (r)
HRD,;: Transported hazardous waste quantity from

recycling center () to disposal center (d)
HTD,;: Transported hazardous waste quantity from
treatment center () to recycling center (d)
Amount of hazardous waste recycled at
recycling center (r)
TW,:  Amount of hazardous waste treated at
treatment center (t)

DW,:  Amount of hazardous waste disposed at
disposal center (d)

X, Binary variable: 1 if recycling center
establishes to node (r), 0 otherwise

Y Binary variable: 1 if treatment center
establishes to node (t), 0 otherwise

Zyg Binary variable: 1 if disposal center
establishes to node (d), 0 otherwise.
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