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Abstract: Waste management plans pay attention to municipal solid waste (MSW) collection systems.
It represents a significant portion of waste management as it involves a great economic cost and
environmental impact. For these reasons, many researchers have studied the optimization of collection
routes, analyzing factors that make them more efficient and sustainable, for example, the overall
distance traveled and the time spent on the route. Collection times depend on factors such as the speed
of the truck, time at traffic lights or time spent on loading and unloading the waste. The loading and
unloading times play an important role in the measurement of the total time of the route. Moreover,
there is scarce information in the literature about measuring the real-time spent on the trip. All those
times are necessary to optimize the total route time. However, it is difficult to obtain this information
directly as it depends on parameters such as the type of truck. The aim of this work is to propose
a methodology to define all the times involved in the waste collection process. Once they are well
defined, they have to be measured in some cases or calculated in others. This works also presents
a case study to validate the proposed methodology with an extensive fieldwork to measure those
times that can’t be calculated in the waste collection process. The work presents the results of a study
of the time spent at a collection point in six MSW collection systems using different types of collection
trucks and bin designs. We have determined how the characteristics of the system affect the time
spent at a collection point. Additionally, the times for the six models have been established. Finally,
we have determined the influence of the collection model in the duration of the activity. Under certain
conditions, times can coincide even though the models are different.

Keywords: micro-routing; municipal solid waste; truck; bin; loading time; collection point

1. Introduction

The optimization of municipal solid waste (MSW) collection routes is one of the main aims of
waste management. Reducing the time spent collecting MSW is crucial to improve the service, to
minimize the emission of pollutants into the air, and to reduce the economic cost of the overall waste
management [1-3]. Several factors help to reduce this time, such as the number of waste fractions
collected separately, the type of collection system, the type of trucks and bins, the routes of the trucks,
and so on.

From an economic point of view, some authors showed that economic and political factors affect
the provision of waste management services in different ways [4]. They examined five alternatives
in an area, including public and private service delivery formulas and, within each field, individual
and joint options. They highlighted the importance of the service cost and that of the various
indicators of fiscal stress as factors that determine management decisions. However, the operational
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efficiency, especially when waste is separated into several fractions, also helps to improve collection.
In relation to this, other authors analyzed the waste collection schemes from various perspectives,
including technical, economic, social and environmental [5]. They compared two recyclable packaging
waste collection systems: a mixed collection system, where curbside and drop-off collections were
operated simultaneously (but where the curbside system was introduced after the drop-off system),
and an exclusive drop-off system. Nowadays, monitoring systems provide a wide range of information
that allows waste managers to improve the service. Some authors focused on the relevance of regular
system monitoring as a service assessment tool [6]. They selected and tested a core-set of MSW
collection performance indicators (effective collection distance, collection time, and fuel consumption)
that highlighted collection system strengths and weaknesses and supported pro-active management
decision-making and strategic planning.

Other authors have focused their works on reducing the time spent on waste collection. They tried
to minimize the time required to serve high priority areas while keeping the average expected
performance at a high level. For this reason, they proposed algorithms on both quantitative and
qualitative criteria [7].

The interest in reducing the environmental impact of the collection routes is also present in some
works, for example, to redesign the collection routes and compare the collection options of plastic
waste using eco-efficiency as a performance indicator [8]. Eco-efficiency concerns the trade-off between
environmental impacts, social issues, and costs. They calculated the real distances between locations
with MapPoint.

Another factor to be taken into account to improve waste management, as commented before,
is the type of waste collection systems. In some works, the authors proposed a classification to
identify waste collection systems by means of two trees, one for containers and another for vehicles [9].
They took into account the container design, the container capacity, and operation. In a second part
of the work [10], they developed 12 indicators to characterize the technological aspect of 22 waste
collection systems divided into three groups: container design, container capacity, and operation.

Once the best type of collection system has been defined, the quickest way to reach all the storage
points should be calculated in order to determine the optimum collection route. Nowadays, there
are commercial tools based on geographical information systems (GIS) which help to carry out this
work. ArcGis (Esri), Geomedia (Hexagon Espatial), MapInfo Professional (Pitney Bowes), Global
Mapper (Blue Marble), Manifold GIS (Manifold), Small World (General Electrics), SuperGIS (SuperGEo
Technologies), and AutoCad Map 3D (Autodesk) are some examples of such tools [11] reviewed and
compared various GIS models suggested for solid waste management. However, to determine the time
spent on the route it is essential to know the times involved in each activity carried out on the route. In
fact, some authors, such as [12], introduced multiple trips and drivers’ and crews’ working time into
their models. Some of these times can be calculated with tools such as GIS once certain parameters
of the system are known, such as the distance between collection points, the maximum permitted
speed, etc. However, other times, such as the time spent at a collection point, can only be known from
experimental data and for these cases, there are no sources of information. In this case, authors also
based their method of data retrieval on direct observation [13].

This work presents an experimental study to determine the time spent at a collection point in
six MSW collection systems. It describes the experimental stage carried out to gather information,
provides the values for each model, and discusses how the collection model can affect the length of the
waste loading activity at a collection point. Nowadays, the time spent at a collection is not available
in the references and it is needed to calculate the collection routes duration. We provide the time at
collection points in six MSW collection systems that use different types of bins and trucks. Therefore,
this paper provides valuable information for waste managers thanks to the experimental determination
of the time spent at collection points in a real case. This fact helps to minimize these times and hence to
optimize the waste collection process.
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2. Materials and Methods

2.1. Determination of the Collection Times

A collection itinerary is defined as the trip made by a collection vehicle from the exit point at
the garage to the final depot point. Collection usually starts at the collection enterprise’s facilities,
which is the meeting point of trucks and operators. When the working teams have been organized and
a truck has been assigned, the first activity starts, namely, traveling to the first collection point. In this
first step, there is no waste inside the truck. The waste loading starts when the truck reaches the first
collection point. In this step, the bins are emptied into the truck. When the truck is full or the working
day is over this step finishes and the transportation of waste to the depot point takes place (transfer
station, treatment plant or landfill). In this facility, the truck stays for as long as is needed to unload
the MSW. Once the waste has been unloaded, if the working day is over, the operators go back to the
facility and if there is enough time, they carry out another loading cycle. The Route (R) is the distance
covered by the truck on a working day. It may include one or more itineraries.

The time spent on an itinerary can be expressed by Equation (1):

Ty=Te+ T+ Ty + Tg (€))

where:

Tjt is the time spent on an itinerary (minutes)
T is the transport time (minutes)

T is the loading time (minutes)

Ty is the unloading time (minutes)

T4 is the dead time (minutes)

The transport time (T}) is the time spent on the journeys made by the truck (with the truck full of
waste or empty) that is needed to complete the itinerary. The journey can include roads and streets
inside the town. For this reason, the speed of the truck can vary. The fact that the truck could be
full or empty can also affect the speed of the truck. Therefore, to determine the transport time it will
be essential to know the conditions of the truck and the characteristics of the route, such as speed
limitations. Times can be easily calculated with a GIS tool.

The unloading time (Ty) is the time spent at the waste unloading point, which can be a transfer
station, a treatment plant or a landfill. The T,, depends on the waiting time in some of those places.
In the peak hours, when there is a large influx of trucks, the time could be long. In this case, operators
can have their rest time. To plan integral management of MSW, it is important to consider this time and
try to size the installations (weight zone, emptying zone, etc.) to make this time as short as possible.

The dead time (Ty) is the time spent by the operators on having a rest. As mentioned earlier,
operators can use the waiting times at the unloading points to take a rest.

The loading time (1) is the time spent on emptying the bins into the truck. It depends on
the characteristics of the MSW collection system, in other words, waste pre-collection (bin size,
emptying type, etc.) and collection (type of truck, manual or mechanical loading, compressing or
non-compressing box, etc.) and the work zone (broad or narrow streets, etc.). All these reasons make
this time difficult to calculate. It is even more complicated in those cases where the bag owner takes
the trash out to the street because the number of bags to be collected has to be estimated, as not all the
owners take them out on the collection day.

Taking into account that the truck will always stop at each collection point, the T} can be calculated

with Equation (2):
Tl:Zg\IPl Tcpi""zzip{l Tbcpi (2)

where:
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Tcp is the time spent at a collection point (minutes)

Tpep is the time between two collection points (minutes)

NP is the number of collection points

NP — 1 is the number of sections between two collection points

Consequently, to obtain T}, the value of NP, Tp;, and Tpp; should be known.

Tpep can be calculated from knowing the distance between storage points, the maximum
permissible speed, and the power of the truck. To calculate T, it will be essential to know the
number of bins at each storage point, the bin characteristics (size, emptying type, etc.), the type of
truck used, and the existence of waste overflow. Obtaining this kind of information is difficult and so it
will be crucial to have experimental data.

2.2. Experimental Determination of Ty

In this experimental work, T, values have been determined for six MSW collection systems.
The methodology used involves the following steps:

1)  Description of the MSW collection system of the studied zone.
2)  Design of the micro-routing experience.

3) Data collection.

4)  Analyses of the data.

2.2.1. Description of the MSW Collection Systems of the Studied Zone

First of all, it will be necessary to know the characteristics of the MSW collection system and the
number of selective collection systems. For each waste fraction collected selectively it will be necessary
to know the storage level (door-to-door, curbside bins, drop-off sites, etc.), the location of the collection
points, the number of bins per collection point, the characteristics of the bins, the collection routes, the
characteristics of the truck, the characteristics of the work team, and the description of the emptying of
the bins. As a conclusion, the number of options of MSW collection systems in the studied zone will be
determined. Each option will have its own Tep.

The study zone in our research is the town of Burriana, a medium-sized town located on
the east coast of Spain. The municipality has two urban areas: the town and the seaport area.
It has 35,598 inhabitants distributed over 47 km?. This fact means that the population density is
757.4 inhab/km?. In this town, people separate the waste into four fractions: mixed waste (bio-waste
and reject), paper and cardboard, light-packaging (beverages cartons, plastic, and cans), and glass.
The mixed waste fraction is collected in different itineraries depending on the zone, the type of truck,
and the type of bin. This is a quiet town, which does not have much traffic at collection time and few
traffic lights.

The fieldwork analyzes the collection of the mixed waste fraction, the paper/cardboard fraction,
and the light-packaging fraction. Citizens throw the mixed fraction into curbside bins and underground
bins. Some of the curbside bins need a sideloading truck while others need a back-loading truck.
Citizens place the paper/cardboard fraction and the light-packaging fraction in drop-off bins. The bins
used in this case are of both the surface and the underground type. To unload the bins, there are
different types of trucks. Table 1 shows the truck model for each type of bin.

In this town, six different MSW collection systems were studied (Table 1). S1, S2, S3, and S4 are
the mixed waste fraction collection systems, S5 is the paper/cardboard collection system, and S6 is
the light-packaging collection system. Table 1 shows the characteristics of each system: the type of
truck and work team, the number of points per system, the number of bins at the collection point, and
the volume of the bins. Systems S1 and S2 have a greater number of points because they are widely
established in Burriana.
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Table 1. Characteristics of the micro-routing.

MSW Wast Bin Volume Bin T Truck Volume Truck T Workers Number Number
System aste (m®) ype (m®) uck lype per Team of Points of Bins
s1 Mixed 24 surface 2 Automatic 1 107 107

sideloading
2 Mixed 3 surface 2 Automatic 1 169 169
sideloading
. Automatic
S3 Mixed 3 underground 7 . 1 29 29
crane loading
S4 Mixed 1.1 surface 16 Backloading 3 130 223
S5.1 Paper/cardboard 3 underground 7 Automat}c 1 15 15
crane loading
S5.2 Paper/cardboard 3 surface 7 Automat.m 1 57 57
crane loading
. X Automatic
S6.1 Light-packaging 3 underground 7 crane loading 1 15 15
. . Automatic
56.2 Light-packaging 3 surface 7 1 65 65

crane loading

Figure 1 shows the types of bins used in Burriana and Figure 2 the types of trucks.

(a) Mixed surface bin (1.1 m?). Backloading

o ' i

“-rrrTI !ET_:

(c) Mixed surface bins (2.4 and 3 m3).
Automatic sideloading.

(b) Light packaging underground bin (3 m3).
Automatic crane loading.

(d) Paper/cardboard surface bins (3 m?3).
Automatic crane loading.

Figure 1. Types of bins.
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(b) Automatic sideloading truck.

LA

(¢) Automatic crane loading truck.

Figure 2. Types of trucks.
2.2.2. Design of the Micro-routing Experiment

The second step is to design the micro-routing experiment. Micro-routing is an experimental
work based on measuring the collection data of each collection point: the number of bins per collection
point, the time spent at a collection point (Tcp), the overflowed points, etc. Data acquisition can be
performed from a vehicle following the truck throughout its journey or from inside the truck, with
someone accompanying the driver.

To make T, statistically representative of the MSW collection system, a minimum number of
points should be measured in the micro-routing.

The minimum number of points to be measured can be calculated using Equation (3).

o (ta;ngl-VC )2 )

where:

n is the number of points to be measured and ty,—; is the deviation of the mean value accepted to
reach a confidence level (1 — x). It is expressed by the confidence coefficient of the
for a level of statistical significance “«” and n — 1 degrees of freedom. For a 95% confidence level, “t”
is 1.96.

//tll

distribution

VC: Variation coefficient (expressed as a decimal)

¢ is the maximum error (expressed as a decimal)

To calculate n in Equation (3), the mean value and the VC of T, should be previously known for
each MSW collection system. In this case, there were no previous studies on any of the MSW collection
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systems. Therefore, all the points on all the collection routes of each MSW collection system were
measured. Afterward, the assumed error was determined.

2.2.3. Data Collection

The procedure employed to acquire data consists of following the collection trucks during an
itinerary to note down the times. A field sheet with the following data was drawn up:

e Identification of the route: path followed by the truck in the MSW collection process.

e Time spent at the collection point (T¢p): Time stopped at a point. It is used to place the bins next
to the truck, to empty the bins, and to return them to their point of origin.

e  Number of bins per point.

e  Number of points with overflows: This is the number of points with waste outside the bin.

e  Number of empty bins.

In total, eight micro-routings were carried out, two of them for S1, two for the S2, and one for
each of the other systems 53, 54, S5, and S6.

2.2.4. Analyses of the Data

Finally, from these data and their analyses, the following information can be extracted:

e  Average time at the collection point (Tcpa): This is the average time of all the T¢p in an MSW
collection system.

e T growth coefficient (Cg): This shows the relation between the Tcpa of the points with more than
one bin and the collection points which only have one bin.

e  Opverflow coefficient (C,): This shows the relation between the Tcpa of all the overflowed points
and the Tcpa of all the points (C, = Tcpa overflowed/ Tcpa total points)'

Statistical tests were carried out to evaluate differences between data sets regarding their central
tendencies (means) and variances. The following tests were applied:

e  Shapiro-Wilk test: Test for normal distribution (required to decide which subsequent statistical
test to use, e.g., t-test, Kruskal-Wallis test).

e Levene test: Test for homogeneity of variances (required to decide which subsequent statistical
test to use, e.g., t-test, Welch-Test).

e t-test for two independent samples: Test to corroborate the difference between two means. It is
used when data follow a normal distribution and their variances are the same.

e  Wilcoxon test: This is a test to assess the difference between two means when data do not follow a
normal distribution and their variances are different (non-parametric test).

e  ANOVA: This is a test that allows more than two means to be compared and verifies whether there
are differences among several samples. It is used when data follow a normal distribution and they
have the same variances. The Tukey post-hoc test was used to perform multiple comparisons by
pairs and to identify which means are different.

e  Kruskal-Wallis test: This is used to compare two samples. It is a non-parametric test. It is applied
when there is evidence that the variances of the data-sets are unequal and the data are not normally
distributed. To perform multiple comparisons by pairs and to identify which means are different,
the Dunn post-hoc test has been used.

All the tests were carried out using the program R. A level of significance («) of 0.05 was considered.

3. Results and Discussion

Table 2 presents the results of the six systems mentioned earlier. Each collection point has one bin,
except for system S4, which is made up of collection points with one or two bins. Therefore, in this
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case, the points with one bin and the points with two bins were analyzed separately. In Table 2, the
term (n) refers to the number of collection points and the term (n’) is the number of collection points
that need to be measured in order to assume an error of 10% in Equation (3).

The T, measured at each point of the micro-routing experiences were recorded in a database.
For each system, the points were classified into two data sets, depending on whether overflow occurred
or not. The empty collection points were discarded.

Table 2. Results of the micro-routing.

Tcpa not Overflowed (s) Tcpa with Overflow (s) .
- Bins Empty C
Mean vC o n Mean vC Over-Flowed (%) Bins o
System o g e B eziom M @ )
S1 97 39.72 6.76 1.35 7 9 78.78 29.46 8.41 1 1.98
S2 150 40.12 9.62 1.54 14 22 67.37 24.93 12.79 0 1.53
S3 23 108.65 15.83 6.47 10 1 175 3.45 5 1.61
S4-1b
. 58 41.95 30.97 7.97 37 2 79.00 37.59 2.90 9 1.88
(1 bin)
84_.2]3 30 7353 3524 12.61 48 0 0.00 0 -
(2 bins)
S5.1 11 100.09 12.49 7.38 6 1 125.00 6.67 3 1.25
S5.2 43 10126  19.94 5.96 15 1 280.00 1.75 13 2.77
S6.1 11 98.73 12.49 7.38 6 1 125.00 6.67 3 1.27
S6.2 45 97.91 22.36 6.53 19 2 140.00 3.08 18 143

3.1. Minimum Sample Size

Equation (3) was used to determine the minimum sample size. Taking into account a confidence
level of 95% and that data follow a normal distribution, the assumed error (¢) in each dataset (T¢p) of
each collection system was calculated (Table 2).

Some authors [14] considered that an error of 10% can be assumed, which seems tolerable for
sampling in the waste disposal industry. Table 2 shows that in all the systems, except for system
S4-2b, the number of points studied (n) is higher than the number of points strictly necessary when the
assumed error is 10% (n”). In system S4-2b, the assumed error was 12.61%, although as there are no
more points to measure, it has not been possible to reduce it. Thus, it can be considered that the nine
experiments are statistically representative, taking into account a confidence level of 95% and the error
shown in Table 2.

3.2. General Analysis of the MSW Collection Systems

Results in Table 2 show that in some systems the number of bins at the collection points is
satisfactory, which is the case of S1, 53, S4-1b, S4-2b, 55.2, and S6.2, as the percentage of overflowed bins
is low. Another result extracted from the micro-routing was the identification of a higher percentage
of overflowed bins in systems S5.1 and S6.1 than in S5.2 and S6.2. This is due to the fact that these
systems have underground bins, which have a small mouth, and this means that citizens drop big
light-packaging bags and the big pieces of cardboard outside the bin. System S2 has a high percentage
of overflowed points due to the lack of bins at some collection points.

The overflowed points create serious problems for waste management, such as the emergence of
vectors like rodents or flies in the streets, a bad image of the town as the waste dirties the sidewalks,
and they entail a loss of efficiency in the waste collection as the operators have to drop the bags into the
truck manually. For all these reasons, choosing a correct bin design and determining the appropriate
number of bins for each collection point are two important tasks.
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The micro-routing also detected some collection points with empty bins. These points appear
in zones with a low density of population. Consequently, the collection service should review the
location of these bins.

3.3. Analysis of Tcp in the Non-Overflowed Points

To analyze the data of the micro-routing, the statistical data of central tendency (mean) and their
variability (standard deviation and variation coefficient) were calculated (Table 2). The chart in Figure 3
shows an initial descriptive statistical analysis of the results.

o o
o
2 4 o
- o
¥ o :
a 27
o 1
= 1
' - T 4
@ |
o 1
% - é g
— — E
| s—]
)
T T T T T T T T T
51 S2 33 54-1b 54-2b 551 852 56.1 56.2

MSW collection system

Figure 3. T, in each municipal solid waste (MSW) collection system.

When the aim is to compare the Tcpa of the different MSW collection systems, it is important to
determine whether the differences and similarities that appear in Table 2 are statistically significant.

A contrast of hypothesis was carried out comparing their means through an ANOVA test of factor.
This test makes it possible to know, on the one hand, whether the differences among several samples
are true and, therefore, they belong to different populations or, on the other hand, whether it can be
said that the differences are so small that they appear randomly and, for this reason, they belong to the
same population.

After verifying the assumption of homogeneity of variances with the Levene and normality tests,
the Q-Q Normal plot (the diagnostic graph of ANOVA) showed that the data set did not follow a normal
distribution and that they had different variances. Therefore, instead of using a parametric test like the
ANOVA test, its equivalent Kruskal-Wallis non-parametric test was used. This test was applied with
a 95% confidence level (« = 0.05). Table 3 shows the contrast data for multiple comparisons by pairs
(Dunn post-hoc test) and their associated p-value.
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Table 3. Dunn test results: p-value of multiple comparisons.

S1 S2 S3 S4-1b $4-2b S5.1 S5.2 S6.1 S6.2

S1 0.942 <0.001 0.978 <0.001 <0.001 <0.001 <0.001 <0.001

S2 <0.001 0.993 <0.001 <0.001 <0.001 <0.001 <0.001
S3 ** ** <0.001 0.043 0.955 0.734 0.912 0.525

S4-1b ** <0.001 <0.001 <0.001 <0.001 <0.001
54-2b x* ** * ** 0.258 0.095 0.287 0.166
S5.1 ** ** * 0.966 0.973 0.902
S5.2 ** ** * 0.980 0.925
S6.1 x* ** ** 0.949

56.2 . *x -

** large significant differences, p-value < 0.01; * medium significant differences, p-value between 0.01 and 0.05; () no
significant differences, p-value higher than 0.05.

As an important conclusion, it can be said that the Tcpa of S1, S2 and S4-1b are different from the
Tepa values of S3, S4-2b, 55.1, 55.2, S6.1 and S6.2 (p < 0.05). It can also be stated that Tcp, in S3 and
S4-b2 are different (p < 0.05).

By analyzing the data, the following results can be extracted:

e  MSW collection systems S1 and S2 present a Tcpa of 39.70 s and 40.12 s, respectively. From the
statistical point of view, no differences were detected in their mean values as it can be considered
that both datasets belong to the same population and they have the same means (Table 3).
Both systems also present a low VC in Tcpa. This information appears in Figure 3, as the dataset
is accumulated around the median. Both facts mean that there is little dispersion in the T
values, in other words, this value hardly varies. Therefore, this confirms that the automatic lateral
emptying time is similar at all the collection points.

e System S3 presents a Tcpa of 108.65 s. Its Tcpa is higher than the Tepa of S1 and S2 (Table 3),
although they collect the same type of waste and have the same bin volume. The difference
is due to the fact that unloading a surface bin with an automatic side system is faster than
unloading the underground bins emptied with a hook. This fact results in an economic saving in
collection management.

e Insystem S4, 1.1 m® bins and back-loading trucks are used. In this case, at the collection points
that have one bin, Tcpa is 41.95 s and at the points, with two bins the Tcpa is 73.53 s. Table 3 also
shows that these values are statistically different. However, the time spent at the points that have
two bins is not twice the time spent at points with one bin (Cg is 1.73). This is due to the fact
that while a bin is being unloaded into the truck, the employees move the other bin next to the
truck. Moreover, 54-1 and S4-2b present a high VC (this is also supported by Figure 3, where the
first and third quartiles are more distant). This fact means that there is a high dispersion and,
consequently, there are great differences in the T¢p of the collection points. Therefore, the average
is less representative of all the points. This happens because the distance between the bins and the
truck is not the same at all the collection points. Hence, it can be said that the emptying time in
the mechanical backloading of the 1.1 m3 bins varies even more from one point to another than in
the automatic side-loading case.

e  The sub-system S4-1b presents a Tpa of 41.95 s. There are no statistical differences between Tepa
in the automatic sideloading of mixed waste bins (2.4 or 3 m3, in S1 and S2) and the backloading
at points with only one bin (1.1 m® in S4-1b). This fact entails economic advantages of the
automatic sideloading of the 2.4-3 m® bins over the automatic back-loading collection of the 1.1 m3
bins. [15] established that S4 collection efficiency was 4-8t/operator-route and S1 efficiency was
14t/operator-route, which means greater efficiency in automatic sideloading than in backloading.

e  MSW collection systems S3, S5.1, S5.2, 56.1, and S6.2 present similar Tcpa values of between
97.91 s and 108.65 s. From the statistical point of view there are no significant differences, as
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stated in Table 3. Despite unloading different materials (mixed waste, paper/cardboard, and light
packaging) and using different types of bins (surface and underground bins) the time spent on
unloading the waste is similar in all the cases. This is due to the fact that they are using the same
type of truck and the way of emptying takes precedence over the type of bin used.

The VC is high in the four cases and the first and third quartiles in Figure 3 are far from the median.
In these systems, the truck uses a hook to unload the bin. The driver has to elevate the bin to the upper
part of the truck box and afterward the bin is unloaded through its bottom part. The quantity of waste
in the bin affects this maneuver, and so a greater amount of waste implies higher unloading times and
higher data variability. It is also important to remark that there are some differences depending on the
type of bin. In the case of surface bins, VC is higher than in the underground bins. This is explained by
the fact that the unloading time in the underground bins is more constant and stable than in the case
of the surface bins. Figure 3 confirms this, as it shows that S5.2 and 56.2 have longer whiskers and
a greater number of atypical values.

3.4. Tep According to the MSW Collection System

Based on the results of the statistical analysis, the average Tcp has been recalculated. For this
purpose, the data of the micro-routing with no differences have been grouped (Table 4). The following
groups were obtained:

e  Mixed waste collection system with one surface bin per point and backloading or automatic
sideloading (S1, S2, and S4-1b)
e  Mixed waste collection system with two surface bins per point and backloading (S4-2b)

e  Mixed waste, paper/cardboard or light-packaging waste collection system with automatic crane
loading for both surface and underground bins (S3, S5.1, 55.2, 56.1, and 56.2)

Table 4 shows a T, that can be used in Equation (2) to calculate the time of a route if it is similar
to any of the six MSW collection systems studied in this work.

Table 4. T¢p per type of MSW collection system.

MSW Collection System Tep ()
System Waste Bin (X(: 31 )u me Bin Type Truck Type Mean vC
S1 Mixed 2.4 Surface Automa‘tlc
sideloading
S2 Mixed 3 Surface Automa.t ' 40.34 1.60
sideloading
S4-1b . .
(1 bin) Mixed 1.1 Surface Backloading
54_.2b Mixed 11 Surface Backloading 73.53 35.24
(2 bins)
. Automatic crane
S3 Mixed 3 Underground .
loading
55.1 Paper/cardboard 3 Underground Automat}c crane
loading
55.2 Paper/cardboard 3 Surface Automat}c crane 10110 19.18
loading
S6.1 Light-packagin 3 Underground ~ ‘*Utomatic crane
. ght-packaging ergrou loading
. . Automatic crane
56.2 Light-packaging 3 Surface

loading
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3.5. Effect of the Overloaded Bins at the Collection Points

Another aim of this work was to study the effect of the overflowed bins on Tp. Table 2 shows
that in all the systems the Tcpa value of the overflowed points is higher than in the non-overflowed
points, C, varies between 1.27 and 2.77. Ref. [15] studied C, in other Spanish towns, obtaining values
between 1.4 and 2.4. A collection system without overflowed points provides important savings in
collection time.

As mentioned before, to determine whether the differences in Tcp, are real, a previous statistical
study is needed. In this case, as the number of data (n) of T¢p at overflowed points for the micro-routings
S3,541-b, 55.2,56.1, and 56.2 was too low (Table 2), the statistical analysis could only be performed in the
micro-routings S1 and S2. Using the Shapiro-Wilk test for each micro-routing, data from both samples
(Tep with and without overflowed points) were tested to determine whether they were consistent with
anormal distribution. The results showed that S1 and S2 were not consistent with a normal distribution
and, consequently, we could not compare the mean values with a t-test (parametric). Instead, its
analogous non-parametric test, the Wilcoxon test, should be used. Table 5 shows the contrast values
obtained after using the Wilcoxon test for each micro-routing (confidence level of 95%, « = 0.05) and
the p-values.

Table 5. Results of the Wilcoxon Test for each micro-routing.

Micro-Routing W p-Value
S1 0 <0.001
S2 113 <0.001

In both systems, the emptying time without overflowed points is different from the emptying
time with overflowed points (p < 0.05).

Finally, this work that has analyzed the MSW collection system of the town of Burriana is useful
to establish recommendations to the authorities to adopt a set of policies in the medium and long
term to improve the functioning of the system. In the short-term, a set of low-cost measures can be
established such as to introduce more bins or to vary the collection frequency of those routes with
an elevated percentage of overflows and to eliminate the bins that are not used by the citizens. In the
long term, with higher investments, we propose to change the design of the mouth of the underground
bins of light packaging and paper and cardboard, to substitute the automatic crane loading bins by
automatic sideloading bins and in those zones where the visual impact is not important, to change the
underground bins by sideloading bins.

Underground bins have a minor visual impact but the time spent in unloading them is higher
than the time spent unloading conventional bins. It is important not to use them in unnecessary places.
The time spent in unloading bins of 1.1 m? is the same that for unloading 2.4 m? bins.

In each city, the authorities that need to establish or modify a MSW collection system, should
analyze the characteristics of the town (to identify the touristic or historic zones, the narrow streets, etc.)
and to choose the correct type of truck and bin (size and design) that allow them to obtain the lowest
Tep. This work shows the values of T¢p, for different collection models. It is also important to provide
enough bins to avoid overflows. These measures will avoid unnecessary costs. The MSW collection
system represents an important part of the economic and environmental in the MSW collection

For all these reasons, choosing the correct bin design and determining the appropriate number of
bins for each collection point are two important tasks.

4. Conclusions

The time spent on a collection itinerary is the sum of the times spent on carrying out all the
activities included in that itinerary. All of them can be estimated directly by knowing the variables
involved in the collection time (maximum speed of the truck, speed limitations, waiting time at the
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treatment plant, rest time, etc.) except for Tc, which is considered an experimental parameter as its
value is obtained from experimental data.

This paper provides valuable information for waste managers due to the experimental
determination of the Ty in real cases. Tcp has been determined for six different types of waste collection,
where three waste fractions are combined (mixed waste, paper/cardboard, and light-packaging) and
three collection methods (automatic sideloading, automatic crane loading, and backloading) and four
types of bins are used. All these cases cover the majority of the collection alternatives used in Europe.

The main conclusion is that the waste pre-collection (size and type of bin and the emptying
system), the collection (type of truck, waste overflows, and number of bins per collection point), and the
characteristics of the zone (distance between the bin and the truck) all affect the T, value. As a result
of the experimental data, we have obtained T, for different types of MSW collection systems.

Other conclusions that have been extracted are referred to as the influence of the bin size, the type
of bin, the emptying system, the number of bins at the collection point or the distances between the
truck and the bin on Tep,

In reference to the bin size, it has been demonstrated that this does not affect T}, in the case of
surface bins and back- or sideloading trucks (51, S2, and S4-1b).

The type of bin (surface or underground) does not affect the Tc, when the truck has an automatic
crane loading (S3, S5.1, 5.2, 56.1, and S6.2). Underground bins have a lower visual impact but their
installation and maintenance are more expensive.

With regard to the emptying system, it has been demonstrated that the surface bins emptied from
their lower part have a greater T, than the bins emptied from its side (52, S5.2, and 56.2).

The systems that use backloading and automatic sideloading have the same T, regardless of the
size of the bin.

It has also been demonstrated that when there are two bins at the same collection point, T¢p is not
twice as much as when there is only one bin. However, if there are a lot of points with two or more
bins, it is advisable to change to system 1.

Waste overflows increase T¢p significantly and, consequently, to calculate Tj; the appropriate
number of bins per point should be defined to avoid overflows, otherwise, the real T;; will be greater
than the calculated value and the MSW collection system will have been wrongly sized.

Taking into account the characteristics of the zone, it has been proven that when there are varying
distances from the bin to the truck, T¢p has a greater CV (S4-1b and S4-2b) and it becomes more difficult
to calculate Tj;.

Coefficients C, and Cg have been defined. These coefficients can help to better understand the
collection process and to improve it. C, determines the increase in T¢p due to the overflowed collection
points. Determining Cg helps to know whether the economy of scale can be achieved in the emptying
times at points with more than one bin.

Regarding the study case, the micro-routing work has also allowed us to study the current state of
the selective collection in the town of Burriana and it has been useful to propose corrective measures.

Finally, the authors believe that this work makes a contribution to the field of waste management
as it is an advantageous tool for technical staff, allowing them to design and improve the waste
collection system of a town.
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