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Abstract: The objective of this approach is to evaluate the formation of waste production at the
communal level in a small island state. The question of waste management is an important issue
for all local authorities, but it is even more so in an island context. The small island areas are all the
more confronted with this problem insofar as they must combine their own specific characteristics,
which can be very restrictive: isolation and remoteness, centralized economy, non-competitive
domestic market, geographical and climatic conditions, growing demography, social structure and
economic and energy dependence. The list is certainly not exhaustive, but it is sufficient to establish a
framework for reflection, where these different specificities interact strongly with the development
of these territories. Although they reveal above all remarkable and fragile ecosystems, a bad waste
management policy can cause irremediable damage environmentally, economically, and socially.
It is therefore important to understand the implications of waste management on the island. This
approach introduces an analysis, in order to express the communal specificities of the production
of residual household waste, in order to bring contextualized elements of answers to the waste
management strategy of Reunion Island. Indeed, dysfunctions have been noted in the collection and
transfer process and more particularly, in waste disposal.

Keywords: waste management; island territory; classification; ACP; regression model

1. Introduction

Waste management is an important issue for all local governments, but it is even
more so in small island developing states (SIDS) [1,2]. Small island territories are all the
more confronted with this issue as they have to deal with their own specific municipalities,
which can be very constraining. Indeed, the notion of scale, the demographic impact,
the economic climate, lead to important problems in the territorial planning of waste
management [3]. At the bottom of this problem, the vision of sustainable development is
far from being a priority. Decision making is not based on sustainability, but on a short-term
view, where financial obligations and other political prescriptions take precedence [4,5].
In such proportions, each territory must ensure an efficient waste management policy.
Although important obstacles remain to be overcome, there have been notable victories in
achieving a high threshold of efficiency [6–8]. The implementation of proximity in terms of
waste management, makes it possible to structure economic viability on a local scale via
the recovery and disposal channels. However, the provisions of this principle do not at
any time mention the characteristics of its application, as the regulations in this area are
not very precise [9,10]. The integration of proximity through waste management, made
effective with territorial planning strategies and reaffirmed through new approaches, will be
reinforced by the amplification of energy issues, precisely in the context of a territorialized
understanding of energy production.

It would thus be a matter of thinking jointly about energy production and waste
treatment within the framework of “local public service plans, an opportunity for joint
reflection on waste management, land use planning and energy production” [11,12]. The
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production and composition of household waste are essential information in waste man-
agement strategies. In addition, the regulations recall the obligations of municipalities
in the framework of the public service for the treatment and elimination of household
waste. In order to capitalize on the data on the production and composition of household
waste, municipalities and their groupings are responsible for drawing up an annual report
on the cost and quality of the waste disposal service. Analyses and other representation
models then allow for a more comprehensive assessment of habits, changes, and trends in
waste generation in a territory. Explicitly, the issue of data supports waste management
policies, notably to mobilize environmentally sound, economically viable, and socially
rational strategies. Indeed, the characterization and modeling of waste generation will
try to bring elements of contextualized response to waste management [13–16]. The con-
struction of waste production is a complex process involving different variables [17–19].
These so-called explanatory variables make it possible to assess the relational impacts in
the general conditions of the formation of the variables to be explained. Several composi-
tional factors play a role in waste generation, such as income, demographics, household
size, attitudes and behaviors, and gross domestic product [18,20–26]. These perspectives
provide elements for the constitution of the waste formation and support the decision
making in the framework of a waste management strategy. However, waste generation
forecasting also appears to be important in the planning and operation of the household
waste management system [27,28]. Many models are developed to predict waste generation.
Regression models are widely used statistical methods to identify relationships and factors
influencing waste generation [22,24,29]. In addition, the number and types of independent
variables evaluated vary considerably, with many of these models considering demographic
variables or socio-economic factors, among others [23,30–32]. Methods that allow for a
single independent variable to meet the strict requirements, such as the independence of
observations, homogeneity of constant variance, or normality assumption. Moreover, the
validation of these models is based on real data, in this case waste production. Similar to
new consumption habits, waste production is a direct consequence of human activities.
Applications encourage the arrangement of observations with similar characteristics in
order to design more efficient models, indeed, although noticed, the scale relations on waste
production remain to be explored. In Europe, a study proposes to evaluate household
waste flows in large European cities. A hierarchical analysis was performed to classify
each city into a homogeneous group with a similar social and economic level [30]. In Sri
Lanka, a study relates waste generation to several socio-economic factors through a cluster
analysis. Group organization is distinguished by disposable income [20]. In Dublin, a
study projects waste predictions into a geographic information system, which addresses the
spatial criterion in the formation of waste generation [33]. In China, a study addresses this
clustering principle to estimate the amount of waste in cities of different sizes, to promote
the optimization of waste collection and treatment facilities [34].

In this proposal, the specificities of residual household waste generation, by popula-
tion, are expressed through a regression model. Subsequently, other explanatory factors are
proposed within a principal component analysis. The comparison of these two approaches
allows not only to highlight the importance of the population factor in the determination
of waste production, but also to draw conclusions on the differentiated waste production
models. Thus, the approach is conditioned in a cluster classification of the communes of
Reunion Island, indeed, within the framework of an adapted and localized strategy, such
an initiative would bring additional information.

The analysis and structural modelling of residual household waste production is
carried out using economic and demographic data from INSEE censuses and residual
household waste production data from the documents of the public household waste
collection services of the island’s municipalities. The approach mobilizes the communal
demography in the formation and the prospective of the production of residual household
waste, whose results can be relevant to the political decisions in the future programs of
the management of waste. Due to the lack of deposits and the economic structure of the
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territory, many instructions may vary locally, leading to an imbalance in treatment, resulting
in the massive burial of products. Because of the numerous stakes involved, the following
proposal is conditioned on the communal scale. Reunion Island has 24 communes, most of
them located on the coast and some of them perched on the sides of the island. With its
240 km2, the commune of Saint-Paul occupies nearly 10% of the territory, it is the largest
commune of Reunion Island. As for the commune of Le Port, it is the smallest commune in
the department with its 16 km2. At the crossroads of these issues, Reunion Island is faced
with real decision-making tensions, a guarantee of sustainable development, its ambition is
to become a territory of excellence with a “zero waste” approach by 2030.

2. Materials and Methods
2.1. Case Study

Reunion Island is an outermost territory of Europe and a French overseas department
and region. The island is characterized by specific structural, territorial, and economic
characteristics, as shown in Figure 1. Indeed, the territory has undergone profound changes
and this situation is reinforced by a demography in full transition. The main urban centers
and other economic activities have successively agglomerated on the coastal fringe, where
today they maintain close relations of dependence [35,36]. Today, three-quarters of the
population of Reunion Island live on the coast and the lower slopes, which corresponds to
just over 630,000 people living at an altitude below 400 m. This characteristic is highlighted
when we know that the island is covered up to 40% by the National Park. Waste manage-
ment is particularly sensitive in Reunion, given the delay in this field and the importance
of the deposits.
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The insular context exacerbates the situation because the useful space for the evolution
of human activities is very limited, the economic conditions make it problematic to set up
circuits of recovery, valorization, and elimination of waste. Moreover, due to the nature
of the subsoil in Reunion, waste can be a major source of pollution. As early as 1995,
the Regional Economic and Social Council (RESC) drew up an alarming report on waste
management in Reunion. Waste management has become a priority, in order to create a
healthy environment for the population, to ensure the preservation of the natural heritage,



Sustainability 2023, 15, 348 4 of 24

all in proportions that guarantee the economic development of the island [37]. In spite of
the construction objectives, in terms of infrastructures, aiming to ensure the viability of
economically viable waste management channels and the ambition inspired by the new
public policies, the General Council for the Environment and Sustainable Development
(GCESD) once again denounces the delay in the development of Reunion Island. To date,
the island is out of step with the national territory, in terms of waste management. Given
the situation and the imminent end of the operation of the only two waste disposal centers
in Reunion, the Sainte-Etienne and Sainte-Suzanne storage centers (2021 and 2022), it is
essential to turn to a responsible waste management strategy [38]. Between isolation and
remoteness, even if these specific municipalities have a strong impact on the development
of the territory, they are above all undeniable assets [39]. At the crossroads of these issues,
Reunion Island is faced with real decision-making tensions, a guarantee of sustainable
development, and as such, it aims to become a territory of excellence with a “zero waste”
approach by 2030. To date, this ambition is characterized by the ILEVA (mixed syndicate
for the treatment of waste in the southern and western micro-regions of Reunion Island)
household waste recovery center, which will provide an industrial tool for waste recovery in
three different sectors: the sorting of recyclable waste, the methanization of the fermentable
fraction of residual household waste and biowaste, and the energy recovery from solid
recovered fuel (SRF) from non-recyclable waste. In the long term, more than 200,000 metric
tons of waste will be recovered each year. This project is part of a territorial dynamic in
favor of the circular economy and green growth [40,41].

2.2. Production of Municipal Solid Waste in Reunion

Figure 2 illustrates the fact that Reunion Island stands out on certain fractions of waste
collected in the territory.
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Figure 2. Distribution of the municipal solid waste in Reunion in 2019. Figure 2. Distribution of the municipal solid waste in Reunion in 2019.

The data presented are from the SINOE® waste reference system distributed by
ADEME. The proposed data are harmonized, in order to compare the observation data
(flows and management costs) at all territorial levels. In 2019 [42], the total amount of the
household and similar waste in Reunion Island was estimated at 208,197 tons of waste. The
collection performance of household and similar waste, excluding the excavated material
and rubble, per capita, in 2019 was 567 kg of waste in Reunion, a difference of 40 kg above
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the national average. The share of green waste and bio-waste is amply greater than the
national average, while the share of recyclable materials is largely lower than the national
average. Respectively, the proportions of biomass are estimated at 28 against 14% at the
national level, that is to say a collection performance, per capita, evaluated at 157 kg at
the local level against 79 kg recorded in France. Conversely, the proportions of recyclable
materials are estimated at 12 against 20%, that is to say a collection performance per capita
close to 64 kg, compared to 117 kg recorded at the national level.

Figure 3 identifies the household and similar waste streams resulting from separate
collection operations, door-to-door, or at waste collection centres. Residual household waste
is the most important fraction of household waste. The average proportion of residual
household waste is estimated at around 23,000 tons, over the period 2005 to 2019, with
an overall decrease of around 15% over this production period. The residual household
waste collection performance, per capita, for 2019 was 241 kg at the local level, compared
to 247 kg at the national level.
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The green waste and biowaste fraction stands out in second place, it is initiated to
the tune of 135,445 tons of waste on average in the territory, with a growth trend over the
period 2005 to 2019, that is to say an average periodic increase of 12%. The variability
of green waste and bio-waste production implies a complex management, especially in
the mobilization of collection equipment and other treatment facilities. However, this
result is far from matching the 85% achieved at the national level. The rate of electrical
waste and electronic equipment returned to waste collection centers on the island is very
close to the national rate, i.e., 65% in the local territory, compared to 75% in the national
territory. Nevertheless, taking into account the relative difference in the two terms of
comparison, the collection performance, per inhabitant, is approximately at the same level
for 2015, i.e., between 4 and 5 kg of electrical waste and electronic equipment. Although the
collection and treatment performance for hazardous waste (including WEEE) appear to be
less effective than the national average, it is showing a clear improvement. The differential
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of household and similar wastes, is based on the particularities of the territory, especially
on the problems related to the collection or on the economic balance related to the treatment
of wastes, and even on the climatic modulation on some wastes. Thus, the nature and
the importance of the green waste and biowaste deposit is highlighted within the climatic
variables from which Reunion benefits. The tropical climate leads to a high production
of biomass, and the frequency of cyclones and other tropical storms leads to a punctual
and abundant production of green waste. The variation, in terms of recyclable materials, is
based on the characteristics of the island.

2.3. Treatment of the Municipal Solid Waste in Reunion

The selective collection systems for the household and similar waste are in place on the
island: electrical waste and electronic equipment, batteries, accumulators, lamps, textiles,
end-of-life vehicles, glass, packaging, and other paper. However, most of the collected
products are exported due to the lack of deposits and landfill is the dominant treatment
in the management of the household and similar waste in Reunion. Residual household
waste is exclusively sent to storage centers, unlike in mainland France, where it accounts
for 16%, or 208,196 tons, or 83% of the waste buried in 2019. More than half of the bulky
waste occupies the rest of the storage centers, with nearly 33,701 tons of waste buried over
the same period, or 13% of the buried waste. The situation is annexed to the problem of
the implementation of a relevant sector, in terms of waste management, in spite of the
new modalities of waste treatment and valorization. Several possibilities exist, such as
incineration with energy recovery, material recovery and organic recovery. The overseas
island departments are territories exposed to many constraints and have a deficit, in terms of
waste treatment and recovery [9]. Furthermore, the overseas departments present recycling
performances below the national average, with an average of 46 kg per capita against 117 kg.
In Martinique, an island territory in the Atlantic Ocean, the production of household waste
per capita is estimated at 352 kg or 128,372 tons for the year 2019. On site, the management
of this fraction is articulated around an energy recovery unit with energy recovery. The
recovery unit has a treatment capacity of 124,000 tons per year. In addition, Martinique
has the only biowaste methanization plant in the French overseas departments, with a
treatment capacity of 34,000 tons of waste. Internationally, Singapore, an island city-state
in Southeast Asia, has four waste-to-energy units. Following treatment, the incineration
residues are taken to the Semakau landfill for burial. In 2015, the per capita production
of household waste amounted to 305 kg. The treatment and energy recovery capacities
contributed to reduce the volume of solid waste by about 90%. The city-state aims to reduce
the production of household waste, by 30%, by 2030. Despite the renewed ambitions within
the non-hazardous waste management prevention plans, the implementation of structures
for sorting and treatment is difficult, especially in Reunion [38,43]. In addition, the island is
behind in the number of waste management facilities.

2.4. Data Collection

The data on residual household waste production are taken from the Public Waste
Disposal Service documents [44–48]. In accordance with the regulations in force, namely:

• The decree No. 2000-404 of 11 May 2010, taken in application of the law No. 95-101
of 2 February 1995, known as the Barnier Law, relating to the reinforcement of the
protection of the environment and having for objectives to emphasize the transparency
and the information of the users;

• Decree No. 2015-1827 of 30 December 2015, on various adaptation and simplification
provisions in the field of waste prevention and management.

The annual report on the public waste disposal service represents an essential informa-
tion tool on the household waste management. Its objective is to present, on the one hand,
the prevention, collection, treatment, and recovery of household waste and, on the other
hand, the technical and financial indicators related to the public service of prevention and
management of the household and similar waste. In spite of the obligation to publish the
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document concerning the waste management and disposal service annually, the updating
of the data restricts the study to the period 2015 to 2019. The layout of the economic and
demographic variables comes from information disseminated by the National Institute for
Statistics and Economic Studies (INSEE). The layout of different variables, such as living
conditions, employment, and mobility reflect the relevance of the municipal scale. The
temporality of the databases is phased on the reference year 2015, the date at which the
data of household waste production, as well as the various variables, are complete for the
object of study [49–53]. Subsequently, the forecast of the residual household waste is made
according to the INSEE reference population forecasts for the year 2030 [54].

2.5. Data Analysis

An analysis of the structural modelling of the residual household waste production
is carried out using demographic data from the INSEE censuses and waste production
data from the records of the public household waste collection services of the island’s
intermunicipalities. The analysis of the 2019 data aims to observe the current spatial
distribution of household waste in the territory, and in particular, to assess the communal
distribution of the communal population of Reunion.

2.6. Linear Regression Model

A linear regression model is tested to establish a relationship between an explained
variable and an explanatory variable, i.e., the explanation of the residual household waste
production of municipalities, according to the demography. The model is based on the
Napierian logarithm function to make the data more normally distributed, in order to
allow the modeling of the data, according to a curve pattern. The fitting of the model
consists in determining a trend line that best approximates the scatterplot in the plane,
noted mathematically, according to Equation (1):

y = ax + b (1)

where, y is the production of residual household waste, x is the size of the population, a
is the slope of the line, i.e., the share of the residual household waste for the addition of
an additional individual and b is the intercept, i.e., the irreversible and autonomous share
for each of the individuals considered. The purpose of applying the regression model is
to determine the effect of the population size, as well as the waste effect on the residual
garbage production [27,55–57]. The application of the prediction of this waste fraction is
performed by a linear regression model over the executive period 2015–2019 [22,24].

2.7. Principal Component Analysis

A principal component analysis (PCA) is proposed to extract and synthesize the most
important information. This statistical method allows to describe a set of data in only
a few variables called principal components. These principal components correspond
to a linear combination of the variables under study. The information contained in the
dataset is characterized, according to the inertia it contains, the objective being to identify
the directions in which the total inertia is best preserved. In short, the PCA reduces the
dimensions of a dataset while guaranteeing the quality of the information. In order to
make the variables comparable, it is necessary to normalize them. The approach consists of
transforming the data so that each variable has a standard deviation equal to one and a
mean equal to zero. The standardization of the data is presented as Equation (2):

x − x
σx

(2)

where x is the mean of the values of x and σx is the standard deviation of x. At the end,
the obtained data is the centered-reduced data. Therefore, the purpose of the principal
component analysis is to represent the existing relationships between the variables and the
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similarities between the individuals. The application of the PCA is intended to determine
the relationships between certain variables and the production of residual household
waste, in fact the latter were considered to reflect the satisfaction of people’s needs and the
propensity to consume [21,33,57,58]. The variables used in this framework are presented
in Table 1. A hierarchical classification HCPC (hierarchical classification on principal
components) is applied for the exploration of the multi-varied data. The objective is to
identify groups of similar entities in the dataset. In addition to the elbow method, the
optimization of the number of clusters is obtained, according to the hierarchy applied within
the dendrogram. The proposed statistical analyses are performed with the R software,
using the FactoMineR package [59].

Table 1. Table of the principal component analysis variables.

Acronym Name Unit

PRW Production of residual household waste ton
PDS Permanent database of facilities-shops -
CAR Share of households with a car %
LF Labor force participation rate of 15 to 64 year olds %
PR Poverty rate %
SSB Share of total social benefits %
DI Disposable income €

3. Results
3.1. Data Analysis

The map on Figure 4 shows the production of household waste, according to the
demography at the municipal level. Saint-Denis, the capital city, has the communes of
Saint-André and Sainte-Marie gravitating towards it, the latter alone accounting for 30% of
the total population of Reunion. This demographic situation means that this first aggregate
generated the equivalent of 68,544 tons of garbage over the same period, an average of
280 kg of garbage per capita. Incidentally, Saint-Denis is the capital of the departmental
region of Reunion, whose population amounted to more than 153,000 inhabitants in the
2019 census. This demographic situation makes the commune of Saint-Denis, the most
populated commune of the island. Moreover, the commune of Saint-Denis is the most
important commune, in terms of production of residual household waste, with 43,265 tons
generated over the reference period.

Saint-Pierre, said to be the capital of southern Reunion, amalgamates the communes
of Le Tampon and Saint-Louis. This second aggregate generated more than 25% of the
total production of residual household waste of Reunion in 2019, that is to say more than
58,000 tons of waste. All in all, Saint-Pierre had more than 84,000 inhabitants in 2015,
making it the third most populated commune in Reunion, after Saint-Denis and Saint-Paul.
The commune of Saint-Pierre remains however the second most important commune, in
terms of production of residual household waste, with 24,160 tons of waste in 2019, that is
to say a production of 284 kg of garbage per inhabitant. Saint-Paul forms a unique space,
the largest municipality, it also has more than 100,000 inhabitants, or about 10% of the
population of Reunion. This demographic context brings about 25,000 tons of residual
household waste generated in 2019, that is to say a production of 229 kg of waste per
inhabitant. For the rest, the illustration draws a landscape divided into three parts with a
contiguous set marked on the interior of the island and the eastern coastal strip, with an
average production of 251 kg per inhabitant.

The production of residual household waste is capitalized in the territory, that is to
say the equivalent of 154,663 tons of waste for the equivalent of a production of 275 kg per
inhabitant. The observation of the production of household waste in the territory shows a
difference between the communes, indeed, the administrative entities presenting a high
communal demography are those which produce more waste. In addition, the munici-
palities with a waste production of more than 25,000 tons have a per capita production of
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about 265 kg. The second class, with a waste generation between 12,500 and 25,000 tons of
residual household waste, shows a per capita waste generation of about 278 kg. For the
third class, the municipalities with a waste generation of more than 12,500 tons have a per
capita waste generation of about 247 kg.
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3.2. Linear Regression Model (R1)

The following Figure 5 gives a description of the household waste production as a
function of demography, the label references and prediction data for the R1 model are given
in Table 2.
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Table 2. Forecast errors of the residual household waste generation on the R1 model.

Data Variance Indicators

Class Label Municipalities Observed
Production RHW

Estimated
Production RHW R2 MAD RMSE MAPE

Strong SDE Saint-Denis 42,799 40,844
Strong SPA Saint-Paul 24,380 29,334
Strong SPI Saint-Pierre 25,684 23,080
Strong TAM Le Tampon 18,680 20,951

Average SAN Saint-Andre 16,758 15,112
Average SLO Saint-Louis 16,741 14,556
Average SBE Saint-Benoit 11,291 10,205
Average SJO Saint-Joseph 8864 10,169
Average POR Le Port 10,380 9482

Weak SAL Salazie 1483 1923
Weak SRO Sainte-Rose 1824 1716
Weak CIL Cilaos 1698 1386
Weak SPH Saint-Philippe 1414 1315

Average SLE Saint-Leu 7539 9090
Average SMA Sainte-Marie 9621 8871
Average POS La Possession 7810 8795
Average SSU Sainte-Suzanne 6707 6133
Average ETS L’Etang-Sale 4123 3792
Average BPA Bras-Panon 3549 3352
Average PIL Petite-Ile 3730 3182
Average AVI Les Avirons 2585 2942

Weak TBA Les Trois-Bassins 1607 1852
Weak END Entre-Deux 1604 1754
Weak PLP La Plaine-des-Palmistes 1546 1596

Total 232,418 231,432 0.985 1066 1537 11.81%

The scatter plot approach allows for the comparison of two sets of values to show the
relationship between them. The linear expression in the figure shows a positive influence of
the population on the development of the variable under consideration. The coefficient of
determination R2 measures the goodness of fit of the regression to describe the distribution
of the points. The mathematical property then provides an R2 coefficient equal to 0.98,
which attests that the population allows for a more or less accurate estimation of the
production of residual household waste. Production, in terms of residual household waste
is underestimated. Indeed, the difference between the observed values and the estimated
values, amounts to 984 tons of residual household waste. The overestimation is close to an
average error of less than 1% on the production of residual household waste in Reunion, in
2015. In perspective, the map in Figure 6 shows three clusters of municipalities that share
certain characteristics.

A group called, “weak”, composed of seven communes, is distinguished by a low
demographic level where waste production is low. This first group is diversified in that
it includes the communes of Cilaos, Entre-Deux, Salazie, Trois Bassins, La Plaine-des-
Palmistes, Sainte-Rose and Saint-Philippe. The demography of this first grouping concerns
5.25% of the total population of the department of Reunion, i.e., 4.70%, in terms of residual
household waste production. The “weak” group concerns the communes whose population
does not exceed 10,000 inhabitants and whose waste production is around 1500 tons. The
analysis of this linear regression model considers an overestimation of the waste production,
i.e., a difference of 318 tons of waste, between the observed value and the estimated value.
The average per capita production is estimated at 247 kg.

A group called, “average”, consists of 13 municipalities whose linear regression
model tends to underestimate waste production. The communes in this second group
are characterized by an average population of 25,000 inhabitants, for a production of less
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than 10,000 tons of waste over a year. This second group can be categorized into two
subgroups, the lower middle group and the upper middle group. The lower middle group
consists of five communes, namely Bras-Panon, Les Avirons, Étang-Salé, Petite-Ile, and
Sainte-Suzanne. The decomposition of the linear regression model through this subgroup
shows an underestimation, with a difference of 1140 tons of waste. The upper middle group
is characterized by the presence of eight communes, namely Saint-Benoit, Saint-André, La
Possession, Le Port, Saint-Leu, Saint-Louis, Saint-Joseph, and Sainte-Marie. In addition
to the communes in the lower middle group, the communes in the upper middle group
have a population of more than 30,000 inhabitants and a waste production of more than
5000 tons. The commune of Sainte-Suzanne presents characteristics halfway between the
lower and upper middle group, hence the uncertain classification.
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The estimation profile for this group establishes an underestimate of the waste genera-
tion, with a difference of 2114 tons between the observed and estimated values. In sum, the
lower middle group and the upper middle group together, express 45% of the population of
Reunion, or about 400,000 people. The production of residual household waste is described
in the same proportions, i.e., approximately 110,000 tons. The linear modeling of this sec-
ond group allows to establish an underestimation of the waste production, with 3254 tons
between the observed value and the estimated value, that is to say an underestimation of
0.97% of the initial production. The average production of residual household waste per
inhabitant is about 276 kg.

A “strong” group, composed of four municipalities whose linear regression model
overestimates waste production. The third grouping highlights the communes of Saint-Paul,
Saint-Pierre, and Saint-Denis because of their demographic characteristics and residual
household waste production. The commune of Le Tampon lies between the middle and
strong groups in this cluster. The four communes of this last group represent 50% of the
population and 50% of the production of the household and similar waste in Reunion
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Island. The demography is expressed in such a way as to describe a commune with at
least 100,000 inhabitants, for a waste production of about 20,000 tons. The analysis of the
estimation model shows a theoretical curve overestimating the waste production, with less
than 1951 tons between the observed value and the estimated value, i.e., an overestimation
of 1.02% of the initial production. The per capita production of the residual household
waste is estimated at 266 kg.

3.3. Principal Component Analysis

The estimation errors on the different groups considered by the linear regression
model allow us to consider that demography, as an explanatory variable, consents to
globally describe the production of municipal solid waste. Nevertheless, other variables can
improve the understanding and therefore the formation of waste production. The principal
component analysis approach addresses the behavior of the different municipalities with
regard to the production of residual household waste. The eigenvalues describe the
explained variance for each principal axis, as shown in Figure 7. More than 90% of the total
variance is explained by the first two values, therefore the principal component analysis
can be reduced to a representative projection of the variables on dimensions 1 and 2. The
quality of the representation of the variables is described by the cos2 parameter. For a given
variable, the cos2 parameter makes it possible to interpret the principal components under
consideration. In this case, all of the variables shown by component 1 and 2 have a cos2

close to or greater than 0.80.
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Figure 7. Decomposition of the total inertia on the components of the ACP.

The contributions of the variables to the principal axes allow to express the variability
in the dataset. For a given dimension, a variable with a contribution above the threshold
contribution is rightly considered significant in explaining the dimension. For the present
dataset, the expected threshold contribution of a variable for dimension 1 and dimension 2,
is 15 points. On average, the variance retained by both dimensions is explained by variables
with an average contribution close to the threshold average.

The description of the dimensions agrees to highlight the most significantly correlated
variables, as shown on Figure 8.
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The description of dimension 1 identifies a correlation greater than 0.75 for the variables
“Share of households with a car—CAR” and “Labor force participation rate of 15–64 year
olds—LF“. Conversely, dimension 1 is inversely described by the variables “Poverty rate—
PR” and “Share of total social benefits—SSB” with a correlation equivalent to −0.90. The
description of dimension 2 identifies a correlation of 0.87 for the variable “Production of
residual household waste—PRW”. The variables “Permanent database of facilities-shops—
PDS” and “Disposable Income—DI” follow the variable “Production of residual household
waste—PRW”. The quality of the representation of the variables is estimated at more than
0.90, with a correlation at dimension 2, higher than 0.80. In these results, the p-values for the
description of the variables considered are all below the significance level of 0.05, indicating
that the description coefficients are significantly associated with a given principal component.

The representation of individuals in Figure 9 highlights the municipalities.
The contribution of the different points helps in the interpretation of the axes, as the

inertia of the dimensions considered is represented by all of the individuals considered.
The analysis of the contribution of the different individuals allows us to consider the
characteristics specific to the axis. The quality of the representation of individuals on the
plane defined by dimensions 1 and 2 is significant with a combined average greater than
0.85. The specific representation of the different individuals makes it possible to interpret
the proximities, and even to discern certain possible similarities. The factorial design of
the individuals identifies different groups of municipalities. A group of municipalities
converges at the top right of the factorial design. This grouping has higher values than the
other individuals within the variables considered. In proportion, Saint-Denis, Saint-Paul,
Saint-Pierre, and Le Tampon contribute more than 25% to dimension 2, i.e., as much or as
little to the production of municipal solid waste in Reunion. The municipalities under study
are distinguished by a population that contributes to the economic and social development
of their territory, and the poverty rate is below the regional average, i.e., 38%, compared
with 43%. On the top left, a group of municipalities has specific characteristics, compared to
the neighboring groups, particularly in terms of the high production of residual household
waste. Le Port, Saint-Louis, Saint-André, Saint-Benoit, and Saint-Joseph have a poverty
rate of over 48%, supported by social benefits of around 23%.
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Figure 9. Graph of the individuals.

This leaves room for a strong disparity, in terms of the standard of living, which is
further accentuated by a population that is poorly equipped with a vehicle, i.e., 65% of
households are equipped with at least one vehicle. 8000 per person, but with a fine network
of commercial facilities, i.e., one facility for every 180 people. At the bottom, a group of
towns is distributed jointly on either side of the factorial plane.

On the right, a group of towns, characterized by an average production of household
waste. Sainte-Suzanne, Saint-Leu, Sainte-Marie, Bras-Panon, Etang-Salé, la Possession,
Petite-Ile, and les Avirons are discretized, according to an activity rate of 15 to 64 year-olds
of more than 73% and a greater mobility than the other municipalities, which represent 75%
of households with at least one vehicle. These municipalities are represented by a relative
willingness to consume, i.e., a disposable income of more than 8000 euros per person, but
the level of facilities and services in the field of commerce remains low, i.e., one facility per
280 people.

On the left, a group of towns is characterized by a low production of municipal solid
waste, but torn on both sides by a population that is poorly integrated into working life,
threatened by poverty, isolation, and social disparities. The representation of the munici-
palities stretches out in a linear fashion, indicating a similar profile in dimension 2. The
town of Cilaos and its sister towns of Salazie, Saint-Philippe, and Sainte-Rose accumulate
difficulties. A poverty rate of over 55%, supported by a high proportion of social benefits,
and they have to compete with an available income of less than 7500 euros per person for a
level of equipment that is not very diversified, since 80% of these shops are dedicated to
food. The municipalities of Trois-Bassins, Entre-Deux, and La Plaine-des-Palmistes escape
this rule to some extent because their standard of living is better than that of the previous
municipalities, represented by an activity rate of 15 to 64 year olds close to the regional
average, i.e., 70%, and a more substantial purchasing power, i.e., 9000 euros per person.
Nevertheless, the municipalities in this group have a low coverage, in terms of facilities, i.e.,
one facility per 330 people. To go further, the variables of dimension 2 characterize the weak
group, in comparison with the other municipalities, by a service in terms of equipment that
is not very mobilizable and a low purchasing power. Already geographically distant from
the major centers, Salazie, Cilaos, Sainte-Rose, and Saint-Philippe have to compete with a
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disposable income of less than 7500 euros per person for a level of equipment that is not
very diversified, since 80% of these shops are dedicated to general food.

Conversely, towns such as Entre-Deux and La Plaine-des-Palmistes, are out of step
because of their greater purchasing power, i.e., 9000 euros per person, but their low level of
equipment, i.e., one item of equipment per 330 people. In the center, municipalities, such
as Le Port, Saint-Louis, Saint-Benoit, Saint-Joseph, and Saint-André are characterized by a
disposable income of less than 8000 euros per person and by a fine network of commercial
facilities, i.e., one facility for every 180 people. Towns, such as Les Avirons, Bras-Panon, Etang-
Salé, Petite-Ile, La Possession, and Sainte-Marie are represented by a relative willingness
to consume, i.e., a disposable income of more than 8000 euros per person, but the level of
commercial facilities and services remains low, i.e., one facility for every 280 people. A group
of four towns converges at the top right of the factorial plane. This grouping has higher
values than the other individuals within the variables considered. In terms of facilities and
services, Saint-Pierre provides a significant territorial coverage, compared to Saint-Denis and
Saint-Paul, i.e., one facility in the field of commerce for 110 inhabitants. The factorial plan of
the individuals allows to identify a classification in three clusters of communes with specific
characteristics. Indeed, according to the elbow method, the determination of the optimal
number of clusters is characterized from the moment after which the distortion/inertia starts
to decrease in a linear way. The K-means method supports the choice of the number of clusters
and aims at grouping similar elements in these clusters.

3.4. Linear Regression Model (R2)

To support the approach, a new linear regression model is invested. The R2 model is
based on the observations from the previous analysis, i.e., from the R1 linear regression
model and the principal component analysis. Following the arrangement, three clusters
of communes are proposed, all with similar membership profiles. The differences in
partitioning are observed in the second and third groups of communes, i.e., a reorganization
of the communes, observed in the medium group, in favor of the weak group. The strong
group remains similar to the observations made earlier. The description of the groups is
presented as follows:

• The weak group, characterized by a low residual household waste production profile,
compared to the other communes, i.e., a per capita production evaluated at 257 kg. This
grouping represents, on the one hand, municipalities with a service in terms of equipment
that cannot be mobilized, a weak purchasing power and, moreover, is geographically
distant from the major centers and, on the other hand, municipalities whose integration
of people favors the economic and commercial framework, consequently a coverage in
terms of equipment and services capable of satisfying the needs;

• The average group, characterized by an average production of residual household
waste with a per capita production estimated at 276 kg. The formation reflects an
average group, characterized by indicators, such as the poverty rate calculated at 48%
and a disposable income established at 12,500 euros. The proportion of households
with at least one vehicle is also low in this group, at 65%. However, the facilities
and services are diversified in the area under consideration, with 1200 entities, which
represents a coverage level of one facility per 230 people.

• The strong group represented by four municipalities, characterized by an average pro-
duction of residual household waste, that is to say a production per inhabitant of about
268 kg, but also by variables of strong importance. This grouping of municipalities is
based on a median standard of living of over 15,000 euros, which is about 10% higher
than the regional average. As in the other municipalities, the poverty rate is low, due to
the favorable job market in the area. In this respect, the permanent equipment database
reports more than 2800 entities, i.e., almost 50% of the infrastructure in the field of com-
merce in Reunion, in such a way as to ensure a coverage of at least one equipment for
every 145 people. Mobility is debatable in this group, especially for the commune of
Saint-Denis, which shows that only 67% of households have at least one vehicle.
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The synthesis in the three groups supports the classification of the communes of Re-
union Island, with regard to the production of household waste, according to demography
Figure 10 shows the linear profiles between the different communes. The label references
and prediction data for the R2 model are given in Table 3. Forecast errors of the residual
household waste generation on the R2 model.
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Table 3. Forecast errors of the residual household waste generation on the R2 model.

Data Variance Indicators

Class Labels Municipalities Observed RHW
Production

Estimated RHW
Production R2 MAD RMSE MAPE

Strong SDE Saint-Denis 42,799 42,114 0.905 1952 2221 7.92
Strong SPA Saint-Paul 24,380 26,782
Strong SPI Saint-Pierre 25,684 22,240
Strong TAM Le Tampon 18,680 19,958

Average SAN Saint-Andre 16,758 16,164 0.987 339 410 8.56
Average SLO Saint-Louis 16,741 16,673
Average SBE Saint-Benoit 11,291 10,841
Average SJO Saint-Joseph 8864 9581
Average POR Le Port 10,380 10,061
Average SAL Salazie 1483 1985
Average SRO Sainte-Rose 1824 1767
Average CIL Cilaos 1698 1421
Average SPH Saint-Philippe 1414 1348

Weak SLE Saint-Leu 7539 8988
Weak SMA Sainte-Marie 9621 8768
Weak POS La Possession 7810 8692
Weak SSU Sainte-Suzanne 6707 6038
Weak ETS L’Etang-Sale 4123 3714 0.970 522 661 10.28
Weak BPA Bras-Panon 3549 3278
Weak PIL Petite-Ile 3730 3110
Weak AVI Les Avirons 2585 2873
Weak TBA Les Trois-Bassins 1607 1800
Weak END Entre-Deux 1604 1704
Weak PLP La Plaine-des-Palmistes 1546 1549

Total 232,418 231,449

The coefficient of determination R2 of the R2 model is, on average, lower than the R1
model, i.e., an R2 equivalent to 0.95. However, the result of the demonstration supports the
approach, indeed, the proposal demonstrates a more efficient estimation of the residual
household waste production of the communes of Reunion Island. The R1 linear regression
model gave an estimated value of 231,432 tons against an observed value of 232,418 tons of
waste. The difference between the estimates is 985 tons of residual household waste. The
partitioning approach shows a result closer to the observed value, i.e., a residual waste
production of 231,804 tons, which represents a difference between the estimates of 613 tons.
Figure 11 shows the forecast modeling from the linear regression models for the base year,
as well as for the years 2016 through 2019.

Depending on the approach, the estimates of household residual waste generation are
close to the observed data. According to Tables 2 and 3, the MAPE statistic (mean absolute
percentage error) expresses the predictive quality of an estimation model as a percentage of
the error. Among other things, the value proves to be a convenient indicator for comparison.
The R2 regression model exhibits a lower value than the R1 regression model, i.e., 8.33%,
compared to 11.81% for 2015. The specific values within the R2 regression model for the
strong and medium categories are more explicit at 2.48% and 8.56%, respectively. The
communes in the weak and medium weak group exhibit worse values at 10.28%. This
result reflects several estimation errors partially weighted by undetermined profiles. The
approach used was to predict the residual waste production data for the years 2016 to
2019. The prediction results show average estimation errors of about 1000 tons. The MAPE
parameter exposes the R2 model favorably to the R1 model, i.e., 7.47 to 11.91 for the year
2016, 7.44 to 10.52 for the year 2017, 9.19 to 10.02 for the year 2018, and 5.72 to 8.58 for the
year 2019, respectively. The estimation performance is better represented through the R2
regression model, compared to the R1 model.
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3.5. Waste Generation Forecast

The question of data is crucial, as the proposal characterizes a territory, according to a
distinct scale and period. Given the importance of data in waste management strategies,
it is proposed in this perspective to evaluate the production of residual household waste,
according to the reference demographic forecasts of the INSEE by 2030 [54]. The prospecting
model is conditioned on the distribution of the island’s population by sex and age detailed
on 1 January 2013. The modeling assumptions mobilize the three main components of the
evolution of the population over a year, namely: fertility, mortality, and migration. This
prospective modeling is based on three scenarios:

• Scenario 1—SC1 extends the production of the waste fraction according to the demo-
graphic forecast. The scenario follows the current trends, in fact since the year 2009,
the production of residual household waste is decreasing. The reduction of the waste
fraction is about −1,65%, annually;

• Scenario 2—SC2 follows the recommendations of the Regional Council of Reunion,
i.e., the “Zero Waste” approach of 2018, with a reduction of residual household waste
production of 72% in 2024, compared to that of 2015, and 88% in 2030 [38].The so-called
voluntarist political approach is committed to the major guidelines of the LTECV;

• Scenario 3—SC3, which follows the recommendations of the General Council for the
Environment and Sustainable Development (CGEDD), supported by the circular econ-
omy package, which aims at a 50% reduction of residual household waste production,
in 2030, compared to 2015 [38].

The results of this forecast are shown in Figure 12.
The forecast for scenario 1—SC1 follows the trend of the projection. In 2030, a de-

mographic forecast of 962,100 inhabitants, an estimated increase in population of 12.11%,
compared to 2015. The production of residual household waste is estimated at 181,262 tons,
a decrease of −22.3%, compared to 2015. The scenario corresponds to a continuation of the
current trend, the forecast curve thus shows a net decrease in the production of residual
household waste.

Scenario 2—SC2 shows a very proactive approach, where communities openly engage
in a waste management policy. The production of residual household waste would decrease
by an average of −12.87% per year over the period 2015–2024 and 13.13% over the period
2025–2030. For the year 2030, the production of residual household waste is estimated at
28,036 tons.

Scenario 3—SC3, although ambitious, is close to the current contextual elements, in
fact the objectives bring the production of residual household waste to 116,815 tons, that is
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to say an average annual decrease of −4.51%. For the year 2030, the production of residual
household waste is estimated at 116,815 tons.
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4. Discussion

The improvement of living conditions, the demographic count, as well as the job
market reflects the satisfaction of people’s needs, especially in terms of consumption of
goods and therefore of waste production. The application of mathematical models or the
statistical analysis in the characterization and forecasting of household waste production,
should be emphasized. In several municipalities in Taiwan, a study was carried out to
characterize the household waste generation through a linear regression model, based
on several urbanization indicators, namely household population, urban planning area,
drinking water connection rate, electricity consumption, number of industrial facilities in
operation, education level, vehicle density, and annual income. In addition, the application
brings the population variable into the composition of household waste generation, with
notably a R2 > 0.8 [22]. A case study paper provides a description of household waste
management in four Latin American countries: Peru, Chile, Colombia, and Brazil. This
paper provides an overview of the approaches used to model the emissions and mitigation
options in waste management strategies. In addition, the results demonstrate a relationship
between waste generation, gross domestic product, and population [55]. In Mexico, a
study initiates a mathematical approach to establish a relationship between household
waste generation and different explanatory variables. Linear relationship models carried
a relationship for the explanation of 51% of the waste production, per capita, with the
following independent variables: education, residence rate and income per household [31].
In Abuja, a proposal aimed to assess the quantities and composition of household waste
generation of 74 households from different socio-economic levels. The results revealed a
statistical difference between the household size, income, and waste generation. According
to this study, the larger the household size, the lower the per capita waste generation,
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while the higher the income, the higher the per capita generation [60]. This conclusion is
supported by the identification of a negative correlation between the number of persons in a
household and a lower, per capita, waste generation [29,30,61]. Municipal population is the
most influential explanatory variable of waste generation, and is related to the generation
of residual household waste, as highlighted in this proposal from Mexico. In this study, the
variable has a R2 value of 0.985, a strong positive correlation with waste generation, which
affirms the hypothesis that the greater the population, the greater the amount of municipal
solid waste generated [62]. In Austria, a regression model was used to identify and quantify
the differences in the amount of waste collected, based on the waste management data
and socio-economic indicators. Among the indicators assessed, the results identified the
household size, tax revenue, and the share of heated buildings, as the influencing factors
on household waste generation [24].

In Romania, a study evaluates the amount of six residual waste fractions under certain
indicators: number of residents, population age, urban life expectancy, total municipal
solid waste. The results of the regression analysis show that the significant variables are
the population aged 15–59 and the total municipal waste [63]. The municipal population
is the most influential explanatory variable for waste generation, and is positively related
to the generation of residual household waste. Studies point out the importance of this
variable in the formation of waste generation, in fact, and the growth of these indicators go
hand in hand [64,65]. The issue of data is crucial, and the proposal characterizes a territory,
according to a scale over a distinct time period. A later work addresses the characterization
of energy consumption in Reunion, according to population, the latter leads to propose a
classification, by using the methods K-means and silhouette, of energy consumption entities,
in particular, by dividing the territory into different subsets. This principle of sectorization
aims at the implementation of a smart grid, i.e., the application of microstructures of the
proximity of energy production and distribution. This vision feeds the debate on sustainable
cities and neighborhoods, and to support the development of renewable energy [66].
A study proposes to quantify the household waste production, according to the socio-
economic variables in the province of Vizcaya in Spain. Two models have been developed,
the first one considers the whole province and the second one approaches the municipalities,
according to groups. The grouping of observations with similar characteristics within a
cluster by the K-means method improves the results and allows for building more robust
models. The methodology identified the following variables to explain the waste generation:
urban morphology, tourism activity, education level, and economic status [67].

In this approach, the proposed clustering is approached, according to the residual
household waste production data and socio-economic data. The clustering principle reports
a specific arrangement of entities, according to the similar characteristics and thus a different
per capita production. In addition, the so-called strong group has a lower waste generation
than the average group, a difference of about 8 kg. This value provides relevant information
for the implementation of an adapted and localized management strategy. Indeed, for these
communes in transition, specific measures can be applied, such as awareness campaigns
on the waste prevention and sorting. The forecast addresses the production of residual
household waste, in order to provide relevant information for political decision-making.
Scenario 2—SC2 is driven by great ambitions, indeed, the objectives of 2030 provide for a
reduction of 88%, compared to 2015, of the residual household waste. The Regional Council
of Reunion foresees a ratio of 27 kg of residual household waste in 2030. In any case, the
aim of this so-called “zero waste” approach is becoming less likely. In 2019, the production
of residual household waste amounted to 208,196 tons, while the scenario presents a value
of 157,170 tons, a difference of 25%. The General Council of Environment and Sustainable
Development [38] questions this initiative, moreover, the results obtained in the national
territory, in terms of voluntary waste management reach, at best, a ratio of 95 kg, per
capita, per year. The prospective is conditioned in an active approach indeed, besides
the implementation of concrete actions, the objectives are out of reach. The difference in
forecast was about 5% in 2019, that is, an estimated production of 197,126 tons. Scenario
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1—SC1 follows the current trends, the projections are below scenario 3—SC3, in so far as in
2030, the scenarios propose a difference of 36% of the residual household waste production.
Scenario 3—SC3, remains sustainable, in fact, the efforts, in terms of prevention and waste
management, contain the prospective waste fraction. Modeling is carried by an active
approach, both in terms of prevention and on the issues of collection and treatment [38].

In addition to the application of very proactive measures, through the quantities of resid-
ual household waste, the results of the 2017 waste characterization campaign; MODECOM,
on the island propose detour potentials [42]. Indeed, material recovery concerns more than
100 kg per capita in residual household waste. The organic recovery deposit in this waste
fraction represents nearly 100 kg per capita. Finally, the potential for detour, in terms of energy
recovery, is estimated at over 190,000 tons or 250 kg per capita [42].

5. Conclusions

Waste management is an important issue in an insular context. It remains a complex
discipline, especially in such an approach, it appears necessary to develop effective solu-
tions, in terms of waste management. The search for innovative and efficient solutions tends
to contribute to the effort of “refocusing” for the territory. It is part of a local development
policy where the objectives are prevention, reduction, and reuse. The methodology pre-
sented approaches the principle of the communal scale, in the sense that a fine scale brings
a reflection of proximity to the problem. The qualification of lifestyles, the development
of the job market, or the expressions of mobility support the choice and the relevance of
this scale. The approach is defined by the use of a linear regression model and a principal
component analysis, in order to better understand the formation of residual household
waste production in Reunion Island.

The results suggest the arrangement of individuals, in such a way as to consider the
partitioning of the communes of Reunion Island into production groups. The classification
into three groups of different individuals suggests similar profiles of belonging, thus
proposing different contextualized environments. Such an approach addresses intra-class
characteristics, in order to help understand residual household waste production. The
communes being what they are, the approach distinguishes locally the latter, which brings
a reading of the individual specificities characterizing the disparities in exercise in the
territory of Reunion. Thus, the characterization of the forecasting models addresses the
need to partition the territory into a panoply of groups of similar affiliations. In sum, the
methodology partitions the territory into three clusters, where the production of residual
household waste is expressed in the most accurate way. The purpose of the residual
household waste forecast is to inform strategic choices. In view of the issues that will
require important decisions in terms of waste management, the analysis of the results
shows the relevance of the municipal scale. Indeed, the method of estimation R2, by a
classification of the territories, approaches the question of the management of waste, in
order to express answers of proximity, contextualized to the localized problems. To date, the
island is out of step with the national territory, in terms of waste management. Faced with
this situation and the imminent end of the operation of the only two waste storage centers
on Reunion Island, it is essential to turn to a responsible waste management strategy [38].

In perspective, a multi-variate composition of the residual household waste formation,
over the long term, and further research on a finer scale, such as the neighborhood would
provide relevant insight into waste management strategies in Reunion. In fact, the demo-
graphic growth accompanies the increase in the production of residual household waste,
but does not seem to be sufficient to explain it completely.

Problems arise on the island, in terms of dependence or structural factors, and waste
management has become a priority, in order to constitute a healthy environment for the
population on the one hand, and to ensure the preservation of the natural heritage, on the
other hand, and all this in proportions that guarantee the good economic development
of the island. Such an approach is instituted in a whole, where several actors intervene.
Moreover, the question of temporality proposes an opening on the effects of scales, the
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method of clustering is conditioned on a set of data supposed to retranscribe the information
of the moment on the scale of the territory. It would be relevant to consider, especially in
the waste framework, the updating of data on a recurrent dimension, for example, on a
monthly period, in order to distinguish the effects of seasonality.
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