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Abstract: Municipal solid waste collection must reach the recycling rates required by new regulations,
like with the introduction of new bins to collect the organic fraction. The filling pattern of those bins is
unknown, and the collection frequency and collection routes can change. Sensors can help to identify
the filling degree and to reorganize the waste collection routes. Yet, equipping all the bins with new
technologies can represent a significant amount of money for enterprises and public authorities. The
aim of this work is to analyze the use of sensors in waste collection systems where the collection
frequency is high. Bins from two zones of a town (a residential and a commercial zone) were selected,
and a volumetric sensor was installed to study the filling pattern. In the first scenario, the organic
fraction and the mixed waste bin were monitored. In the second experiment, data from mixed waste
bins were recorded during two days of the week. Results show that the filling degree pattern is
similar in all the cases and that citizens do not respect the recommended times for taking their waste
out. Additionally, the cost of the sensors represents a significant amount for a medium-sized town.
Although sensors can provide a great amount of information, it is not necessary to install them in
all the bins but only at the points to be analyzed. This work proposes a new way to use sensors to
validate and calibrate the containerization network of a town with a high collection frequency.

Keywords: sensor; municipal solid waste; collection; Internet of Things; management; disposal

1. Introduction

Municipal Solid Waste (MSW) management challenges are continuously arising due
to the concentration of people in the cities and the increase in the waste generation ratio.
The MSW collection and its transportation represent the greatest part of the total cost of
modern MSW management systems. In fact, economies of scale and the cost drivers differ
across the types of waste [1]. Waste collection and transport can generate up to 70% of
the total costs of the system. Additionally, recycling implies additional costs for separated
MSW collection as more bins and routes must be considered. For example, the European
Union (EU), according to Directive 2018/851/UE [2], requires member States to introduce
the selective collection of certain types of waste, including biowaste before 2023 as it is a
dominant fraction of the MSW.

Therefore, the separate collection at source and environmentally sound treatment
of biowaste are of key importance [3]. The cost factor thus represents a challenge for
enterprises. Therefore, public authorities and researchers need to calculate and reduce
this cost. In this regard, some authors proposed and implemented a management tool to
calculate the full collection costs of different types of waste and different waste collection
schemes, respectively [4,5].

Waste collection is also an important source of greenhouse gas and noise emissions
in the cities as the separate collection of the MSW increases the number of bins and
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consequently the number of trucks needed to collect it. For these reasons, public authorities
and collection enterprises must intensify their efforts to improve waste collection to make it
more efficient and environmentally sustainable. Moreover, Directive (EU) 2019/1161 of the
European Parliament and of the Council of 20 June 2019 amending Directive 2009/33/EC
on the promotion of clean and energy-efficient road transport vehicles [6] include lower
emission limits for the vehicles that will be decisive in choosing the collection mode
of transport.

From the emissions point of view, diesel refuse trucks have the worst fuel economy
of on-road highway vehicles. Measurements of their fuel use and emissions showed that
trash collection contributed 70-80% of total fuel use and emissions [7].

Other studies proposed models to predict future fuel consumption and greenhouse
gas emissions in waste collection based on projected population, waste generation, and
distance to transfer stations and landfills. They stated that greenhouse gas emissions can
be reduced by decreasing the number of trips and trip distances, building more transfer
stations around the city, and making sure that the collection trucks are full on each trip [8].
But waste collection emissions do not only represent a problem in populated areas. In
low-density areas, the travel distances are often longer than in big cities, and sometimes,
the amount of waste collected is small; therefore, the journey becomes inefficient. To reduce
air pollutant emissions (CO,, CO, HC, NOx, and PM) formed in low-density areas during
the waste collection, a truck that can collect different waste types should be used. Another
measure can be to replace the door-to-door collection system with a waste collection point in
a village or a waste station in the center of a municipality [9] or to use electric vehicles [10].
Results suggested that using a fleet of electric vehicles in waste collection operations will
help reduce the total travel costs and harmful gas emissions.

In waste collection, it is crucial to define efficient collection routes to reduce emissions
and save time. In other words, collection routes must be more sustainable to prevent
trucks from traveling to collect empty or half-empty bins. This is a waste of resources
since MSW bins are emptied even though they are only half-full, and vehicle fuel is used
unnecessarily. High costs and poor effectiveness are the two main problems with smart
city MSW collection [11]. A practice to improve waste collection management, which has
been in full expansion in recent years, is the use of the Internet of Things (IoT), a tool
that is widely applied in other fields. A review concluded that its implementation plays
a significant role in minimizing the negative impact of waste on the environment [12].
When a bin is full, waste spills out from the bin and becomes a serious health hazard to
the surrounding environment [13]. A common practice in this field is to install a sensor to
determine the filling degree of the bin, which is connected to a platform that shows and
saves all the data every day. In some cases, data like the level of waste in the garbage bin can
also be sent in real time via SMS to alert the corresponding local authority [14]. The waste
collection authority can therefore view and analyze the unfilled level of each bin using
a smart graphical user interface. Al Mamun et al. [15] designed a monitoring system by
integrating different sensing and communication technologies. The first segment consisted
of bins with a sensor node installed in them, the second segment contained the gateways,
and the third segment was the base station. The sensor nodes measured and transmitted
the waste conditions such as waste level, weight, temperature, and humidity inside the bin
every time it was accessed. Ramson et al. [16] developed a bin-level monitoring system, the
life expectancy of which was estimated to be approximately 434 days, and the maximum
transmission distance was 119 m.

Melakessou et al. [17] analyzed, together with a company offering a business waste
collection service, data collected from ultrasonic sensors deployed in almost 50 different
containers to measure fill levels in Luxembourg. They started with company-owned
historical data and then investigated GPS information from tracking devices positioned on
collection trucks to analyze the potential to change this business operation. Vishnu et al. [18]
proposed an IoT-enabled solid waste management system for smart cities to overcome the
limitations of traditional MSW management systems. Their architecture consisted of two
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types of end sensor nodes to measure the level of the trash bin that remained unfilled along
with its location data. To validate the architecture, they conducted experiments with 16
trash bins equipped with different technologies.

In this regard, smart waste collection strategies have been developed to replace con-
ventional fixed routes with dynamic systems that respond to the actual fill level of waste
bins. In some cases, knowledge-based decision-making algorithms have been developed to
select the bins that require collection based on previous data. Abdallah et al. [19] validated
a smart system using waste generation data from their study area, and it lowered collection
trip times by 18 to 42% compared to the conventional service.

The smart bin can also reduce human effort, time, and intervention. Replacing the
traditional waste bin with a smart waste bin helps to achieve efficient management of waste
by ensuring that full waste bins are emptied when a preset value is exceeded. This also
helps reduce the time spent on checking the status of the waste bin and the number of trips
made by the waste collection vehicle, and the total expenditure associated with collection is
minimized [20]. The vehicle route optimization combined with waste collection scheduling
using previous data on the filling rate of each container individually can help to establish
the daily circuits of collection points to be visited, which is more realistic than the usual
assumption of a single average fill-up rate common to all the containers in the system [21].

Most of the authors used sensors to measure the level of garbage, but in some cases,
additional variables were measured. For example, Sarc et al. [22] developed “smart bins”
with sensors for material detection or level measurement, methods for digital image anal-
ysis, and new business models. Yogamoorthi et al. [23] monitored the excess of garbage
and the moisture in the garbage bin, and Debajyoti et al. [24] checked various smelly gases.
Another use of the IoT in the waste management field is to decrease the human labor
required by the traditional methods of garbage disposal. Wen-Tsai et al. [25] proposed
a smart waste bin that could move itself by using ultrasonic sensors and a web camera,
which served as its “eyes”. Finally, it can be useful to make the waste collection process
more transparent and to get citizens involved in the waste collection, as the smart systems
can allow them to access information about the public waste bins through a website or a
mobile application [26].

In this study, sensors were used to control the filling degree of the bins. Controlling
this filling degree may be useful to reorganize the waste collection routes. The time to
collect a certain bin or the start time of waste collection may change as well as the travel
itinerary of the truck. The aim is, in any case, to improve the service and make it more
efficient. As outlined before, the use of sensors in the bins has several practical and useful
applications to reduce greenhouse emissions by optimizing the amount of waste collected at
the collection points and minimizing the collection distances and emissions. It is extremely
useful in collection systems with big bins (3 m3 or even larger), located in rural areas,
where the bin-filling time is high and, consequently, the collection frequency is low (once
a week, 1/7, or once every two weeks, 1/14), as is the case of big bins used to collect
glass or used clothes. In these cases, the bin-filling becomes more variable and causes
different filling patterns among the bins. The implementation of sensors can allow those
bins that have been randomly filled in the first place to be collected before they are too full
to avoid spillage.

However, the massive use of volumetric sensors in waste collection raises the issue
of the degree of improvement in the collection process. For example, if all the bins have
a regular filling pattern, it will be possible to predict the amount of waste deposited in
the bin depending on the time between two consecutive collections without the need for a
massive deployment of sensors. These predictable patterns can occur in those cases where
the filling, and consequently, the emptying of bins has a high frequency, 6/7 or 7/7. In this
case, IoT can be very useful to calibrate the new collection systems, to recalculate the routes
or to propose new collection frequencies, in other words, to check that the initial planning
calculations are correct and, if not, to correct them. The bibliographic review presented in
this research work found no evidence of any work using sensors in this regard. Therefore,
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it was interesting to carry out an experiment to demonstrate the usefulness of sensors in
the design of MSW collection systems.

This work has two main objectives: On the one hand, to demonstrate that in the waste
collection systems with a high collection frequency (7/7), the volumetric sensors are not
needed to control the filling degree of the bins as they have a fixed filling pattern. On the
other hand, volumetric sensors can be used to calibrate a new collection system with a high
collection frequency. They can be useful to determine a new spatial distribution of the bins
without overfilled bins.

In the case study, volumetric sensors were used to analyze the implementation of a
new separate biowaste collection system and to test the operation of a collection system in
a Spanish town. Sensors can play an important role in analyzing the pattern of the filling
degree of bins in both collection systems. Consequently, this work proposes the use of
sensors to analyze the pattern of the filling degree of a new collection system to calibrate
the system and adjust the collection points that are not well dimensioned.

2. Methodology
The methodology used followed these five steps:

Description of the waste collection system of the town;
Selection and implementation of monitoring devices;
Design of the experiment;

Practical experiment;

Analysis of the main results and conclusions.

AR

2.1. Description of the Waste Collection System in Valencia

The practical experiment was carried out in Valencia, a medium-sized city located on
the east coast of Spain with 800,180 inhabitants in 2021. The main economic activities in
the town are commerce and services (66.7%), professions and arts (30.0%), construction
(6.8%), and industrial activities (3.4%) [27]. Before the introduction of the new bin for
biowaste, household waste was traditionally separated into 4 fractions: mixed waste (reject
and organic fraction, all in one bin), paper/cardboard, light packaging, and glass. The
waste, separated at the source, is then deposited in bins located on the streets. Waste from
restaurants and shops is deposited in the same bins as household waste. There is no separate
collection of commercial waste. In 2021, 259,032 t of mixed waste (323.7 kg/inh-year),
17,960 t of paper/cardboard (22.4 kg/inh-year), 13,946 t of light packaging (1.7 kg/inh-
year), and 13,136 t of glass (1.6 kg/inh-year) were collected in this city. According to the
Valeéncia Statistics Office [28], the town has 20,552 bins to deposit the waste separated at
the source.

Regarding the collection frequency, the mixed waste is collected 7/7, every day, and
the bin size is 3.2 m3.

Recently, a new bin to collect biowaste (organic fraction) separately was introduced
in only certain zones of the city to observe the neighbor’s behavior using this new bin.
Therefore, these citizens deposited their waste in 5 different bins: reject, biowaste, pa-
per/cardboard, light packaging, and glass. The reject waste was collected 7/7, and the bin
size was 3.2 m®. To collect the reject fraction and the mixed waste, automated side-load
trucks were used. The truck follows a route to collect as many bins as the total capacity of
the truck allows. The truck empties all the containers one by one (regardless of the degree
of filling) until it is full. At that moment, it travels to the treatment plant.

2.2. Selection and Installation of the Monitoring Devices

The components of a system to monitor MSW bins must include a sensor network, a
connectivity infrastructure, a base station or web platform, and the gateway (Figure 1). To
monitor the filling degree of the bins, it is necessary to implement the sensors inside them.
These sensors are spatially distributed autonomous devices equipped with a transceiver, a
battery, and a communication module to receive and send data.
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Figure 1. Architecture used in the experimental section.

The type of sensor to be inserted in the bins was a TsWasteTe volumetric sensor,
distributed by Sigfox Partner Network. It is an autonomous battery-powered electronic
device that makes it possible to know the percentage of filling of the bin by using a software
application. It has a long-life battery and must be properly enclosed to ensure its operation
in the conditions of the use of the bin.

The battery is an important element of the system since it must “feed” the sensor
module and the transmitting part of the communications module. Unfortunately, these
devices do not have rechargeable batteries. The battery life of the sensors can range from 5
to 10 years, according to data provided by the manufacturer. Factors such as temperatures,
data transmission rates, and the connectivity system employed can affect the service
life of the battery. For example, in extreme temperature conditions, the battery may be
exhausted faster.

The TsWasteTe sends data to the cloud platform or storage servers. It is a low-cost
device that can be installed in the bin. It allows the bin status and its filling degree to be
checked. It is made of high-density polyethylene, so it is shock-resistant and optimized to
work under adverse weather conditions. The sensors used are qualified to work in harsh
and wet environments with an IP67-rated enclosure to protect against powerful jets of
water during bin cleaning.

The TsWasTe device measures the filling degree with an ultrasonic high-precision
sensor so it can detect an open lid or a bin fall and the temperature inside the bin. It is
a bidirectional device, so it can be remotely configured and managed. Figure 2 shows a
sensor installed inside a bin, on the lid.

Figure 2. Mixed waste bin and sensor installed on the lid, inside the bin.

The sensor measured the distance between the lid of the bin and the waste surface.
The sensor sent a signal to a data station; therefore, the volume of waste was known in
real time. With this data, the waste volume in the bin was calculated. Apart from the
percentage of filling, the volumetric sensor can also indicate other variables such as when
the bin falls over and the emptying time, the location, and fire and odor alerts. Nowadays,
most bins have an accelerometer, so when they detect movement, the emptying time can be
known. Additionally, it is also interesting to know whether the bin has fallen over due to
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the wind or to acts of vandalism to avoid accidents on the road. Some sensors have a GPS
that makes it possible to know whether the bin has been moved from its initial position, but
the use of the GPS reduces the life of the battery. Most models also include a temperature
sensor to alert of a fire inside the bin. Additionally, in summertime, depending on the
temperature, the bins of organic matter can be emptied sooner to avoid bad smells due to
the decomposition of the waste.

To interconnect the bins, it is important to study the most appropriate technologies to
send data and to design a sensor network architecture in line with the distribution of the
bins and the environment where they are located. The aim of these systems is to send data
with the lowest energy consumption as the devices will be in the rest position most of the
time and send small-size messages.

Sensors need broadband or low-bandwidth internet networks, depending on the
volume of data to be transmitted. The proposed system sent the fill level of the garbage
container to the IoT server via a GSM communication network (SimCards). The web
platform is software that connects hardware, access points, and data networks. It allows
the collection and storage of data from the devices, such as the filling degree of a bin. The
platform will be able to provide the user with predictive models.

The web platform is the support software that receives the information sent by the
sensors and allows their management and display. The platform is cloud-based, and
therefore it can be managed, maintained, and accessed from any location at any time. The
platform used in this work was a free and open platform, Eclipse mosquitto™Eclipse IoT.
Once the sensors are implemented, they must be connected. For this purpose, the Message
Queue Telemetry Transport (MQTT) protocol was used, which allows the sensors to post
data about what is happening in their surroundings on the web platform. The gateway is
the hardware to send data from the network to the platform. In this case, the web platform
was programmed to receive the filling data, the temperature, and the location of the bins.
In order to be able to visualize the data in real time, a subroutine was programmed. It
allowed the observation of the evolution of the filling of the containers from Google Maps.

Finally, to carry out the experiment, a laser distance meter LD32 was also used to check
that the sensors worked correctly. Hence, this tool was used to calibrate the measurements.

2.3. Design of the Practical Experiment

The aim of the first experiment was to demonstrate the usefulness of the implementa-
tion of sensors in the calibration of a new collection system, and the collection of the reject
fraction was monitored. Additionally, the collection of mixed waste from the old collection
system was also monitored to test the performance of the experiment in a consolidated
system. Sensors were installed in a town center that combines residential and commercial
activities. Therefore, a great variation in the filling of the bins was expected. Data were
recorded daily. The aim of the second experiment was to determine whether data could be
reduced to calculate the filling pattern of the bin. For this purpose, the bin selected was
located on the outskirts of a town that was an eminently residential area, where there were
no restaurants, hotels, or commercial activities. This fact predicts a lower variation of the
filling degree of the bin. Data were not recorded daily on this occasion.

The experiments were carried out in spring. During the beginning of this season, the
weather was around 18 °C, but high temperatures could reach 23 °C on warmer days.

2.3.1. First Experiment: Town’s Center Bins Experiment

In the first experiment, four bins located in the town center were monitored to analyze
the pattern of their fill level. This zone combines residential and commercial activities
(shops, restaurants, and hotels). The bins selected were side-loading bins with a volume of
3.2 m>. The practical experiment lasted six months including the implementation of the
sensors, the configuration of the system, the programming of the web platform, and the
measurements in the bins.
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Two sensors were placed in two bins of two routes where the citizens deposited only
the waste reject fraction, which are bins where there is no organic matter. The sensor
installed in the bin sent data every 4 h, and it started sending them at 9.40 h every day.
Therefore, sensors measured data at 9.20 h, 13.40 h, 17.40 h, 21.40 h, 01.40 h, and 05.40 h.
The first measurements did not coincide with the time the bin was emptied. The experiment
was run for seven weeks, and data were recorded every day of the week. One of the sensors
was stolen in the second week of the experiment. Consequently, the data from only one
sensor (Bry) could be recorded.

The same test was performed in two bins where citizens deposited their mixed waste.
These bins were the first bins that were emptied on the routes. The driver tried to collect the
waste in the bins at the same time every day throughout the whole experiment, which was
also run for seven weeks. The sensor installed in the bin sent data every 4 h, and it started
sending them at 1.20 h every day. Therefore, the sensors measured data at 1.20 h, 5.20 h,
9.20 h, 13.20 h, 17.20 h, and 21.20 h. Data were also recorded every day of the week. Again,
one of the sensors was stolen a few days after starting the experiment. Consequently, there
were data from only one bin (Bpsix1)-

To validate the results obtained in Bys;,q and Bgi, two additional bins for mixed waste
in this area of the town (Byjix2 and Byixs) were analyzed. The bins were in two different
collection routes, and they were side-loading bins with a volume of 3.2 m3. The sensors
used in these second tests were the same as those employed in the first tests.

The B pix2 sensor sent data every 4 h, and it started sending them at 09.40 h every
day. The Byixs sensor sent data every 4 h, and it started sending them at 01.20 h every day.
Data were recorded every day for one week. In all the cases, the collection routes were
randomly selected.

2.3.2. Second Experiment: Outskirt Bins Experiment

The second experiment consisted of monitoring a reject fraction side-loading bin over
a period of five weeks, with the same volume as the previous bins (3.2 m?). The bin was
located on the outskirts of the town, and this second zone is an eminently residential area,
where there are no restaurants, hotels, or commercial activities; this bin was called Bgs.

In this case, no variations were supposed to take place throughout the week as it was
a residential zone. For this reason, data were recorded only on Tuesday and Saturday. The
sensor recorded data five times a day. In this experiment, only one sensor was used as the
second one failed. As in the first experiment, the collection route was randomly selected.

3. Results
3.1. Results of the First Experiment: Town'’s Center Bins Experiment

Once the experiment was over, data were recorded and analyzed. Regarding the reject
bin, Figure 3 shows the data on the filling degree of bin Br; considering the data sent
by the sensor in the bin. The results follow a linear trend that has been represented as a
regression line with the correlation coefficient R = 0.80. This analysis provides information
on the pattern of the filling degree of the bin over the 7 weeks and shows when bins
were overfilled.

Figure 3 shows that the first data recorded confirm that there was already waste in the
bin (approximately 15%). This is because the collection truck collected the waste a short
time before. Figure 2 also shows that in the morning, there was already waste in the bin,
even when authorities recommend throwing the waste away after 20.00 h. The data also
revealed that from 01.40 h onwards, citizens did not deposit any more waste in the bin. The
filling degree decreases in the last time recorded due to the weight of waste, which causes
it to be compacted inside the bin. This fact also means that the correlation is not high. It can
also be observed that, on average, at 01.40 h the bin was about 50% full, and throughout the
experiment, on only one day was the bin about 70% full; therefore, there were no overfilled
bins. The bin is overfilled when it is 100% full and there are waste bags on the ground.
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The variations obtained for a certain time are due to the fact that the data were recorded
for all the days of the week and as it was a commercial zone; with shops and restaurants,
the waste was deposited at different times during the day.

It can be concluded that there is only one bin-filling pattern with some variations dur-
ing the day, as can be observed in Figure 3. It can also be deduced that the containerization
is correct, as there are no spillages, although the bin filling can be optimized by increasing

the radius of influence until it reaches 70% of the filling degree.

Figure 4 shows the filling degree of bin Byix;. As in the previous bin, results follow a
linear trend with a correlation coefficient of R? = 0.86. This analysis provides information on
the pattern of the filling degree of the bin over the 7 weeks and shows when it is overfilled.
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Figure 4 shows that the first data point recorded at 01.20 h is zero, as the sensor
captured the first data immediately after the container was emptied. Figure 4 also shows
that, on average, at 21.20 h the bins were about 60% full, and throughout the experiment,
on only one day the bin was about 92% full. The variation at each measurement point can
be due to the same causes as in the previous bin, although in this case, the variations are
greater due to the number of shops and restaurants being higher. Additionally, it can be
observed that the filling trend is linear. This means that the bin is being filled throughout
the entire day like before. In this system, citizens do not respect the bin-filling times
recommended by local authorities.

Finally, it can be concluded that there is only one filling degree pattern with variations
during the day. It can also be deduced that the initial containerization design was correct,
although there are no data from 21.20 h. However, although the behavior of the filling
degree is like the previous bin, the filling trend from 21.20 h flattens. Therefore, it is
expected that the bin is not expected to be overfilled.

Figure 4 presents the results of the data recorded in Bysix2. Results follow a linear trend
that has been represented as a regression line with the correlation coefficient R? = 0.81,
like the previous cases. Bin Byix» reaches lower filling degrees than Byix; (Figure 5) with
maximum values that do not exceed 65%. In this case, it can also be said that it is well
dimensioned as there are no overfilled bins, and at 05.40 h, the filling degree is 60%. As
there is no overfilling of the waste, the collection point can be optimized with the same
measures as those commented earlier for Br;. Finally, it can be concluded that there is only
one filling degree pattern with variations during the day.
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Figure 5. Filling degree of Byixo.

Bumixs (Figure 6) also presents a regression line with the correlation coefficient R? = 0.82.
Bumixs reaches the maximum filling degree at 21.20 h, which is around 60%. In this case,
there is more variation in the filling degrees at a certain time depending on the collection
day, as it occurred in Byjix1 due to the same reasons. Additionally, the maximum filling
degree of Byjixs is greater than in Byjixo as it reaches 90% in one day at 17.20 h and 21.20 h. It
can be concluded again that there is only one filling degree pattern with variations during
the day.
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Figure 6. Filling degree of Byyixa.
3.2. Results of the Second Experiment: Outskirt Bins Experiment
In this experiment, a reject fraction bin was monitored two days a week (Bgy), one
during the week (on Tuesdays), and the other one on the weekend (on Saturdays). Data
recorded by the sensor on Tuesday are presented in Figure 7, and data recorded on Saturday
appear in Figure 8.
y = 7.4876x + 29.619
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Figure 7. Filling time on Tuesday Bg,.
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Figures 7 and 8 show that the dispersion of data at each point is low (R? is 0.93 and
0.83, respectively), which may be because they refer to the same day of collection and to
being in a residential area, where the behavior of citizens is more homogeneous than in a
commercial-residential area with shops and restaurants. Figures 7 and 8 also show that the
filling degree over time is lower than in the first experiment (Figure 3). This can be due to
the same fact, that is, that the bins are placed in a residential area. The results on both days
(Tuesday and Saturday) are similar.

As in the previous cases, it can also be concluded that the collection point is correctly
designed since the maximum filling degree is not higher than 75% at night when the
waste collection takes place. The maximum filling degree is 75%, and it was fixed by the
management company in Valencia to prevent bins from overfilling on holidays or when
there are special events in the city. The final conclusions from this second experiment
are like those drawn in the first experiment. Monitoring bins with sensors is useful to
demonstrate that the collection system is well designed. Additionally, the implementation
of the sensors makes it possible to know the filling degree pattern of the collection system.

4. Discussion

In the first experiment, four bins were monitored (a reject fraction bin and three mixed
waste fraction bins) from four different routes. A reject fraction bin and a mixed waste bin
were monitored for seven weeks, and the other bins were monitored for one week, all of
them in a zone of the town that combines residential and commercial activities.

In the second experiment, only one bin was monitored. It was placed in a residential
zone of the town. In this case, data were only recorded on Thursday and on Saturday. As
there were no commercial activity, variations in the bin filling were not expected along
the week.

The same sensors were used in both experiments. Therefore, the experiments were
executed consecutively. The number of days was agreed upon with the company depending
on the human and technical resources available at that moment.

Although at first the aim was to monitor a greater number of bins, due to economic
reasons it could not be possible. For the same reasons, the sensors lost in the first part of the
experiment could not be replaced. From the representativity of the recorded data point of
view, it would be desirable to monitor more bins. Nevertheless, the results obtained show a
good approximation to the expected results, and they will be used in future research works.



Resources 2023, 12, 108

12 0f 15

Considering the duration of the data collection, bins Br; and Byix1 were recorded for
7 weeks (49 days), By for 5 weeks (10 days), and Byix; and Bysixz for only 1 week (7 days).
In all the cases, the filling degree pattern and the final filling degree were obtained.

When data were recorded for 1 week (7 days), the dispersion of the data at a certain
time was lower than if they were recorded during 7 weeks. From the results obtained, it
can be proposed that for new experiments, data must be recorded at least for a week, and
depending on the economic budget, data should be recorded for seven weeks but are not
needed for a longer data collection.

Considering data collection throughout the day, in all the cases, data were recorded
every four hours. Data on the graphics show that it is a good interval of data collection
because the filling degree pattern can be appreciated. If shorter time intervals are pro-
grammed, the number of data would increase, but they would not provide much more
information on the filling degree pattern.

In the second experiment, data were recorded on Thursday and Saturday in a residen-
tial zone. The filling degree pattern for those days was very similar, and data dispersion
was low. Consequently, it can be deduced that in the homogeneous zones, it is not needed
to record data every day of the week to obtain the filling degree pattern, with only two days
it is enough. More bins must be monitored to obtain statistically representative results.

It has been possible to verify that in the five bins there is a lineal correlation between
the filling degree and the time elapsed until the bin was emptied, which shows a filling
degree pattern well defined in this type of waste collection (7/7 frequency). If this pattern
is known, the bin can be controlled without sensors.

The dispersion in the second experiment was less than in the first experiment due to
the characteristics of this zone (residential and commercial). Shops make the filling of the
bin more random, and consequently, the filling pattern has a greater dispersion.

Regarding the comparison between the reject bins (Br; and Bgy) and the mixed waste
bins (Bmix1, Bmix2 and Buixz), the filling degree pattern is very similar. This is due to two
aspects: in the first place, although the waste collected is not the same, the composition of
both bins—according to the company sources—was very similar, and in the second place,
they have the same collection frequency (7/7).

In the two first cases, a waste settlement in the bin can be observed (Figures 2 and 3). In
both cases, the experiment was longer (49 days), appreciating both types of bins (reject and
mixed waste), which have 40% of biowaste (according to the company data) and that can
be the reason for this settlement. The waste settlement means that the bin can accumulate
more waste, therefore it is important to consider this fact.

In the five bins, the filling degree is not higher than 70%, which indicates that the
containerization degree in the influence area of these bins is adequate. To extend it to
the rest of the city, more sensors are needed; however, this experiment demonstrates that
the proposed methodology is useful. The number of sensors must be calculated to obtain
representative data.

In the five cases, it can be observed that citizens and shops deposit the waste at any time
of the day. If local authorities want to vary the filling pattern and do not allow this practice,
they must establish forceful measures like keeping the bins closed and implementing
automatic opening devices at certain times of the day.

The main conclusion of this experiment is that it is not necessary to implement a sensor
in every bin in the network to control their fill level. This is an important result because
it has been demonstrated that in the collection systems with a high-frequency collection
(7/7), it is not necessary to implement sensors in all the bins of a town to control their fill
level as they follow a clear filling pattern that allows to predict the filling degree of the bins
at any time of the day.

While authors like [14,15,17,19,20] studied waste collection systems with a lower bin
emptying frequency and showed that sensors were useful to control the bin fill level, no
one has considered to the use of sensors in higher waste collection frequencies.
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It would be interesting to keep on working with other types of waste, collection
frequencies, and typologies of towns to get more filling patterns and to determine the limit
that makes it useful to install sensors.

In the case studied it can be said that the monitoring of bins is useful to demonstrate
that the collection system is well designed as there are no overfilled bins, although it
could be improved on some days and at specific times. This fact made the collection
company decide to not install sensors to control the fill level in Valencia. Therefore, the
temporal implementation of sensors in bins is a good tool to know how the collection
system is operating.

After analyzing the conclusions of the test, it was detected that one of the critical
points of the experiment was the batteries and their maintenance, and as a solution, the use
of sensors powered using rechargeable batteries with a solar panel could be considered as
a more optimal solution, since the sensors will be self-sufficient from the energy point of
view and more environmentally sustainable.

Notwithstanding the foregoing, the solution that has been presented in the paper aims
to improve the waste collection service through sensory technology, with an adjusted cost,
which is why a solution was chosen that will allow the current containers to be used with
reliable commercial sensors together with an open online platform for reading data.

The system designed did not fail during the experiment where the temperature was
between 18-23 °C. Sensors did not have technical failures. The humidity and the cleaning
agents of the bins did not affect the functioning and the data transmission. Batteries lasted
the whole experimental stage. Another critical aspect of the project was to keep the sensors
in the bins, preventing thefts. However, two of the four sensors only lasted two weeks after
starting the experiment. This aspect must be considered to implement the system. Citizens
need awareness about the use of sensors in bins as they are good for the proper functioning
of the system. More safety measures are also needed; for example, the containers can be
adequately tracked and monitored since they have GPS, an excellent and simple solution.
Sensor positions could be controlled, and in case they move 20 m from the original location,
a sound signal can be sent to the municipal staff.

Finally, the economic aspect is also important as the amount of money needed to
implement sensors in all the bins in a town can be too high for the local authorities.

5. Conclusions

The introduction of sensors in the bins makes it possible to know the filling degree
in real time. It allows the obtainment of information quickly to help to redefine the
collection routes, the collection time, or the frequency of collection to improve the MSW
management. Previous works consulted used sensors to detect the fill level of a container
and the temperature conditions. No work using a partial implementation of sensors as a
tool to calibrate the implementation of a new collection system was found.

This work proposes a methodology to use IoT to calibrate a network of bins where the
collection frequency is high (6/7 or 7/7). Volumetric sensors were used to analyze the fill
pattern of the bins and to decide whether the collection system needed a redesign.

It is important to install the sensor in a place inside the bin where it cannot be damaged
by the waste while it is being deposited or collected. Additionally, it is also essential to
choose a place to prevent thefts.

The case presented in this research included a city with 20,552 bins, in which a new
selective collection model is being implemented; therefore, installing sensors in all the
bins involves high additional costs. The role of the sensors can be, in this case, simply
organizational. Sensors could be useful to reorganize the waste collection by zones in the
same town. They make it possible to study the pattern of the filling degree of the bins,
which provides information that can be used to predefine or redefine waste collection. Once
the filling degree pattern is known, the sensors can be uninstalled and installed in another
zone of the town to analyze the bin’s filling degree pattern.
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From the results obtained in the experimental part of the study, some conclusions can
be drawn. As the behavior of the bins, while they are being monitored, corresponds to
a predictable medium-high filling degree, the deployment of a network of sensors that
are continuously operating can only be justified as a tool that allows correction of a badly
designed street containerization. Once the current situation has been tested, the container
filling patterns are known, and the bin volume and the collection frequency can be fixed; it
is not necessary to undertake a high investment in sensors and communications to cover
all the bins in the network of a town.

In residential areas without any commercial activity, it was shown that the filling
behavior of the bins on different days of the week is similar, and therefore, daily data
collection would not be necessary. However, to replicate the experiment, the environment
in which the bins are placed needs to be assessed, as commercial or restaurant areas need
daily data collection.

In this study, it was also detected that citizens do not respect the bin’s usage schedule
(from 20.00 h to 22.00 h) in all the cases analyzed. This is an important tool for the local
authorities to establish measures to ensure citizens respect the schedule, for example,
through an informational campaign.

For all these reasons, in collection systems with a high frequency (6/7 or 7/7) where a
clear fill pattern appears, the use of sensors is recommended only as a tool to calibrate the
collection services, but their daily and continuous use is ruled out.

This work is a first experimental assessment for further research that will include more
measurements in several collection points at the same time and in different zones of the city.

After analyzing the conclusions of the test, some critical aspects to consider in future
works were detected such as the life of the sensor’s battery and its resistance to humidity
and chemical agents, as well as the safety of the sensors to prevent possible thefts.

Finally, the results of this work made the company take a decision, and they did not
install sensors in all the bins. Therefore, they only used sensors to calibrate new collection
routes. As a conclusion to these experiments, it can be said that six bins were monitored
from six different collection routes.
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