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ABSTRACT

Waste disposal and recycling is becoming one of the main problems in Western countries. Improving both recycling culture among citizenship and waste collection and treatment logistics is critical to augment the percentage
of waste being recycled. In this paper we present STERLING, an initiative that aims to help in both fields.
STERLING is a framework composed by a low-cost, low-energy sensor installed in recycling containers to measure fill level and other physical parameters. The sensor is activated magnetically each time the container lid
is opened by a user. Instead of directly sending this information to a cloud-based server, our sensor broadcasts
a Bluetooth Low Energy (BLE) packet to the surrounding area. An App running in the mobile phone of the
user performs two actions: To capture this information, re-sending it to the cloud-based server, and to assign
credit to this particular user for having used the recycling container. In this way, users are rewarded for using
the container, and the infrastructure benefits from cost-free communications from the container to the server.
In this paper we will describe our idea in detail, showing how it can be used to develop a rewarding schema that
encourages recycling.
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1. INTRODUCTION
Waste disposal is one of the main problems faced by advanced societies. Modern lifestyle makes extensive use of
packaging material, that should be separated and recycled appropriately1 . To improve recycling habits among
citizenship, some kind of rewarding mechanism would be useful. The basic mechanism, to re-buy empty bottles
or cans, has been widely used during the past century. However, this effective mechanism has been progressively
abandoned, partly because of the low involvement of shops and producers with recycling activities. Nowadays,
most European cities have containers designed specifically to hold empty cans and bottles. The problem now is
how to encourage citizenship to use them.
These containers poses an additional challenge, in this case related with their logistic. To make recycling a
more attractive activity, local authorities should empty recycling containers promptly. However, in many cases
containers become suddenly full and waste is abandoned nearby, degrading the aspect of the cities and harming
all the efforts devoted to encourage recycling. During the last years, several companies have developed filling
sensors, in order to detect these situations and to improve waste collection routes and logistic. However, these
devices need a working Internet connection to transmit the information to the recycling company, a solution that
is expensive both in terms of energy needed by the device, and in terms of the cost of the Internet connection,
usually carried out using a SIM modem that imposes a fixed, monthly cost to the company.
In this paper we propose a solution to both encourage recycling habits among citizenship and solve the
problem of detecting and managing full containers without incurring in the costs mentioned above. Our proposal,
called STERLING, relies on a relatively simple device that measure some physical magnitudes of the container,
including fill level, temperature and humidity. Our device is usually in ”sleep” mode, thus consuming just a few
micro-amperes per hour, and is waken up each time the lid of the container is open. At that time, our device
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Figure 1. Autonomous sensor system for recycling containers developed by RDNest, that includes a SIM modem (left)
and external packaging (right).

measures the state of the container, and broadcast a Bluetooth Low Energy (BLE)2 packet with this information.
An application installed by the citizen in their mobile phone is then used to (a) retransmit this information to
the centralized server, and (b) give credit to the citizen for using the recycling container. In this way we solve
both problems: To instrument containers with a low-cost, low-energy device that has no communication running
costs, and to reward citizenship involved in recycling activities.
This paper is organized as follows. Section 2 describes some previous efforts to augment citizenship’s recycling
habits. Section 3 examines the design space of sensoring solutions. Section 4 describes the STERLING sensor
in detail. Section 5 shows some design guidelines for the STERLING accompanying app. Section 6 discusses
how the STERLING framework can be used to learn more about users’ habits and encourage recycling. Finally,
Sect. 7 concludes the paper.

2. RELATED WORK
During the last years, there is an increasing interest on taking advantage of Internet of Things (IoT) technology
to monitor the status of waste containers. Giacobbe et al.3 have discussed the need for new smart waste
management systems, presenting a comprehensive state of the art on the use of IoT technologies for smart waste
recycling. Lindström et al.4 have studied how to optimize recycling management in terms of emptying recycling
containers, thus supporting sustainability of natural resources and the circular economy. Chin et al.5 have
discussed the issues relative to the use of household waste management system equipped with IoT technology.
Gattim et al.6 have recently proposed to augment solid waste containers with sensors that measure their working
conditions and send this information to the Internet. Measurements not only include fill level, but also the level
of potentially-hazardous gases produced by the waste being stored. Other uses of IoT technologies include the
use of special sensors to store dry and wet waste in their corresponding underground containers.7
Gamification techniques8 is a technique to involve people in certain tasks as it were a game, taking advantage
of emotional and/or physical rewarding. Regarding gamification techniques to encourage recycling, GonzálezBriones et al.9 have recently proposed a multi agent-based system that encourages citizen participation, using tax
reductions as incentives. Other proposals related to waste management include to reward citizens with emoticons
and sounds10 , and to use gamification techniques to improve environmental knowledge and behavior11 .

3. DESIGN SPACE OF FILL SENSORS
IoT technologies offer a myriad of low-cost sensors that can be integrated to monitorize recycling containers.
Available sensors allow to measure temperature and humidity, fill level, precise localization using GPS, detection
of potentially-hazardous gases, etc. To design an electronic circuit to integrate and manage these sensors is

straightforward. However, there are two problems that should be solved in order to develop a cost-effective
sensor system for this particular application.
The most important one is how to manage communications. It is not enough for the sensor system to collect
information related to physical magnitudes. The system should also be able to transmit this information to
a centralized server, in order to take advantage of it. In modern societies, mobile phone coverage is almost
ubiquous, so the use of modems with SIM cards capable of connecting to Internet is a natural choice. These
modems cost a few euros, and communication costs are continuously falling. However, although inexpensive,
communication is not for free. Telephone carriers usually charge a certain monthly amount for having an Internet
connection, regardless of the fact that the amount of data transmitted from a recycling container is really low.
Sending a 200-bytes data packet four times per day, the required bandwidth is just 24Kb per month. Even taking
into account economy of scale, the use of SIM cards to transmit this information is expensive with respect of the
amount of data being effectively transmitted.
Communication costs is not the only drawback to the use of SIM modems to connect the container with the
outside world. Another problem is energy consumption. Widely-used modems, such as the SIM800 modem12 ,
requires peaks of current of around 2A. Putting this current into perspective, a sensor system in sleep mode
consumes a few micro-amps, and to trigger physical sensors to gather the desired information may consume
a few mili-amps. The use of SIM modems requires in turn to equip the sensor system with batteries capable
of delivering these peaks of current, and/or the use of not-negligible capacitors. It is also necessary to include
batteries capable to store the energy needed for the recycling container during their entire working life (estimated
in around five years). To develop a sensor system with these constraints is still possible, and there are some
examples in the market. For example, Fig. 1 shows a sensor system, developed by RDNest, that includes a SIM
modem. As we will see in the following sections, the STERLING proposal greatly simplifies these requirements.
Finally, a remaining problem is how to link the recycling containers with their end users. This link is critical
to reward citizens individually for their recycling habits. There exists a myriad of biometric recognition systems.
Some of them requires cameras, footprint readers, or other data-acquisition devices, that can not be fit within
the economic (few tens of euros) and energy (mili-amps) constrains of this application. Another possibility is to
encourage users to install a mobile App that sends some data to the container. In our opinion, this is a much
better solution. Our proposal takes advantage of such a communication, but, as we will see, in reverse order.

4. THE STERLING SENSOR
The STERLING sensor includes the following components:
• A low-power CMOS 8-bit microcontroller (ATmega328/P).
• A distance sensor used to measure distance between the waste level and the ceiling of the container (HCSR04).
• A sensor to measure temperature and humidity (DHT11).
• A Reed-type, magnetic switch to detect when the container lid has been opened.
• A Bluetooth 4.0 serial wireless module (CC2541).
• Auxiliary electronics to avoid sensors to consume power when the microcontroller is in sleep mode.
Other digital sensors and devices can be integrated as well, including a GPS module such as the Adafruit
Ultimate Breakout, in case the position of the container should be periodically checked.
The behavior of the sensor system is simple. Each time the container lid is opened, the magnetic switch raise
an interrupt that wakes up the microcontroller. The microcontroller waits X seconds (to allow the user to deposit
the waste), and then measures the distance between the container ceiling and the waste level, temperature and
humidity, and any other desirable physical magnitude. Then, instead of sending the information to a cloudbased server using a SIM modem, the STERLING system broadcast a Bluetooth Low Energy packet using

the Eddystone protocol. The operational range can be determined by adjusting the intensity of the signal
being broadcasted, and ranges between 30 and 50 meters. The information broadcasted includes the following
information:
• A timestamp.
• An unique identification of the container.
• The telemetry values acquired by the sensors.
• The voltage level measured in the microcontroller, to allow preventive maintenance if the battery is running
out of energy.
• The number of times the lid has been opened since the container was originally installed.
As we will see below, the opening counter is an useful feature that allows the recycling organization to acquire
knowledge about the use of the container. This counter not only allows to know how frequently the lid is opened,
but also to estimate the penetration rate of the STERLING App, an issue discussed in the following section.
The information sent can be optionally encrypted using a public-key mechanism if necessary.

5. THE STERLING APP
The second component of the STERLING framework is its App. This App allows a user to sign up, asking for
a valid e-mail address, and includes a background service that listens for BLE packets coming from recycling
containers. Once such a packet is received, the App simply retransmit this information to a cloud-based server.
The information being sent includes:
• All the information gathered from the recycling container, including sensor data, timestamp, container
identifier, current voltage and the value of the opening counter.
• An unique code assigned to this particular user.
• The physical intensity of the signal received from the container.
• The current GPS coordinates of the user.
This information allows the server to associate this user with this particular container usage event. The
intensity of the signal received is a method to distinguish between different users that can receive the same
packet from the container. If several instances of the App running on different phones retransmit the same
packet, the cloud-based server will assign the usage of the container to the user that has received the packet with
the highest intensity, that is, the nearest one.
The opening counter, that takes account of the number of times the container lid has been opened, is an useful
value for several reasons. First, it gives an estimation of the average volume of the waste being disposed, simply
by dividing the capacity of the container by the number of times the container lid has been opened between
two consecutive emptyings. Note that it is not necessary to reset the STERLING device when emptying the
container, since the following measure will then return a greater distance between the ceiling and the waste level.
In fact, it would be enough to open the lid once the container has been emptied: A STERLING App installed
in the phone of the driver of the recycling truck would acquire this information automatically.
An additional use of the opening counter is to estimate the penetration of the STERLING App among
citizenship. In many cases the Bluetooth packet emitted by the container will be simply lost, because there will
be nobody with a STERLING App within its operational range (30 to 50 meters). By including the value of the
opening counter, it is possible to estimate the number of packets being lost, thus obtaining an estimation of the
use of the STERLING App by their final users.

6. UNDERSTANDING USERS’ HABITS AND ENCOURAGING RECYCLING
Our proposal aims not only to be a convenient way to avoid communication and power costs of the sensor system,
but also to learn more about the usage of recycling containers, and to reward users, thus encourage recycling.
Regarding the data collection about recycling habits of the citizenship, the STERLING framework allows to
obtain the following information:
• An estimation of the average volume of the waste being disposed, using the relationship between the number
of times the container has been opened between two consecutive emptying operations.
• The times when the containers are used, as indicated by the corresponding timestamps. Many city councils
define a specific time frame for waste disposal. To know the real times may be used to guide campaigns to
encourage proper usage.
• Depending on the information collected by the STERLING App from users, additional segmentation by
gender, age, or physical location can be carried out.
• Obviously, to know the fill level of the containers is a very useful information that can guide the paths of
the trucks that empty them. Moreover, to properly detect and empty a full container has a positive impact
in the surrounding area, avoiding waste to be disposed elsewhere.
• To know how frequently containers are full can also be used to adjust the number of containers in a
particular area and/or the number of trucks needed, thus improving the logistics of waste collection.
• Finally, to know the fill levels of isolated containers in small villages avoids the need of sending a recycling
truck only to check that the container is still half empty. For this particular case, a version of the STERLING sensor system with a SIM card may be more useful than the Bluetooth version, since the use of these
containers in towns with low population density is expected to be scarce, so as the number of users of the
STERLING App.
The STERLING framework has been designed to reward users for their recycling habits. The framework
only takes accounting of how many times a particular user has opened the container lid. To avoid fraud, it is
enough to truncate to a maximum value the number of daily uses of a container for a single user.
The different rewarding mechanisms and their advantages and drawbacks are beyond the scope of this paper.
We can imagine different rewarding methods: From points or cash vouchers that can be exchanged for goods of
any kind, to reductions in the taxes collected from the City Councils related to waste management. Moreover,
knowing the location of the citizens that make use of the containers allows to establish a competition between
neighborhoods or cities, that is another way of introducing gamification in the equation.

7. CONCLUSIONS AND FUTURE WORK
IoT is a disruptive technology that allows to improve many logistic processes. In this paper we propose STERLING, a framework that links recycling activities with their users, allowing to establish individual and collective
rewarding systems while reducing operational costs of sensor systems installed in containers. Both objectives are
accomplished by eliminating the need of a modem-based Internet connection, with the consequent reduction in
communication costs and energy needed for its operation. Our current and future work includes the definition
of the most appropriate rewarding mechanism with the help of interested agents (city councils, container manufacturers, recycling plants, and organizations that promote recycling), in order to launch a pilot to verify the
usefulness of this framework.
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