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1. Introduction

Recycling involves the processing of used materials into new products, assuming that the product life cycle does not ter-
minate upon product use or consumption. A new cycle then begins in which the primary objective is to recover the remain-
ing value of these products by reinserting them into a forward supply chain (Rubio et al., 2008).

To achieve recycling targets, different collection systems must be built to accommodate the products involved. In Europe,
the recycling targets imposed by the European Union have forced member states to develop new collection systems. The
traditional routes defined for municipal generic solid waste did not fit the particularities of recyclable materials, for which
different vehicles, collection rates and bin locations are required. This context frames the creation of two different waste
collection systems—selective and undifferentiated—for recyclable and non-recyclable products. Manufacturers of recyclable
products are responsible for providing an adequate destination for their products when they outlast their usefulness.
However, this responsibility is often transferred to waste management companies that need to create new collection systems
to comply with this responsibility.

The most common recyclable waste collection systems are those related to goods packaging, using materials such as
glass, paper, plastic and metal. Different logistics systems can be designed to forward these materials to the recyclers.
Variants of recyclable collection systems include systems based on the source separation of each material by the end user
or systems based on post-separation at sorting stations. In addition, collection can be based on a single material by non-
compartmented vehicles or based on multiple materials using multi-compartmented vehicles. Furthermore, the collection
strategies can be based on curbside or drop-off systems, whereas their coverage may be municipal or multi-municipal.
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Regardless of the variations mentioned above, transportation and sorting always appear as the core activities in managing
recyclable waste systems.

Although recycling contributes positively to the environment (see Craighill and Powell (1996) for the environmental ben-
efits of recycling), the activity of collecting recyclable waste is a transportation activity. Therefore, the collection generates
greenhouse gas (GHG) emissions (such as CO,, CH4, HFCs and NO,), resource consumption, land use, acidification, toxic ef-
fects on ecosystems and humans, noise and other negative impacts on the environment. Because GHG emissions are quite
harmful (particularly CO, emissions), companies are seeking transportation solutions that minimize CO, emissions without
compromising their economic goals.

The present work addresses the abovementioned concerns and aims to develop the basis for a decision support tool that
can aid decision makers in planning recyclable waste collection systems. Specifically, the minimization of variable costs and
CO, emissions are studied. The former is considered as a function of the traveled distance, whereas the latter is assumed as a
function of the consumed energy.

This research has been motivated by a real recyclable packaging waste collection system operating in Portugal. The goal is
to restructure its current service areas and vehicle routes to decrease the variable costs and CO, emissions. This case de-
scribes the concern of many companies operating in this field and is representative of the decision process in managing recy-
clable packaging waste collection systems.

Recyclable packaging waste collection systems typically collect three types of packaging materials within a geographic
area: paper, glass and plastic/metal (see Fig. 1). Each system provides three types of specific bins scattered over a given area
for the consumer to dispose of packaging waste. These materials are then often collected on separate routes because the
vehicle fleet is not equipped with compartments. The collection routes are defined for a planning horizon because the recy-
clable materials have different collection frequencies. Each route is constrained by vehicle capacity and by duration of a
working day. Depending on the facilities owned by the system and how the operations are planned, the collected materials
can either be consolidated at a transfer station (depot) for later transport or they can be directly unloaded at the sorting sta-
tion. The transfer stations (depots) act as storage points where the separated packaging materials are stored until there is
sufficient quantity to fill a larger truck to be transported to the sorting station. After the sorting operation, the separated
materials are baled, compressed and sent to recyclers.

When multiple depots are present, the service areas must be defined to establish the accountability of the different de-
pots at each collection site. As shown in Fig. 1, routes are defined within each service area to collect the three materials. Two
types of transportation flows must be considered: the inbound flow from the collection sites to the depots and the outbound
flow from the depots to the sorting station. In addition to the distance traveled to collect materials from the collection sites,
one must also account for the round-trip distance from the sorting station to the depots.
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Fig. 1. Schematic representation of a recyclable waste collection network.
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When dealing with a multi-product problem, two alternative solutions can be envisaged regarding the service areas: (a)
all products (in this case, recyclable materials) at a collection site are collected by the same depot—each depot has a single
service area common to all recyclable materials (Fig. 2(a)); (b) the recyclable materials at each collection site can be collected
from different depots—each depot has |M| service areas, where M represents the recyclable materials set (Fig. 2(b)).

Because all materials at each site are collected from the same depot in solution (a) (service areas by depot), this problem
is modeled as a multi-product, multi-depot vehicle routing problem (MP-MDVRP). This solution is currently in practice at the
company being studied. Because each material can be treated independently in solution (b) (service areas by recyclable
material), this problem is modeled as a multi-depot vehicle routing problem (MDVRP) for each material. This approach rep-
resents an alternative solution to the current company’s practice and is studied in our work.

The MP-MDVRP is modeled as a mixed-integer linear programming (MILP) formulation. This creates two different models
to account for the economic and the environmental objectives. A decomposition solution method is proposed to overcome
the computational burden observed when addressing large-scale problems.

Tactical decisions such as the delimitation of service areas and the definition of routes in recyclable waste collection sys-
tems involving multiple depots, multiple products and multiple transportation flows are studied. The routes definition is
considered a tactical decision because the routes are to be maintained for a medium period of time (e.g., 1-6 months)
due to the stability of the bin filling rates. Static routes are then studied. The defined routes are to be applied at an opera-
tional level and only need to be revised in case of seasonal demands or a significant increase in the disposed quantities by the
end user.

Section 2 of this paper presents a literature review on routing problems for multiple depots with environmental concerns
and on applications to waste collection systems. Section 3 describes the proposed mathematical formulation for the MP-
MDVRP. Section 4 discusses the developed decomposition method and tests its effectiveness. The case study application
is evaluated in Section 5, in which six scenarios are studied and compared with the company’s current solution. In Section 6,
we draw conclusions and discuss ideas for future work.

2. Literature review

The multi-depot vehicle routing problem (MDVRP) is a generalization of the vehicle routing problem (VRP) in which, be-
yond the definition of vehicle routes, it is necessary to determine from which depot customers are to be visited. The MDVRP
simultaneously establishes the service areas of each depot and the associated vehicle routes. The vehicle routes are defined
such that (1) each route starts and ends at the same depot, (2) each customer is visited exactly once by a vehicle, (3) the total
demand of each route does not exceed the vehicle capacity and (4) the total duration of each route (including travel and ser-
vice time) does not exceed a preset limit. The best solution is typically one that minimizes the total routing cost.

Several models that explore both exact and approximate solutions have been developed for the MDVRP. However, be-
cause this is an NP-hard combinatorial problem, the models proposed in the existing literature are predominantly heuris-
tics-based. Few exact algorithms are reported in the literature. Laporte et al. (1984), as well as Laporte et al. (1988),
developed exact branch and bound algorithms for solving the symmetric and asymmetric versions, respectively, of the
MDVRP. More recently, Baldacci and Mingozzi (2009) developed an exact method for solving the heterogeneous vehicle rout-
ing problem (HVRP) that is capable of solving, among other problems, the MDVRP. However, several heuristic algorithms
have been proposed to solve MDVRP, including those proposed by Tillman and Cain (1972), Golden et al. (1977), Chao
et al. (1993), Renaud et al. (1996), Cordeau et al. (1997), Salhi and Sari (1997), Lim and Wang (2005), Parthanadee and

(a) Service Areas by Depot (b) Service Areas by Recyclable Material

Fig. 2. Illustrative example of (a) service area by depot versus (b) by recyclable material when multiple materials are considered.
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Logendran (2006), Crevier et al. (2007), Pisinger and Ropke (2007), Ho et al. (2008), Zhang et al. (2009) and Dondo and
Cerda (2009).

In all of the abovementioned studies, the objective function was defined as either the minimization of the total distance
traveled or the minimization of the routing cost. As mentioned in the introduction, companies working in the transportation
sector are now concerned with environmental impacts, and this aspect should also be explored within the models. As stated
by Sbihi and Eglese (2007), most of the articles published in the VRP field have explored economic objectives. There is scant
literature linking VRP models to green logistics issues. Nonetheless, some works exploring these latter aspects have recently
been published. Palmer (2007) addressed the role of speed in the reduction of CO, emissions in a VRP but did not account for
the impact of vehicle load. Kara et al. (2007) only considered the weighted load (load multiplied by distance) in the energy-
minimizing vehicle routing problem. However, the energy consumed by vehicles depends on factors other than the carried
load. A comprehensive approach was developed by Bektas and Laporte (2011) in which CO, emissions are based on a de-
tailed emissions model (see the work of Demir et al. (2011) for a comparative analysis of several vehicle emission models)
that accounts for factors such as vehicle load and speed. The authors identified this problem as a pollution-routing problem
(PRP). They developed an integer linear programming formulation in which the cost of CO, emissions and the operational
costs of drivers and fuel consumption were minimized. The model was applied to three classes of problems with 10, 15
and 20 cities. Ubeda et al. (2011) also examined VRP with respect to environmental concerns and developed a methodology
to solve vehicle routing problems with an environmental criterion minimization. This approach was based on the distance
traveled and on distance-based emission factors to calculate CO, emissions. The emission factors depended on an average
fuel consumption related to the carried load (empty, low, half, high and full load) multiplied by a conversion factor of
2.61 kg of CO, for each liter of diesel consumed. This model was applied to a food distribution case study. More recently,
Erdogan and Miller-Hooks (2012) introduced a green vehicle routing problem (G-VRP) that defines routes considering
(among its constraints) the fuel level of each vehicle. This work addressed the routing problem of companies that operate
an alternative fuel vehicle fleet in which greener fuels such as biodiesel, electricity, ethanol and others could be consumed.
The extra challenge of limited refueling infrastructure was considered. Each tour can include stops at one or more alternative
fueling stations to allow for vehicles to refuel en route. The G-VRP was formulated as a mixed integer linear program and
solved by two constructive heuristics and a customized improvement technique.

The application of routing problems to waste collection systems introduces new characteristics that can lead to differ-
ent routing problems. Beltrami and Bodin (1974), Tung and Pinnoi (2000), Angelelli and Speranza (2002) and Teixeira et al.
(2004) studied a waste collection problem in which the collection sites had different collection frequencies—the periodic
vehicle routing problem. In this problem, the collection routes and the day when each one occurs must be defined.
Heuristics and meta-heuristics algorithms were developed and applied to undifferentiated and differentiated waste collec-
tion systems. When dealing with household waste, the problem is frequently modeled as a capacitated arc routing
problem (CARP) in which all arcs in a graph must be visited to allow for waste collection on every street of a city (see
Amponsah and Salhi (2004) and Bautista et al. (2008)). For commercial waste collection, the problem is frequently
modeled as a VRP with time windows because commercial customers often impose time windows to be respected (see
the works of Kim et al. (2006) and Benjamin and Beasley (2010)). McLeod et al. (2011) investigated the benefits of
collecting household and commercial waste together rather than in separate collections. It is worth noting that strong
efforts have been focused on the design of recycling networks (see, for example, the works of de Figueiredo and Mayerle
(2008), Lee and Dong (2008), Paksoy et al. (2011), Schweiger and Sahamie (2013)) rather than on collection routing
(Angelelli and Speranza (2002), Teixeira et al. (2004)).

To the best of our knowledge, the multiplicity of depots and, consequently, the definition of service areas, the existence of
a transportation flow from depots to the sorting station and the multiplicity of products to be collected have never been ad-
dressed. Furthermore, environmental concerns have not yet been considered explicitly in the definition of service areas.
Therefore, further work is required to extend these existing works to real situations. In this context, the present paper ex-
plores this research opportunity and addresses the multi-product, multi-depot vehicle routing problem with economic and
environmental objectives.

3. Mathematical formulation for the multi-product, multi-depot vehicle routing problem

A new mathematical formulation for the MP-MDVRP is developed. The formulation is based on the two-commodity flow
formulation for the capacitated VRP (CVRP) proposed by Baldacci et al. (2004), in which routes start and end at a single de-
pot. In the present work, the Baldacci et al. (2004) formulation is generalized to model multiple products, multiple depots
and inbound and outbound transportation flows. Time duration constraints and different visit frequencies by product are
also considered.

The MP-MDVRP is defined through a graph G=(V,A), where V={1,...,n+2w+s} is the vertex set and
A ={(i,j) :i,j € V,i#j} is the edge set. The vertex set V is partitioned into four subsets V.={1,...,n}, Vy={n+1,...,n+w},
Vi={n+w+1,...,n+2w} and V;={n+2w+1,...,n+2w+s} representing, respectively, the sets of n collection sites, w
real depots, w copy depots and s sorting stations. It should be noted that the copy depots set is a replica of the real depots
set. This replication is required by the two-commodity flow formulation (see Baldacci et al., 2004) because routes are
defined by two paths, one from the real depot to the copy depot and the other from the copy depot to the real one, with
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different starting and ending locations. Each vertex i of V. has a non-negative disposed amount of material m to be
collected (pi») and a non-negative service duration tj». A distance matrix D =(d;) is associated with set A. Routes are
denoted by set K, where |K] is large enough to accommodate the maximal number of routes that the fleet can possibly
perform in the planning horizon. Each route k cannot exceed the vehicle capacity Q,, or the maximum time allowed
for a working day T.

The MP-MDVRP that considers two different objective functions (a distance-minimization objective and an energy-min-
imization objective) leads to two models, the latter being an extension of the former. These models are described below.

3.1. Distance-minimization MP-MDVRP model

To formulate the MP-MDVRP with a distance-minimization objective, it is necessary to generalize the flow and binary
variables (y; and x;;, respectively) proposed by Baldacci et al. (2004). Two new indices representing the recyclable materials
(index m) and the routes (index k) are added. A new variable (z;) is also defined. The model decision variables are thus as
follows:

e Xjimk, a binary variable that represents the routing solution: =1 if site j is visited immediately after site i to collect material
m by route k; 0 otherwise;

® Viimk» @ flow variable that represents the load of material m in route k when traveling from site i to site j. The flow yjim
represents the empty space on the vehicle on route k; therefore, Yjmk + Yjimk = Qm, where Qp, is the vehicle capacity to
transport material m;

e Zimk a binary variable that assigns collection sites to routes: =1 if site i, with material m, is visited by route k; 0 otherwise.

All routes begin at one of the real depots (set V;) and end at the corresponding copy depot (set V). If route k begins at
depot i e Vg, it must end at the corresponding copy depot of i, i.e., depot i + w € V;. Each route is defined by two flow paths:
(1) a path defined through variables y;m, representing the vehicle load on route k that increases along the route as a collect-
ing process is followed; (2) a reverse path defined by variables y;in« representing the empty space on the vehicle, which de-
creases along the route (see Fig. 3).

The indices, sets and parameters of this formulation are as follows:

Indices

ij Node indices

k Route indices

m Recyclable material indices

Sets

Vv Node set V={1,...,n+2w+s},V=V.uVaUV;UV;

Ve Collection site subset V. ={1, ..., n}

Vg Real depot subset Vy={n+1,...,n+w}

Vi Copy depot subset Vi={n+w+1,...,n+2w}

Vs Sorting station subset Vi={n+2w+1,...,n+2w+s}

K Routes set K ={1,...,r}, K=Ky U...UK;

K; Routes belonging to depot i

M Recyclable material set M= {1, ... ,h}

Parameters

dij Distance between collection sites i and j (in meters)

Dim Amount of material m to be collected at collection site i (in kg)

Cim Number of bins of material m at collection site i

frm Collection frequency of material m within the timeframe

Qm Vehicle capacity to transport material m in inbound transportation (in kg)
QT Vehicle capacity to transport material m in outbound transportation (in kg)
vb Speed between collection sites and between collection sites and the depots (in meters per minute)
vw Speed within collection sites (in meters per minute)

U Amount of time to collect a bin (in minutes)

S Average distance between bins within a collection site (in meters)

L Time to unload the vehicle in the end of a route at the depot (in minutes)
tim Time required to collect site i with material m (in minutes) t, = Cim (U + 5y)
b Time to travel from site i to site j (in minutes) b; = %

T Maximum time allowed for a working day (in minutes)
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The objective function, Eq. (1), models the minimization of the total distance traveled, which includes the inbound
transportation (first and second terms) and the outbound transportation (third term). The inbound transportation considers
the distance from the collection sites to the depots where the collection routes are defined by two paths. Thus, each solution
edge is counted twice, doubling the distance traveled. To identify the actual value, the distance must be divided by two to
eliminate the value of the second path. The second term is related to the distance traveled within the collection sites.
Because the collection sites correspond to localities that may have scattered bins, this term is required to account for the trav-
eled distance within the localities. The third term models the round-trip distance between the sorting station and the depots.
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Constraint (2) states that the outflow minus the inflow at each collection site is equal to twice the amount to be collected.
Constraints (3) to (6) model the inflows and outflows of the real and copy depots. For the real depots, the total outflow will
be zero because all vehicles are empty when leaving the real depots (Constraint 6) and the total inflow of each real depot
corresponds to the capacity of the used routes based on that depot (Constraint 5). For the copy depots, the total inflow is
equal to the total amount to be collected (Constraint 3) and the outflow corresponds to the residual capacity of the routes
used (Constraint 4). Constraint (7) guarantees that any feasible solution contains two edges incident to each collection site
due to the two paths that characterize each route. The vehicle capacity and duration constraints are modeled by Eqgs. (8) and
(12), respectively. Because each collection site with material m must be visited by only one route, Constraint (9) guarantees
this condition. Constraint (10) ensures that if collection site i is not visited by route k, then the corresponding flow variable
Yiimk 1S set to zero. Constraint (11) matches the real depots with the copy depots, ensuring that when a route begins at a real
depot it will end at the corresponding copy depot. Constraint (13) ensures that each route will leave its home depot at most
once. Constraints (14) and (15) jointly ensure that a route cannot leave and return to a depot other than its home depot (real
and copy depot). Constraint (16) defines service areas by depot, i.e., guarantees that all recyclable materials at each collection
site are collected from the same depot. Finally, the domains of all variables are given by Constraints (17) to (19).

The MP-MDVRP is a generalization of the MDVRP. To model the MDVRP, Constraint (16) is removed, allowing for the
routes of each recyclable material to be determined independently.

3.2. Energy-minimization MP-MDVRP model

To incorporate environmental concerns into the MP-MDVRP model, an energy minimization objective is chosen. When a
vehicle travels over an arc (i, j), it emits a certain amount of GHG. This depends on the fuel consumption, which in turn, is
directly connected with the energy requirements. If the required energy is minimized, the GHG amount will consequently be
minimized.

The energy requirements are established through fuel consumption that is a function of several aspects such as vehicle
load (curb weight plus load), speed, road slope, engine features, vehicle frontal surface area, coefficients of rolling resistance
and drag, and air density. These aspects are then considered in the calculation of the energy required (in kilojoules) to travel
over an arc (i, j) as expressed in Eq. (20) (originally proposed by Barth et al. (2004) and later adapted by Bektas and Laporte
(2011)):

Ej = RNB(dy/vy) + (Py/ + Pa) 11/ 1000 @0

where R is the engine friction factor (in k]/rev/liter, representing the fuel energy used at zero power output to overcome en-
gine friction per engine revolution and unit of engine displacement), N is the engine speed in revolutions per second (rev/s), B
is the engine displacement in liters, dj is the distance between site i and j (in meters), v; is the speed on arc (i, j) in meters per
second, P; is the total tractive power demand at the wheels to travel over arc (i, j) (in joules), ¢ is vehicle drivetrain efficiency,
P, is the engine power requirement for accessories such as air conditioning (which from now on will be considered null, i.e.,
P, =0) and 7 is engine efficiency.

Following the approach of Bektas and Laporte (2011), Py is given by Eq. (21), where o and $ are the arc and vehicle specific
constants, respectively:

Pj = a(ew + piy)d;j + prid; (21)

The first term of P; is referred to as the load-induced energy requirements: o = u + g sin 0 + gC, cos 0, where u is the accel-
eration (in m/s?), g is the gravitational constant (9.81 m/s2), 0 is the road slope in degrees (we are assuming in Eq. (21) that all
arcs have the same road slope), C; is the coefficient of rolling resistance, cw is the curb weight and y; is the load carried by
the vehicle on arc (i, j). The second term of Eq. (21) is called the speed-induced energy requirements: 3 = 0.5C,0p, where Cy is
the drag coefficient, O is the frontal surface area of the vehicle (in m?) and p is the air density (in kg/m?). Because we con-
sidered two types of transportation flows (inbound and outbound) operated by different vehicles, we will have different val-
ues for the vehicle specific constant . Assume p;,, for the vehicles used in the inbound transportation and S, for the
vehicles used in the outbound transportation. The same distinction applies to parameters cw (cWi,, and cWyys,) and B (Bjnp
and Boutb)~

Considering the parameters associated with each type of vehicle, Expressions (22) and (23) compute the aggregate
parameters &, and oy, Tepresenting the energy required to travel a meter (in kilojoules per meter) for the inbound and
outbound vehicles, respectively. We assume speed (v;) as a parameter and not as a decision variable because average speeds
within collection sites (vw) and between collection sites (vb) are considered representative of the truck speed.

RNBiyy — 0CWinp + B (vh/60)°

Einp = vb/60 1n€1000 =
s RNBuwy  4CWaourp + oy (vb/60)° (23)
outb = b /60 ne1000

Eq. (24) translates the energy requirements Ej; into fuel requirements Fj; (in liters), given ¢ as the fuel-to-air equivalence
ratio, fd as the fuel density (g/1) and 43.2 kJ/g as the lower heating value of typical diesel fuel (Barth et al., 2004),
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Fij= o Ey/(432 fd) (24)

To convert the fuel requirements into CO, emissions, we assume a conversion factor of one liter of diesel fuel containing
2.672 kg of CO, (Carbon Trust, 2010).

Based on the abovementioned considerations, and to formulate the MP-MDVRP with an energy-minimization objective,
we must add two auxiliary variables (d; and ;) to track the path between the real and copy depots. In the proposed formu-
lation the route solution is given by two flow paths. Thus, the auxiliary variables will isolate the load path such that it will be
correctly accounted in the objective function. Note that variable y;jm, provides the carried load and the empty space for each
arc (i, j).

The MP-MDVRP with environmental concerns is thus the minimization of the total energy required for inbound and out-
bound transportation, derived from Eq. (20). This objective function contains three components: the inbound transportation
between collection sites and depots (25a), the inbound transportation within collection sites (25b) and the outbound trans-
portation (25c).

Min E = &y ZZZqumder NN al}%’;"ogg (25a)

ieV jeV meMkeK ieV jeV meMkeK

OC:I'tlmc("msfr
DS 00 D (25b)

ieV jeVemeMkeK ieVemeM

TSy g (K o) 50

IEVC]SmeEMkEKIhEVS

The energy required to travel within each collection site considers the vehicle load when entering a site (first term of
(25b)) and the distance to travel within a collection site to collect all containers (parameter 7;,, see Expression (26)). It
should be noted that, in the latter, the load picked up in each container is taken into account.

(26)

vw/60 11000
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In addition to Constraints (2) through (19) defined in the previous model, the current model requires eight more con-
straints to describe the load carried by the routes in inbound transportation:

Zuijmk - Z:ujirnk = PimZimk Vie VC7vm1 vk (27)
jev jev
piméijmk < :uijmk < Qméijmk Vi7j7 m, k (28)
ieVyjeVemeM keK

S Sjimk < K| (30)

ieVyjeVemeMkeK

Oijmk < Xjjmk  Vi,j,m, k (31)
luijmk < yijmk VLJ m, k (32)
Simis e = 0 VijeVikeK,meM (33)

Constraint (27) represents the flow balance, where the outflow minus the inflow at each collection site is equal to the
amount to be collected. The load carried in the route is bounded by Constraint (28). Constraints (29) and (30) state that a
maximum of |K| routes may depart from real depots and arrive at copy depots. The auxiliary variables are linked to the main
variables through Constraints (31) and (32). The auxiliary variables domain is given in Constraint (33).

4. Decomposition solution method to solve the multi-product, multi-depot vehicle routing problem
4.1. Description

When solving large instances in preliminary tests through the proposed mathematical models, computational difficulties
were faced due to the hard combinatorial problem characteristics. Only instances with up to 12 sites and 2 depots could be
solved to optimality. For the real case study, the commercial solver CPLEX was not capable of generating any of the two
monolithic models described. To overcome this problem, a decomposition solution method was developed. In the MP-
MDVRP, two main decisions must be simultaneously made: which depot collects each site (considering concurrently all
materials at each site) and the collection sequence. The solution method then decomposes the problem into these two main
decisions. The first step defines the service areas for each depot and the second step defines the final collection routes.
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In the first step, service areas are firstly defined for each material by solving a MDVRP with Mixed Closed and Open Routes
(MDVRP-MCO) for all collection sites. The MDVRP-MCO is a relaxation of the original problem (the MP-MDVRP), in which
just one product has to be collected and the vehicles are not restricted to start and finish at the same depot (closed routes),
if the objective function is minimized. As a result, closed and open routes (the starting and ending depot is different) are
produced. Given that the original problem only allows closed routes, when open routes are obtained, a MDVRP is solved con-
sidering a subset of the collection sites, the ones belonging to open routes. As result, only closed routes are obtained which
establishes the service area for each depot. Both MDVRP-MCO and MDVRP are solved as many times as the number of dif-
ferent materials considered in the problem. At this point, we will have |M| different service areas (service areas by recyclable
material). Since a single service area by depot is envisaged, a heuristic procedure is applied to allocate each collection site to
a single depot. In the second step, a VRP is solved for each depot and material to define the final collection routes.

Each step of the decomposition method is described below in greater detail.

Step 1: Service areas definition

Step 1 allows for the study of two different service area configurations, service areas by depot and by recyclable material.
This step involves two mathematical formulations (from now called formulations 1.1 and 1.2) and one heuristic procedure
(called procedure 1.3).

It begins defining the service areas for each material m € M by solving a relaxation of the original problem that is simpler
and easier to solve with commercial solvers: the MDVRP-MCO. The MDVRP-MCO (formulation 1.1) is considered here be-
cause its mathematical formulation is capable of solving large instances (see the work of Ramos et al. (2013)). On the other
hand, a significant portion of the MDVRP-MCO solution is feasible for the original problem (i.e., all the closed routes). For the
open routes defined by the MDVRP-MCO, a second mathematical formulation is solved to close the routes — the MDVRP for-
mulation. Only the sites belonging to each open route are used as input data for the MDVRP (formulation 1.2), meaning that
small instances are solved. By solving the MDVRP, these sites are naturally assigned to depots because the MDVRP solution
only defines closed routes.

Table 1 shows the two formulations for the MDVRP-MCO: the distance minimization (at left) and the energy minimiza-
tion (at right). Both are solved independently for each material. Only the node set V is considered (the route set K and the
recyclable material set M are not considered). An additional parameter 4 is included, representing the maximum number of
routes allowed. Variable z is unnecessary in these formulations, and two new variables are added, a; and e;;, to cope with the
time duration constraints for each route. Some equations are the same as those proposed for the MP-MDVRP, but they were
adjusted to cope with a single set (set V). Three extra equations are added: Constraints (34) and (35) address the number of
routes (1), and Constraint (36) guarantees the same number of routes beginning and ending at each depot. It should be noted
that because open routes can be part of the solution, the number of routes beginning at a given depot may be different from
the number of routes that end at that depot.

Table 2 shows the formulations for the MDVRP. The formulations are solved for each open route produced by formulation
1.1. Set M is not considered, and the set of collection sites is reduced to the sites belonging to open routes. Because now route
set K is included, the decision variables a;; and e; are no longer necessary for controlling route duration.

After solving formulations 1.1 and 1.2 for each material m, the service areas are defined by material. If service areas by
depot are required, heuristic procedure 1.3 is run to ensure that all materials at each collection site are collected from the
same depot.

The heuristic procedure starts by identifying from the output of formulations 1.1 and 1.2, which depot collects each mate-
rial from each collection site. Then, for each site, it is assessed if a unique depot is responsible for its three materials. If not,
that site is classified as unclear. The assignment of the unclear sites to depots is then set according to the material with the
highest collection frequency given that its contribution to the objective function is stronger than that of the other materials.
However, collection sites may not have all the materials to be collected. If so, the assignment should be made according to
the second highest collection frequency material, and so on.

The chosen assignment rule is sustained by a comparative study performed with test instances (described in Section 4.2)
in which the service areas proposed by the MDVRP for each material are compared with those proposed by the MP-MDVRP
(both monolithic models are solved through the commercial solver CPLEX). In all test instances, the same number of mate-
rials and collection frequencies found in the motivation case study are assumed—that is, three materials (m; m, ms3) and
frequencies (frim1 =1, frmz =4, frmz = 2).

The service areas obtained for the MP-MDVRP match, in 12 out of 15 instances, with the service areas provided when
solving the MDVRP for the material with the highest collection frequency (fr;» = 4). This result is explained by the fact that
the m; collection contribution to the total traveled distance (or for the total required energy) is four times larger than m; and
two times larger than ms.

Fig. 4 illustrates these results for one test instance (instance 8). This instance is solved by the MDVRP distance-minimi-
zation model for each material and by the MP-MDVRP distance-minimization model. It can be observed that by applying the
MDVRP model by material (Fig. 4(b)), different service areas are produced. In comparing the three service areas with the one
produced by the MP-MDVRP model (Fig. 4(a)), it is observed that the latter is the same as the m, service area.

In our case study, there is a significant difference between the collection frequencies of each material such that one mate-
rial stands out from the others. In this case, using the material with the highest collection frequency as the assigning rule



Table 1
Formulation 1.1 - MDVRP-MCO.

Distance-minimization model

Energy-minimization model

Input data

Node set V=V, U V4 U V;U Vs

Parameters:

dyj; py: Ci; t; byj; fr; Q: QT; vb; vw; U; S; L; T; 4. (parameter . represents the
maximum number of routes)

Decision variables

Binary variable x;;

Continuous variable y;

Continuous variable a;;, representing the arrival time to site j from site i
Continuous variable ey, representing the exit time from site i to site j

Objective function
Min (% Zievzjevxijdijfr + Ziev( C,'Sfr + Zzievf Zjev,Zhew % d’lj)
Constraints
Constraints (2), (3), (6), (7), (8) + Residual capacity constraints
2ieve v Yii < AQ = Yicy Pi (34)
The outflow of the copy depots is at most the total vehicle route residual
capacity + Capacity constraints
Piev, LjevYii < AQ (35)

The total inflow of the real depots is at most the total vehicle route

capacity + Time duration constraints (see Ramos et al. (2013)) + Vehicle

route equality constraint between real and copy depots
DjeveXi + Djev Xii = Djev Xirwy + 2jev Xjirw) Vi€ Vy (36)
For each real depot i, the number of in-degree plus the out-degree edges has to

be equal to the number of in-degree and out-degree edges of the

corresponding copy depot of i, i.e., i + w.

Output
Closed routes
Open routes between depots

Node set V=V, U VU V;U Vs
Parameters:
di; pi; Cis s by; Q; QT; vb; vw; U; S; L T; 25 R; N; Bings Bouts CWinb; CWourb s Binps 06 173 €

Binary variable x;;

Continuous variable y;

Continuous auxiliary variables yu; and d;
Continuous variable a; and e;

(1 oy dyfr oG Sfr Yigfr oQT v
Min (ginb 2 2iev 2 jevXidift + YicyYjev yetoon + Liev D jeve etoos + 2uieve i + Liev. 2jev, 2onev, o1 Ihji (751000 + 2Coutd

Constraints (2), (3), (6), (7), (8), (27)-(33), (34), (35), (36) + Time duration constraints (see Ramos et al. (2013))
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Table 2
Formulation 1.2 - MDVRP.
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Distance-minimization model

Energy-minimization model

Input data
Route set K=Ky U...UK;

Node set V=Qu VyU VyU Vi (Q C V. is a subset of the
collection sites belonging to each open route)
Parameters: dij; p;; Ci; t; byj; fr; Q; QT; vb; vw; U; S; L; T

Decision variables
Binary variable x;, and z
Continuous variable y;j

Objective function

Min (% Pievjev ke Xikdift + Py, GiSfr
i1
25 ey, Cjev, ek Shev, "o dny)

Constraints

Constraints (2) - (15) and (17) - (19)

Output
Closed routes

Route set K=K; U... UK;
Node set V=Qu VU VrU Vg

Parameters: dyj; p;: Ci; t;; byj: fr; Q; QT; vb; vw; U; S; Ly T; R; N; Biyy:
Bouty; CWinb; CWouth Binbs 0 13 €

Binary variable x; and zj
Continuous variable y;
Continuous auxiliary variable y, and d;j

. oty digfr oy € ST
Mln(iinb 32 iev v SokekXikigft + 3 icy D jev kek TA00 T Doiev dojeve dokeK HIg00

Vit T v
FXkev. T+ Diev, Ljevy Lok, 2-hev, o dhj (1751%00 + zgoutb))

Constraints (2) - (15), (17) - (19) and (27) - (33)

provides good results. In 80% of the tested instances, it provided the same solution as that obtained by solving a MP-MDVRP.
In cases in which no material stands out from the others, different assigning rules must be investigated, such as site-by-site
assigning to the nearest service area through an iterative process, or assigning to the nearest depot, or using the MP-MDVRP
model only with the unclear sites or any other reasonable rule.

Step 2: Routes definitio

n

The routes designed at Step 1 can be improved when the final service areas are established (the output of Step 1). Step 2
solves a vehicle routing problem for each depot and for each recyclable material so that the final collection routes are de-
fined. The mathematical formulation used to model the VRP in Step 2 is based on the two-commodity flow formulation
(Baldacci et al., 2004), in which time duration constraints are added. The formulations applied for the economic (distance
minimization) and the environmental (energy minimization) objectives are shown in Table 3.

(a) Solving the MP-MDVRP distance-minimization model

o

@ Collection Sites
B Depots

(b) Solving the MDVRP distance-minimization model for each material

Material 1 (1x/month)

Material 2 (4x/month)

Material 3 (2x/month)
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Fig. 4. Service area results for test instance 8 obtained by (a) solving the MD-MDVRP model versus (b) the MDVRP model for each material.
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Table 3
Formulation 2 - VRP.
Distance-minimization model Energy-minimization model
Input data
Node set V=V, U VqU VrU Vs where [V4| =1 and |[Vd =1 Node set V=V, U V4 U VyU Vs where [Vg| =1 and |[V] = 1
Parameters: dj; p;; C; ti; by fr; Q; QT; vb; vw; U; S; Ly T; 4 Parameters: dj; p;; Ci; ti; by; fr; Q; QT; vb; vw; U; S; Ly T; 4; R; N; Bip;

Boutb; CWinb; CWoutb; Binb: % 11; &
Decision variables
Binary variable x;; Binary variable x;;
Continuous variable yy, a; and e; Continuous variable yj, a; and e;;
Continuous auxiliary variable y; and 6
Objective function

in(1s". . d . . . . Yl ) . oty dyfr ot Sfr
Min (2 Siev jevXidift + Sicy, ST + 23 icv. Sjev, Shev, “or Ihi Min (énb%Zitijthu T+ iy Sjev mions + Siev Sjev. midos + Siev, T
+iev, ngv,ZhevS kg dhj (;151000 + zfoutb))

Constraints

Constraints (2), (3), (6), (7), (8), (34), (35) + Time duration Constraints (2), (3), (6), (7), (8), (27)-(33), (34), (35) + Time duration
constraints constraints
Output

Closed routes

4.2. Effectiveness tests

In this section, we evaluate the effectiveness of the proposed decomposition method by applying it to a set of test in-
stances. The results are then compared with the optimal solutions from the monolithic models presented at Section 3.
Due to the complexity of the MP-MDVRP and MDVRP, the instances that can be solved to optimality are typically of small
size. Therefore, fifteen small instances (based on the characteristics of the case study) were randomly generated because the
existing literature has not identified any instances fitting our problem. These fifteen instances consider three recyclable
materials and two depots, with the exception of instances 13 and 15, which have three depots. The number of collection sites
(JV¢]) varies from six to twenty, as shown in the second column of Table 4.

The MILP formulations developed both for the monolithic model and the decomposition method were implemented in
GAMS 23.6 and solved using the CPLEX Optimizer 12.1.0 on an Intel Xeon CPU X5680 @ 3.33 GHz. In this testing, the
branch-and-bound computation time was limited to 8 CPU hours.

Because the decomposition solution method can define service areas by recyclable material and by depot, both cases
are tested. The objective function considered is the distance-minimization function. Therefore, the MP-MDVRP mono-
lithic model proposed in Section 3.1 is used. The results obtained by solving the MDVRP (service areas by recyclable
material) and MP-MDVRP (service areas by depot) by the monolithic model and by the decomposition method are pre-
sented in Table 4.

A percentage deviation between the solution values and the CPU time determined by the monolithic model and the
decomposition method are computed. Regarding the Service Areas by Recyclable Material, we can see from the Deviation col-
umn of Table 4 that the decomposition method achieves the optimal solution in 7 out of 15 instances (deviation equal to 0%)
and that the solution deviation is less than 1% in 6 instances. The average objective function value (OFV) deviation is 0.3%,
and the time required for the decomposition method is approximately 90% less than that required by the monolithic model.
Regarding the Service Areas by Depot, the decomposition method finds the same solution as the monolithic model in 10 out
of 15 instances, with an average percentage of OFV deviation of approximately 0.5%. The monolithic model proves the opti-
mality in only 5 instances within the time limit of 8 h. With respect to CPU time, the average deviation of the decomposition
method is 99% less than that of the monolithic model.

The effectiveness tests are also used to evaluate the lower and upper bounds provided by the decomposition method. The
MDVRP-MCO (formulation 1.1) represents a good lower bound for the MDVRP because the average deviation between the
objective function values for both problems is 0.9%, with a maximum of 3% (see Table 5). Likewise, the MDVRP-MCO is also a
good lower bound for the MP-MDVRP given that the average deviation between both problems is 1.7%. Although this is a
higher percentage than for the MDVRP, it is still a small deviation.

An upper bound for these problems (MDVRP and MP-MDVRP) is the final solution provided by the decomposition meth-
od. The deviation between the lower and upper bounds obtained for each test instance is summarized in Table 5. Considering
the MDVRP, the maximum deviation is 3.7% with an average of 1.2%, representing a tight range. Regarding the MP-MDVRP,
the gaps are slightly higher, with a maximum of 6.0% and an average of 2.2%.

These results show that the decomposition method is effective in solving the problem in this study because it provides a
good (or even optimal) solution in much less time than the monolithic models solved by the CPLEX solver.
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Table 4
Comparison between the optimal and the decomposition method values for service areas by recyclable material and by depot.
Problem [V¢|  Service areas by recyclable material Service areas by depot
MDVRP @ Monolithic Model MDVRP @ Decomp. Method Deviation MP-MDVRP @ Monolithic Model MP-MDVRP @ Decomp. Method Deviation
OFV Time (s) GAP (%) OFV Time (s) OFV (%) Time (%) OFV Time (s) GAP (%) OFV Time (s) OFV (%) Time (%)
1 6 886 1 0.0 887 1 0.1 0.0 892 6 0.0 899 2 0.8 -90.0
2 8 853 6 0.0 860 1 0.8 -81.7 860 26 0.0 860 2 0.0 -95.8
3 10 650 8 0.0 650 2 0.0 -80.0 650 660 0.0 650 3 0.0 -99.8
4 11 1178 17 0.0 1178 2 0.0 -90.6 1186 16142 0.0 1186 3 0.0 —100.0
5 12 698 26 0.0 698 4 0.0 —84.6 698 15684 0.0 698 5 0.0 —100.0
6 13 1193 29 0.0 1208 4 13 -85.5 1193 28800 6.9 1193 5 0.0 —100.0
7 14 851 248 0.0 851 6 0.0 -97.6 872 28800 5.0 889 7 2.0 —100.0
8 15 1007 33 0.0 1008 6 0.2 -81.2 1046 28800 1.1 1046 7 0.0 —100.0
9 16 1489 785 0.0 1489 8 0.0 -99.0 1509 28800 4.7 1509 9 0.0 —100.0
10 17 1523 802 0.0 1525 13 0.1 -98.4 1541 28800 7.0 1574 14 2.1 —100.0
11 18 1228 4566 0.0 1228 17 0.0 -99.6 1228 28800 6.3 1228 19 0.0 -99.9
12 19 1640 1764 0.0 1640 45 0.0 -97.4 1641 28800 6.0 1641 47 0.0 -99.8
13 19 1826 8113 0.0 1850 33 13 -99.6 1833 28800 5.8 1833 35 0.0 -99.9
14 20 2037 86400 6.0 2052 93 0.7 -99.9 2062 28800 13.5 2081 96 0.9 -99.7
15 20 2179 15986 0.0 2190 14 0.5 -99.9 2198 28800 6.8 2243 16 2.1 —100.0
Average - - 7919 0.4 - 17 0.3 -86.3 - 21368 4.2 - 18 0.5 -99.0
Minimum - - 1 0.0 - 1 0.0 -99.9 - 6 0.0 - 2 0.0 —100.0
Maximum - - 86400 6.0 - 93 13 0.0 - 28800 13.5 - 96 2.1 -90.0

OFV = objective function value.
GAP = (Upper Bound CPLEX-Lower Bound CPLEX)/Upper Bound CPLEX x 100.
Deviation = (Decomp. Method Value/Monolithic Model Value — 1) x 100.
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Table 5
Comparisons between MDVRP-MCO, MDVRP and MP-MDVRP.
Lower bound deviation Upper bound deviation
MDVRP-MCO @ Cplex vs. MDVRP-MCO @ Cplex vs. MP-  MDVRP-MCO @ Cplex vs. MDVRP MDVRP-MCO @ Cplex vs. MP-
MDVRP @ Cplex (%) MDVRP @ Cplex (%) @ Decomp.Met. (%) MDVRP @ Decomp.Met. (%)
Average 0.9 1.7 1.2 22
Minimum 0.0 0.0 0.0 0.0
Maximum 3.0 43 3.7 6.0

5. Case Study - A real recyclable waste collection system

The recyclable waste collection system considered in this study is responsible for collecting three packaging materials in
seven municipalities in mainland Portugal. The system operates five depots, with one of them also acting as a sorting station.
The system has a total of 1622 bins clustered on 230 collections sites located in localities or isolated places. A collection site
aggregates one or more bins of one or more recyclable materials. For example, collection site “1” is a locality with 4 glass
bins, 3 paper bins and 3 plastic/metal bins. Therefore, the distance traveled and the time spent within a collection site con-
siders the average distance between bins (S =650 m), the speed within localities (vw = 500 m/min) and the average time
spent to collect each bin (U= 7 min). The packaging materials have different collection frequencies. Glass is only collected
once a month, whereas paper is collected four times a month and plastic/metal is collected twice a month. Because the low-
est collection frequency is once a month, a planning horizon of four weeks (i.e., 20 working days) will be considered.

The company is presently evaluating the restructuring of the current service areas and the associated vehicle routes, with
the goal of reducing the variable costs and the CO, emissions of the existing collection system. Resizing the vehicle fleet is
also under analysis so that the number of vehicles available for inbound transportation will not be constrained. The mini-
mum number of required vehicles is an output of the model and not a constraint. Thus, parameter 2 in formulations 1.1
and 2 and the set K in formulation 1.2 have a sufficiently large cardinality so as not to limit the solution.

The company’s average distance traveled per month is approximately 30,000 km and has an estimated cost per kilometer
(including fuel consumption, driver costs, vehicle depreciation, insurance and maintenance) of 0.70€. The variable cost asso-
ciated with the current collection system is of 21,000€ per month. The CO, emissions for the current collection system are
estimated to be 1.1 kg/km, representing a total of 33,000 kg of CO, per month.

The collection capacity of the vehicles is 4,500 kg for glass (Q.;1), 3400 kg for paper (Q,2) and 600 kg for plastic/metal
(Qm3). The inbound transportation vehicles have a drag coefficient of 0.77 (Cd;), a frontal surface area of 6.5 m? (0;,;,), a curb
(empty) weight of 8,000 kg (cw;,p) and an engine displacement of 9 liters (By;;). The vehicle capacity for the outbound trans-
portation is 12,000 kg for glass (QT;,1), 4,000 kg for paper (QT,,2) and 2,000 kg for plastic/metal (QT,,3). These vehicles have a
drag coefficient of 0.86 (Cdous), a frontal surface area of 8 m? (Ogys), a curb weight of 14,000 kg (cWous) and an engine dis-
placement of 11.7 liters (B,,p). Due to the vehicle characteristics, we have assumed an engine efficiency of 0.45 (), a vehicle
drivetrain efficiency of 0.4 (¢), an engine friction factor of 0.2 k]/rev/liter (R) and an engine speed of 33.3(3) revolutions per
second (N) for both types of vehicles (inbound and outbound transportation).

The maximum time allowed for a working day is 480 min (T). The average time to unload the vehicle at the depot at
the end of each route is 15 min (L). The average speed between collection sites is 1000 m/min (vb) and we assume an

| Population of each locality |

l Daily waste production per inhabitant
Municipal Solid Waste (MSW)
Produced per Day (kg)

Physical composition of the MSW
Glass Paper Plastic/Metal
Produced per Day Produced per Day Produced per Day
Recycling rate
Glass Paper Plastic/Metal
Disposal per Day Disposal per Day Disposal per Day
Time interval between consecutive
collections
Glass Paper Plastic/Metal
to collect in each visit to collect in each visit to collect in each visit

Fig. 5. Procedure for estimating the amount of material to collect at each collection site.
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acceleration of 0 (u). The road slope (0) is always 0° because the geographical area in the study is flat. We assume a rolling
coefficient (Cr) for concrete roads of 0.01 and an air density (p) for an average of 20 °C of 1.204 kg/m>. The gravitational
constant (g) is 9.81 m/s>.

The company has no record of the amounts collected by collection site or by route. To overcome this issue, we chose to
use secondary data to estimate the collection amount at each site (p;,,). The methodology used to compute p;, is illustrated
in Fig. 5.

This procedure requires the population of each locality i € V. and the daily waste production average ratio per inhabitant
as input data. The daily municipal solid waste (MSW) produced is thus obtained. By applying the physical composition of the
MSW, one can estimate the amount of glass, paper and plastic/metal produced per day. Not all of the produced amounts are
disposed of at specific recyclable bins. Therefore, we applied a recycling rate for each material. Because there is no daily col-
lection, a time interval is applied to each material in determining the amount to be collected at each visit (piy).

To accomplish the company’s goals, six scenarios are studied considering different service area configurations and two
different objectives (see Table 6): (A) maintain the current service areas, i.e., respecting the municipalities’ boundaries
but restructuring the current vehicle routes, considering an (A1) economic objective and an (A2) environmental objective;
(B) restructure service areas by recyclable material, considering an (B1) economic objective and an (B2) environmental
objective; and (C) restructure service areas by depot, considering an (C1) economic objective and an (C2) environmental
objective. For each scenario, a different problem must be solved as summarized in Table 6.

5.1. Main results

When solving each scenario through the decomposition solution method, different service areas and, consequently, dif-
ferent vehicle routes are obtained. Fig. 6 shows the service areas obtained for each scenario.

In Scenario A, the service areas are presently in use by the company and respect municipal boundaries. The number of
collection sites belonging to each depot is relatively balanced. For Scenarios B and C, the service areas substantially change
from the current ones. In Scenario B, three service areas are defined. Thus, each depot must manage three different interven-
tion areas, depending on the material. In comparing the service areas by recyclable material, it can be observed that they are
quite different from each other. Either at B1 or B2, plastic/metal generates more balanced service areas among the depots (all
depots collect from a significant number of sites), whereas paper generates more unbalanced service areas (depots 232 and
234 provide little or no contribution; at B2, depot 231 also provides little contribution).

In comparing the service areas between Scenarios B1 and B2, some differences can be identified. In the latter, more col-
lection sites are assigned to depot 235 (159 versus 149 for glass, 153 versus 122 for paper and 72 versus 50 for plastic/metal),
which is also the sorting station. The energy required for outbound transportation is significantly higher than that for in-
bound transportation (approximately 50% higher). Therefore, with the energy-minimization objective function (Scenario
B2), the outbound transportation is minimized and more collection sites are assigned to the sorting station. At the farthest
depot from the sorting station (depot 234), no sites are assigned for paper.

Scenario C assumes that each depot has one common service area for all recyclable materials, as in Scenario A. In com-
paring the current service areas with the ones proposed by Scenario C, significant differences are observed. Two depots stand
out (depots 233 and 235), decreasing or eliminating the outbound transportation, whereas the remaining three see their
importance diminished. This observation indicates that to collect the amounts considered, the system could operate with
a smaller number of depots, thus reducing the variable costs by 6% (comparing Scenario C1 with A1), in addition to the sav-
ings from removing the fixed costs associated with closing some facilities. In comparing Scenarios C1 and C2, the sorting sta-
tion collects 84% of the total collection sites in Scenario C2 and 68% in Scenario C1. Depot 231 is responsible for the collection
of 18 sites in Scenario C1 but only two sites in Scenario C2.

As shown in Table 7, maintaining the current service areas (Scenarios A1 and A2) is the situation with the highest dis-
tance, cost and CO, emissions. In comparing A1 with A2, the total distance increases by only 0.05% with the energy-minimi-
zation objective (Scenario A2), but the CO, emissions decrease by 0.56%. When restructuring the service areas by recyclable

Table 6
Scenarios in study.
Objective Service area configuration
function . R -
Maintain current service areas (A) By recyclable material (B) By depot (C)
Economic (1)
Scenario Al Scenario B1 Scenario C1
VRP for each depot and each material with distance- MDVRP for each material with distance- MP-MDVRP with distance-
minimization objective minimization objective minimization objective

Envirnomental (2)
Scenario A2 Scenario B2 Scenario C2
VRP for each depot and each material with energy- MDVRP for each material with energy- MP-MDVRP with energy-
minimization objective minimization objective minimization objective
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Fig. 6. Service areas by scenario.

material (Scenarios B1 and B2), the total distance decreases by 11% comparing Scenario B1 to Scenario A1; the outbound
distance decreases by 47% because the service area of the sorting station is larger, and the inbound distance increases by
1%. When restructuring by depot (Scenarios C1 and C2), the total distance increases by 5% comparing C1 to B1 because it
is mandatory that all recyclable materials are collected from the same depot.

The working hours represent the number of hours needed to complete the inbound routes for each scenario over the as-
sumed planning horizon (20 working days). Considering that each vehicle has a maximum usage of 160 h over the planning

horizon (20 working days x 8 h), we compute the minimum number of vehicles needed. All scenarios require a minimum of
six vehicles.
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Table 7
Numerical results for each scenario.
Maintain current service areas Service areas by Recycl. Mat. Service areas by Depot
Al A2 B1 B2 C1 C2
Distance (km)
Inbound 19,793 19,807 19,989 22,150 21,785 25,429
Outbound 6279 6279 3305 1988 2620 318
Total 26,072 26,086 23,294 24,138 24,405 25,747
Variable cost (€) 18250 18,260 16,306 16,897 17,084 18,023
CO, Emissions (kg)
Inbound 19,125 18,963 19,316 21,239 21,049 24,566
Outbound 9611 9611 5010 2783 4016 490
Total 28,736 28,574 24,326 24,022 25,065 25,056
Working hours (h) 848 856 865 886 884 948
Minimum vehicles needed 6 6 6 6 6 6
Distance Traveled €O, emissions
M Inbound Transportation (km) Outbound Transportation (km) M Inbound Transportation (kg CO2) Outbound Transportation (kg CO2)
26072 28736
6279 9611

8479 8152
4580

Depot231  Depot232  Depot233  Depot234  Depot235 Total Depot231  Depot232  Depot233  Depot234  Depot235 Total

Fig. 7. Distance traveled and CO, emissions by depot in Scenario Al.

A more detailed look at some solutions, the results obtained for depot 234 in Scenario A1 (see Fig. 7) show that it has the
largest amount of CO, emissions but not the longest distance traveled. Furthermore, this is the only depot where the out-
bound emissions exceed the inbound ones. It should be noted that this depot is the one located the farthest from the sorting
station, and the outbound transportation has higher emissions than the inbound transportation (the ratio of CO, per km is
0.97 kg/km for inbound transportation and 1.53 kg/km for outbound transportation).

When solving the problems with an energy-minimization objective, different service areas are created with more sites
assigned to the sorting station to avoid outbound transportation. Moreover, route configuration also changes. This model
seeks solutions in which vehicles travel a shorter distance with heavy loads. Therefore, the heaviest collection sites are
collected later in the route or more routes with smaller loads are defined. Fig. 8 presents the routes defined with a

Scenario Al: Distance Minimization Scenario A2: Energy Minimization
Distance: 544 km Distance: 545 km
Energy: 2486 kWh Energy: 2431 kWh

wa

Duration Route Load Usage Duration

Route
#1 1778 kg 40% 367’ #1 1568 kg 35% 297
#2 4475 kg 99% 377 #2 2063 kg 46% 343’
#3 4290 kg 95% 470 #3 3147 kg 70% 172
#4 4456 kg 99% 204 #4 3765 kg 84% 417’
#5 4456 kg 99% 204

Fig. 8. Route solution with distance-minimizing versus energy-minimizing objective function for glass in depot 231.
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Fig. 9. Performance in the six scenarios under both objectives (distance and CO, emissions).

Table 8
Computational results for Step 2 in Scenario A.
Glass Paper Plastic/metal
OFV (km) Time (s) GAP (%) OFV (km) Time (s) GAP (%) OFV (km) Time (s) GAP (%)
Scenario Al
Depot 231 544 3600 2.9 2409 198 0.0 1228 3164 0.0
Depot 232 462 77 0.0 1979 55 0.0 1217 36 0.0
Depot 233 465 3600 1.8 1521 16 0.0 785 23 0.0
Depot 234 889 3600 4.5 3843 3600 1.9 2292 3600 2.7
Depot 235 1305 3600 2.2 3847 3600 21 3285 3600 23
Total 3665 14477 - 13599 7469 - 8808 10423 -
OFV (kW h) Time (s) GAP (%) OFV (kW h) Time (s) GAP (%) OFV (kW h) Time (s) GAP (%)
Scenario A2
Depot 231 2431 3600 3.0 10951 3600 0.6 5073 179 0.0
Depot 232 2108 505 0.0 8956 191 0.0 4956 26 0.0
Depot 233 1994 3600 3.5 6298 195 0.0 3065 29 0.0
Depot 234 4339 3600 3.1 18120 3600 2.0 9743 3600 1.8
Depot 235 4958 3600 2.2 14432 3600 44 11652 3600 25
Total 15,830 14,905 - 58,757 11,186 - 34,489 7434 -
Table 9
Computational results for formulation 1.1 in Scenario B.
Scenario B1: distance minimization Scenario B2: energy minimization
Recyclable material OFV (km) Time (s) GAP Recyclable material OFV (kW h) Time (s) GAP
Glass 3381 28,800 7.9% Glass 14,330 28,800 9.2%
Paper 11,595 28,800 7.7% Paper 45,236 28,800 11.1%
Plastic/metal 8047 28,800 4.6% Plastic/metal 31,299 28,800 4.0%
Total 23,023 86,400 - Total 90,865 86,400 -

distance-minimization versus an energy-minimization objective function for glass at depot 231 for Scenario A. When the
objective is to minimize distance, four routes are defined, with three of them above 95% of the capacity usage rate. This solu-
tion requires a total of 544 km and 2486 kW h of energy (corresponding to 651 kg of CO, emissions). When the objective is
energy minimization, five routes are defined, four of which are below 84% of the capacity usage rate. This solution implies
one extra kilometer and 15 extra minutes to unload the fifth route, but reduces CO, emissions by 14 kg (approximately 2.2%).

Fig. 9 shows the performance of the six scenarios based on both objectives: distance and CO, emissions.

The scenario with the shortest traveled distance is Scenario B1, and the lowest CO, emissions occur in Scenario B2. If the
company chooses to maintain their current service areas, distance and emissions savings of 13% can be achieved with routing
optimization (Scenarios A1 and A2). However, if the company chooses to operate restructured service areas by depot, annual
distance savings of 19% are obtained with Scenario C1 and emissions savings of 24% with Scenario C2. In addition, if the com-
pany chooses to change its operational structure and operates with service areas by recyclable material (Scenario B), the dis-
tance savings can reach 22% and the emissions savings can reach 27% compared to the current operating solution.
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Table 10
Computational results for Step 2 in Scenario B.
Glass Paper Plastic/metal
OFV (km) Time (s) GAP (%) OFV (km) Time (s) GAP (%) OFV (km) Time (s) GAP (%)
Scenario B1
Depot 231 247 2 0.0 1290 0.3 0.0 531 1 0.0
Depot 232 161 0.2 0.0 - - - 676 3 0.0
Depot 233 532 3600 5.9 1604 6 0.0 2749 3600 24
Depot 234 280 2 0.0 419 0.1 0.0 1725 414 0.0
Depot 235 2317 3600 2.1 8283 3600 7.6 2481 3600 2.0
Total 3536 7204 - 11595 3606 - 8163 7618 -
OFV (kW h) Time (s) GAP (%) OFV (kW h) Time (s) GAP (%) OFV (kW h) Time (s) GAP (%)
Scenario B2
Depot 231 1174 0.8 0.0 606 0.2 0.0 2304 0.6 0.0
Depot 232 279 0.2 0.0 244 0.2 0.0 2281 1 0.0
Depot 233 1503 3600 6.7 3630 35 0.0 7919 3600 1.9
Depot 234 1477 3 0.0 - - - 6497 208 0.0
Depot 235 9996 3600 10.2 40931 3600 109 12,858 3600 39
Total 14429 7204 - 45411 3604 - 31859 7410 -
Table 11
Computational results for Step 2 in Scenario C.
Glass Paper Plastic/metal
OFV (km) Time (s) GAP (%) OFV (km) Time (s) GAP (%) OFV (km) Time (s) GAP (%)
Scenario C1
Depot 231 260 1 0.0 1290 0.3 0.0 592 1.5 0.0
Depot 232 - - - - - - - - -
Depot 233 679 3600 4.8 2246 4 0.0 1456 3600 2.2
Depot 234 96 0.1 0.0 419 0.1 0.0 219 0.1 0.0
Depot 235 2625 3600 23 7789 3600 7.6 6734 3600 6.2
Total 3659 7201 - 11,744 3604 - 9002 7202 -
OFV (kW h) Time (s) GAP (%) OFV (kW h) Time (s) GAP (%) OFV (kW h) Time (s) GAP (%)
Scenario C2
Depot 231 146 03 0.0 606 0.5 0.0 294 0.7 0.0
Depot 232 59 0.3 0.0 244 0.6 0.0 118 0.2 0.0
Depot 233 1166 3600 9.2 3630 3 0.0 1970 178 0.0
Depot 234 - - - - - - - - -
Depot 235 13091 3600 9.4 40931 3600 109 33392 3600 4.9
Total 14,461 7201 - 45,411 3604 - 35,775 3779 -

5.2. Computational results

The decomposition method was implemented in GAMS 23.6 and solved through the CPLEX Optimizer 12.1.0 on an Intel
Xeon CPU X5680 @ 3.33 GHz.

Because the service areas are already defined in Scenario A, the decomposition approach is reduced to Step 2. The com-
putational results for Scenario A1 and A2 are shown in Table 8. The solution found in 13 out of 30 instances is the optimal
one (0% gap). For the remaining instances, the model is not capable of proving the optimality within 1 h, but lower gaps are
achieved.

For Scenario B, Steps 1 and 2 are executed, but heuristic procedure 1.3 from Step 1 is not run. The computational results
for formulation 1.1 for both scenarios B1 and B2 are presented in Table 9, with the computational time limited to 8 h
(28,800 s). Solution optimality is not proven within the 8-h limit, but the gap between the integer solution and the lower
bound provided by CPLEX does not exceed 8% in Scenario B1. Higher gaps are obtained in Scenario B2, which may be ex-
plained by its higher complexity.

For formulation 1.2, all instances are solved to optimality in few minutes. In all, 48 instances are run, corresponding to the
total of open routes generated in both scenarios for the three materials. The individual computational results are not shown.

The computational results from Step 2 for scenario B are shown in Table 10. This formulation is capable of proving opti-
mality in 18 out of 28 instances. In two instances, the gap exceeds 10%. These are the largest instances with 153 (depot 235
for paper) and 159 collection sites (depot 235 for glass).

For Scenario C, the decomposition method is fully applied. The results from formulations 1.1 and 1.2 are the same as those
in Scenario B. Procedure 1.3 is executed in a few seconds. The 91 and 75 unclear sites for Scenario C1 and C2, respectively, are
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assigned to a depot according to the material with the highest collection frequency (i.e., paper). The computational results for
Step 2 are shown in Table 11. This module is capable of proving optimality in 15 out of 24 instances.

6. Conclusions

This work addresses the solution of a multi-product, multi-depot vehicle routing problem, which often characterizes real
logistics networks such as recyclable waste collection systems.

The first contribution of this paper to the logistics literature is the development of a mathematical model approach that
integrates decisions for service areas and vehicle route definitions in logistics systems with multiple depots and multiple
products while considering inbound and outbound transportation flows. This comprehensive model allows for holistic plan-
ning, ensuring better overall solutions in terms of costs.

The second contribution of the paper is the extension of the developed formulation to account for a new objective func-
tion when planning logistics systems—the minimization of CO, emissions. The proposed model addresses the increasing con-
cerns of transportation companies and allows for a comparison with the distance-minimization objective—a proxy for the
economic goal. Different logistic solutions are obtained when running both models. The CO, emissions-minimizing model
produces service areas with more sites assigned to the sorting station to minimize the outbound transportation. Further-
more, route topology also changes as the model seeks solutions in which the vehicles travel a shorter distance with heavy
loads, with the heaviest collection sites collected later in the route. More routes with lighter loads can be obtained, but the
final results regarding total distance traveled and CO, emissions for the real case study did not differ substantially. These
results allow us to conclude that the distance traveled has a major effect on CO, emissions. Therefore, when the distance
is minimized (a proxy for the economic goal), it simultaneously contributes to mitigate the negative environmental impact
of transportation.

The third contribution of this paper is the development of a flexible decomposition solution method capable of solving
three different problems and allowing for the study of alternative scenarios regarding service area configurations. First,
the proposed method solves a MP-MDVRP, leading to a scenario in which the service areas are defined by depot (Scenario
C). Second, it solves the MDVRP for each material, leading to a scenario in which the service areas are defined by recyclable
material (Scenario B). Third, it solves the VRP when the service areas are previously defined (Scenario A). The results of the
effectiveness tests show that the decomposition solution method is able to produce good solutions (or even optimal ones) in
less time than the mathematical formulations for the MP-MDVRP and MDVRP solved by the CPLEX solver.

Finally, this paper also contributes to practice because the decomposition solution method is applied to a real recyclable
waste collection system where the company wants to restructure its current service areas and vehicle routes to decrease
collection variable costs and CO, emissions. When compared to the current solution, the obtained results allow for a signif-
icant reduction in both economic and environmental terms. A decrease in total distance traveled of 13% to 22% (depending
on the scenario) is achieved, as well as a decrease in CO, emissions of 13% to 27%. The results also show that service areas
defined by recyclable material (Scenario B) provide a solution with the shortest total distance and lowest CO, emissions. The
case in which service areas are defined by depot (Scenario C) is the second lowest, followed by Scenario A, in which service
areas are pre-defined by municipal boundaries. However, it is important to mention that Scenario B, despite providing the
better solution in terms of distance and CO, emissions, implies a significant change in the company’s operational structure
because three different service areas for each depot must be managed.

Although this paper addresses important problems faced by real waste collection systems, other aspects still remain to be
explored. As future work, it is important to consider the balancing of the working hours among depots because some sce-
narios showed imbalanced solutions. Furthermore, the developed model assumes a deterministic approach, in which the
quantities to collect are known. However, there is some level of uncertainty regarding this parameter. This issue should also
be a topic of future research, being stochastic models developed to cope with more realistic scenarios. Scheduling vehicle
routes according to the collection frequencies should also be considered to explore a scenario with shared resources versus
fixed resources. With respect to shared resources, open routes between the depots can be scheduled to pre-position the vehi-
cles at different depots. Finally, another possible extension of the present work is to consider other green logistics practices
(such as eco-driving, hybrid vehicles or greener fuels) in recyclable waste collection systems, thus making recycling even
greener.
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