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Packaging  waste  collection  systems  are  responsible  to  collect,  within  a geographic  area,  three  types
of packaging  materials  (paper,  glass  and  plastic/metal)  that  are  disposed  by  the  final  consumer  into
special  bins.  Those  systems  are  often  characterized  by  having  a network  with  multiple  depots  that  act  as
transfer  and  sorting  stations,  and  where  the vehicle  fleet  is based.  However,  each  depot  is  often  managed
independently  and  not  as  a part  of  a unique  system.  In this  work,  four  current  tactical/operational  practices
that contribute  to  the  independent  management  of  each  depot  are  analysed.  The  change  of  such  practices
is investigated  and  their  impact  assessed  on  the  total  collection  cost.  A  solution  methodology  based  on
outes scheduling
ecycling
aste management

ehicle routing

mathematical  formulations  is  developed  to  plan  service  areas,  vehicle  routes  and  vehicle  schedules  taking
into  account  new  alternative  solutions  in  managing  the  system  as  a  whole.  Such  methodology  is  applied  to
a real  case  study  of  a  company  responsible  for the  collection  of  the  packaging  waste  in 7  municipalities  in
mainland Portugal.  New  service  areas,  collection  routes  and  vehicle  schedules  are  defined  and  significant
savings  are  obtained  in  terms  of  the  total  distance  travelled  as  well  as  in  terms  of the  number  of  required
vehicles,  resulting  in  a  decreasing  of  the  total  system  cost.
. Introduction

Recycling of packaging materials was imposed by the European
nion (EU) to the Members States through the European Com-
unity Directive 94/62/EC, which has set targets for recovery and

ecycling of packaging waste. To meet those targets, a large invest-
ent in waste management was made in Portugal since until then

ll the produced waste was dumped without any kind of treatment.
 new collection system – the selective collection – had to be devel-
ped given that the traditional routes defined for undifferentiated
aste did not fit the particularities of the recycling materials: dif-

erent vehicles, different collection rates and different bin locations.
The Green Dot System was created in 1996 to promote selec-

ive collection, sorting, recovery and recycling of packaging waste
n Portugal in order to accomplish the targets set by EU. This
ystem is funded by packers/manufactures who are responsible
or products final disposal (according to the Extended Producer

esponsibility principle) and had transferred such responsibility to
n entity duly licensed for this activity (the Sociedade Ponto Verde
SPV) which manages the Green Dot System). The packers pay a
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“green dot fee” for each package sent to the market according to
its weight and materials used. With the revenues from the green
dot fees, SPV supports the selective collection and sorting costs.
The selective collection and sorting operations are performed by
municipal and multi-municipal waste collection companies that
are paid according to the weight and type of material delivered
to SPV. This financial support value, predetermined by the latter,
intends to cover only the costs incurred with collection and sor-
ting operations for the packaging waste materials, deducting the
costs avoided with undifferentiated collection and landfill disposal.
Therefore, it is crucial that waste collection companies operate
their collection and sorting systems in an efficient way, otherwise
excessive costs are incurred that will not be refunded. To get more
insights on the Green Dot System and on the efficiency of the waste
collection companies, please see Marques et al. (2012).

To increase efficiency in recyclable waste collection systems, an
optimized solution in terms of service areas, vehicle routes and
vehicle schedules should be pursuit. In packaging waste collec-
tion systems operating in Portugal, collection costs represent about
66–69%, while sorting costs represent about 11–30% of the total
costs (APA, 2008). Thus, savings in the collection costs are of great

impact on the total costs.

The aim of this work is to build new solutions so as to reduce
the collection costs by optimizing the service areas, vehicle routes
and vehicle schedules under alternative network management

dx.doi.org/10.1016/j.resconrec.2013.12.013
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cenarios. The majority of the recyclable collection systems have
ore than one depot in the network and it is a current practice

o manage each depot independently. Therefore, service areas are
efined by depot, vehicles are fixed to a depot and only closed
outes are allowed (routes starting and ending at the same depot).
his work intends to assess and improve four management prac-
ices, commonly used by the packaging waste collection systems
perating in Portugal, that involve the following assumptions: (1)
espect the municipalities boundaries to define service areas; (2)
he service areas are defined by depot; (3) the vehicles are fixed
o a depot and can only perform routes starting and ending at
hat depot; and (4) only closed routes are allowed. To achieve this
oal the next questions are raised and consequently analysed: if
he systems responsible for the collection and sorting of packaging
aste are multi-municipal, why should the geographic boundaries

f the municipalities define the service area of each depot? If multi-
le materials are collected in independent routes, why  not having
ervice areas by recyclable material? If the system has multiple
epots and all vehicles belong to the company, why not sharing
he resources (vehicles) among depots? If the system has multiple
epots, why not allow routes to start at a depot and to end at a
ifferent one?

The main contribution of the current work is then on assessing
he impact of breaking up with the current tactical/operational
ractices that consider that depots are managed independently and
ot in an integrated way. For that, we proposed a unified solution
ethodology that is capable to plan the collection systems explor-

ng more efficient practices. The solution methodology is applied
o a real packaging waste collection system and the results are
ompared with the current solution where the four practices are
sed.

The remainder of the paper is structured as follows. Section
 briefly reviews the literature on routing problems. Section 3
escribes the main features of the case study. In Section 4 the
olution methodology is described and the results of the applica-
ion to the case study are presented at Section 5. Finally, Section

 concludes the paper and draws some future research direc-
ions.

. Literature review

Recycling has several environmental and economic benefits
uch as mitigating resource scarcity, decreasing demand for land-
ll space and involving savings in energy consumption (Craighill
nd Powell, 1996). However, the activity of recyclable waste col-
ection has also several environmental and economic costs as it
s basically a transportation activity. To diminish such costs, col-
ection routes should be defined in order to minimize the total
istance travelled or the total routing cost. The problem of defin-

ng the optimal collection routes is known in the literature as the
ehicle Routing Problem (VRP). This problem is widely studied and
everal methods were proposed to solve it in the last decades (see
he recent surveys of Golden et al., 2008; Laporte, 2009). However,
he routing problem that appears in the packaging waste collection
ystems goes far beyond the classical VRP. The vehicle fleet is based
t multiple depots, multiple products have to be collected and dif-
erent collection frequencies are observed for each product and site.
herefore, the routing problem arising in the packaging waste col-
ection systems is the Multi-Product, Multi-Depot Periodic Vehicle
outing Problem (MP-MDPVRP), where it has to be decided from
hich depot the multiple products at each site should be collected,

n which day of the planning horizon each site should be visited and

hat should be the collection visit sequence in order to minimize

he total routing cost. Parthanadee and Logendran (2006) presented
 mathematical model for the MP-MDPVRP and three tabu search
euristics are developed to solve it. However, the authors had called
n and Recycling 85 (2014) 116– 129 117

the problem “multi-product” as several products have to be deliv-
ered to customers, but the same customer can be visited by vehicles
from different depots. In our case, “multi-product” refers to the fact
that the three packaging materials in each site have to be collected
from the same depot.

Considering only one product, the MDPVRP has been studied
by Hadjiconstantinou and Baldacci (1998) and recently by Vidal
et al. (2012). In the former work, a heuristic approach based on
tabu search has been developed. The heuristic algorithm is applied
to a real case of a utility company that provides preventive mainte-
nance services to a set of customers. This company has 17 vehicles,
based on 9 depots, to serve 162 customers with a frequency that
can vary from once a day to once every four weeks. The large
scale problem motivated the authors to apply a heuristic algo-
rithm instead of an exact one. In the latter work, the authors
proposed a hybrid genetic algorithm with adaptive diversity con-
trol to solve several classes of multi-depot and periodic vehicle
routing problems, including the MDPVRP, and applied it to several
test instances.

Considering only one depot, several heuristic approaches have
been developed for the PVRP where a planning horizon of several
days is considered as customers have different visiting frequencies.
Beltrami and Bodin (1974), Russel and Igo (1979) and Teixeira et al.
(2004) developed heuristic algorithms for the PVRP which were
applied to waste collection problems. Mourgaya and Vanderbeck
(2007) presented a column generation procedure followed by a
rounding heuristic to solve a PVRP with two objectives: minimiz-
ing total distance travelled and balance workload among vehicles.
Other heuristic applications to PVRP can be found in Christofides
and Beasley (1984), Gaudioso and Paletta (1992), Chao et al. (1995),
Cordeau et al. (1997) and Alonso et al. (2008), to name a few.

Considering a single time unit planning horizon with multiple
depots, several works have been published to tackle the MDVRP.
Golden et al. (1977), Salhi and Sari (1997), Cordeau et al. (1997),
Thangiah and Salhi (2001), Lim and Wang (2005), Lau et al. (2010)
are some works where heuristics and meta-heuristics approaches
were developed. Laporte et al. (1984, 1988) and Baldacci and
Mingozzi (2009) have proposed exact methods to solve the MDVRP.
Among the works on multi-depot problems, we  highlight one
where inter-depot routes are considered. Crevier et al. (2007) study
an extension of the MDVRP in which vehicles may  be replenished at
intermediate depots along their route (Multi-Depot Vehicle Rout-
ing Problem with Inter-Depots Routes). The authors propose a
heuristic combining the adaptative memory principle and a tabu
search method for the generation of a set of routes, and an integer
programming model in the execution of a set partitioning algo-
rithm for the determination of the least cost feasible rotations (the
authors define rotation as the set of routes assigned to a vehicle).

In waste collection problems, there is another critical aspect to
address: the estimation of the waste amount to collect at each
bin. The majority of works uses deterministic input data. How-
ever, recent works like Johansson (2006), Faccio et al. (2011) and
Anghinolfi et al. (2013) have approached dynamic routing in waste
collection problems, where modern traceability devices, like volu-
metric sensors, identification RFID (Radio Frequency Identification)
systems, GPRS (General Packet Radio Service) and GPS  (Global Posi-
tioning System) technology, permit to obtain data in real time,
which is fundamental to implement an efficient routing plan. The
basic idea is that, if the real time position and replenishment level
of each vehicle are known, as well as the real time waste level at
each bin and which bins have been visited, it is possible to decide
which bins should be emptied and which can be avoided at a certain
time. This allows an optimization of the route plan and to minimize

covered distance and number of vehicles needed, which, as a conse-
quence, would minimize travel time, number of load–unload stops,
exhaust emissions, noise and traffic congestion (Faccio et al., 2011).
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Fig. 1. Depot’s locatio

. Case study – a real packaging waste collection system

In Portugal there are 31 recyclable collection systems (SPV,
011), each one responsible for a certain number of municipalities
Portugal has a total of 308 municipalities). Our case study focuses
n the company responsible for the recyclable collection system
overing seven rural municipalities with a total area of 6400 km2.
his company operates five depots where the collection vehicles are
ased. One of the depots operates also as a sorting station (depot
35, see Fig. 1). The remaining four are only transfer stations where
he packaging waste is consolidated and afterwards transferred to
he sorting station. Given such logistics network configuration, two
ypes of transportation flows need to be considered, namely, the
nbound flow from the collection sites to the depots and the out-
ound flow from the depots to the sorting station. The collection is
erformed by a vehicle fleet with no compartments, so each pack-
ging material has to be collected in separated routes. There are
51 Glass bins, 513 Paper bins and 458 Plastic/Metal bins spread
ver 230 localities (see Fig. 1). It is assumed that a collection site
orresponds to a locality instead of an individual container in order
o reduce the problem size. Due to the proximity of the contain-
rs within a locality (an average distance of 650 m is observed) it
s practicable to treat the containers to collect within a locality as
 single node. Therefore, a collection site aggregates one or more
ontainers of one or more recyclable materials, meaning that the
istance travelled and the time spent within a collection site have
o be considered.
current service areas.

All the collection routes start at a depot, visit several localities
collecting a single type of material, and return to a depot to unload.
Collection is performed five-days a week, 8 h per day, during day-
time. It is assumed that the collection sites can be collected at any
time of the day within the working period, i.e., between 10 a.m.
and 19 p.m. (with a lunch break of an hour). No time windows are
considered for each site.

The three recyclable materials have different collection frequen-
cies. Glass has to be collected once a month, Plastic/Metal every two
weeks and Paper every week. Therefore, each route has to be sched-
uled in a four-week planning horizon that is to be repeated every
four weeks. Due to vehicle volume capacity constraints and taking
into account each material’s density, vehicles can load a maximum
of 4500 kg of Glass, 3400 kg of Paper and 600 kg of Plastic/Metal.
For the outbound transportation, i.e., from the depots to the sor-
ting station, larger vehicles are used where weight capacities are
increased to 12,000 kg for Glass, 4000 kg for Paper and 2000 kg for
Plastic/Metal. Furthermore, one of the company policies is that each
depot is responsible for a fixed set of containers, thus there is a
need of defining the depots service areas. Nowadays, the company
operates service areas considering the municipalities’ boundaries.
Moreover, all recyclable materials at each collection site have to be
collected from the same depot, meaning that each depot has only

one service area common to all recyclable materials. The current
service areas are depicted at Fig. 1, which together with the cur-
rent vehicle routing plan imply an average of 28,000 km driven per
month (four weeks) and a vehicle fleet of 9 vehicles.
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To define service areas by recyclable material, a MDVRP has to
Fig. 2. Scenario’s description.

Given the current solution’s cost, the company envisages the
estructure of their service areas and vehicle routes plan in order to
ecrease such value. An optimized plan is pursued where service
reas, vehicle routes and route scheduling can be redefined in a
reakthrough scenario, i.e., where service areas do not have to
espect municipalities boundaries, can be defined by packaging
aterial, resources can be shared among the depots and open

outes between depots are allowed.

. Solution methodology

Accordingly to the four practices used by the packaging waste
ollection system operating in mainland Portugal, four scenarios
ill be study wherein each practice is broken cumulatively until

he breakthrough scenario is reached (see Fig. 2). The first sce-
ario breaks with the practice “respect municipalities boundaries”
nd maintains the remaining three. In this case, the problem to
e solved is the Multi-Product, Multi-Depot Periodic Vehicle Rout-

ng Problem (MP-MDPVRP). The second scenario breaks with two
ractices, “respect municipalities boundaries” and “service areas by
epot”, and maintains the remaining two. In this case each pack-
ging material is solved independently. Therefore, a Multi-Depot
eriodic Vehicle Routing Problem (MDPVRP) for each packaging
aterial has to be solved. The third scenario breaks with an addi-

ional practice, “vehicles are fixed to a depot” while maintaining the
closed routes” practice. Here a MDPVRP with Shared Resources is
olved, where the vehicle based at one depot can perform collection
outes starting and ending at a different depot. In this scenario, only
ne relocation movement is allowed per vehicle, i.e., a vehicle based
t depot i can travel to depot j to perform closed routes from depot

 and then returns to home depot i. It is not allowed two  or more
elocation movements, such as: a vehicle based at depot i travelling

o depot j and then to depot h and returning to depot i. Finally, in
he fourth scenario, the breakthrough scenario, the four practices
re broken and a MDPRVP with Inter-Depot Routes is solved. At this

Fig. 4. Solution methodolo
Fig. 3. Solution methodology main modules.

point open routes between depots are allowed but, at the end of a
working day, the vehicles have to return to their home depot.

To solve the above scenarios we  proposed a solution method-
ology to define service areas, vehicle routes and schedules. This
approach involves four main modules, as it is shown at Fig. 3. The
first module defines service areas by recyclable material, the second
module defines service areas by depot, the third module defines
the final collection routes and the fourth module defines vehicle
schedules according to the characteristics of each scenario. This
solution methodology is an extension of the method proposed in
Ramos et al. (2014) where only service areas and vehicle routes are
defined for the MP-MDVRP. The periodic issue (routes scheduling),
shared resources and open routes are not tackled in the mentioned
work.

For scenario 1, where a MP-MDPVRP is solved, modules 1–3
define the service areas and the final vehicle routes for each depot
and module 4a schedules, within the planning horizon, the routes
generated by module 3 (see Fig. 4). For scenario 2, where a MDPVRP
is solved, module 1 defines the service areas for each packaging
material, module 3 defines the final collection routes and module
4a schedules the routes. For scenarios 3 and 4, only the scheduling
module differs from scenario 2. At scenario 3, the scheduling mod-
ule (module 4b) takes into account that the vehicles can be shared
among depots. At scenario 4, besides taking into account a shared-
resources solution, the scheduling module (module 4c) considers
also all the vehicle routes defined along the solution procedure
(open and closed routes defined by module 1) together with the
vehicle routes defined at module 3.

Each module of the solution methodology involves mathemat-
ical formulations. Each module will be detailed in the following
section.

4.1. Modules description

4.1.1. Module 1: service areas by recyclable material
be solved for each material. As mathematical programming solvers
cannot solve large size instances of the MDVRP, we adopted the
solution method developed in the work of Ramos et al. (2014) as

gy for each scenario.
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Fig. 5. Solution method to solve the MDVRP.

hown in Fig. 5. Notice that m represents the packaging materials,
nd |M|  the total number of materials to be collected.

Firstly, it is solved a Single-Product, MDVRP with Mixed Closed
nd Open Routes (MDVRP-MCO). This problem involves the defini-
ion of the optimal routes to collect one single product, considering

 network with multiple depots and allows closed and open routes
etween depots. As input data, this module requires the distance
etween each node (collection sites and depots), the weight to be
ollected and the service time at each collection site (considering
nly one recyclable material), the vehicle capacity and the max-
mum time allowed for a working day. The output will be a set
f collection routes, where some routes start and end at the same
epot (closed routes) while others start and end at different depots
open routes). Since this formulation allows closed and open routes
etween depots, it should be guarantee that the number of vehi-
le routes starting and ending at each depot is the same. Note that
he number of vehicle routes is not constrained because the vehi-
le fleet size is one of the model’s outputs. For further details see
amos et al. (2013).

If open routes are produced, a MDVRP is solved to close them
o that service areas are defined. An open route links two differ-
nt depots, meaning that collection sites within such route are
ssigned to two depots instead of just one. By solving a MDVRP
o the collection sites that integrate each open route, closed routes
re obtained.

Considering the packaging material set M,  this solution method
ave to be run for all materials included in set M.

.1.2. Module 2: service areas by depot
If service areas by depot are required, module 2 is executed

this will only be of use in scenario 1). Service areas by depot
mply that all packaging materials at each collection site are col-
ected from the same depot. Comparing the service areas defined
or each packaging material in the previous module, some sites may
ot respect that rule. Such sites are named as “unclear sites” since
here is no agreement among the packaging materials concerning
heir depot assignment. For those sites, a Multi-Product, MDVRP is
olved, where a constraint ensures that all materials at each col-
ection site are allocated to the same depot. This formulation is
etailed in Ramos et al. (2014).

The mathematical formulation for the Multi-Product, MDVRP is
nly capable of solving small instances, i.e., problems with a small

umber of unclear sites (lower than 30 unclear sites, according to
reliminary tests). Therefore, one way to reduce the problem size is
o consider the number of unclear sites between each pair of depot
ather than considering all unclear sites at once. For example, a site
Fig. 6. Planning horizon representation using a directed cycle graph with n vertices.

is “unclear” if it is collected from depot 1 for material Glass and from
depot 2 for materials Paper and Plastic/Metal. Therefore, this site
is unclear between depots 1 and 2. Since this lack of “clearance”
concerns at least two depots, such partition of the unclear sites
set would be a natural way  to do so. If, with such decomposition,
the number of unclear sites for each pair of depots is still above
30, a heuristic assignment rule has to be defined. In this case, the
unclear sites are placed according to the assignment made by the
material with the highest collection frequency. Some effectiveness
tests performed in the work of Ramos et al. (2014) support such
heuristic rule.

4.1.3. Module 3: final collection routes
After defining the service areas (by depot or by recyclable mate-

rial), module 3 is executed to set the final vehicle routes for each
depot and each packaging material. Along with modules 1 and
2 vehicle routes are defined, but the aim of those modules is to
establish service areas through the definition of the vehicle routes.
Therefore, the defined routes can be improved once the final service
areas are set, and this is what module 3 is designed for. The CVRP
formulation proposed by Baldacci et al. (2004) is extended to deal
with duration constraints.

4.1.4. Module 4: route scheduling
Finally, the scheduling module defines for each day of the plan-

ning horizon which route should be performed, ensuring that the
collection frequency over the planning horizon is fulfilled and
a minimum and a maximum time interval between consecutive
collections is observed in order to prevent containers overflow.
Moreover, it is desirable that the same route is performed by the
same vehicle/driver.

Each route k ∈ K (defined in the previous module) is charac-
terized by (1) distance dk; (2) duration bk, which includes travel,
service and unloading times; and (3) load Lk. Let Km be the routes
subset for material m.  The collection sites belonging to route k are
given by a binary parameter �ik that equals 1 if collection site i ∈ Vc

belongs to route k; and 0 otherwise (Vc is the node set of collection
sites). The starting and ending depots for route k are also modelled
by binary parameters Ski and Eki, respectively: Ski equals 1 if route k
starts at depot i ∈ Vd while Eki equals 1 if route k ends at depot i ∈ Vd
(Vd is the node set for depots).

Let G be the vehicle set. As vehicles are fixed at the depot, con-
sider the binary parameter ˛gi equals to 1 if vehicle g belongs to
depot i; and 0 otherwise.

The collection frequency of each collection site i with recyclable
material m is given by fim representing how often a collection
site has to be visited during the planning horizon. The minimum
and maximum interval between two  consecutive collections for
packaging material m are given by Im and Am, respectively. Given
the periodic nature of the problem, the schedule solution is to be

repeated over the next period. Therefore, the planning horizon
defined by a discrete set such as T = {1, . . .,  n} is here considered
to be cyclical and modelled as a directed cycle graph of size n, Cn,
based upon graph theory (see Fig. 6).
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The scheduling model has a single set of decision variables xktg.
hese are binary variables that equal 1 if route k is performed on
ay t by vehicle g and equals 0 otherwise.

The scheduling module involves three variants: module 4a,
here the routes defined at module 3 are scheduled and the vehi-

le are fixed at each depot; module 4b, where the routes defined
t module 3 are scheduled, but the vehicles can be shared among
epots; and module 4c, where the vehicles can be shared but the
et of routes to be scheduled is augmented with the routes defined
long module 1. For module 4a, the objective function is given by
q. (1), while Eq. (2) models the objective function of modules 4b
nd 4c.

in
∑

k  ∈ K

∑

t ∈ T

∑

g ∈ G

dkxktg +
∑

j ∈ Vs

∑
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∑
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∑
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∑
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Om2dij

−
∑

j ∈ Vs

∑

i ∈ Vd

∑

m ∈ M

∑

k ∈ Km

∑

t ∈ T

∑

g ∈ G

˛gjSkiEkixktgLk

Om2dij

+
∑

g ∈ G

∑

k ∈ K

∑

t ∈ T

∑

i,j ∈ Vd

2˛giSkj(1 − Eki)xktgdij (2)

Eq. (1) considers the distance to be travelled (inbound and out-
ound distance) when vehicles are fixed at depots and cannot be
hared. The outbound distance (second term) considers the number
f round-trips between the sorting station and the depots mod-
lling transfer of all materials collected by each depot (Vs is the
orting stations set). To compute the required number of round-
rips, one considers the total load collected by a depot and the
ehicle capacity for outbound transportation for each material m
Om). Note that the number of round-trips is not round upward due
o the finitude of the modelled planning horizon. In fact, the actual

anagement of such a system, round-trips are repeated at all time
eriods.

Eq. (2) considers that although each vehicle belongs to a depot,
ehicles can be shared, meaning that they can perform routes
ssigned to a different depot. Therefore, the objective function
eeds to account for: (i) the distance to be travelled between depots
hen a vehicle belonging to depot i is performing routes of depot

 (fourth term of Eq. (2)); (ii) the distance related to the outbound
ransportation when a vehicle based at the sorting station performs
outes assigned to a different depot (third term). In the latter case,
he load collected will now be unloaded at the sorting station and
ot at the transfer depot, so the corresponding outbound distance
hould not be accounted in the objective.

Some constraints are then to be considered in the scheduling
odels:

∑

 ∈ Km

∑

t ∈ T

∑

g ∈ G

xktg�ik = fim ∀i ∈ Vc, ∀m (3)

Constraint (3) ensures that a collection site i with material m has
o be collected fim times over the planning horizon.

k ∈ K

xktgbk +
∑

k ∈ K

∑

j ∈ Vd

j /= i

2˛giSkj(1 − Eki)xktgvij ≤ H ∀t, ∀g, ∀i ∈ Vd
(4)

Constraint (4) states that the route total duration performed
y vehicle g on day t will not exceed the maximum number of
n and Recycling 85 (2014) 116– 129 121

working hours per day (H). If a vehicle g, belonging to depot i, per-
forms a route starting at depot j, the travel time between i and j
(vij) is accounted. It is assumed that sites can be collected any time
during the working day, i.e., no time windows are being considered
concerning the collection sites.
∑

g ∈ G

∑

t′ ∈ Pt
Im+1

xkt′g�ik ≤ 1 ∀i ∈ Vc, ∀k ∈ Km, ∀m,  ∀t (5)

Constraint (5) states that the same route for material m has to
be performed with a minimum time interval of Im. This constraint
ensures that no more than one visit will occur in any Im + 1 consecu-
tive days. This is modelled defining Im + 1 consecutive days as a path
of length Im + 1 of the cycle graph Cn. In detail, Pt

Im+1 ⊆ Cn defines the
set of Im + 1 consecutive days starting at day t, in a rolling horizon.
∑

g ∈ G

∑

t′ ∈ Pt
Am

xkt′g�ik≥1 ∀i ∈ Vc, ∀k ∈ Km, ∀m,  ∀t (6)

Constraint (6) assures the maximum interval Am between con-
secutive collections. Thus, at least one visit must occur within Am

consecutive days.
Pt

Am
⊆ Cn defines the set of Am consecutive days starting at day

t, in a rolling horizon.
Fig. 7 shows an illustrative example on how constraints (5) and

(6) work. Consider a cycle of 20 days, Im = 3 days and Am = 8 days.
Constraint (5) ensures that at most one collection may  occur within
four consecutive days. If site i is collected at day 1, it cannot be col-
lected at days 2, 3 and 4 (P1

4 ), neither at days 18, 19 and 20 (P18
4 ).

Constraint (6) ensures that within 8 consecutive days, at least one
collection must occur. If site i is collected at day 1, a second col-
lection must occur between day 2 and day 9 (P2

8 ). Assuming site i
has to be collected four times during the planning horizon (fim = 4),
Fig. 7 shows then one possible schedule.

xktg + xkt′g′ ≤ 1 ∀k, ∀g, g′ ∈ G, g /= g′, ∀t, t′ ∈ T, t /= t′ (7)

Constraint (7) ensures that the same route has to be performed
by the same vehicle along the planning horizon. Therefore, the col-
lection sites are always visited by the same vehicle and driver.

xktg ∈ {0, 1} ∀k ∈ K, ∀t ∈ T, ∀g ∈ G (8)

Variables domain is given in constraint (8).
Constraints (3)–(8) are applied in modules 4a and 4b. For module

4c, constraints (9)–(11) should be added because there are alterna-
tive routes to be selected, given that all routes defined along the
solution procedure are considered in the scheduling module.
∑

k ∈ Ko

SkiEkjxktg =
∑

k′ ∈ Ko

Sk′jEk′ixk′tg ∀g, ∀t, ∀i, j ∈ Vd, i /= j  (9)

Constraint (9) guarantees that all vehicles return to their home
depot in case open routes are selected as part of the solution (Ko is
the subset of open routes). If an open route k starting at depot i and
ending at depot j belongs to the solution, one open route k’ starting
at depot j and ending at depot i must also integrate the solution.
∑

g ∈ G

∑

t′ ∈ Pt
Im+1

xkt′g�ik +
∑

g ∈ G

∑

t′ ∈ Pt
Im+1

xk′t′g�ik′ ≤ 1 ∀i ∈ Vc,

∀k, k′ ∈ Km, k /= k′, ∀m, ∀t (10)
In case of module 4c, the consecutive collections can be per-
formed by the same route or by two different routes. Constraint (10)
ensures the minimum time interval in case two different routes are
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Const raint (5) 
Im=3 days 

{ }4,3,2,11
4 =P

{ }1,20,19,1818
4 =P

Constraint (6)
Am=8 days 
{ }9,8,7,6,5,4,3,22

8 =P

{ }6,5,4,3,2,1,20,1919
8 =P
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how constraints (5) and (6) operate.

c
∑

c
s

v

5

i
n
u
o

G
I

c
v

5

5

i
M

m
r
P
o
a
m
f
t

Table 1
Results for formulation 1.1.

Packaging material Total
distance (km)

No. closed
routes

No. open
routes

Total no.
routes

Glass 3381 18 13 31
Paper 11,595 21 0 21
Fig. 7. Illustrative example on 

ollecting the same site i, at consecutive collections.

g ∈ G

∑

t′ ∈ Pt
Am

xkt′g�ik +
∑

g ∈ G

∑

t′ ∈ Pt
Am

xk′t′g�ik′≥1 ∀i ∈ Vc,

∀k, k′ ∈ Km, k /= k′, ∀m,  ∀t (11)

Constraint (11) guarantees the maximum interval Am between
onsecutive collections when two different routes collect the same
ite i.

The output of the scheduling modules is a schedule for each
ehicle establishing, in each day, the routes to be performed.

. Results analysis

The solution methodology proposed is applied to the packag-
ng waste collection system described at Section 3 in order to plan
ew service areas, new collection routes and new vehicle sched-
les, while assessing, regarding the total collection cost, the impact
f breaking up with the current practices.

The mathematical formulations developed are implemented in
AMS 23.7 and solved through the CPLEX Optimizer 12.3.0, on an

ntel Xeon CPU X5680 @ 3.33 GHz.
The results for each scenario will be shown, followed up by a

ost-analysis considering the distance travelled and the number of
ehicles required, assessing the impact of each current practice.

.1. Scenarios results

.1.1. Scenario 1: municipalities’ boundaries
The first module is run for each one of the three packag-

ng materials: Glass, Paper and Plastic/Metal. The results for the
DVRP-MCO (formulation 1.1) are shown at Table 1.
The difference in the total distance travelled among the three

aterials is explained by the collection frequency of each mate-
ial in the planning horizon. Glass has to be collected once, while
lastic/Metal twice and Paper has to be collected four times. On the
ther hand, Plastic/Metal is the material with the lowest density

mong the materials, and thus the vehicle weight capacity for such
aterial is smaller for the same vehicle volume capacity. There-

ore, more routes are required, and consequently, more distance is
ravelled.
Plastic/metal 8047 38 11 49
Total 23,023 77 24 101

Regarding Paper, only closed routes are proposed in the final
solution, thus there is no need to solve the MDVRP (formula-
tion 1.2). This can be explained by the fact that there is a little
difference between the inbound and outbound vehicle’s capac-
ity for Paper. Paper has the smallest increase in vehicle capacity
for the outbound capacity (an increase of about 17% – 4000 kg vs.
3400 kg – against an increase of 166% for Glass and 233% for Plas-
tic/Metal) what favours the assignment of more sites to the sorting
station to avoid the outbound transportation (as it will imply a
greater distance to be travelled as the vehicle capacity is small). For
those sites assigned to the sorting station (about 70% of all sites),
closed routes are defined in order to avoid the outbound trans-
portation. For the remaining sites, if open routes were defined, the
increase in the outbound transportation would not be compensated
by the decrease of the inbound transportation by defining open
routes.

For the remaining two materials, the open routes are to be rede-
fined into closed ones by formulation 1.2 in Fig. 5. As final result,
Glass has 17 routes, Paper 21 and Plastic/Metal 12 routes, all closed
ones.

The service areas produced for the three materials are shown in
Fig. 8.

As different service areas are defined, and Scenario 1 requires
equal service areas among the three materials, module 2 is run for
the unclear sites. When the three service areas are overlapped, the
unclear sites are highlighted (see Fig. 9(a)). 101 unclear sites are
identified: 8 sites are unclear between depot 231 and depot 233,
20 sites between depots 232 and 235, 28 sites between depots 234
and 235 and the remaining 45 sites are unclear between depots 233

and 235. The Multi-Product, MDVRP formulation was  able to solve
the sub-problems with 8, 20 and 28 unclear sites. However, the sub-
problem with 45 unclear sites has to be solved by the heuristic rule.
The final service areas for Scenario 1 are built as shown in Fig. 9(b).
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Fig. 8. Service areas obtain
amos et al. (2014).

Having the service areas defined, module 3 is applied to estab-
ish the final collection routes for each depot and each packaging

aterial. As a result, one obtains 32 routes to collect Glass, 21 to
ollect Paper and 49 to collect Plastic/Metal. The total distance trav-
lled in the planning horizon is 24,405 km (see Ramos et al. (2014)
or the computational results).

Module 4 is then applied to schedule the 102 collection routes.

t is assumed a minimal time interval (Im) to collect Paper of 4 days,
or Plastic/Metal 9 days and for Glass 20 days, and a maximum
nterval (Am) of 5, 10 and 20 days, respectively. Given the service
reas obtained and considering that vehicles are fixed at depots,

Fig. 9. (a) Service areas overlappe
r each packaging material.

9 vehicles are required, with the following distribution by depot
(Fig. 10).

The nine vehicle schedules are shown in Fig. 11, where the usage
time (in minutes) is identified for each day of the planning hori-
zon. It can be seen that vehicle 4, based at depot 234, has the
lowest usage rate since this depot is responsible to collect only
three collection sites (see Fig. 9(b)). Two  vehicles are assigned to

depot 233: vehicle 2 operates 3950 min  per month, with a usage
rate of 41% (3950 min/(20 days × 480 min)); while vehicle 3 opera-
tes 5632 min, with a usage rate of 59%. Given the sum of the usage
rates, a macro analysis could conclude that the workload of depot

d and (b) final service areas.
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Depot 
231

Depot 
232

Depot 
233

Depot 
234

Depot 
235

1
0

2
1

5

Fig. 10. Vehicle fleet distribution among depots in scenario 1.

Table 2
Computational results for module 4a in scenario 1.

Number of
variables

Number of
constraints

Running
time (s)

Gap (%)

2
a
p
r
c
u
(
t

s
r
t

5

a

Depot 
231

Depot 
232

Depot 
233

Depot 
234

Depot 
235

1
2

1

4

1

Module 4a 36,541 1,382,831 126 0

33 requires only one vehicle. However, given the routes duration
nd the maximum duration of a working day, it is not possible to
erform all routes with a single vehicle. For depot 235, which is
esponsible to collect 156 sites, five vehicles are needed. These vehi-
les are used every day of the planning horizon and the minimum
sage rate among them is 74% (vehicle 8) and the maximum is 86%
vehicle 9). Note that Depot 235 act also as the sorting station and,
herefore, a larger number of collection sites were assigned to it.

The results presented by module 4a are optimal ones given the
et of routes defined by the previous module. The scheduling model
un in 126 s and has an optimal value of 24,405 km.  See Table 2 for
he computational results.
.1.2. Scenario 2: service areas by recyclable material
In this scenario, service areas are defined by packaging material

nd are obtained after module 1, as it is shown in Fig. 8. The service
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Fig. 11. Schedule by veh
Fig. 12. Vehicle fleet distribution among depots in scenario 2.

areas are quite different between recyclable materials. For instance,
depot 234 is responsible to collect 12 sites for material Glass, but
only 3 sites for Paper and 31 sites for Plastic/Metal; depot 232 does
not have any site assigned where Paper should be collected, while
for Glass and Plastic/Metal, a total of 7 and 18 sites are assigned,
respectively.

Module 3 is applied to each depot and each packaging mate-
rial to define the final collection routes. A solution with a total of
23,294 km is obtained, where 21 routes are created to collect Paper,
50 to collect Plastic/Metal and 32 to collect Glass. The computa-
tional results can be seen at Ramos et al. (2014).

Route scheduling is done by module 4a, where the routes are
assigned to a day in the planning horizon and to a vehicle, assuming
that sharing resources are not allowed. In this scenario, 9 vehicles
are also required, but with a different distribution by depot (see
Fig. 12).

Scheduling results for each vehicle are shown in Fig. 13. Vehicle
1, based at depot 231, has a usage rate of 42%; vehicle 2, based at
depot 232, has the lowest usage rate of 18% since it is again the
depot with lowest number of collection sites assigned; depot 233
needs two  vehicles (vehicle 3 and 4) with a usage rate of 61% and
44%, respectively; vehicle 5, based at depot 234, has a usage rate

of 34%; finally, depot 235 has four vehicles, all of them with a high
usage rate (83%, 78%, 87% and 85%).
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Table 3
Computational results for module 4a in scenario 2.

Number of
variables

Number of
constraints

Running
time (s)

Gap (%)

t
m
T

5

d
a
c
i
v
w

s
2
s

F
v

Module 4a 25,921 838,483 98 0

The results presented by module 4a are the optimal ones given
he set of routes defined by the previous module. The scheduling

odel run in 98 s and has an optimal value of 23,294 km (see
able 3).

.1.3. Scenario 3: sharing resources
In this scenario, service areas and vehicle routes are the ones

efined for scenario 2. The main difference between scenarios 2
nd 3 concerns the scheduling module: vehicles based in one depot
an perform closed routes of other depots in scenario 3. In this case,
t is expected that the distance travelled will increase because the
ehicles have to move between depots, but the number of vehicles
ill decrease.

We  test a solution with eight vehicles, distributed by depot as

hown in Fig. 14(a), and the total distance travelled increases to
3,421 km (more 0.6% comparing with the previous scenario). A
olution with seven vehicles was also tested (see Fig. 14(b)), and the

(a) 8 vehicl es (b ) 7 vehicl es
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ig. 14. Vehicle fleet distribution among depots in scenario 3 with (a) 8 and (b) 7
ehicles.
389m 390 m 433m267m 318m 351m 398 m

icle in scenario 2.

total distance obtained is now 24,198 km (more 3.9% than scenario
2). No integer solution is obtained if only six vehicles are available.

The vehicle schedules for the seven-vehicle solution are shown
at Fig. 15. In this solution five out of the seven vehicles have high
usage rates. Vehicle 2, based at depot 233, has the highest rate, 95%.
Comparing with the previous scenario, depot 233 has one less vehi-
cle, meaning that a higher usage rate is achieved. The remaining
routes from depot 233 are now performed by vehicles based at
depot 231 and 235, contributing for a higher usage rate of those
vehicles. Vehicles based at depot 235 have usage rates varying from
87% to 91%. Besides performing routes from depot 235, these vehi-
cles execute routes assigned to depot 233, as mentioned, and to
depot 232, since in this solution no vehicles have been based in
that depot. Vehicle 1, based at depot 231, has a usage rate of 51%,
nine percent higher than in the previous scenario, since it also per-
forms routes of depot 233. This is also the case with vehicle 3, based
at depot 234, which now increases its usage rate to 37% (34% in the
previous scenario) as it performs routes assign to depot 232.

Fig. 16 illustrates the routes performed by vehicle 1, based at
depot 231, on days 4 and 14. In those days, vehicle 1 has to travel
to depot 233, perform route 104 to collect Plastic/Metal, unload at
depot 233, and then return to its home depot. In those days, the
vehicle 1 is used during 429 min.

In terms of computational results, module 4b has not been able
to prove optimality within the time limit of 1 h, but a low gap is
obtained (see Table 4).
5.1.4. Scenario 4: open routes between depots
Scenario 4 breaks up with all four practices mentioned, meaning

that open routes are allowed between depots. In scenario 3, vehicles

Table 4
Computational results for module 4b in scenario 3 with seven vehicles.

Number of
variables

Number of
constraints

Running
time (s)

Gap (%)

Module 4b 33,603 1,129,857 3600 0.3
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To compare those solutions a cost-analysis is performed. Three
main costs will be computed for each solution: fuel costs, vehi-
239m 207m222 m 75m 111m 460m 425m 

Fig. 15. Schedule 

an be shared among depots but they travel empty between depots.
n scenario 4, the main idea is to minimize the number of those
mpty routes. In order to do so, advantage will be taken from the
pen routes between depots generated at module 1 which allow
he vehicle relocation. Therefore, the relocating movements can
ow be collection routes and not only empty routes. The scheduling
odule 4c considers routes generated by modules 1 and 3, which

re closed and open routes, and selects the ones that should take
art in the final schedules.

The total distance decreases when compared with the previ-
us scenario. With eight vehicles, a total distance of 23,181 km is
chieved, while a total of 23,687 km is obtained if seven vehicles
re used.

Each of the seven vehicles schedules is shown at Fig. 17. Vehicle
 is now operating 4077 min, corresponding to 42% of usage rate.
ehicle 2 has a usage rate of 92%, while vehicle 3 has increased its
sage rate to 47% (37% in the previous scenario) since it performs

pen routes between depots 234, 232 and 235. The four vehicles
ased at depot 235 maintain high usage rates (from 85% to 91%).

Fig. 18 shows the routes performed by vehicle 3, based at depot
34, on days 1 and 11 to illustrate the sharing resources allowed

Fig. 16. Illustration of the routes performed by vehicle 1 on days 4 and 14.
464 m 433m

icle in scenario 3.

by considering open routes. One closed route and two open routes
between depot 234 and depot 232 are performed by this vehicle on
these days.

Concerning the computational results for module 4c with seven
vehicles (see Table 5), one should say that optimality has not been
proven within the time limit of 1 h, but a low gap is obtained (0.3%).

5.2. Cost analysis

As mentioned in the previous section, the obtained solutions
vary between 23,181 km and 24,405 km and between 7 and 9 vehi-
cles. Table 6 summarizes the results for the scenarios studied. It
shows that scenario 4a is the scenario with the lowest distance
travelled per month (23,181 km)  while scenarios 3b and 4b require
the lowest number of vehicles and drivers (7).
cles depreciation costs and driver’s costs. The fuel costs are a linear
function of the distance travelled. It has been estimated 0.5D per

Table 5
Computational results for module 4c in scenario 4 with seven vehicles.

Number of
variables

Number of
constraints

Running
time (s)

Gap (%)

Module 4c 38,041 1,241,843 3600 0.3

Table 6
Results for each scenario.

Scenario Distance No. vehicles No. drivers

1 24,405 9 9
2  23,294 9 9
3a  23,421 8 8
3b  24,198 7 7
4a  23,181 8 8
4b  23,687 7 7
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as vehicles and drivers. In the breakthrough scenario (scenario
4), all depots and vehicles are integrated and act as part of the
Fig. 17. Schedule 

ilometer driven. Vehicle depreciation is estimated considering
ehicles acquisition cost and the useful life assumed for taxes pur-
ose. In particular, the acquisition cost is about 100,000D and
he useful life is of 5 years, which leads to an annual depreci-
tion of 20,000D . The drivers costs are estimated in 900D per
onth, paid 14 months per year, and it is considered one driver per

ehicle.
Fig. 19 depicts the total cost for the current solution and for

ach scenario studied. Scenario 1 has 12.8% less distance travelled
han in the current solution and the total annual cost decreases 5%
f the municipalities’ boundaries are not respected when defining
he service areas. Comparing scenario 2 (service areas are defined
y packaging material) to scenario 1 (service areas by depot), the
istance travelled decreases 5%, while the required number of vehi-
les is maintained. The total cost decreases in 1.7% when compared
o scenario 1 and 6.4% when compared to the current solution. The

argest decrease in the total cost is obtained in the scenario where
esources are shared among depots (scenarios 3 and 4). In sce-
ario 3b, the total cost decreases 13.3% regarding scenario 2 and

Fig. 18. Illustration of the routes performed by vehicle 3 on days 1 and 11.
icle in scenario 4.

18.9% when compared to the current solution. These gains come
from sharing vehicles among depots which allows the reduction
of the number of vehicles to seven. When open routes between
depots are allowed, the total distance travelled decreases even
more (23,687 km against 24,198 km,  about 2%) and the total cost
decreases about 20% when comparing with the current solution.

Significant savings are obtained when some of the current prac-
tices are removed. However, from an operations management
perspective, it is more complex to manage scenario 4, where three
different service areas, shared vehicles and open routes have to
be dealt with, than the current solution where each depot has
one service area, with vehicles assigned and only closed routes,
which allows each depot to act independently. However, these lat-
ter practices lead to a larger travelled distance and more resources,
same system. This kind of solution decreases the distance trav-
elled and the resources needed but demands a decision support
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Fig. 19. Total cost for each scenario studied.
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ystem to help managing the increased complexity. The solution
ethodology developed in this work can be seen as a main pillar

owards the development of a decision support system, supporting
he routes definition and vehicle schedules under an innovative
cenario.

. Conclusions

In this paper four practices currently used by recyclable col-
ection systems operating in Portugal have been analysed so as to
ropose improvements on their setups. Given that the systems in
tudy have multiple depots managed independently, the main idea
as to explore management operations in an integrated way so

hat gains in terms of efficiency could be achieved, by decreasing
he total operational costs.

To achieve this goal this paper developed a unified solution
ethodology that is capable to plan the collection systems explor-

ng different practices. This solution methodology is applied to
 real packaging waste collection system. Four scenarios were
nalysed, developed by cumulatively removing each of the four
ractices. The problems solved are the Multi-Product, Multi-Depot
eriodic Vehicle Routing Problem, the Multi-Depot Periodic Vehi-
le Routing Problem, the Multi-Depot Periodic Vehicle Routing
roblem with Shared Resources and Multi-Depot Periodic Vehicle
outing Problem with Inter-Depot Routes. The solution methodol-
gy defines service areas and vehicle routes in an integrated way.
fterwards it assigns the routes to a day on the planning horizon
ccording to each scenario.

Each scenario was evaluated in terms of travelled distance
nd number of required vehicles. Also the total annual cost of
ach scenario considering fuel costs, vehicle depreciation costs and
river’s costs, was calculated. It was concluded that by removing
he practice of not sharing resources among depots implies the
ighest impact on the total cost, since sharing resources enables

 decrease up to two vehicles. Moreover, defining service areas by
ecyclable material instead of depot (scenario 2 vs. scenario 1) leads
o a positive impact of 1.7% on the total cost. Sharing resources
nstead of having the vehicle fixed at depots (scenario 3 vs. sce-
ario 2) conducted to a positive impact of 13.3% in total cost (the
ighest impact, as mentioned). Performing mixed closed and open
outes instead of allowing only for closed routes (scenario 4 vs. sce-
ario 3) resulted in a positive impact of 0.9% in total cost. Finally,
omparing the current solution with the innovative scenario (sce-
ario 4, where all of the four practices are removed), a decrease of
0% in the total cost was observed.

It is a fact that each scenario studied increases the complexity of
anaging operations within the recyclable collection systems, but

ignificant costs savings have been attained. Moreover, the current
ituation is driven by management options adopted by political
ssues which led to the use of municipal boundaries when plan-
ing the systems. Such practice proved to diminish the system’s
fficiency and consequently alternative solutions should be pur-
ued. The improved results need, however, to be demonstrated and
iscussed with the management board. This was achieved, in this
ork, through a close collaboration between the research and the

ompany management teams.
As future work and still aiming to further improving operation,

ther alternative operational practices can be studied. Such as the
ight collection in opposition to the daytime collection, the latter

n use in the packaging collection system under study. Notice that
erforming a daytime collection activity may  lead to a decrease
n the overall system efficiency given traffic congestion (that may
low down collection). Night collection can, however, increase
he collection efficiency in tradeoff with an increase of personnel
osts.
n and Recycling 85 (2014) 116– 129

The solution methodology proposed defines firstly the service
areas and vehicle routes in an integrated way, while the sched-
uling decisions are taken in a second phase. This sequential method
causes a low usage rate of some vehicles, representing a pitfall of
the proposed methodology. A tighter integration of those decisions
would lead to higher usage rates, and therefore, better results. As
future research, the solution methodology should be improved to
tackle the three decisions simultaneously. In addition, it would
also be interesting to study this problem by applying different
techniques, such as meta-heuristics, making a comparison of the
results obtained. Finally, another future work direction is to apply
this methodology to other packaging collection systems in order to
quantify the results of more case studies so as to corroborate the
conclusions of the current work.
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