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Abstract: The generation of waste grows yearly. In a centralized approach, more trucks
are dispatched to collect the growing demand, with a higher pressure on the road network
and greenhouse gas emissions. In contrast, a decentralized approach creates a network
of distributed facilities. This study analyzes the impact of a decentralized approach for
recyclable waste sorting facilities. It models waste generation, collection, and location of
recyclable waste sorting facilities. This approach is applied to a case study in Montreal for
polyethylene terephthalate. The case study computes two performance indicators: costs
and CO, emissions. Six scenarios were developed and compared to a baseline scenario.
The results show that decentralization reduces greenhouse gas emissions by 20.3% and
operation costs by 8.04%. However, investment costs for the new facilities remain an
obstacle. These costs can represent up to 89.7% of the expenses in a decentralized context.
Nonetheless, decentralization increases the flexibility of waste collection under growing de-
mand, since the distance to collect one ton has reduced by 35.3% and the average truck load
per trip has reduced by 12.8%. To apply the model to the real world, further improvements
are required. They span technical, economic, and social acceptability constraints.

Keywords: municipal waste management; recyclable waste; waste collection; modelling;
urban environment

1. Introduction

Recycling of waste creates new resources and jobs and diverts waste from landfilling,
which helps CO, emission reduction [1-5]. In the province of Quebec, the term maticres
résiduelles (literally translated to residual material), coined in 1997 [6], puts forward the
economic potential of waste with recycling and allows us to see waste as a resource.
Australia coined a similar term in a circular economy policy [7]. Furthermore, recycling
strengthens the closing of material loops, one of the principal circular economy strategies [8],
and is a means to attain Sustainable Development Goal 12—sustainable production and
consumption [9].

The consideration of waste as a resource is needed, as the amount of waste gener-
ated tends to grow. Waste generated on a global scale increased by 54.6% between 2012
and 2016 [10,11] and is expected to double every ten years [12]. In particular, 2.13 Gt of
municipal solid waste was generated in 2020, and this is projected to grow to 3.78 Gt by
2050 if no action is taken [13]. Furthermore, American countries tend to generate more
waste than European countries. For instance, the average waste generation in the Euro-
pean Union was 534 kg/capita in 2021 [14], while the average landfilled waste in Quebec
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was 716 kg/capita in the same year [2]. Waste generation growth could, in turn, affect
greenhouse gas emissions (GHG) [4,5,15-18], air quality [18-20], soil contamination by
landfilling [16,19], and water pollution by leachate generation [16,19,20]. For instance,
waste management represented 3.3% of Canada’s GHG emissions in 2022 [21] and 5.2%
of the province of Quebec’s in 2021 [22]. For recyclable waste, waste collection has more
environmental impacts than recycling, as reported by [18] based on data from the Euro-
pean Commission [23]. Furthermore, recyclable waste management costs varied between
30 USD/t and 80 USD/t in high-income countries, such as Canada in 2016 [11].

Municipalities in the province of Quebec are tasked with municipal waste manage-
ment [24]. For instance, in Montreal, the city manages waste from residences and small
industries, businesses, and institutions such as coffee shops, convenience stores, and small
offices [25]. Large industries, businesses, and institutions, such as shopping centres or
office towers, manage their own waste [25]. Moreover, three municipal waste streams are
collected weekly, with a curbside collection: organic waste, recyclable waste, and household
waste [1]. Specifically, recyclable waste is collected by trucks and then sent to a sorting
facility. The facility separates the recyclable waste into one of the 42 considered materials,
which are regrouped into papers, plastics and fibres, and metals [26]. Rejects are sent to
landfills, and the recyclable materials are put into ballots [26]. These ballots are then sold
to recycling facilities, which recycle the materials to create new products [2].

Montreal deployed one recyclable waste sorting facility for the city [27] and its popula-
tion of 1.76 million inhabitants in 2021 [28], while Paris, for instance, had five waste sorting
facilities [29] for its 2.13 million inhabitants in 2021 [30]. With the growing demand, this
centralized infrastructure can only respond by dispatching more trucks, which increases
the pressure on the road network and GHG emissions [4].

Considering the challenges of waste management, one solution is to reduce the dis-
tance needed to collect waste, which could reduce GHG. A decentralized approach can
help since the recyclable waste sorting facility is nearer to the waste generation source and
the population [4,7,31,32]. It could also help the environmental impacts of transportation
after waste sorting, as seen in studies about waste transshipment [31,32]. However, decen-
tralization and its potential for application to recycling streams is emergent [33]. To the
authors’ knowledge, its impacts in an urban context for municipal recyclable waste remain
little studied. In recyclable waste, studies analyze decentralization for electronic waste [33]
and electronic vehicle battery dismantling [34]. Other studies focus on its potential for
application in different waste streams [4,35,36].

This study aims to detail the performance and limitations of a decentralized recyclable
waste sorting facility network in an urban context. From the primary objective, three
objectives are derived: (1) elaborate the waste generation behaviour per road, (2) identify
the environmental performance associated with the number of recyclable waste sorting
facilities inside a municipality, and (3) characterize determining factors in the environmental
and economic performance of a decentralized approach.

2. Materials and Methods

The methodology consists of a model for recyclable waste generation, recyclable waste
collection, and recyclable waste sorting facility decentralization. Figure 1 summarizes the
methods used.

Each element of Figure 1 is associated with a section of the current methodology.
Scenarios can be constructed simultaneously with recyclable waste generation and the
creation of the road network multigraph. However, both the multigraph and the location
of recyclable waste sorting facilities are input for the recyclable waste collection trips.
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Figure 1. Overview of the research methodology.

The methodology is implemented in Python 3.8 [37]. NumPy 1.23.4 [38] is used in
the recyclable waste generation and collection model. GeoPandas 0.11.1 [39] and SciPy
1.8.1 [40] are used to calculate spatial statistics. Furthermore, some calculations were
run before the model in QGIS 3.20.1 [41], such as the map of Montreal boroughs and the
conversion of shapefiles into a Geographic JavaScript Object Notation (GEOJSON) format.

2.1. Case Study

The study is applied to the city of Montreal, which comprises 19 boroughs and
15 linked cities [42] and is located on the Island of Montreal. The reference year of this
study is 2021. The study considers all the boroughs when planning recyclable waste sorting
facilities. However, waste collection is only modelled in seven central boroughs of Montreal.
This study excludes linked cities. Figure 2 shows a map of the study area.

Further maps of Montreal will omit the excluded linked cities (in grey in Figure 2).
The case study imitates municipal recyclable waste management in Montreal for one week,
as described in the introduction. More precisely, it imitates waste collection and waste
sorting. This study uses scenarios to assess decentralization. Each scenario’s starting and
ending points remain the same for the assessment. The starting point is the generation
of recyclable waste in all households. The ending point is the delivery of polyethylene
terephthalate (PET). The model excludes shipping other materials since there is only one
recycling facility in the territory of the case study, in AN]J [43,44]. PET is assumed to be
1.5% of the municipal recyclable waste generated [25]. Table 1 shows the initial dataset
required for the model and indicates the reference input data from the case study.

Table 1. Initial datasets and input data for the case study.

Dataset References Initial Input Data
Boroughs with geographic boundaries [42,45] Seven boroughs
Property assessment units [46] 79,500 property assessment units and 350,000 dwellings
Population statistical data [28] 645,000 inhabitants and 320,000 households
Waste mass balance [47] 83.6 kg/capita on average for the seven boroughs

Road network data [48,49] 28,400 roads totaling 1300 km




Recycling 2025, 10, 58

4 0f29

Legend

Boroughs and linked cities
Il Included (Waste sorting facility planning)

[ Included (Waste sorting facility planning and waste collection)
I Excluded (Linked cities)

25 5 km

Figure 2. Case study area. Boroughs’ acronyms are, from left to right, IBI: L'fle-Bizard—Sainte-
Genevieve, PRF: Pierrefonds-Roxboro, VSL: Saint-Laurent, LAC: Lachine, AHU: Ahuntsic-Cartierville,
LAS: LaSalle, CDN: Cote-des-Neiges—Notre-Dame-de-Grace, OUT: Outremont, MTN: Montréal-Nord,
VSE: Villeray—Saint-Michel-Parc-Extension, VER: Verdun, STL: Saint-Léonard, PLA: Le Plateau-Mont-
Royal, LSO: Le Sud-Ouest, RPP: Rosemont-La Petite-Patrie, VIM: Ville-Marie, ANJ: Anjou, MHM:
Mercier-Hochelaga-Maisonneuve, and RDP: Riviere-des-Prairies—Pointe-aux-Tremb]es.

2.2. Waste Generation Model

The waste generation model estimates recyclable waste generation by downscaling the
municipal recycling waste mass balance to an amount generated per residential building
and per week. The municipal waste mass balance combines, in its total, data from residences
and small industries, businesses and institutions without distinction [47]. Consequently,
the waste generation model assigns all municipal waste to the residences. The property
assessment units were filtered to include only residential buildings. The model then
stochastically assigns a simulated population to those buildings, assuming that all dwellings
are occupied. Algorithm 1 shows the assignation procedure.

Algorithm 1. Household assignment to buildings

Procedure PopulationAssignment (C, B)
For reach b; € B
For k <1 n;(b)

%Y Gi
x<—Z/{N{0,Zi}
j<1
While x > 0

X< X — Cir,]'

Ifx>0

je—j+1
p(bi) < j

Ci%Ci—l
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Algorithm 1 relies on a distribution table C computed for each borough with statistical
data [28]. Each entry C; gives the number of households of size i for the given borough. This
table is updated during the execution of Algorithm 1 and influences further assignation
probabilities of households in buildings. Algorithm 1 draws a random number for the
assignment. This number follows the uniform distribution.

Equation (1) gives the generation rate for a building,

to(e) = 20 ) W

where:

e tg(b): recyclable waste generation rate of one building (kg/week);

o tg..(a(b)): recyclable waste generation rate for one person in a given borough
(kg/capita/year);

e  p(b): number of residents in a building.

The individual recycling waste generation for one person is given in the waste mass
balance dataset and is the five-year average between 2014 and 2018 [47]. The generation
rate is then used with variation factors, as shown in Equation (2),

my (b) = (tg(b)-0.95 + Uy [—0.05;0.05] -t (b)) -cm, )

where:

o m,(b): mass of recycling waste for a building for a given week (kg);
e ¢y monthly coefficient.

The monthly coefficient c¢;, is set at 0.97. Its value is taken from a monthly variation
in waste generation in which the waste generated in November is closest to the yearly
average [50]. Furthermore, the model is validated by comparing the results to the average
recycling waste mass balances between 2016 and 2021.

2.3. Waste Collection Model

The modelling of curbside waste collection is based on the capacitated arc routing
problem (CARP), since it is best applied for waste collection [51] in high-density territories
such as Montreal. The CARP aims to give collection trips that minimize the total time
and respect a capacity constraint [15,51]. It requires a multigraph I' = (V, E), a graph that
allows multiple edges to connect the same pair of vertices [52].

The CARP is considered a non-deterministic polynomial-time hard (NP-hard) prob-
lem [15,51]. That is, no algorithmic solution can meet the following criteria: (1) the solution
is in minimal total time, (2) the algorithm gives a solution in a reasonable time, and (3) the
algorithm gives solutions for large amounts of data [53]. In the second criterion, reasonable
time refers to a solution of polynomial complexity [53]. Hence, in practice, the first criterion
is relaxed to give a satisfactory solution [53,54] given by heuristic solutions, among other
approaches. A heuristic is a problem-dependent procedure that generates an acceptable,
potentially optimal solution [54].

This section details the waste collection model. It addresses its construction and usage
to compute the waste collection trips.

2.3.1. Construction of the Road Network Multigraph

The road network dataset is combined with the waste generation model (Section 2.2)
to create a weighted directed multigraph I' = (V, E). The vertices V are the intersections
where the roads meet. The edges E represent the roads. One edge ¢ € E is created
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for a unidirectional road. Two edges are created for a bidirectional road, one for each
side. Following the multigraph structure of [51], each edge has a demand w(e) in tons, a
collection cost c.(e), and a deadheading cost c;(e), both in seconds. The demand denotes
the waste to be collected at the edge. It aggregates the waste generated for each building
on the edge. The collection cost represents the time to collect waste for an edge, while
the deadheading cost represents the time to pass through the edge without collecting
any waste.

The deadheading cost c;(e) is computed with the edge’s speed and the total distance.
The speed depends on the type of road. It can be 60 km/h for a highway, 50 km/h for an
avenue, and 30 km /h for a local street [17].

Equation (3) presents the collection cost adapted from [55],

Cc(e) = ts(e)'ns(e) + Ebieb(e) tw(bi) + 15, 3)

where:

e fs(e): average time between two stops (s);

e  15(e): number of stops;

e  b(e): number of buildings on the edge (s);

o  fy(b;): walking time from the truck to the building (s).

Equation (3) considers that 15 s is the waiting time at intersections of edges [55]. The
number of stops 15(e) is estimated by dividing the number of buildings inside the edge by
the frequency of stops. A truck typically stops every three buildings on a bidirectional road,
and six buildings, three for each side, on a unidirectional one [55]. Equation (4) models the
average time between stops, adapted from [55],

ds(e)
1— e—k.ds(e)) .o

ts(e) =

4)

Smax" (
where:

e ds(e): average distance between stops (m);

®  Umax: maximum achievable speed by a truck between two stops (km/h);
e  k: speed coefficient;

e  c: unit conversion coefficient from km/h to m/s.

The maximum achievable speed vmax is 24.3 km/h, the speed coefficient k is
1.7 x 1072 m~!, and the unit conversion c is 0.278 [55]. In Equation (4), a higher value of k
suggests a faster acceleration to the maximum achievable speed vmax [55]. The distance
between stops ds(e) is the average obtained by dividing the distance of the edge by the
number of stops. Equation (5) models the walking time t,(b), adapted from [55],

tw(b) = 0.86-dy- V‘z(bw ()

where:

e  dy: walking distance (m);
e  n4(b): number of dwellings inside the building.

The walking distance is fixed at 1.7 m, representing the standard width of a sidewalk
in Montreal [56]. Equation (5) assumes one round-trip between the building and the truck
for each building. It also assumes that two people collect recyclable waste per truck. It
adapts the equation in [55] for the context of an urban area.
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The bordering boroughs are integrated into multigraph I' = (V, E) to ensure graph
connectivity and proper model execution. The edges in those surroundings boroughs have
anull demand w(e) and only a deadheading cost c;(e).

2.3.2. Algorithmic Application of Waste Collection

The heuristic algorithms described in [51] resolve the CARP with the multigraph
modelled in Section 2.3.1. The model uses two heuristics, Extended Path-Scanning and
Extended Ulusoy, and chooses the most optimal solution. These heuristics were chosen
because they could be applied to a large multigraph without hitting computing limitations.
The model also uses the split algorithm described in [51].

Appendix A details how the heuristics were adapted into the current model. More
details are presented in [51]. Furthermore, the model integrates the capacity of a truck,
established at 9 t. It also extends the heuristics by allowing one to choose the nearest sorting
facility at the end of one collection trip.

The implementation is validated on a benchmark dataset given by [57] and compared
to the implementation of [51]. The total cost is the only element compared.

2.4. Performance Assessment of Recyclable Waste Sorting Facility Decentralization Scenarios

This section covers the construction of scenarios. It also details the last element of the
model, which locates the recyclable waste sorting facilities. Finally, it details the scenarios’
performance assessment.

2.4.1. Decentralization Scenarios

The decentralization scenarios are applied to the 19 boroughs of Montreal. A scenario
depicts the number of recyclable waste sorting facilities deployed in Montreal. Table 2
presents the scenarios.

The representation of territory division in Table 2 is indicative except for the first and
sixth scenarios. A modelling approach (Section 2.4.2) will compute the location of scenarios
2 to 5. A baseline scenario is also considered. This scenario represents the current situation
in Montreal, where all recyclable waste is sent to one sorting facility in the territory [27].
Hence, the difference between the first and the baseline is that the modelling approach will
compute the first scenario.

Table 2. Division of the territory for each scenario.

SNC::::;;(: Numbsv‘ezr(:ifnlzeszsilﬁlt)il:SWaste Representation of Territory Division
1 1 One recyclable waste sorting facility for Montreal (19 boroughs)
2 2 One recyclable waste sorting facility per ten boroughs
3 4 One recyclable waste sorting facility per five boroughs
4 7 One recyclable waste sorting facility per three boroughs
5 10 One recyclable waste sorting facility per two boroughs
6 19 One recyclable waste facility per borough

2.4.2. Location of Recyclable Waste Sorting Facilities

Spectral clustering [58,59] and k-means++ [60] cluster boroughs according to the
scenario’s number of recyclable waste sorting facilities. This approach is applied from the
second to the fifth scenario. For the first scenario, the cluster is the whole city. For the
sixth scenario, the cluster is one borough. Like the CARP, optimal clustering is an NP-hard
problem [61]. For this problem, the computing approach depends on the input dataset [62].
Hence, spectral clustering was chosen, since it allows a finer representation of the case
study with borough and road network data. The k-means++ algorithm was chosen since it
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is a flexible method that considers the limitations of the k-means algorithm, such as the
selection of initial points [60,62].

Spectral clustering is applied to a graph G = (V, E) [58] built from the boroughs and
the road network data. In this graph, a vertex is a borough. An edge connects two vertices
if the road network can connect them. This rule considers that the road network cannot
access certain bordering boroughs [45,49]. Equation (6) gives the Laplacian matrix L of
the graph,

L=D-A, (6)

where:

e  D: degree matrix of the graph;
e  A:adjacency matrix of the graph.

The diagonal degree matrix shows the number of edges for a vertex, while the adja-
cency matrix notes the presence of edges between two vertices [58]. Spectral clustering can
be used as a standalone algorithm for two clusters. In this case, the Fiedler eigenvector
of the Laplacian matrix gives the clustering [58]. However, when there are more than
two clusters, the algorithm must be used with another one. In this case, k — 1 eigenvectors,
associated with the positive and sorted eigenvalues, make the input for k-means++ [60], giv-
ing the cluster of boroughs [59]. The model uses the k-means++ implementation available
in SciPy [40].

The property assessment unit closest to the weighted mean centre of the cluster
becomes the recyclable waste sorting facility. The weighted mean centre is a spatial statistic
in which the centre point for a set of points is weighted by a property available in the
set of points [63]. It allows the placement of the recyclable waste sorting facility closer to
the generation of recyclable waste even if the disaggregated data are unavailable, since
waste follows population density [7,64]. For the case study, the centroids of buildings are
used as the set of points, and the number of dwellings inside a building is used to weigh
the average.

The recycling waste sorting facility has an annual capacity. A small-capacity facility
can sort less than 20 kt per year, a medium-capacity facility can sort 20 to 40 kt per year,
and a large-capacity facility can sort more than 40 kt per year [65]. The capacity and the
corresponding size of the recyclable waste sorting facility are computed by aggregating
the recyclable waste to be collected in a year for a cluster. Furthermore, the waste collec-
tion model includes the recyclable waste sorting facilities in the boroughs bordering the
waste collection.

2.4.3. Scenario Assessment

Scenarios are assessed and compared through one week’s CO, emissions and total
costs in Canadian dollars. A performance index then aggregates these two indicators.

The costs ¢y, for a scenario are adapted from [17,66]. The total costs are derived from
investment and operating costs [17]. These follow a standard approach observed in the
literature [4,17,66,67].

Investment is based on the five-year investment projection of implemented recyclable
waste sorting facilities in the province of Quebec, as detailed by [65]. This report constitutes
the only investment data available. The annual investment costs depend on the capacity of
the recyclable waste sorting facility. They are CAD 2230 K/ year for a small-capacity facility,
CAD 1930 K/year for a medium-capacity facility, and CAD 2650 K/year for a large-capacity
facility [65]. The assessment converts these costs into weekly costs.

The operating costs are the sum of the recyclable waste collection costs and the re-
cyclable waste sorting costs. The recycling waste sorting costs depend on the capacity of
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the recyclable waste sorting facility. They are CAD 37.55/t for a small-capacity facility,
CAD 40.26/t for a medium-capacity, and CAD 40.65/t for a large-capacity [26,65,68]. These
costs are modularized since the higher the capacity is, the more residual recyclable waste is
rejected and sent to landfilling [65]. They are estimated using the average cost of sorting
recyclable waste, which encompasses labour, vehicles, infrastructure, equipment, mainte-
nance, and energy [68] and the average output of the recycling waste sorting facilities [26].
Equation (7) models the collection costs,

Co, = ZTGRC (Cht't(r) +fd(r)'ﬁfuel)/ (7)

where:

e Cyp,: hourly cost of trucks (CAD/hour);
e  f(r): time the truck is on the road (h);

e  f4(r): fuel consumed on the road (L);

o  Biuel: fuel cost (CAD/L).

Diesel is the fuel used by trucks. The hourly rate of trucks is CAD 83/h, and the diesel
price is CAD 1.17/L [17]. The hourly cost encompasses various costs in the waste collection
process, from the salary of workers to the insurance of the truck [17]. Fuel consumption is
based on the Methodology for Calculating Transport Emissions and Energy Consumption
(MEET) [69] and reported by [66]. This method was selected since it is an exhaustive
method that allows the computation of emissions for a waste collection process [69]. The
vehicle category used is a 16-32-ton heavy goods vehicle, found in similar case studies with
trucks of nine tons [17,66]. As shown in Equation (8), CO,, CO, particulate matter (PM), and
hydrocarbons (HC) are the pollutants considered. CO; is also used for the environmental
performance assessment. Equation (8) models fuel consumption f;(r),

Mco,

fa(r) = , (8)

Pdiesel

eco, (1)
Mdiesel' (gjcv?c(;) + <02 + e;I/IcH(g) + g%g;))

where:

e  M;j: molar mass (g/mol);
e  ¢(r): emission for a road (g);
®  giesel: density of diesel (kg/L).

Diesel’s density is 0.85 kg/L [70]. Table 3 presents the molar mass used for
fuel consumption.

Table 3. Molar mass by chemical component. From [69].

Chemical Component Molar Mass
CO, 28
Cco 44
PM 12
HC 14
Diesel 14

Equation (9) models the emissions ey, of a pollutant,

epr = ZreRc (el’k,h (”) +epres )

where:
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e R :roads inside a trip (deadheading and collection);
e ¢y, (7): hot emissions emitted during the trip (g);
e ¢p.: cold emissions emitted at the start of a trip (g).

The cold emissions are estimated by multiplying the number of trips and the emission
factor for each trip. Table 4 gives the cold emission factor for each pollutant considered.

Table 4. Cold emission factor by type of pollutant. From [66,69].

Pollutant Cold Emission Factor
CO, 300

cO 6.00

PM 0.600

HC 2.00

Hot emissions are computed for each road in the trip. Equation (10) details the hot
emissions ey, , (r) for a pollutant and a road,

epy (1) = €pn(r)-d(r), (10)

where:

e  ¢€,;(r): hot emission factor for a pollutant (g/km);
e  d(r): length of the road (km).

Equation (11) models the hot emission factor for a pollutant and a road,

fr
o(r))®

pn (1) = (K, +ap0(r) + by (0(7))? + cpr (01)) + o + i + ¢

(0(r))? + tp(0(r)® + oy = 1)z(r) + 1),

) ((ka, +1p-0(r) +sp- a1

where:

° klp, ap, by, cp, dp, ep, fp, kzp, Tp, Sp, tp, and uy: constants for a pollutant;
e o(r): speed of the truck on the road (km/h);
e  z(r): relative load of the truck on the road.

The relative load is the ratio of the recyclable waste in the truck divided by the
maximum capacity. The MEET gives the constant for the pollutants considered. Table 5
details those constants.

Table 5. Constant values for the hot emission factor by type of pollutant. From [66,69].

Pollutant kq a b c d e f k» r s t u
CO, 765  —7.04 0 6.32 x 1074 8.83 x 10° 0 0 127 0 0 0 —0.483
CO 1.53 0 0 0 60.6 117 0 117 0 0 0 —0.755
PM 0184 0 0 1.72 x 107 15.2 0 0 124 0 0 0 —1.06
HC 0207 0 0 0 58.3 0 0 101 889x10* 0 —254x107 0

The MEET was validated at speeds between 10 km/h and 90 km/h [69]. However,
experimental data showed that trucks could drive below 10 km/h when collecting recy-
clable waste. Hence, on those roads, a logarithmic function was resolved on demand with

a vertical asymptote when x = 0 and two points that pass at the values of Equation (10)
when the speed is 10 km/h and 90 km/h.
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The MEET gives CO, emissions and CO, used for the environmental assessment
through fuel consumption. A performance index i; compares a scenario to the baseline
scenario and measures the costs of avoiding CO, emissions, as shown by Equation (12),

Cs — Cp

o=~ 12
ZS eb—es, ( )

where:

¢s: costs for the scenario (CAD);
¢cp: the costs of the baseline scenario (CAD);
ep: CO, emissions for the baseline scenario (kg);

es: CO, emissions for the scenario (kg).

The performance index can be interpreted as the costs necessary to avoid CO; emis-
sions. It allows for the ranking of different scenarios by grouping the economic and
environmental dimensions together. The best scenario is considered the one that has the
lowest cost for avoiding CO, emissions.

3. Results

This section presents the model’s and the case study’s results. It first details the waste
generation and waste collection models.

3.1. Spatialized Recyclable Waste Generation

The assumption that all dwellings are occupied overestimates the population. Table 6
shows an estimated vacancy rate for the boroughs included in the waste collection model.
This estimation is based on the number of dwellings available in the property assessment
units and the number of households in the statistical dataset.

The overestimation makes comparing the modelled recyclable waste to the mass balances
difficult. Hence, the reference datasets are adjusted to follow the same assumptions. Table 7
presents the reference population, the adjusted reference, and the simulated population.

Table 6. Dwelling vacancy rate estimates by boroughs.

Boroughs Vacancy Rate (%)
AN]J 6.84
PLA 11.9
ouT 10.9
RPP 6.16
STL 7.22
VIM 13.6
VSE 6.52
Average for the seven boroughs 9.10

The error is between —0.501% and 0.510% for each borough. This error is due to the
statistical dataset that presents a category of five or more people inside the household [28].
An average household size was estimated for this category, which can cause precision
errors. Nonetheless, the error rate remains low even with an over-representation of the
population. Table 8 compares the simulation values to an adjusted reference for the
recyclable waste generated in one year. The adjusted reference value is obtained using
Montreal’s average individual rate between 2014 and 2018 from the waste mass balance [47]
and the adjusted population.
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Table 7. Simulated population results per borough.

Reference Adjusted Simulated 4
Boroughs Population ! Reference . 3 Error * (%)
opulation Pooulation 2 Population
opulation
AN] 43,200 46,000 46,400 —0.0840
PLA 106,000 120,000 120,000 —0.200
ouT 24,600 27,600 27,500 —0.492
RPP 142,000 151,000 151,000 0.177
STL 79,500 85,700 85,300 —0.501
VIM 105,000 122,000 122,000 0.0908
VSE 145,000 155,000 156,000 0.510
Average for
the seven 645,000 701,000 708,000 0.0461
boroughs

1 Value based on [28]; 2 value based on a population if all dwellings were occupied; 3 value generated by Algorithm
1; # error between the adjusted reference population and the simulated population.

Table 8. Simulated recyclable waste generation per borough.

Adjusted Reference of Simulated Generated

Boroughs Ger;;ze;tt(;d(lﬁ;e;zsglble Recyclable Waste (kt/year) Error (%)
AN]J 3.11 3.11 0.00343
PLA 11.3 11.3 —0.0750
OouT 2.63 2.62 —0.383
RPP 14.3 14.3 0.284
STL 5.89 5.87 —0.396
VIM 12.7 12.7 0.176
VSE 9.45 9.51 0.612
Average for

the seven 59.4 59.5 0.133
boroughs

The error is between —0.396% and 0.612% for each borough. This error is due to the
random factor of 5%, which causes minor disturbances. These disturbances cause the range
of errors to be lower than the population. However, the total error rate remains higher than
that of the population. Nonetheless, these errors remain low.

3.2. Recyclable Waste Collection Simulation

This section presents modelling results for waste collection based on road network data
and road collection trips. Trips are presented for the baseline scenario. The Supplementary
Material (Tables S1-512) presents the trip data for the decentralization scenarios.

3.2.1. Road Network Multigraph

The model generated 16,800 edges for the boroughs included in the waste collection
model. Table 9 shows some statistics regarding the properties of the multigraph.

The statistics for the collection costs exclude 7810 edges with a null demand. The sum
of collectible recyclable waste in the multigraph is 1.15 kt. The highest collection cost is
estimated at 2006 s. The corresponding road has a length of 82 m. This high time is due to
there being several residential towers on this street. According to the property assessment
dataset, one of these towers is 33 floors tall with 1351 dwellings [46]. This road, among
others, is an aberrant value that tends to disperse data. This dispersion can be seen with
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the mean being higher than the median for all properties. Moreover, the standard deviation
for the demand is 1.77 times higher than the mean.

Table 9. Statistics regarding the deadheading cost, collecting cost, and demand for the multigraph.

Statistic Deadheading Cost (s)  Collection Cost (s) Demand (kg)
Mean 119 84.2 129
Median 8.74 57.9 55.1
Standard 107 73.9 228
deviation

Minimum 0.440 259 0.940
Maximum 209 2010 7680

3.2.2. Waste Collection Trips

The baseline scenario computed 137 waste collection trips with a total time of 255 h.
This total omits working conditions such as staff and working days. Table 10 presents
statistics on the waste collection trips for the baseline scenario. Supplementary Materials
present the statistics for each decentralization scenario (Tables S1-56).

Table 10. Statistics of the waste collection trips in the baseline scenario.

Statistic Time (h) Waste Collected (t)
Mean 1.86 8.42
Median 1.74 8.77
Standard deviation 0.574 0.862
Minimum 0.795 3.64
Maximum 4.10 8.99

At least half of the trip takes more than 1.74 h, which is higher than the reference
method’s one hour [55]. However, the reference method’s suburban context, which is
less densely populated, explains this inadequacy. Moreover, each scenario systematically
reproduces this inadequacy. Since the performance assessment is based on the difference
from the baseline scenario, it remains acceptable for this study.

Trucks tend to be filled, with the median showing that half of the trips collect at least
97.4% of their capacity. The heuristic can explain the minimum of 3.64 t. The last trip built
by the heuristic will collect the streets left out during the heuristic’s execution [51], making
it harder to reach the maximal capacity. Table 11 details distances travelled per trip for the
baseline scenario. Supplementary Materials present the statistics for each decentralization
scenario (Tables S7-512).

Table 11. Distance statistics of the waste collection trips in the baseline scenario.

Absolute Distances (km) Relative Distances (%)
. L. Waste . Waste .
Statistic Total Collection Deadheading Collection Deadheading

Mean 23.1 8.21 149 37.0 63.0
Median 21.5 7.05 14.0 37.5 62.5
Standard 9.08 491 8.03 17.7 17.7
deviation

Minimum 8.59 0.327 3.34 191 234
Maximum 70.4 25.9 65.8 76.6 98.1

Table 11 shows that most of the trips are deadheading, with 63.0% on average. How-
ever, this remains a particular aspect of centralized scenarios. Adding more sorting facilities
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reduces deadheading, with 45.1% at the highest decentralization level studied (Table 512).
This observation confirms that most of the distance is to and from the recyclable waste
facilities. Moreover, the minimal collection distance for a trip is about 0.327 km, while the
minimal number of roads is 68. Residential towers explain this difference. They have a
high quantity of recyclable waste to be collected. In their relative values, the last trip has
the maximal deadheading distance and the minimal waste collection distance. It further
confirms the behaviour of the heuristics [51]. As the last trip’s goal is to collect all remaining
roads, it will mostly carry out deadheading, while the first roads will do the opposite.

3.3. Decentralization Performance Assessment

This section analyzes the case study’s results. It first details the location of recyclable
waste sorting facilities before analyzing the performance of the decentralization scenarios.

3.3.1. Location of Recyclable Waste Sorting Facilities

Spectral clustering and k-means++ were applied to a graph representing Montreal for
scenarios 2-5. For scenarios 1 and 6, clusters were manually defined. This graph connects
two boroughs if a road network connects them. Figure 3 presents the graph constructed
from the methodology. The acronyms are based on the official acronyms [42].

STL, RPP, and VIM are the most connected boroughs (degree five), while IBI is the least
connected borough (degree one), followed by RDP, VER, and LAC (degree two). The graph
excludes two pairs of bordering boroughs (MTN-AN]J, VSE-OUT) since the road network
does not connect them. Table 12 presents the clusters from the graph. The Supplementary
Material presents maps of the clusters (Figures S1-54).

The clusters in Table 12 should be interpreted per scenario (per column). The anomalies
detected in the fifth scenario (ten recyclable waste sorting facilities) were expected since the
number of clusters is high. This error constitutes a limitation of the method [58]. Since the
location of the waste sorting facility is determined manually, the anomaly is corrected with
the assignment of cluster K to IBI in the fifth scenario. Moreover, the number of boroughs
within the same cluster varies between each scenario. The most substantial variation is
seen in the fourth scenario (seven recyclable waste sorting facilities). In this scenario, the
minimum of boroughs per cluster is one, and the maximum is eight.

age
HOCE

Legend

Q© Boroughs considered for waste collection

OO0
®)
O

Figure 3. Graph of connection of Montreal’s boroughs by the road network.
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Table 12. Borough clusters for recyclable waste sorting facility decentralization.
Cluster
Scenario Number 2 3 4 5
Nurr}ber of .R.e.cyclable Waste 5 4 o 101
Sorting Facilities
Cluster Range A-B A-D A-G A-J
AHU B A A A
AN] A A F F
CDN A C F J
IBI B D D F
LAC B B B B
LAS A B E E
LSO A C E J
” MHM A A F F
5 MTN B A A A
3 ouT A C F H
3 PLA A C F I
- PRF B D A D
RDP A A G G
RPP A A F F
STL A A F F
VER A B C G
VIM A C F H
VSE B A A A
VSL B B A D

! Anomalies in clustering results. IBI was clustered in cluster F although it is disconnected from other boroughs.

Both the fourth and fifth scenarios have four single-borough clusters. For the fifth
scenario, however, this considers the anomaly in the clustering results. This observation
illustrates that spectral clustering, combined with k-means++, favours the isolation of
loosely connected boroughs. In the fourth scenario, IBI (degree one), RDP (degree two),
VER (degree two), and LAC (degree two) are all in single-borough clusters. Figure 4 shows
the weighted mean centre for each cluster and each scenario.

The anomaly in the fifth scenario does not displace the weighted mean centre of its
cluster. The recyclable waste sorting facility is in RPP for this scenario and this cluster.
The weighted mean centres are gathered in certain boroughs, such as AHU and PLA,
which have four distinct weighted mean centres. PLA has five weighted mean centres,
one of which is the same for two scenarios (fifth and sixth). In the fifth scenario, VIM’s
weighted mean centre is in PLA. The geometry of the borough and the weighted mean
centre, which does not forbid the point to go outside its geometry, explains this observation.
Another weighted mean centre outside the geometry of the cluster is seen in the B cluster
in the third scenario. The recyclable waste sorting facility will still be on a non-residential
property nearest the mean centre for those two cases. In the sixth scenario, the residential
buildings in PRF and VSL move the weighted mean centre compared to its centroid. A
higher population density in one subarea inside the borough explains this movement. In
PREF, the polygon is roughly a crescent. Its centroid would be outside the polygon, but the
weighted mean centre is inside, at the southern end of the borough. In VSL, the weighted
mean centre is more on the eastern side of the borough, in contrast to the centroid. The
western side of this borough has mostly industrial buildings [46].
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Weighted mean centres of borough clusters Ry
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‘ Second scenario (two recyclable waste sorting facilities) =% VER /

0 Third scenario (four recyclable waste sorting facilities) LAS p
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. Fifth scenario (ten recyclable waste sorting facilities) 0 2.5 5 km
|

Sixth scenario (19 recyclable waste sorting facilities)
Figure 4. Weighted mean centres of borough clusters for each scenario. In the fifth scenario, the
manual insertion of a waste sorting facility is excluded.

With the weighted mean centre, 33 distinct recyclable waste sorting facilities are
deployed in all scenarios. Six of them are deployed in two or three scenarios. The capacity
of those facilities varies according to the scenarios, as shown in Figure 5.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

facilitiy capacities

‘ 25.0%
50.0%
25 0% 71.4% 72.7%
100% 100%
50.0% 50.0%

Baseline 1 2 3 4 5 6
Scenario

Proportion of recyclable waste sorting

M Large (more than 40 kt/year) B Medium (between 20 and 40 kt/year)

m Small (less than 20 kt/year)

Figure 5. Proportion of recyclable waste sorting facility capacities by studied scenario.

Decentralization allows for the progressive reduction of large-capacity recyclable
waste sorting facilities and switching towards smaller capacities. Furthermore, like the
baseline scenario, the first will deploy a large-capacity recyclable waste sorting facility.
Indeed, if only one facility is to be deployed, it must be of a large capacity [4]. Hence, the
medium-capacity recyclable waste sorting facilities are deployed in scenarios 2-5, while
the small-capacity facilities are deployed in scenarios 3—6.
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3.3.2. Decentralization Scenario Performance

The performance assessment of scenarios relies on CO, emissions and costs. A perfor-
mance index aggregates these indicators. The decentralization scenarios are compared to
the baseline scenarios.

The baseline scenario emits 3.82 t of CO, for a week of recyclable waste collection. Table 13
presents a breakdown of CO, emissions and diesel consumption for waste collection,
deadheading, and delivery of sorted recyclable waste to a recycling facility. Table S13 in the
Supplementary Material presents the emissions data for all the pollutants considered. The
Supplementary Material presents the data for each decentralization scenario with all the
pollutants considered (Tables S14-519).

Table 13. Emissions of CO, and fuel consumption for the baseline scenario.

Waste . .
Collection Deadheading Delivery
Category Abs. Y% Abs. % Abs. %
CO;, emissions (kg) 2200 57.7 1600 41.9 16.1 0.422
Fuel consumption (L) 845 58.0 607 41.6 6.13 0.420

Most of the emissions stem from recyclable waste collection. This observation is
explained by a higher fuel consumption when the truck drives slower. For waste collection,
a truck drives at an average of 4.96 km/h. In an actual situation, the truck would perform
intermittent stops. Delivery has low emissions since there is a small total distance between
the recyclable waste sorting facility and the recycling facility, which is 18.5 km in the
baseline scenario. In the baseline scenario, the quantity delivered is 17.3 t of PET. Hence,
two trucks are sent.

Waste collection has a total distance of 3170 km. The fuel consumption of the baseline
scenario is 0.458 L/km, which is in line with other studies [71-73]. Furthermore, waste
collection emissions remain similar in each decentralization scenario. This similarity is
expected since each scenario’s total waste to be collected remains the same. The only
possible variation would be in the relative loads of the trucks, which could influence
the total emissions. However, these trip changes remain insignificant in the total waste
collection emissions. The shorter deadheading introduced by the multiple recyclable waste
sorting facilities remains the main driver for reducing emissions in the decentralization
scenarios. The delivery of PET, however, is increased with multiple recycling waste sorting
facilities, but it has low significance in terms of total emissions.

Four cost categories were studied: recyclable waste collection, recyclable waste sorting,
PET delivery, and investment costs. For the baseline scenario, the operating costs are CAD
64.2 K, and the weekly adjusted investment cost is CAD 50.9 K. Table 14 presents these costs for
the studied week and reports an annual cost (weekly cost times 52 weeks). The Supplementary
Material presents these costs for each decentralization scenario (Tables 520-525).

Table 14. Baseline scenario costs.

Cost Category Weekly Cost (K CAD) Percentage
Investment 50.9 42.2
Waste collection 229 19.0
Waste sorting 46.9 38.8
Delivery 0.0363 0.0301

Total 121 100
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As with pollutants, shorter trips with shorter durations tend to reduce costs. This
observation can be seen with delivery costs, representing only 0.0301% of the total cost. It
can also be seen in decentralization scenarios, where operating costs are reduced.

In the decentralization scenarios, the performance indicator is the cost of avoiding
CO; emissions. Table 15 presents each scenario’s index, CO, emissions, and total costs.

Table 15. Performance indexes of each scenario.

Performance Index i,

Scenario Emitted CO; (t) Total Costs (K (CAD/kg of Avoided
CAD)
CO»)
Baseline 3.82 120.7 N/A
1 3.82 120.3 —2.59
2 3.65 157.3 160
3 3.59 207.6 201
4 3.51 242.5 392
5 3.19 306.1 295
6 3.04 621.2 646

The first scenario presents a negative value. This means that costs and emissions
are reduced. The scenario configuration explains this result. Since only one recyclable
waste sorting facility is deployed in the territory, the investment and recyclable waste
sorting costs are the same as the baseline scenario. The recyclable waste sorting facility of
the first scenario is nearer to the population and further from the recycling facility. This
configuration reduces the waste collection cost by CAD 444 and increases the PET delivery
costs by only CAD 12.7, as Tables 13 and S14 show. It also decreases CO, emissions by
166 kg, as Tables 14 and S20 show. Hence, should the recycling waste sorting facility be
replaced, a facility nearer to the population would lower CO, emissions and operating costs.

The main driver of total costs is investment costs. These account for most of the
costs from the second (56.0%) to the sixth (89.7%) scenarios. They remain the only costs
that increase with a higher decentralization of recyclable waste sorting facilities. Without
investments, operating costs and CO, emissions tend to decrease. Table 16 presents the
performance index without investment costs and operating costs. CO, emissions are all
emitted from operation activities.

Table 16. Performance indexes of each scenario without investment costs.

Operating Performance Index i,

Scenario Operating Costs (K CAD) (CAD/kg of Avoided CO)
Baseline 69.79 N/A

1 69.36 —2.59

2 69.26 —2.31

3 68.62 -2.71

4 68.74 —3.38

5 66.26 —5.64

6 64.18 —7.24

Without investment costs, the performance index is negative for all decentralization
scenarios, indicating decreasing costs and emissions. This decrease is higher in the sixth
scenario, suggesting the most operational gain with decentralization. These results show
that decentralization remains an operational gain. Figure 6 breaks down operating costs
and emissions, except for PET delivery as it is negligible.
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Relative decrease compared to the baseline scenario

mCO2 (t) Waste sorting (CAD)  m Waste collection (CAD)

Figure 6. Relative decrease in operating costs and CO, emissions per scenario compared to the
baseline scenario.

Waste sorting savings remain on the rise. The fact that smaller-capacity recyclable
waste sorting facilities tend to produce less rejected waste [65] explains this observation.
The model applies this fact by reducing the costs of sorting recyclable waste. This cost
decrease is more accentuated in the fourth scenario, as the smaller-capacity recyclable waste
sorting facilities are deployed more frequently in the territory. Waste collection costs and
CO;, emissions rely on distance and time in the waste collection process. Figure 7 shows
the relative decrease of those variables.

35.3%

Scenario

6.82%

0.00% 5.00% 10.00% 15.00% 20.00% 25.00% 30.00% 35.00% 40.00%

Relative decrease compared to the baseline scenario

M Collection time (s) W Collection distance (km)

Figure 7. Relative decrease in waste collection distance and time per scenario compared to the
baseline scenario.

Deadheading remains the principal driver of changes in collection distance and time,
which explains the higher decrease in distances. Time decreases by a lower amount since
most of the time is spent on waste collection and not deadheading. However, these
reductions are not constant. The fourth scenario does not decrease CO, emissions and costs
compared to the third scenario. The configuration of the territory explains the result of this
scenario. Only one recyclable waste sorting facility is inside the recyclable waste collection
territory. The others are in bordering boroughs. As shown in Figure 8, most trips converge
on one recyclable waste sorting facility.
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Figure 8. Truck destination after the last collected road for the fourth scenario.

In the fourth scenario, 88.6% of the trips end up in the recyclable waste sorting facility
in the waste collection territory. With this configuration, the behaviour is closer to a
centralized approach. This tendency would be reversed if the study was applied to the city.

4. Discussion

This section interprets the results as a whole. It also reconsiders the scope of the model
and its associated limitations, with future research directions to improve it.

4.1. Overview of the Decentralization Approach

The results conclude that a single recyclable waste sorting facility near residential
buildings remains a favourable choice due to high investment costs not offset by savings
in operation costs. However, certain limits could favour a decentralization approach.
Investment, for instance, has a fixed duration. Once the investment is over, all scenarios
would see reduced costs and CO, emissions.

While results show that investment remains a barrier, infrastructure mutualization can
lift it. This approach reduces resource consumption and infrastructure needs [74,75] and
involves equipment and space sharing [76]. Waste from another stream (i.e., organic waste)
could be included. Including multiple waste streams in decentralization could decrease
the total number of facilities to deploy in a territory, but it might increase the capacity of
those facilities. The model supports multiple waste streams since the waste generated is an
input parameter.

Decentralization changes the configuration of recyclable waste collection trips. A total
of 137 trips were necessary in the baseline scenario, while the decentralization scenarios
needed between 139 and 157. With more trips, the average time for a trip is between 1.48 h
and 1.79 h, compared to 1.86 h in the baseline scenario. The heuristics construct shorter
trips, which, in operation, could require more trucks depending on the organization of trips
in a working day. The trucks are also, in a decentralized approach, less loaded. On average,
the sixth decentralization scenario loads the truck with 7.34 t of recyclable waste compared
to 8.42 t in the baseline scenario. Shorter time and distances also reduce the necessary
distance to collect one ton of waste. The decentralized scenario has the highest decrease of
35.3%. These results align with the differences in reductions in time and distance. They
also align with the literature [4]. Furthermore, a decrease in such distances suggests the
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higher flexibility of the decentralized approach to changes in recyclable waste generation
over time. More waste would need to be generated before the trips are reconfigured. It
also suggests reduced pressure on the road network, since fewer heavy trucks are in this
network less often, which could help reduce maintenance costs in the infrastructure.

Decentralization sends 1.15 kt of recyclable waste into different facilities, which makes
a network configuration of the infrastructure. This configuration allows for redundancy.
Should one recycling facility require maintenance, it can stop its operations and send
recyclable waste to other facilities. The impact of said maintenance will remain low, since
the overall service remains available through other facilities. In a centralized context, the
only facility must be kept operational at any moment. Otherwise, waste would have to be
sent to another city. However, the distribution of waste remains non-uniform. PET is also
distributed, which increases the delivery distances. For instance, in the fourth scenario, one
facility sorts 15.7 t of recyclable waste, and two trips are needed between this recyclable
waste sorting facility and the recycling facility. Spatial disposition can be a potential barrier
to the network configuration. In contrast, facilities can store or dispatch smaller trucks
for delivery.

Flexibility to adapt to changes is needed since waste has increased over the
years [11,13,25,47]. Implementing a new recyclable waste sorting facility in a decentralized
context could also be delayed until needed [4].

Future research could further test these conclusions by changing the population
generation rate and examining the results. This generation rate could be changed to
examine the impact of waste generation tendencies throughout time and could go further
than the year set in the case study. It could also further investigate the impacts on the road
network and service disruption. For instance, the impacts of closing one recycling facility
in a centralized and decentralized context could be quantified. These investigations would
give a more systemic comprehension of decentralization in the urban environment.

4.2. Operationalization of Decentralization Approach

While the study gives insight into the potential of decentralization, further consid-
eration is needed to apply it to a real-world case. In the model, recyclable waste sorting
facilities replace non-residential buildings. This approach omits real-world elements, such
as the available area for the waste sorting facility and legal or territorial restrictions. These
constraints are varied but should be considered [4,67], and could pose an obstacle to imple-
menting the approach [77]. Montreal can leverage waste collection sectors, but will also
face challenges regarding lot occupation and social acceptability

On a technical aspect, in Montreal, waste collection sectors denote the day and time
when recyclable waste is collected [78]. For instance, some sectors in RPP collect recyclable
waste on Tuesday mornings, while other sectors in the same borough are on Monday morn-
ings. The model simplified this reality with a working assumption that waste collection
happens on the same day for the city. However, the model must be adjusted to encompass
waste collection sectors in this real-world example. The model would require the heuristics
to be run multiple times, according to the collection days. Integrating waste collection
sectors would primarily impact waste collection trips, since most roads would not have
collectible waste for a given day. It could also influence the results of the decentralization
approach. Nonetheless, the integration of waste collection sectors could then be used to
identify optimal sectors and frequency.

Simulated recyclable waste sorting facilities replace parking lots, schools, industrial
buildings, transportation infrastructure buildings, commercial buildings, hospitals, cultural
institutions, and places of worship. Only five simulated recyclable waste sorting facilities
are implemented on vacant lots. This observation states the importance of considering the
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actual buildings inside the territory. This consideration, however, can be challenging. Only
10.1% of Montreal’s industrial lots are vacant [79], and this constraint can further limit
economic and environmental performance. Hence, as an incremental improvement of the
model, it could have a denylist of different building categories and locate recyclable waste
sorting facilities in buildings that are not on this list.

The location of recyclable waste sorting facilities can also be a social acceptability
challenge. Montreal has faced challenges regarding the social acceptability of implementing
an aerobic digester. Public opinion refused the city’s initial propositions in the public
consultation stages of the projects via a not-in-my-backyard effect. Indeed, the public
opinion stated that the selected boroughs contributed more than their fair share to waste
management infrastructure. This forced the city to reconsider the locations [77,80]. Social
acceptability indicators, such as population exposure to nuisance [12,81], should therefore
be integrated into the model to favour social acceptability.

4.3. Modelling Perspectives

The nature of the study, specifically the comparison of decentralization scenarios to
a baseline, allowed working hypotheses to construct the model. One limitation of the
model is that some working hypotheses create inaccuracies that hinder analysis of the
absolute results of one scenario or application of it to a real-world context. To further gain
precision on the model, the methodology of [55] should be applied to a densely populated
urban area. The monthly variations should also be applied to the case study territory. The
vacancy rate of buildings should be further modelled to pinpoint where they could be.
This dataset should be spatialized. The household data should also be reported for the
dwelling. For instance, a dataset could report the number of households of a specific size
that occupy a particular range of surface area for a dwelling. Moreover, these datasets
could distinguish between houses and apartments since houses host larger households
that tend to generate more waste [7,82]. The model should consider integrating small
industries, businesses, and institutions to achieve a finer interpretation of the results. This
change can be made by integrating appropriate property assessment units with an area
that is smaller than the living area of the largest residential property assessment unit. It
also needs a waste generation model that works for industries, businesses, and institutions.
Finally, sensitivities in various input parameters should be considered to gain confidence
in an absolute analysis, such as waste generated, waste collection costs and emissions, and
recyclable waste sorting costs.

Some system boundaries should also be revisited for modelling improvements. This
reconsideration would allow for a more comprehensive analysis when comparing scenarios
or analyzing the absolute results of one scenario. Since PET constitutes only 1.5% of munic-
ipal recyclable waste, other balloted materials should be considered. This extension would
make delivery a more significant contribution to the scenarios’ economic and environmental
performance. This extension would require identifying 42 recycling facilities, one for each
material, which could be outside of the city studied. The case study’s scope should also be
expanded. First, the boundaries could be all the boroughs of Montreal. A second extension
could then include all linked cities. These improvements would considerably increase the
computations’ size and duration, as doubling the road network’s initial dataset would
require eight times more computations [51,53,83]. Hence, the model’s implementation
needs an approach that can tackle this increase.

The building and operation of recyclable waste sorting facilities need to be further
modelled to strengthen CO, emissions and investment costs. For CO; emissions, a proper
model of the emissions should include the construction of the sorting facility and the
necessary investment during the lifetime of the recycling facility. Emissions from the



Recycling 2025, 10, 58

23 of 29

operation of the facility should also be measured. This approach can be based on life cycle
analysis as it fits the modelling requirements adequately [84]. If this methodology is selected
for CO, emissions of the recycling facility, the environmental assessment should consider
all GHG emissions, which would be reported as CO, equivalents. This model could then
give a comprehensive environmental assessment, which could become more significant
by deploying more sorting facilities. The model from this study could then study whether
the recycling facilities offset the savings made by recyclable waste collection. The model
should consider life cycle costs for the investment costs, including the initial construction
and the investment during operation. Data can be found for the investment during its
operation [65], but the model would have to complete missing data on construction. Having
a more comprehensive cost model for recyclable waste would emphasize the offset of high
investment costs, which this study has already proved. However, improving the investment
costs would allow for the consideration of a break-even analysis and further investigation
of the long-term financial sustainability of the decentralization approach.

An extension of the model could implement working conditions. The organization of
trips is outside the model’s scope and thus it reports only the total number of trips and the
total collection time. However, these trips can be organized on working days to determine
the minimum fleet. This extension is possible with a property of NP-Hard problems:
switching from one problem to a similar one can be achieved in feasible computing time [53].
Here, heuristics resolve the collection trips. A second algorithm can organize those trips to
respect working day lengths.

This study was based on open data from Montreal. However, in its design, the model
remains generic, requiring the following spatial datasets, at a minimum: buildings, roads,
waste data, and boroughs. Buildings should include the number of dwellings in residential
buildings and specify whether a building is residential. Roads should indicate whether
the road is a one-way road. Household data allow for a finer waste generation model, but
working hypotheses could allow for the omission of this dataset. The minimal datasets
require computation and working hypotheses, which the model excluded due to data
availability. The road network dataset included the civic numbers on a road, the borough
in which the road lies, and a road classification [49]. These properties allowed, respectively,
a junction of buildings with civic numbers and road names inside their datasets [46], a
filter operation on the borough to reduce computing in the heuristics, and the allocation
of different deadheading speeds. If these properties were absent, further computations
would have to be made to associate a building with a road and a road with a borough, and
a working hypothesis would have to be given for the speed. The hypothesis would be that
the speed is constant in the municipality.

5. Conclusions

Waste generation tends to grow over the years [2,10,11,47]. The centralized infrastruc-
ture of recyclable waste sorting must respond to the growing demand by dispatching more
trucks, leading to an economy of scale, higher pressure on the road network, and GHG
emissions [4]. Decentralization is a network approach that could be resilient to failures and
reduce operation costs and GHG [4] at the expense of the economy of scale.

This study analyzed the consequences of a decentralization approach to waste collec-
tion through a modelling method. The model was applied to a case study in the city of
Montreal. In the studied territory, 1.15 kt of recyclable waste was collected on 22,326 roads.
Six decentralization scenarios were studied.

Results show that decentralization is primarily an operational advantage. In all
scenarios, costs and CO; emissions were reduced on an operational basis. The scenario with
the most recyclable waste sorting facilities presented a 20.3% decrease in CO, emissions
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and an 8.04% decrease in operation costs. These savings, however, are counteracted by a
high investment cost. In the scenario with the highest operation savings, the investment
represents 89.7% of the costs. Infrastructure mutualization of multiple waste streams could
lift this barrier.

Decentralization allows flexibility in waste collection and recyclable waste sorting.
Less recyclable waste is inside the trucks, and less distance is needed to collect one ton of
recyclable waste. It could be more resilient to changes or disruptions in recyclable waste
generation, which opens the door to different vehicle sizes for waste collection and delivery
of sorted recyclable waste. Future research should investigate the integration of multiple
waste streams for infrastructure mutualization, the temporal evolution of recyclable waste,
and its impacts on a centralized or decentralized approach to further assess the flexibility
of decentralization, the integration of facilities in a study territory to lift implementation
barriers, and the integration of social acceptability indicators. Finally, the model can be
improved by including more modelling for sorting facilities.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/recycling10020058 /s1, Table S1: Statistics of the waste collection
trips for the first decentralization scenario (one recyclable waste sorting facility), Table S2: Statistics
of the waste collection trips for the second decentralization scenario (two recyclable waste sorting
facilities), Table S3: Statistics of the waste collection trips for the third decentralization scenario (four
recyclable waste sorting facilities), Table S4: Statistics of the waste collection trips for the fourth
decentralization scenario (seven recyclable waste sorting facilities), Table S5: Statistics of the waste
collection trips for the fifth decentralization scenario (ten recyclable waste sorting facilities), Table S6:
Statistics of the waste collection trips for the sixth decentralization scenario (19 recyclable waste
sorting facilities), Table S7: Distance statistics of the waste collection trips for the first decentralization
scenario (one recyclable waste sorting facility), Table S8: Distance statistics of the waste collection
trips for the second decentralization scenario (two recyclable waste sorting facilities), Table S9:
Distance statistics of the waste collection trips for the third decentralization scenario (four recyclable
waste sorting facilities), Table S10: Distance statistics of the waste collection trips for the fourth
decentralization scenario (seven recyclable waste sorting facilities), Table S11: Distance statistics
of the waste collection trips for the fifth decentralization scenario (ten recyclable waste sorting
facilities), Table S12: Distance statistics of the waste collection trips for the sixth decentralization
scenario (19 recyclable waste sorting facilities), Figure S1: Map of the clusters of boroughs for the
second decentralization scenario (two recyclable waste sorting facilities), Figure S2: Map of the
clusters of boroughs for the third decentralization scenario (four recyclable waste sorting facilities),
Figure S3: Map of the clusters of boroughs for the fourth decentralization scenario (seven recyclable
waste sorting facilities), Figure S4: Map of the clusters of boroughs for the fifth decentralization
scenario (ten recyclable waste sorting facilities). The inadequacy of IBI is not corrected., Table S13:
Emissions of pollutant and fuel consumption for the baseline scenario, Table S14: Emissions of
pollutants and fuel consumption for the first scenario (one recycling waste sorting facility in the
waste collection territory), Table S15: Emissions of pollutants and fuel consumption for the second
scenario (two recycling waste sorting facilities in the waste collection territory), Table S16: Emissions
of pollutants and fuel consumption for the third scenario (three recycling waste sorting facilities in
the waste collection territory), Table S17: Emissions of pollutants and fuel consumption for the fourth
scenario (four recycling waste sorting facilities in the waste collection territory), Table S18: Emissions
of pollutants and fuel consumption for the fifth scenario (six recycling waste sorting facilities in
the waste collection territory), Table 519 Emissions of pollutants and fuel consumption for the sixth
scenario (thirteen recycling waste sorting facilities in the waste collection territory), Table S20: First
scenario costs (one recycling waste sorting facility in the waste collection territory), Table S21: Second
scenario costs (two recycling waste sorting facilities in the waste collection territory), Table S22:
Third scenario costs (three recycling waste sorting facilities in the waste collection territory, Table S23:
Fourth scenario costs (four recycling waste sorting facilities in the waste collection territory), Table 524:
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Fifth scenario costs (six recycling waste sorting facilities in the waste collection territory), Table S25:
Sixth scenario costs (thirteen recycling waste sorting facilities in the waste collection territory).
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Appendix A Heuristic Adaptations to the Waste Collection Model

This appendix details the adaptation of the algorithm detailed in [51] to the current
model. It expands on the materials and methods of Section 2.3.2.

As a reminder, the waste collection model uses Extended Path-Scanning and Extended
Ulusoy heuristics. Both heuristics need the distance for every edge of the multigraph.
Dijkstra’s algorithm [83], applied to a CARP problem [51], computes this distance. The
solution of Dijkstra’s algorithm gives a distance matrix D and a predecessor matrix P. An
entry D; ; of the distance matrix D gives the total deadheading time between edges i and j,
and an entry P; ; of the predecessor matrix gives the next node in the path between edges i
and j.

Extended Path-Scanning considers the maximum capacity of a truck, established at 9
tons. It builds a collection trip by looking for the closest feasible edge. If multiple edges
meet the criteria, it is chosen by one of five rules: (1) choose the furthest edge from the
sorting facility, (2) choose the edge closest to the sorting facility, (3) maximize the ratio of
demand and service cost, (4) minimize said ratio, and (5) choose the furthest edge from the
sorting facility when the vehicle is less than half full and the closest when it is more. One
CARP solution is built for each rule. Further details are given in [51].

Extended Ulusoy consists of Extended Path-Scanning, for which a truck’s maximum
capacity is temporarily lifted. Thus, the heuristic constructs one trip that collects all edges.
Five solutions are also built. Algorithm A1 splits it into multiple feasible trips with minimal
total time.

Algorithm A1. Split procedure, adapted from [51]

Function Split (T = (V,E),D,T,a,l)
T4 |T|,L {0} + {oo} xT,P + {D} xT
T+ 1+1
Fori<Otot
Iy <= 0,a, +0,j+—i+1
Whilej < tAa, <anl, <1
Ay < dy —i—d(T]-,l)
Ifi=j—1

is%idX(Tl’),ly — D(T(is),is + CC(Ti) + Dis,tT(is)
Else
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js — idX(T]‘_l),]'S,1 — idX(T]‘_z),

b+ D (e 1) + D +e(Tj-1) + Dio)
Ifa, <aANl, <l

Iy L; + Iy

Elsel, < L;jV (I = LiAP;+1 < Pj)

jej+1
Uu+—0,v—17-1,C+ {v},p+ P
While p # u
C+ CU{p},p« Py
C+ CuU{u}
Inverse C
I+ @k« 1

For i < 0to |C|
Ifidx(i) < |C| =1
d <+ Cipq —idx(i), I <~ TU{k} xd, k< k+1
Return L;_4, I

In Algorithm A1, o (k) refers to the nearest sorting facility. Algorithm Al computes all
feasible trips given a sequence of roads to be collected and returns the set of trips along
with their total time.
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