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Abstract

Hazardous waste management involves the collection, transportation, processing, recycling and disposal of industrial
and domestic wastes. In this study, a single objective, multi-product mixed integer programming model for hazardous
waste facility location and routing problem is developed for the hazardous waste management problem. The aim of the
study is to locate hazardous waste treatment, recycling and disposal facilities to the designated candidate locations with
the lowest cost and highest profit. With this, we try to ensure that the waste is transported between hazardous waste
generation centers and these facilities with the minimum cost and maximum revenue. Unlike the studies in the litera-
ture, we constructed an enhanced model that take all the following properties into account: the location of hazardous
waste treatment, recycling and disposal facilities; transportation of hazardous waste, hazardous recycled materials and
hazardous waste residues between these facilities; cost, revenue, risk, capacity and technology compatibility. The model
provides to decide the sorts of facilities which are needed by considering the type and amount of hazardous waste gener-
ated in determining where to locate these facilities. The model, also, determines which types of hazardous waste can be
transported between the facilities. The developed model is applied to the Marmara Region with the real data provided by
the Republic of Turkey Ministry of Environment and Urbanization. Accordingly, the results are evaluated and presented.
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1 Introduction

A hazardous waste is a substance or material which is
harmful to people, materials and the environment. As
is well known, any hazardous waste is characterized by
degree of the flammability, reactivity, corrosivity and tox-
icity [1].

Waste management includes prevention of the gen-
eration of waste; the reduction of waste at source; reuse,
separation by type, accumulation, collection, temporary

storage, transportation, intermediate storage, recycling,
recovery (including energy recovery), disposal, monitor-
ing after disposal, control and supervision of wastes [2].
The methods of incineration, over ground/underground
storage and solar energy detoxification are used for the
disposal of hazardous wastes. For the disposal of waste
residues, the landfilling, deep-well-injection and pouring
into the sea are the commonly benefited methods [2, 3].
Recycling refers to any recovery process (for example, the
reprocessing of organic materials) in which wastes are
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recycled and converted into products, materials. Recov-
ery stands for making wastes ready for a useful purpose
to be substituted for the materials used [2]. In the strate-
gic management of hazardous wastes, the risks associated
with hazardous wastes, the balanced distribution of risks,
and the costs that should be incurred in the management
process are the criteria considered. The objective is to min-
imize the cost and risk and to make the most balanced
allocation of the risk to the affected areas.

Risk is a measure of possible undesirable consequences
of the release of hazardous materials during the handling,
storage, transportation and disposal of hazardous wastes.
Gionnakis [4] expressed the risk as the total amount of
waste transported. Revelle et al. [5], Alumur and Kara [1]
and Samanlioglu [6] expressed transportation risk as a
function of the possible population that could be affected
by the amount of hazardous waste transported and the
waste transported along the road route. Glickman et al.
[7], Liu et al. [8] and Saat et al. [9] used the risk models for
transportation of hazardous materials by rail.

Equity is the fair distribution of the consequences of a
political decision to all members of society [10]. Erkut [11],
Mandell [12] and Romero et al. [13] modelled the equity
using the Gini coefficient. Kang et al. [14] have minimized
the risk of “value at risk” at a certain level of confidence and
the risk of “the number of trips between two points of des-
tination” at a certain level of confidence for determining
appropriate routes. Garrido and Bronfman [15] provided
the equity by using thresholds in constraints.

Zografos and Samara [16] introduced one of the com-
bined approaches for the location of hazardous materials
facilities and hazardous materials transportation routes.
Revelle et al. [5] proposed a model for the location of
storage facilities, the assignment of nuclear reactors to
these facilities, and the identification of routes for the
transport of nuclear waste. Stowers and Palekar [17]
developed a single-objective model for a single waste
that minimizes the risk and provides the facility location
and routing decisions. List [18] has introduced a multi-
objective model that considers emergency response
teams, response time, risk, risk balance and cost. Cap-
panera et al. [19] proposed a heuristic approach based
on the Lagrangian relaxation for hazardous facility loca-
tion and routing problem. Emek and Kara [3] have devel-
oped a combined hazardous waste management model
in which the disposal facility location, waste disposal
method and waste flow structure are included. Boffey
et al. [20] introduced a multi-objective model for the
location of low-level waste disposal plants. Erkut et al.
[21] developed a multi-criteria mixed integer program-
ming facility location approach. Samanlioglu [6] put for-
ward a model based on the location of hazardous waste
treatment facilities, recycling facilities, and routing of the
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waste and waste residues between these plants; includ-
ing an application in the Marmara region in Turkey. Jiang
et al. [22] posited a model based on locating hazardous
material treatment facilities and routing the hazardous
materials with different transportation modes, which is
applied in Northeast China. Meiyi et al. [23] have devel-
oped a model for the hazardous materials transportation
scheduling problem, where transportation risks consist
of time-dependent fuzzy random variables. Zhao and
Verter [24] have offered a two-objective model to mini-
mize the total cost and risk and determine the facility
location of the used petroleum products, treatment facil-
ities and disposal facilities, and to determine the optimal
transportation routes. Zhao et al. [25] developed a multi-
objective mixed integer programming model by using
extended weighted Tchebycheff approximation and
extended &e-constraint approximations for facility loca-
tion and routing problem.Yilmaz et al. [26] developed a
model in which the environmental impacts of the multi-
objective hazardous waste facility location and routing
problem, where the total cost and risk are minimized.
Rabbani et al. [27] suggested an approach for the haz-
ardous waste location and routing problem including
incompatibility of the wastes. They uses Non-dominated
Sorting Genetic Algorithm (NSGA-II), Multi-objective Par-
ticle Swarm Optimization and Monte Carlo Simulation in
order to solve the existing problems. Rabbani et al. [28]
proposed a multi objective stochastic industrial hazard-
ous waste location and routing model by considering
a multi period planning horizon and incorporating the
inventory decisions into the model. They made use of
Non-dominated Sorting Genetic Algorithm (NSGA-II) and
Monte Carlo Simulation in their study. Karadag [29] intro-
duced a model which determines locations and numbers
of recycling, incineration, sterilization, interim storage
and disposal facilities and how to transport different
types of hazardous wastes and waste residues by using
a profit oriented mixed integer programming model.
Zhao and Ke [30] studied on a multi-objective explosive
waste management model minimizing the cost and the
risk while locating the collection centres, managing the
inventory level for each collection centre and routing the
explosive wastes from collection centres to the recycling
centres. Table 1 summarizes the studies in the literature
and the model in this study.

The hazardous waste management model proposed
in this study is a single-objective model based on multi-
ple waste types. The risk and equity are considered in the
constraints of the hazardous waste management model
that we developed. Cappanera et al. [19] used facility and
transportation risks in the constraints by using thresholds.
Although the cost criterion is used in most of models in
the literature, recycling and energy recovery are only taken
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Table 1 Comparison of the
studies in the literature with

o
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management model

Stowers and Palekar [17]
List and Mirchandani [31]
Current and Ratick [32]
Wyman and Kuby [33]
Alidi [34]

Giannikos [4]

Nema and Modak [35]
Nema and Gupta [36]
Nema and Gupta [37]
Cappanera et al. [19]
Alumur and Kara [1]
Erkut et al. [21]

Boffey et al. [20]
Samanlioglu [6]

Jiang et al. [22]

Zhao and Verter [24]
Zhao et al. [25]
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Rabbani et al. [27]
Rabbani et al. [28]
Karadag [29]

Zhao and Ke [30]
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OF Objective Function, C Cost, E Equity, R Risk, T Time, ST Stochastic, / Inventory, RV Revenue, W Waste
Type, TC Technology Compatibility, TM Transportation Mode, WTF Waste Treatment Facility, WRF Waste
Recycling Facility, WDF Waste Disposal Facility, M Multi Objective, S Single Objective, Y Yes, N No

into account by Alidi [34] and Erkut et al. [21]. In the pro-
posed hazardous waste management model, both of them
are included in the objective function.

A formulation inversely proportional to the population
affected by the amount of wastes processed in the facili-
ties and the linear distances to the facility location sites is
used to contain the equity in the hazardous waste man-
agement model of Marmara region application. The risk/
undesirable effects of the waste is modelled by consider-
ing the population within the 1000 m outer boundary of
the facilities and the road route that will be affected.

In the literature, the technology compatibility is consid-
ered only in the waste treatment facilities. The proposed
hazardous waste management model includes technology
compatibility for all three facility types.

The hazardous waste management model includes the
flow of waste residues from the waste generation centres
to the disposal facilities. The proposed hazardous waste
management model contributes to many criteria and fea-
tures including risk, cost, recycling and energy gain, bal-
ance and technology compatibility for all facilities in the
same model.

2 An application of the hazardous waste
management model in the Marmara
Region in Turkey

In this section, the hazardous waste management model
is applied to Marmara region of Turkey by using the actual
data obtained. In the model, the hazardous waste genera-
tion centres are assumed to be industrial waste generat-
ing plants, power plants or residential areas generating
domestic wastes. Recyclable wastes which are generated
at hazardous waste production centres are sent to recy-
cling facilities. The wastes to be disposed are forwarded to
disposal facilities while the other wastes are sent to hazard-
ous waste treatment plants for processing. In the hazard-
ous waste treatment facilities, those that can be recycled
from the wastes treated by the compatible waste treat-
ment technology are sent to recycling facilities. Remaining
wastes are disposed after they are brought into appropri-
ate disposable form. The energy recovery came by during
incineration is considered as a cost-reducing income. Simi-
larly, there is an income from recycled materials in waste
recycling facilities. The waste residues are disposed at the
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disposal facilities. The flow of the materials in the system
is shown in Fig. 1. The model is a single objective model.
The objective function includes the minimization of the
fixed costs of waste treatment, disposal, recycling facilities,
the transportation costs of wastes between facilities and
the maximization of the energy recovery obtained at the
recycling, waste treatment facilities.

In the Regular Storage Facilities Site Management and
Operation Guide of the Republic of Turkey Ministry of Envi-
ronment and Urbanization, it is stated that the facilities
to be installed should be at least 1000 m away from the
human population areas [38]. Based on this principle, the
amount of hazardous waste transported, and the popula-
tion of settlements located 1000 m to the right and left of
the road route is used for the calculation of the undesir-
able effect in the model.

The equity is calculated by using the function which is
developed from a function provided by Giannikos [4]. In
Giannikos [4] 's model the equity is inversely proportional
to the distance from the site to the location of the facility
and proportional to the amount of waste/recycled material.
The equity is expressed as a constraint in the model. Thresh-
olds for undesirable effects are determined according to
the amount of waste treated, recycled and disposed in the
facilities and to the direct distances to the location sites.

In the model, the transportation network where
hazardous wastes are transported is defined by N={V,
A}. The nodes of this network are candidate locations
for waste treatment facilities, waste disposal facilities
and waste recycling facilities. The followings are the
assumptions of the model: (1) Different kinds of waste
are produced in waste the production centres. (2) There
are existing waste processing, disposal and recycling
facilities. If required, new facilities can be located in
pre-determined candidate location sites. (3) Different
technologies can be selected for waste treatment, recy-
cling and disposal facilities. (4) The unit transportation
costs of hazardous wastes, waste residues and recycled
materials are known. (5) Unit variable costs of facilities
are also known. (6) It is assumed that the same types

o\

T (Recycling

(Recycling Material) @, 94; (Residue) aqq;igai
Material)

(1 — g — Ya)BakGai

(Waste) (1 — atq — ¥o)9ai WIE | (Residue)

(1 — Qg — Va)(l - ﬁak)gai

(Residue) y;gqi

Fig.1 The flow of the hazardous waste, recycling material and
waste residue in the hazardous waste management problem
applied to the Marmara Region in Turkey
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of facilities have the similar capacity, the same fixed
and variable costs. (7) Energy recovery is achieved from
waste treatment and disposal facilities while some
income is obtained from recycling facilities. (8) The unit
income from these facilities is on hand and the same
values are used for all similar type of facilities in the
application problem. (9) All hazardous waste types are
transported by using the same type of vehicles with the
same cost. (10) The transportation cost depends on the
transportation distance and the quantity of the trans-
ported material. (11) Recycling materials can be get from
hazardous waste generation centres or waste treatment
facilities. (12) The ratios of the recycling materials, the
hazardous materials to be disposed, which are achieved
directly from the hazardous waste generation centres
are known and depend on the type of waste. (13) The
ratios of recycling materials and waste residues at the
treatment facilities are given and depend on the type of
the waste. (14) The ratio of the recycled materials at the
recycling facilities and the ratio of the residues sent to
the disposal facilities are certain.

The indices, parameters and decision variables used
in the mathematical model are given below.

Sets:

N=(V, A) is transportation network; G denotes the waste
generation centres where G C V; T represents candidate
waste treatment facility locations such that TC V; TA is
existing candidate waste treatment facility locations
where TA C T; D denotes candidate waste disposal facility
locations such that D C V; DA stands for existing candidate
waste disposal facility locations where DA C D; R repre-
sents candidate recycling facility locations where Dc V;
DA is existing candidate waste disposal facility locations
in such a way that R c V; RA accounts for candidate waste
treatment facility locations such that RA C R; K=1k,..., k}
stands for the waste treatment technologies; B=1{b,,..., b}
is waste disposal technologies; E={e,,..., €} represents the
recycling technologies; Z={a,,..., a} wherein hazardous
waste types and L, population centres where LC V.

Parameters:

ca; the cost of transporting one unit of hazardous
wasteontheline (i,)) EA,i€G,jET,

cb; the cost of transporting one unit of recycling
material on the line (i, j)) EA,i €EG,jER,

cg; the cost of transporting one unit of hazardous
material to be disposed on the line (i, j) EA, i €
G,jED,

cd; the cost of transporting one unit of hazardous

waste ontheline(i,j) € A,i €T, j € D,
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ComT,,

the cost of transporting one unit of recycling
material on theline (i,j) € A,i € T, j €R,

the cost of transporting one unit of hazardous
waste residue on the line (i,j) € A,i € R,i € D,
the Euclidean distance betweeni € Gand j € V
the variable cost (facility operating cost) for the
waste treatment facility with waste treatment
technology k € K locatedini € T,

the variable cost (facility operating cost) for the
recycling facility located ini € R,

the variable cost (facility operating cost) for the
recycling facility located ini € D,

the fixed cost of opening a waste treatment facil-
ity having waste treatment technology k € K in
ieT,

the fixed cost of opening a waste disposal facility
having waste disposal technology b € Bini € D
the fixed cost of opening a waste recycling facil-
ity having waste disposal technology b € B in
i €R,

the amount of hazardous waste of typea € Z
generated at the hazardous waste generation
centreini € G,

the recycling ratio for type a € Z hazardous
waste generated at the hazardous waste gen-
eration centreini € G,

the ratio of waste generated to be disposed for
type a € Z hazardous waste generated at the
hazardous waste production centre located in
i €eq,

the ratio of residues for type a € Z hazardous
waste generated at the hazardous waste recy-
cling facility located ini € R,

the recycling rate for type a € Z hazardous waste
treated with waste treatment technology k € K,
the unit value of the energy recovery obtained
from the treatment of hazardous waste type
a € Z with waste treatment technology b € Z
at the waste disposal facility i € D,

the unit income obtained by the recycling of
a € Z hazardous waste type at nodei € R,

the capacity of the waste treatment facility
located at node i € T which has the waste treat-
ment technology k € K,

the capacity of the recycling facility withe € E
technology at nodei € R,

the capacity of the i € D disposal facility with
b € Btechnology,

hazardous waste treatment technology compat-
ibility parameter:“1"if a € Z type of hazardous

comR,,

comD,,

loty;

lor,;

lod,;

WtaU/

l//raijl

Il/daijl

POPL,

POPr,

POPd,

wt
wr
wd

Tt

waste is compatible with k € K waste treatment
technology, “0” otherwise,

hazardous waste recycling technology compat-
ibility parameter:“1"if a € Z type of hazardous
waste is compatible with k € K waste recycling
technology, “0” otherwise,

hazardous waste disposal technology compat-
ibility parameter:“1”if a € Z type of hazardous
waste is compatible with k € K waste disposal
technology, “0” otherwise,

the minimum amount of hazardous waste
needed to be treated to open a hazardous waste
treatment facility at i € T having k € K waste
treatment technology,

the minimum amount of hazardous recycling
material needed to be treated to open a hazard-
ous waste recycling facility ati € Rhavinge € E
waste treatment technology,

the minimum amount of hazardous waste
needed to be disposed to open a hazardous
waste disposal facility at i € D having b € B
waste treatment technology,

the human population thought to be affected
inthe/ € L population center duetoa € Z type
hazardous waste transported on the road (i, j),
the human population thought to be affected
inthe !/ € L population center due toa € Z type
hazardous recycling material transported on the
road (i, ),

the human population thought to be affected
inthe ! € L population center due toa € Z type
hazardous waste residue transported on the
road (i, j),

the human population thought to be affected
due to locating hazardous waste treatment
facilities at the location sitei € T,

the human population thought to be affected
due to locating hazardous waste recycling facili-
ties at the location sitei € R,

the human population thought to be affected
due to locating hazardous waste disposal facili-
ties at the location sitei € D,

equity threshold value for waste treatment
facilities,

equity threshold value for waste recycling
facilities,

equity threshold value for the waste disposal
facilities,

the undesirable effect threshold value for the
population centers exposed to the undesirable
effect along the route due to the transporta-
tion of hazardous waste to the waste treatment
facilities,
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Tr
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the undesirable effect threshold value for the
population centers exposed to the undesirable
effect along the route due to the transportation
of hazardous recycling material to the waste
recycling facilities,

the undesirable effect threshold value for the
population centres exposed to the undesirable
effect along the route due to the transportation
of hazardous waste residue to the waste dis-
posal facilities,

maximum number of waste treatment facilities
to be opened,

maximum number of waste recycling facilities
to be opened,

minimum number of waste disposal facilities to
be opened.

Decision variables

aij

yraj

yrb,-j

y z'aij

m gaij

mta,/

the amount of hazardous waste type a € Z trans-
ported on line (i, j),

the amount of hazardous waste residues carried on
line(i,j) € A, i € R,j € Dafterrecycling the hazard-
ous recycling materials coming from waste treat-
ment facilities,

the amount of hazardous waste residues carried
ontheline(i,j) € A,i € R,j € D after recycling the
hazardous recycling materials coming from waste
generation centers,

the amount of hazardous waste residues carried
ontheline(i,j) € A,i € T, j € D after recycling the
hazardous recycling materials coming from waste
treatment facilities,

the amount of Type a € Z waste transported on the
line(i,j) € A,i € G, j € Rto berecycled,

the amount of Typea € Z waste transported on the
line(i,j) € A,i €T, j € Rto berecycled.

i

(i)EA a

+ Y Dyt + Y Y cmtg+ Y Y cgyga
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Variables

Hakj

dtabi

dra g,

drb

or

aei

ot,

aei

the amount of hazardous waste type g € Z to be
treated with technology k € K at nodei €T,

the amount of hazardous waste residue of hazard-
ous waste type a € Z to be treated with technol-
ogyb € Batnodei € D,

the amount of hazardous waste residues to be dis-
posed by technology b € Bon node i € D, which
is formed as a result of the recycling of thea € Z
type waste coming from the waste treatment
facilities,

the amount of hazardous waste residues to be dis-
posed by technology b € Bon node i € D, which
is formed as a result of the recycling of a € Z type
waste coming from the waste generation centres,
the amount of type a € Z waste recycling mate-
rials, which are coming from waste generation
centres, on node i € R recycled by using waste
recycling technologye € E,

the amount of type a € Z waste recycling materi-
als, which are coming from waste treatment facili-
ties, on node i € R recycled by using waste recy-
cling technology e € E,

0-1 variable which gets value 1 if the waste treat-
ment facility having k € K waste treatment tech-
nology is located on the node i € T, otherwise 0,

0-1 variable which gets value 1 if the waste dis-
posal facility having b € B waste treatment tech-
nology is located on the node i € D, otherwise 0,
0-1 variable which gets value 1 if the waste recy-
cling facility having e € E waste treatment tech-
nology is located on the node i € R, otherwise 0,

Mathematical model

Minimize Total Cost

Z ; ftifi + Z Zb: fdyiny; + Z Z fro v + Z Z CaXgj + z Z cb;
I I e

(i)EA a
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Z Z y/d,jyra,-j <tzd, aeZ

(j)EA a (2.34)
Z Z Z POPt; Gak, <ot jev
i, =" (2.35)
POPr; 5 + ot
Z Z 2 ( aei ae:) < or; j eV (2.36)
POPd;(dt,y; + drag,; + drb,
ZZZ I( abi T Aldgp; + Al ab:) < wd; jEV
i a dStff
(2.37)
f,€{0,1},keK,ieT (2.38)
fd, €{0,1},beB,ieD (2.39)
fr, € {0,1},e€E,ieR (2.40)
Opi >0,a€Z,keK,ieT (2.41)
Xgijs Yeaijs YrQaijs YrBgjs Mtgji MGy > 0, a € Z,(i,j) € A
(2.42)
dt,; >0, aeZbeB,ieD (2.43)
dra, >0; a€ZbeB,ieD (2.44)
drb,,; >0, aeZbeB,ieD (2.45)
OF geis Ot goi = aeZeeckEieR (2.46)

In the model, the objective function (2.1) minimizes the
fixed and variable costs of treatment, recycling and dis-
posal facilities and the transportation costs of transport-
ing the wastes, recycling materials and waste residues
between these facilities; maximizes the energy recovery
achieved in the waste disposal facilities and the income
achieved in the recycling facilities. Equations (2.2)-(2.8)
are flow-balance constraints. Equations (2.9)-(2.11) denote
the facility capacity constraints. Equations (2.12)-(2.14)
represents the compatibility constraints for the compat-
ibility of wastes, recycling materials and waste residues
with the facility technologies. Equations (2.15)-(2.17)
stands for the constraints that stand for existing facili-
ties. Equations (2.18)-(2.23) are the constraints that do
not allow for the treatment of the wastes outside of the
related facilities. Equations (2.24)-(2.26) stand for the
constraints for the maximum number of facilities that are
allowed to be opened. Equations (2.27)-(2.29) give the
constraints stating that the facilities cannot be located

SN Applied Sciences

A SPRINGER NATURE journal

without a certain amount of wastes, recycled materials
and waste residues are treated. Equations (2.30)-(2.34)
denote the transportation risk (undesirable effect) con-
straints. Equations (2.35)-(2.37) are equity constraints.
Equations (2.38)-(2.40) stand for the constraints that are
stating the 0-1 variables. Finally, Eq. (2.41)-(2.46) are the
non-negativity constraints.

2.1 Data

There are 394 hazardous wastes defined by waste codes
in the Waste Management Regulation of The Republic
of Turkey Ministry of Environment and Urbanization
(RTMEU) [2]. The top ten hazardous waste codes and
waste amounts declared to be the most in 2014 are given
in the Bulletin of Hazardous Waste Statistics of the 2014
Yearbook of RTMEU [39]. These are the wastes with the
code numbers: 100207, 150110, 170503, 180103, 110105,
120120, 190813, 150202, 040219 and 050103. The first 10
of the highest amount of wastes, which is declared on
the waste code basis, constitutes 66% of the total wastes
declared in 2014 [39]. For this reason, in the application
for the Marmara region, the top ten types of waste pro-
duced in the Marmara region are considered. The data is
provided by the RTMEU [40].

Disposal and recycling of hazardous wastes are
included in the Waste Management Regulation of the
RTMEU [2]. Accordingly, there are 15 disposal and 13
recycling methods. When the hazardous waste types of
the Marmara Region and the processes used for these
wastes examined, we see that all of the hazardous
wastes are processed by at least one of the following
technologies:

—_

Hazardous waste treatment facilities: R12 and R9;
Hazardous waste recycling facilities: R1, R4 and R5;
Hazardous waste disposal facilities: D5 and D10.

w N

Thus, only seven of the methods above-mentioned are
considered in practice.

Marmara region has 157 population centres including
11 cities and 146 towns. In the application, a total of 44
population centres are considered. Total capacities are
taken into account for each facility location. In Marmara
region, the existing facilities and the candidate facility
locations are indicated in Table 2 on a technology basis.

In the preliminary feasibility report prepared by Gazi-
antep Chamber of Industry in 2012, the number of facilities
in Turkey and their waste treatment capacities considering
their technologies are indicated [41]. The total amount of
waste declared as “waste” in the Hazardous Waste Declara-
tion System has increased by 0.5 times between 2011 and



SN Applied Sciences (2020) 2:299 | https://doi.org/10.1007/542452-020-2107-7 Research Article

Table 2 The existing and the candidate facilities

No Locations Waste treatment facility Waste recycling facility Waste disposal facility
Existing Candidate Existing Candidate Existing Candidate

1 Balikesir R12,D9 R4, R1 D10

2 Bandirma

3 Bilecik R12 R4, R1

4 Bursa R12 R4, R1

5 Nilufer R12 R4, R1 X

6 Osmangazi R12 R4, R1 X

7 Inegol R12 R4, R1 X

8 Gemlik R12 R1

9 Orhangazi X

10 Kestel X D5,D10

1 Canakkale D9

12 Ezine D10

13 Biga R12 X

14 Edirne X X X

15 Lalapasa X D5

16 Basaksehir X X

17 Esenyurt R12 R1

18 Tuzla R12 R4, R1 X

19 Bagcilar X R4 X

20 Kucukcekmece X X X

21 Pendik X R4, R1 X

22 Silivri X R4 X

23 Arnavutkoy X R4 X

24 Kirklareli X R4 X

25 Pinarhisar X X X

26 Vize X X D10

27 Luleburgaz D9 X

28 Kocaeli R12 R4, R1 X

29 izmit D9 X D5,D10

30 Basiskele X R4, R1 X

31 Derince X X X

32 Darica X X D5,D10

33 Korfez X X D5,D10

34 Cayirova R12 R1 X

35 Dilovasi X R1 X

36 Gebze X X X

37 Sakarya R12,D9 R4, R1 X

38 Erenler R12 X X

39 Tekirdag D9 X X

40 Cerkezkoy R12 R4 X

41 Ergene R12 R4 X

42 Corlu R12 R5, R4, R1 D5,D10

43 Kapakli X R4

44 Yalova R12 R1 X

Existing facilities 18R12,6 D9 1R5,19R4, 17 R1 6D5,8D10

Total 24 17 37 16 14 27
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2014 in the hazardous waste statistics of 2014 which is
prepared by the Ministry of Environment and Urbanization
[391. In this study, it is assumed that the average capaci-
ties of facilities are increased by 0.5 times. In this case it is
assumed to be 34,399,564 kg for R1, 10,009,587 kg for R4,
733,125 kg for R5, 5,231,785 kg for R12 and D9. For D10,
the capacity of IZAYDAS is taken as 35,000,000 kg and for
D5 the hazardous waste storage capacity of IZAYDAS is
taken as 25,000,000 kg [41, 42].

In the energy income calculations, the averages of
the data obtained from AKCANSA cement factories and
IZAYDAS are used [42-44]. Accordingly, 0.544 kWh elec-
trical energy is produced from 1 kg hazardous waste in
AKCANSA, 0.530 kWh electrical energy is produced from
1 kg waste in IZAYDAS. In the calculations, a value of
0.537 kWh/kg, which is the average of the two values, is
used. 1 kWh electrical energy is 1.08 US Dollars, the gain
from 1 kg hazardous waste is 0.580 US Dollars [45, 46].
The income from 1 kg waste oil is taken as 0.3 USD in the

calculations of the recycling gain obtained by using R1
technology [47, 48].

Annual depreciation values are taken as facility installa-
tion costs in the calculations within the problem. Accord-
ingly, the facility installation cost is 919,719 US Dollars for
the waste treatment facilities having R12 and D9 recycling
technologies [46, 49-51], the facility installation cost is
105,000 US Dollars for the waste recycling facilities hav-
ing R1, R4 and R5 recycling technologies [48, 49], the facil-
ity installation cost is 2,619,780 US Dollars for the waste
disposal facilities having D5 disposal technology and the
facility installation cost is 3,716,000 US Dollars for the
waste disposal facilities having D10 disposal technology
[46,49-51].

For the variable costs, the unit incineration, waste
storage and recycling costs are 0.3344 US Dollars/
kg, 0.07803 US Dollars/kg, 0.9385 US Dollars/kg and
0.1672 US Dollars/kg respectively [46, 49, 50].

The recycling/residue rates and the information about
the hazardous waste type/technology compatibility, which

Table?y The hazardous waste No Waste no. Waste generation centers Waste treatment facil-  Waste recycling facil-
recycllng and hazardous waste - - - ity recycling ratio ity waste residue ratio
residue rates Recycling ratio Waste resi-
due ratio
1 100207 1 0 0 0
2 150110 0.044 0.022 0.7314 0.05
3 170503 0 0.776 0 0
4 180103 0.0037 0.044 0.7314 0.05
5 110105 1 0 0 0
6 120120 0.58 0.0002 0.7314 0.05
7 190813 0.139 0.034 0.7314 0.05
8 150202 0.286 0.045 0.7314 0.05
9 040219 0.00057 0.0086 0.7314 0.05
10 050103 0.40 0.020 0.7314 0.05
Table 4 The compatibility of Waste no. Waste treatment technol- Waste recycling technology compat- Waste disposal
haz.a?rfious'waste treatment ogy compatibility ibility technology
facilities with the waste types compatibility
R12 D9 R1 R4 R5 D5 D10
100207 - - - - - -
150110 + - + + + +
170503 + - - - - + +
180103 + + - - + - +
110105 - - + - -
120120 + - - + - + +
190813 + - + + - + +
150202 + - + + + +
040219 + - + - - + -
050103 + - + - - - +
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is derived from the data on 10 types of hazardous waste,
obtained from RTMEU are in Tables 3 and 4, respectively
[40]. Due to the lack of data about residue rates, which is
sent from the waste treatment facilities to the waste disposal
facilities; as in the Alumur and Kara [1] and Samanlioglu [6]
the rate 0.05.

Equations (2.50)-(2.52) are the formulas for the threshold
values that are used in the hazardous waste transportation
undesirable effect constraints. The nt is ratio of undesirable
effect for hazardous waste transported to hazardous waste
treatment facilities. The nr is the ratio of undesirable effect
for hazardous waste transported to hazardous waste recy-
cling facilities and the nd is the ratio of undesirable effect
for hazardous waste transported to hazardous waste dis-
posal facilities. The values of these ratios are assumed to be
nt=0.01,nr=0.1 and nd=0.01 for the application.

Tt = nt Z wtij(1 —aa—ya)g(a,i), ae”Z

247
(ij)eA ( )

Tr = nr Z q/rij(aaga, + (1 — o, — Ya)gaiﬁak), aeZkekK
(ij)eA
(2.48)

td = nd Z wd,-j((1 —a, — ya)gai -(1- ﬂak) + 0,G,iP0 + V094) aE€ZkeK

(ij)eA

The actual road distances and the bird’s flight distances
between the residential areas are obtained by using the
ArcGIS software.

2.2 Results

The application of the hazardous waste management
model with the Marmara region data was primarily carried
out with the available data. Then, the maximum number
of hazardous waste treatment facilities and the minimum
amount of hazardous waste required for the location of
the facility are applied by assuming certain values.

The application problem of the hazardous waste man-
agement model with Marmara region data was solved via
the best solution value of 295,220,771.52 USD in 10 s by
using Intel Core i5-4200U 1.6 GHZ microprocessor and
GAMS 148 CPLEX 10.2.0 software. Table 5 summarizes the
results of the application in the Marmara region, includ-
ing new facilities opened and their technologies. Accord-
ingly, in addition to the existing 18 facilities having R12
and 6 facilities having D9 waste treatment technology, 3
facilities having R12 hazardous waste treatment technol-

(2.49)

Equations (2.50)-(2.52) are the formulas for the equity
threshold values. The pt; is the ratio of the undesirable
effects for the hazardous waste treatment facilities to
the population centres. The pr; is the ratio of the undesir-
able effects for hazardous waste recycling facilities to the
population centers and the pd;, the ratio of the undesir-
able effects of hazardous waste disposal facilities to the
population centres.

The values of these ratios are assumed to be pt; = 1000,
pr; = 1000 and pd; = 1,000, 000 for the application.

POPt;, POPr;, POPd, are the population exposed to the
undesirable effect in the area 1000 m outside the border
of facilities.

ot =pt; Y Y POPt(1 =ty = 74) G (2.50)
a i

wr=pr; 3\ D Y POPr(a,94 + (1 = @ = ¥4) B G
ot Lo
B (2.51)

wd = pdi Z Z Z 'L)O":’di((‘I 7 ya)ﬁakgai + AP aY9ai + yagai)'
a k i
(2.52)

ogy are opened. With the existing 1 facility having R5, 19
facilities having R4 and 18 facilities having R1 waste recy-
cling technology, 22 facilities having R5, 3 facilities having
R1 and 7 facilities having R4 waste recycling technologies
are located. Finally, in addition to the existing 6 facilities
having D5 and 8 facilities having D10 waste treatment
technology, 2 facilities having D5 and 1 facilities having
D10 hazardous waste disposal technologies are opened.

Despite the maximum number of facilities may be a
decision of governments or local authorities, the minimum
amount of hazardous waste required for the opening of
facilities is related to both administrative and cost-effec-
tive factors.

Table 6 summarizes the results that are achieved in case
of an increase in the threshold value of the equity/trans-
portation undesirable effects. Accordingly, the increase in
the threshold values of the equity/transportation undesir-
able effects by 10% and 20%, has a decreasing effect on
the cost due to an increase in the number of facilities and
a change in the location of them.

Table 7 summarizes how the model works with the max-
imum facility and minimum waste quantity constraints. For
this purpose, the maximum number of facilities that can
be opened is taken as 45, 35 and 30 for hazardous waste
treatment facilities; 85, 75 and 65 for hazardous waste
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Table 5 New facilities to be

- Location Waste treatment Waste recycling facility Waste disposal facility
opened after solution facility
Balikesir R5
Bursa R5
Niltfer D5
Ezine R4
Biga R4
Edirne R1
Basaksehir R5
Esenyurt R5
Tuzla R5
Bagcilar R5
Kiglikcekmece R5
Pendik R5
Arnavutkoy R5
Kirklareli R5, R1
Kocaeli R5
izmit R5
Basiskele R5
Derince R5
Darica R5, R4
Korfez R12 R5, R4
Cayirova R5, R4
Dilovasi R12 R5, R4 D5,D10
Gebze R12 R5, R4
Sakarya R5
Erenler R5
Tekirdag R4, R1
Yalova R5
New facilities to be 3R12 22R5,3R1,8R4 2D5,1D10
opened
Total 3 33 3

recovery plants and 30, 20 and 18 for hazardous waste dis-
posal facilities. The minimum amount of hazardous waste
that must be delivered to the facilities in order to open
the facilities is 10,000 kg and 11,000 kg for all plant types.

The results accordingly are: In the solutions get by add-
ing the maximum number of facilities and minimum waste
amount constraints to the problem, the number of facili-
ties increases with the determined bounds and the cost
decreases. As the minimum amount of hazardous waste
required opening a facility increases, the number of facili-
ties decreases and the cost increases.
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3 Conclusions

The importance of hazardous waste management is
increasing due to continuous industrial and technological
development, population crowding pose a serious threat
to human health and habitat. The hazardous waste facil-
ity location and routing models started with Zografos and
Samara [16] and increasingly developed from day to day.
Models developed in these studies include cost, revenue,
risk, balance and time measures; hazardous waste treat-
ment facilities, hazardous waste recycling facilities and
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Table 6 Results of scenarios

. X SN LBE (%) LTU (%) NCF NNF NTF OFV ($) Difference ($) Difference %
for equity and transportation
undesirable effect constraints 1 +0 +0 GKT:37 GKT:33 GKT:70  295220,771.52 0 0

BET:14 BET:3 BET: 17
AlT: 24 AlT: 3 AlT: 27
Total: 75 Total:39 Total: 114

2 +10 +10 GKT:37 GKT:33 GKT:70 294,520,154.90 700,616.62 0.24
BET: 14 BET:3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Total: 75 Total: 40 Total: 115

3 +10 +0 GKT:37 GKT:33 GKT:70 295,077,989.71 142,781.81 0.05
BET: 14 BET:3 BET: 17
AlT24 AlT: 4 AIT: 28
Total: 75 Total: 40 Total: 115

4 40 +10 GKT:37 GKT:33 GKT:70 294,667,366.46 553,405.06 0.19
BET:14 BET:3 BET: 17
AlT: 24 AlT:4 AIT: 28
Total: 75 Total: 40 Total: 115

5 420 +20 GKT:37 GKT:31 GKT:68 294,150,452.36 1,070,319.20 0.36
BET: 14 BET:3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Total: 75 Total:38 Total: 113

6 +20 +10 GKT:37 GKT:33 GKT:70 294,458,335.20 762,436.32 0.26
BET: 14 BET:3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Total: 75 Total:40 Total: 115

7 +10 +20 GKT:37 GKT:32 GKT:69 294,150,452.36 1,070,319.20 0.36
BET: 14 BET:3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Total: 75 Total:39 Total: 114

8 +30 +30 GKT:37 GKT:33 GKT:70 293,951,350.28 1,269,421.20 043
BET:14 BET:3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Total: 75 Total:40 Total: 115

SN scenario number, LBE lower bound variation for equity, LTU lower bound variation for transportation
undesirable effect, NCF number of current facilities, NNF number of new facilities, NTF number of total
facilities, OFV objective function value GKT Recycling Facility, BET disposal facility, AIT waste treatment

facility

disposal facilities; the compatibility of facilities’ technolo-
gies with hazardous wastes; compatibility of the wastes
with each other so that the wastes can be treated at the
same facilities; transportation modes; single or multi-prod-
uct models and so on.

The developed hazardous waste management model
with its Marmara region application is a single objective,
multi-product model, including cost, revenue, facility/
transportation undesirable effects, equity criteria with the
location of hazardous waste treatment facilities, recycling
and disposal facilities and the transportation of hazard-
ous wastes between them taking into account the facility-
hazardous waste compatibility.

The hazardous waste management model and its
application to Marmara region of Turkey with real data
is a model that can help to the strategic level decision
makers. By using the developed model, it is possible to
decide which types of facilities are needed considering the
type and amount of hazardous waste generated, at the
decision maker level. It is possible to determine where to
locate these facilities while minimizing the risk and social
response according to the predetermined threshold val-
ues. Also, the model determines the types of hazardous
waste that can be transported between the facilities. For
example, in the direction of the data we have obtained,
there is one facility which is licensed by RTMEU in the Mar-
mara region and treated with one R5 recycling technology.
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Table 7 Results of scenarios with upper bound for number of facilities, lower bound for waste quantity, equity and transportation undesir-
able effect constraints

SN MNF LQw LTU (%) LBE (%) Facilities OFV difference ($) D%
AIT GKT BET NCF NNF NTF

9 45 85 30 10,000 +0 +0 GKT: 37 GKT: 33 GKT: 70 —18,728.83 —-0.06
BET: 14 BET:3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Top.: 75 Top: 40 Top: 115

10 45 85 30 10,000 +10 +10 GKT: 37 GKT: 33 GKT70 681,892.81 0.23
BET: 14 BET:3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Top.: 75 Top.: 40 Top.: 115

11 45 85 30 10,000 +10 +0 GKT: 37 GKT: 34 GKT: 71 82,124.52 0.03
BET: 14 BET:3 BET: 17
AlIT: 24 AlT: 4 AIT: 28
TOP: 75 TOP: 41 TOP: 115

12 45 85 30 10,000 +0 +10 GKT: 37 GKT: 33 GKT: 70 534,681.27 0.18
BET: 14 BET: 3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Top.: 75 Top.: 40 Top.: 115

13 45 85 30 10,000 +20 +20 GKT: 37 GKT: 32 GKT: 69 794,932.79 0.27
BET: 14 BET: 3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Top.: 75 Top.: 39 Top.: 114

14 45 85 30 10,000 +10 +20 GKT: 37 GKT: 33 GKT:70 749,126.45 0.25
BET: 14 BET: 3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Top.: 75 Top.: 40 Top.: 115

15 45 85 30 10,000 +20 +10 GKT: 37 GKT: 33 GKT:70 1,051,599.8 0.36
BET: 14 BET: 3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Top.: 75 Top.: 40 Top.: 115

16 35 75 20 10,000 +0 +0 GKT: 37 GKT: 33 GKT:70 —18,728.83 —-0.06
GKT: 14 GKT: 5 GKT: 17
AlT: 24 AlT: 4 AIT: 28
Total: 75 Total: 42 Total: 115

17 35 75 20 10,000 +10 +10 GKT: 37 GKT: 33 GKT:70 681,892.81 0.23
BET: 14 BET: 5 BET: 17
AlT: 24 AlT: 4 AIT: 28
Total: 75 Total: 42 Total: 125

18 35 75 20 10,000 +20 +20 GKT: 37 GKT: 33 GKT:70 1,117,491.31 0.38
BET: 14 BET: 3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Total: 75 Total: 40 Total: 115

19 35 75 20 11,000 +0 +0 GKT: 37 GKT: 33 GKT:70 —20,857.42 -0.07
BET: 14 BET: 3 BET: 17
AlT: 24 AlT: 4 AIT: 28

Total: 75 Total: 40 Total: 115
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Table 7 (continued)

SN MNF LQW LTU (%) LBE (%) Facilities OFV difference ($) D%
AlT GKT BET NCF NNF NTF

20 35 75 20 11,000 +10 +10 GKT: 37 GKT: 33 GKT: 70 —739,800.92 -0.25
BET: 14 BET: 4 BET: 18
AlT: 24 AlT: 4 AIT: 28
Total: 75 Total: 41 Total: 116

21 35 75 20 11,000 +20 +20 GKT: 37 GKT: 32 GKT: 69 1,115,904.11 0.38
BET: 14 BET:3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Total: 75 Total: 39 Total: 114

22 30 65 18 10,000 +0 +0 GKT: 37 GKT: 28 GKT: 65 —2,981,128.97 -1
BET: 14 BET:3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Total: 75 Total: 35 Total: 110

23 30 65 18 10,000 +10 +20 GKT: 37 GKT: 28 GKT: 65 —2,258,178.26 -0.76
BET: 14 BET: 3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Total: 75 Total: 35 Total: 110

24 30 65 18 10,000 +20 +20 GKT: 37 GKT: 28 GKT: 65 —1,894,740.62 -0.64
BET: 14 BET: 3 BET: 17
AIT: 24 AlT:4 IiT: 28
Total: 75 Total: 35 Total: 110

25 30 65 18 11,000 +0 +0 GKT: 37 GKT: 28 GKT: 65 —2,982,628.53 -1
BET: 14 BET: 3 BET: 17
AlT: 24 AlT: 4 AIT: 28
Total: 75 Total: 35 Total: 110

26 30 65 18 11,000 +10 +10 GKT: 37 GKT: 28 GKT: 65 —2,261,395.98 -0.76
BET: 14 BET: 3 BET: 17
AlT: 24 AlT: 4 AlT: 28
Total: 75 Total: 35 Total: 110

27 30 65 18 11,000 +20 +20 GKT: 37 GKT: 28 GKT: 65 —1,805,344.34 -0.61
BET: 14 BET: 3 BET: 17
AlT: 24 AlT: 4 AlT: 28
Total: 75 Total: 35 Total: 110

MNF maximum number of facilities which are allowed to be opened, EDAM the least quantity of waste needed to open a facility, LTU lower
bound variation for transportation undesirable effect, LBE lower bound variation for equity, NCF number of current facilities, NNF number of
new facilities, NTF number of total facilities, OFV objective function value, D Difference, GKT Recycling Facility, BET disposal facility, AIT waste

treatment facility

However, considering the amount of hazardous wastes
generated and assuming that the facility capacities are as
high as the capacity as was mentioned, 22 new facilities
with R5 recycling technology are required. In other words,
there are a large number of hazardous wastes needed to
be treated by 22 facilities having R5 recycling technology,
or these wastes are treated in unregistered facilities by
unregistered methods.

The hazardous waste facility location and routing
problem are an NP-hard class problem. For this rea-
son, the solution is also difficult with the increasing

complexity and the dimension of the problem. In the
proposed model, the main focus is based on modelling
facility location, facility types, technology-waste compat-
ibility, risk and equity, to keep the problem dimension at
an applicable and solvable level. Notice that the routing
is not considered in the model. Problems involving more
nodes require longer time to solve. For the future, it is
recommended to use/develop heuristic solution meth-
ods that produce the close results to the best solution
for problems which have more hazardous waste types
with more nodes.
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In the developed model, the risk and equity con-

straints involve the population and the amount of waste
transported or treated in the facilities. In the future
studies, the models can be extended to the environ-
mental impacts, including meteorological, geographi-
cal factors and regional flora in order to analyse the
existing risk assessments. In the developed hazardous
waste management model, we have considered only the
highway transportation of hazardous wastes. The model
can be developed by including different transportation
modes.
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