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1. Infroduction

ABSTRACT: In this paper, a model for the collection of waste electrical and electronic
equipment is designed based on a problem of location and vehicle routing. Two main
phases are carried out: The localization phase, in which the WEEE collection points are
defined from a series of potential points, involving the novelty about the assignment of
different types of devices to each of those points. And, the routing phase in which the
collection routes are designed to minimize the associated costs. A case study is analyzed
for the collection of WEEE in communes 6, 7 and 8 of Bucaramanga. For the localization
phase, a mixed integer linear programming model is developed, which is solved with
the GAMS software. The capacitated vehicle routing problem CVRP is addressed with
the objective of minimizing the costs associated with the distance traveled by the vehicle
for each of the assigned collection points, and a GRASP metaheuristic with local search
operators is proposed as a solution technique to solve this second phase. The algorithm
was programmed in MATLAB Software and validated with instances of the literature,
showing good results for the defined case study.

RESUMEN: En este articulo se disefa un modelo de recoleccion de equipos eléctricos
y electrdnicos, como un problema de localizacion y ruteo de vehiculos. El modelo es
planteado en dos fases, a saber: la primera fase de localizacidn, en la cual los puntos de
recoleccion de desechos son definidos entre un conjunto potencial de ellos e involucran
como aspecto novedoso, la asignacion de diversos dispositivos para la recoleccion; y
una segunda fase de ruteo de vehiculos, donde se trazan las rutas para la recoleccién
minimizando el costo asociado. Este modelo es probado en un caso de estudio en las
comunas 6, 7y 8 de Bucaramanga. Para la fase de localizacion, se desarrolla un modelo
de programacion lineal entera mixta y se resuelve a través del software GAMS. Luego,
el ruteo de vehiculos capacitado (CVRP por su sigla en inglés) se trabaja en la segunda
fase asociado a la minimizacidn de los costos de viaje entre los puntos de recoleccion
definidos, y como técnica de solucion se propone en este trabajo una metaheuristica
GRASP con operadores de busqueda local para resolver esta segunda fase. El algoritmo
propuesto fue programado en el software MATLAB y es probado con instancias de la
literatura, mostrando buenos resultados para el caso de estudio tratado.

certain functions. When the owner considers that their
useful life is over, they are discarded and they turn into

Today, we are surrounded by Electrical and Electronic
Equipment (EEE] that make it easier to perform daily tasks,
these are made up of a combination of parts and elements
that operate with electricity and perform several jobs and
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opeuamess

Waste Electrical and Electronic Equipment (WEEE).

In 2013, the law 1672 in Colombia was created, and
later in 2017, the National Policy for the Integrated
Management of WEEE was approved. Those agreements
give differentiated and comprehensive treatment to
wastes and set a goal to have in year 2032 a system
for collecting WEEE for 90% of types of electrical and
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electronic equipment as a solution to the approximately
275,000 tons of electronic waste produced annually [1].

This research seeks to develop a WEEE collection
optimization model, which can be modeled as a localization
and routing problem, divided into two phases. In the first
phase, the aim is to locate stationary points in the
communes, so that users can access them easily and
quickly to deposit the corresponding waste in special
containers. In addition, and as a novelty in this phase to
each located point different devices for the collection are
assigned.

In the second phase, the corresponding collection
routes are designed through the established points, with
the objective criteria of minimizing transportation costs.
And, a GRASP algorithm is implemented to obtain good
solutions that allow the creation of a WEEE collection
network.

Through of the world, the generation of WEEE has
become a problem of increasingly alarming proportions.
According to [2], "WEEE is one of the fastest-growing
streams due to its short product life cycles (PLCs) and
the rapid changes in consumer preferences regarding its
availability”.

The present work seeks to design a WEEE collection
network for the city of Bucaramanga, analyzing communes
6, 7 and 8 of this city as a case study, taking into account
current regulations regarding the collection of electronic
waste, with the aim of optimizing the costs associated with
the implementation of the system.

For this project, it is planned to collect only WEEE
categories 3, 5 and 6 according to European Union
directives, corresponding to batteries, lamps and EEE with
dimensions less than 50 cm.

Our research is an initial work for a big project that the
City of Bucaramanga is planning, because in the future,
the idea is to replicate this work in all 16 communes of
city. Thus, if we think about the complex future model,
working with a metaheuristic technique such as GRASP
over an exact technique is considered a widely reasonable
idea.

2. Literature review

In the literature, the problem has been studied from
various approaches. Various authors such as [3] state
that the success of an efficient WEEE collection model
depends, to a large extent, on the user’s perception of
the value of the electrical or electronic equipment (EEE).
When an EEE has lost value for the user and it decides

to throw EEE away, frequently is not found a disposal
site or program for the device and ends up disposing
that with conventional garbage, which aggravates the
contamination problem [4].

For this reason, mathematical optimization models have
been created in the literature, such as one developed by
[5] in which they developed a mixed integer programming
model that sought to optimize the structure of the
collection network by minimizing the costs of collection,
with transportation costs, daily operation costs and
storage costs of electrical and electronic waste.

Since 2005, many authors such as [6] have worked
on this topic like supply chain reverse design for WEEE
collection. In 2018, several authors, such as [7], were
working on this topic in the same way, incorporating
additional elements to modeling.

Many authors such as [8] have focused their work on the
allocation and location of pickup points. In the same way,
[9] worked a case study in Denmark where they integrated
optimal location of municipal points with manufactures
enterprises. And, [10] developed a stochastic model that
evaluated the best location of collection and storage points
with possibility of interchange among them.

Other authors such as [11] have worked on the design of
collection routes between waste collection points. They
presented a model for optimizing the WEEE transport
network, and they considered vehicle capacity and the
fuel consumption costs associated, with objective criteria
to minimize costs and carbon dioxide emissions. For the
solution of optimization models applied to real contexts,
the use of metaheuristics like the genetic algorithms is
the most frequent in the literature. For example, [12]
designed a genetic algorithm to solve the optimization
WEEE collection network in Opole, Poland. Another
outstanding work is the one carried out by Mar-Ortiz [13]
in which the authors worked a model of routing of vehicles
with time windows for a case of WEEE.

3. Location of the collection points
and allocations of containers
problem

In order to find the best collection points, a model
based on the facility location problem (FLP] is proposed,
widely studied in the literature. A mixed integer linear
programming model is formulated with the objective
criteria to minimize the costs associated with the
installation of containers and the distance to be traveled
by users from their homes to the assigned collection point.
The potential points are made up of a series of public
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interest points such as schools, community action boards,
immediate action centers (IACs) and shopping centers,
the latter under the extended responsibility status of the
producer and marketer, must offer users the means to
dispose of WEEE.

The mathematical model, in addition to determining
the collection points, assigns the demand generation
centers and determines the number of containers, of each
type, to be installed at each point, complying with a series
of restrictions. The mathematical model developed is
described below:

Indexes
i = WEEE generation points i (1, 2..., n)
4 = location points j (1, 2, ..., m)

t = Type of WEEE ¢ (1, 2, 3)

Variables

1. If assigns the spot of generation i to spot
of location j
0. Otherwise

Xij =

v — 1. If open the spot of location j
* 7| 0. Otherwise

By; = Number of containers type ¢ ubicated in the spot j

Parameters

M = Maximum cost of going from a generation point to a
location point.

U = Large integer number.

Dt: = Demand of WEEE type t generated in point i.

Pt = Cost of container ¢.

Capt = Capacity in Kg of the container assigned for WEEE
type t.

Cosij = Cost of going from generation point ¢ to location
point j.

C'p = Point opening cost.

Objective function

MinZ = ZZCO&']‘XU + ZCPYJ + Z
i g J J

> P.By
i

(1)

Restrictions

Yi+Yo+Y;=3 (2)

Y Xiy=1 Y, (3)
J

CosijXi; <M VY,V (4)
UY; >> Xij Y (5)
UY; > By ¥ #1 (6)

t
Z DiiX;j < ByCap, 4, (7)
Xi;,Y; € {0,1} (8)
Byj > and integer Y, V, (9)

Equation 1 represents the objective function that
minimizes the costs associated with the distance traveled
by the user, the opening costs of the point and the cost
of the containers to be installed. Restriction (2) causes
points Y7, Y5, and Y3 to be opened and assigned users and
containers (This points have to be opened because in the
real case studied in this paper, these points are created
and used for collection several years ago), restriction
(3] ensures that all WEEE generation points must be
served by a location point, restriction (4) indicates that
the associated cost for the distance travelled from a
generation point to the assigned location point does not
exceed the established limit, restriction (5) indicates
that a location point will only be opened if there is a
waste demand associated with that location, restriction
(6) defines that containers must be assigned if the point
is opened. In the last restrictions (5 and 6) U as Large
integer number, which gives a possibility to activate the
binary variables.

The restriction (7) refers to the capacity of the containers
installed at each point shall be greater than the associated
demand for each type of WEEE allocated to it. Finally,
restriction (8) indicates the binary character of variables
X, Y, while restriction (9) indicates the integer positive
nature of variable B.

3.1 Computational results for location of
collection poinis and allocation of
containers problem

The entire mixed linear programming model was
programmed in the GAMS optimization software.
Initially there were 26 potential collection points and
the algorithm selected 12 points of them. And the same
time, the algorithm assigned users and containers to them
according to the established restrictions. Table 1 lists the
selected points.
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Table 1 WEEE collected by assigned point

. Container
Collection Point c$nta"1‘?r Container Type 2: L dbulbs YPe3 Total
ollection Poin Ba{reerie.s ontainer Type 2: Lamps and bulbs Small Collected
WEEE
1. Punto limpio metropolitano 164.45 267.22 698.90 1130.58
2. Centro Comercial Acrépolis 36.33 59.03 154.40 249.77
8. Instituto Santa Maria Goretti Sede C 73.22 118.99 311.21 503.43
12. CAl La Concordia 73.45 119.35 312.17 504.98
15. J.A.C. La Victoria 73.67 119.72 313.13 506.53
16. J.A.C. San Miguel 73.11 118.80 310.73 502.65
20. Instituto de Problemas de 71.98 116.97 30593  494.89
Aprendizaje IPA
21. Instituto Santa Maria Goretti 36.89 59.95 156.80 253.65
23. CAl Real de Minas 73.62 119.63 312.89 506.14
24. Nuestra Senora del Pilar Sede B 73.67 119.72 313.13 506.53
25. Nuestra Senora del Pilar Sede E 73.22 118.99 311.21 503.43
26. INEM Sede H 73.67 119.72 313.13 506.53
TOTAL 6169.171

4. Routes collection problem

In order to comply with the planning horizon of the 4
fortnightly routes project, the segmentation of the target
territory is carried out. After that, the CVRP model
proposed and our GRASP algorithm are explained.

4.1 Territory segmentation

There are several methods of segmentation, which
could be hierarchical, partitioner or density, which vary
according with group zones. The partitioning algorithm
K-means, proposed by James MacQueen in 1967, which
consists of 3 main steps [14], is used to perform the
segmentation of the territory under study:

e [nitialization phase: K-means places k points in the
space where the vertices meet. The determined
points represent the initial centroids of the groups.

e Assignment phase: at this stage the algorithm
assigns each vertex to the group with the nearest
centroid. To do this, the distance between the
vertex and each centroid is measured. The most
commonly used distances is Euclidean, but in this
paper distances obtained by Google Maps are used.

e Update phase: after all the vertices have been
assigned to each initial centroid, its location changes,
therefore, the algorithm recalculates the position of
the k centroids.

The proposed algorithm is programmed in Matlab version
R2018a through the function [idx,C] = kmeans (X, k)
with the use of non-Euclidean distances, it is computed

by the Google Maps API, from which a system of
coordinates (x, y) with origin (. = 0,y = 0) is designed in
the Metropolitan Clean Point and the distances in meters
corresponding to the defined axes are found. Different
comparisons and adjustments are made to choose the best
segmentation of the case study area.

4.2 Routing modelling

The CVRP is one of the most studied extensions of the
vehicle routing problem in the literature, whose objective
is to design routes that visit all customers minimizing the
associated costs without exceeding the capacity of the
vehicles. For the present research work, the mathematical
model for the collection of WEEE in Galicia, Spain proposed
by [15] is taken as a base, because this work developed a
GRASP algorithm for a VRP problem similar to ours. The
transport network is represented by a graph G = (V, A),
where V.= {0,1,2,3...,n} expresses the set of vertices
or nodes and A = {(¢,5);4,j € V} refers to the set of
arcs through which the vehicles will make their journeys
taking into account that ¢ # j. This graph is directed with
asymmetric distances between each node ¢ and j.

The vertices 0 and n + 1 represent the initial and
final node corresponding to the Clean Point from where
the vehicles will depart and where they will later finish
their journey, therefore, no arc can begin at vertex n + 1
nor end at vertex 0. The rest of the vertices represent
the points located with the location model as well as the
fixed points corresponding to the residential complexes to
which containers are assigned according to their demand.
We have a fleet of K vehicles with limited capacity C.
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Each vertex should be visited only by one vehicle per
route, considering that the demand of each point must be
less than the capacity of the vehicle.

The mathematical formulation of the CVRP is presented
below:

Parameters

K = Number of vehicles of equal capacity.

C = Vehicle capacity.

D1t = Quantity of WEEE ¢ in kilograms generated at node
i.

Cosij = Cost per distance to go from node ¢ to node j.

Variables

1. If in the solution the vehicle v
goes fromito ]
0. Otherwise

Xij'u =

Objective function

MinZ = ZZCOSinijU [10]

v (4,9)

Restrictions

Z Z Tijo = 1 Vie N (11)
VvEK jeAH(i)
Z Xojo=1 Wvek (12)
JjEA+(0)
Xi,n—i—l,’u =1 Yo € k (13)
i€EA—(n+1)
Z Xijo — Z Xjw=0 YvekVjeN
i€A—(j) iEA+(H)
(14)

megc Ywoek (15
)

>3 D
% t JEA+(T
S X <181 -1

jesies

Yv ek (16)

X'L'jfu € {0,1} (17)

The target function (10) is the sum of the associated
costs with the total distance travelled between all nodes.
Restriction (11) indicates that each collection point must
be served by a single vehicle, where j € A+ (%) represents
the complete networks starting from node ¢ and ending in
node j. The restriction (12) ensures that each vehicle can

only reach one collection point 5 from the starting point
and the restriction (13) states that each route has only one
point that reaches the depot, so these equations restrict
the number of journeys the vehicle makes to one.

The restriction (14) states that the number of vehicles
entering a node is the same as the number leaving,
ensuring that each node is served only once. The
restriction (15) indicates that the sum of the total amount
of WEEE collected per route is less than the capacity of
the vehicle. The restriction (16) is used for elimination of
subtours. Finally, restriction (17) shows the binary nature
of the variable Xj;,.

4.3 GRASP Algorithm for CVRP solution

We used a GRASP algorithm combined with exchange
operators and 2-opt to obtain the best possible solutions
for our case study. GRASP is an iterative method,
developed in the 1980’s, in which each iteration has two
phases, a construction phase and a local search phase. In
the first phase the aim is about to build feasible solutions,
and in the second phase the goal is to find a minimum (or
maximum depending on the optimization criterion) from
the solution built [16]. The algorithm has the following
phases for each iteration:

1. Construction phase

1.1. Solution initiation phase, with evaluation of
incremental costs C'(e) and determination of
Cmaz and Cmin.

1.2. Building a RLC shortlist of candidates.

1.3. Random selection of the elements of the RLC to
fill the feasible routes.

2. Local search phase

2.1. Application of exchange operator 1-1 and
operator 2-opt to improve the solution.

2.2. Comparison of the solutions obtained.

2.3. Updating the best solutions.

For the construction of the shortlist of candidates, the
algorithm calculates (Equation 18) the maximum and
minimum incremental costs of the input matrix and finds
the value of the evaluation Greedy function:

C (e) < Cmin + o (Cmax — Cmin) (18)

The degree of randomness of the Greedy function is
controlled by the parameter a, which after the application
of tests with several instances is adjusted to the value of
0.1. Values that are less than the Greedy function will enter
the restricted candidates list (RCL), from which a node is
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Table 2 Performance with Literature Instances and comparison with other Algorithms

Instance  °°°t  GRASP %Desv DELS %Desv CLOVES %Desv & °P°5¢9 o pegy
solution algorithm
A-n32-k5 784 787.08 0.39 784 0.0 784 0.0 825.45 5.27
A-n33-k5 661 662.26 0.19 661 0.0 661 0.0 684.71 3.59
A-n33-ké6 742 742.69 0.09 742 0.0 742 0.0 767.44 3.43
A-n34-k5 778 781.96 0.51 778 0.0 778 0.0 827.68 6.39
A-n36-k5 799 802.13 0.39 799 0.0 799 0.0 856.37 7.18
A-n37-k5 669 672.47 0.52 669 0.0 669 0.0 754.28 12.75
A-n37-ké6 949 957.03 0.85 949 0.0 949 0.0 979.26 3.19
A-n38-k5 730 740.65 1.46 730 0.0 730 0.0 753.35 3.2
A-n39-k5 822 831.02 1.10 822 0.0 822 0.0 878.95 6.93
A-n39-ké6 831 840.60 1.16 831 0.0 831 0.0 888.27 6.89
A-n44-k6 937 948.73 1.25 937 0.0 937 0.0 998.08 6.52
A-n4&5-ké6 944 974.34 3.21 944 0.0 944 0.0 1019.74 8.02
A-n&5-k7 1146 1158.25 1.07 1146 0.0 1146 0.0 1218.04 6.3
A-n&6-k7 914 918.13 0.45 94 0.0 914 0.0 1044.08 14.23
A-n48-k7 1073 1091.79 175 1073 0.0 1073 0.0 1197.06 11.56
Average 860.61 851.93 851.93 912.85 7.03
randomly selected, inserted into the path and removed 4.4 Computational results of GRASP

from the input matrix. The process is repeated until the
capacity of the vehicle is occupied, at which point the route
is closed by returning to the starting node and a new route
is opened if there are still unassigned vertices. When all
points have been assigned to a route, the construction
phase ends.

In order to improve the solutions obtained in the
construction phase, for the local search, the 1-1inter-route
exchange operator is implemented, which selects two
nodes at random from two different routes and exchanges
them verifying compliance with the restrictions. After each
route, the 2-opt exchange operator is applied to improve
the total cost of the routes obtained. The algorithm runs
until the limit of the 100 established iterations is reached
and returns the best routes obtained.

To analyze the performance of our proposed algorithm,
we tested it with 15 literature instances proposed by
[17]. And, we compared our results in the same table
with solutions obtained for GRASP algorithm of [18] also
with solutions obtained with DELS algorithm of [19] and
CLOVES algorithm of [20]. The comparisons are shown in
Table 2.

The results of our algorithm did not get a better solution
than others, however, it offers good solutions for studied
instances. Then we conclude that our algorithm is suitable
to continue to the next step of our research.

algorithm in our case study

To define the WEEE collection routes in the target zone, the
GRASP algorithm with local search developed for each of
the designed clusters is applied. The application of the
algorithm requires as input data the matrix of costs by
distance and the demands of the points for each grouping
of nodes. There are 4 clusters that include the points
obtained from the localization model plus the residential
complexes defined as fixed points, to which a maximum
of one vehicle is assigned. For the target area of the case
study, it is proposed to launch two weekly routes to collect
the estimated fortnightly demand. The Table 3 summarizes
the results obtained for each cluster showing the total cost
associated with the distance travelled and the amount of
WEEE collected per route.

Table 3 Results by cluster

Total collected

Cluster # of points Cost route ($) (Kg)
1 12 10,967.755 1,639.84
2 8 5,757.52 1,422.64
3 16 5,671.48 1,910.17
4 6 6,812.16 2,066.47

The solutions obtained using our proposed algorithm
presents good results compared with other of literature,
when in average only a 7.3% is the GAP with then.
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5. Conclusions

e The application of exact techniques and metaheuristic
algorithms for the solution of combinatorial
optimization problems applied in real contexts
allows good solutions in an acceptable computational
time.

e In the present study, for allocation and location
problems, we used a MILP and found an optimal
solution using GAMS software. Our next step is to take
in the future all of 16 communes of Bucaramanga and
work with our model again.

e Further for the routing problem, our segmentation
technique of K-means obtaining good results.

e The use of the GRASP algorithm with local search
operators to solve the CVRP formulated in the
case study made it possible to minimize the costs
associated with the collection of WEEE at the selected
collection points. And, our algorithm was tested with
other references providing good solutions for studied
instances.

e Metaheuristics techniques for routing and other
problems have been extensively studied in the
literature and the current trend is the development
of hybrid algorithms that combine one or more
techniques, in order to provide high quality solutions
to the different variants of VRP applied to real
contexts.
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