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Abstract: Countless problems have been caused by the excessive emission of polluting gases, such as
carbon dioxide (CO,), into the atmosphere. Therefore, more effective monitoring of CO; is essential,
especially in central or industrial regions. Thus, this work shows the development of a platform for
monitoring the CO, concentration, which is composed of autonomous and independent sensors that
have their own energy source, storage capacity, and data replication for the central server. To validate
the platform, CO, measurements were taken at three strategic points in an outdoor environment in
a Brazilian urban center. This platform proved to be an evolution over another system previously
proposed by the group that was based on the use of a wireless network of sensors to monitor CO,.
This new project managed to overcome limitations that compromised the efficiency of the first
platform, which were mainly related to the interference in the communication signals between the
network sensors due to the existence of physical barriers in the monitoring environment. With that,
this new platform showed greater security in the maintenance of collected data and allowed for the
expansion of the physical complexity of the environments that can be monitored.

Keywords: data mining; air quality monitoring; sensors; carbon dioxide; pollution

1. Introduction

In recent years, the emission of polluting gases into the atmosphere has increased
considerably due to the growth of the fleet of motor vehicles and industrial activities. This
pollution is mainly concentrated in large urban centers, which contributes to people having
greater exposure to substances considered toxic such as carbon dioxide (CO,). For these
reasons, the monitoring of air quality is important, especially the concentration of gases
that pose a greater health risk. Ideally, monitoring should take place at strategic points in
cities, especially in regions with a heavy flow of vehicles and people [1]. CO, atmospheric
levels have been gradually increasing in recent years. According to data from the National
Oceanic and Atmospheric Administration (NOAA, Washington, DC, USA), one of the
most-respected laboratories in the USA, in 1960, the CO, concentration was 320 ppm; in
2015, this value surpassed 400 ppm for the first time, reaching close to 410 ppm in 2021.
These values were obtained from sensors installed at an altitude of 3500 m, in a region
far from direct sources of pollution [2]. In places where the burning of fossil fuels is more
intense, particularly in urban centers, the CO, amount tends to have even higher values.
This is due to the large flow of vehicles and industries.

According to previous studies, the ideal CO, concentration in outdoor environments
should be between 450 and 550 ppm [3], although this limit may vary according to different
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regional legislations. However, studies show that the human organism begins to subtly
feel the first CO, toxic effects from 600 ppm [4]. CO; is a gas considered to be less toxic
than others. However, it can pose a danger to the population’s health (when above safe
limits) and to the environment. In humans, it can cause headaches, breathing problems,
difficulty concentrating, compromise athletes’” performance, increase the risk of cancer, and
even lead to death in extreme cases [1]. In addition, CO; is considered one of the main
gases responsible for the greenhouse effect, which is a worrying environmental problem.
The amount of air pollutants is large and, therefore, it is an arduous and expensive task to
quantify the concentration of all of them simultaneously. Each substance requires specific
equipment and techniques for its correct monitoring. To alleviate this difficulty, it is possible
to measure only CO, levels as it is considered an excellent indicator of air quality. When
the CO; concentration is high in an environment, most of the other polluting gases tend to
follow the same trend as well [5].

In recent years, several studies have proposed air-quality-monitoring mechanisms [6-10].
Most platforms are formed by a wireless-based sensors network, which measures different
points and can display the information in real time or store it for future consultation. One
of the great advantages of this type of architecture is the possibility of distributing sensors
in an environment and monitoring it completely. Overall, the projects aim to optimize
certain hardware components, wireless sensor network communication, and even battery
life. The reported systems show high communication efficiency and are able to monitor
different types of pollutants in different environments (such as subways, other indoor
environments, and open areas in cities). However, all the proposed systems fail to perform
a systematic analysis of the collected data. Therefore, they can only generate graphs
with the concentration of a particular pollutant. This information may not necessarily be
useful to a common user who has no knowledge of environmental pollution. Furthermore,
there are some limitations that end up compromising the functioning of the system and
compromising its use [11,12]. On the other hand, there are other works that do not address
the measurement through sensors and focus on the development of algorithms and data
analysis techniques to generate structured information [13-17]. The projects show the
implementation of algorithms to predict the concentration of toxic gases and classifiers to
categorize critical days and times, among other data analysis techniques. However, the
systems are only able to apply the analysis tools in databases freely available on the internet
or in data obtained from their own measurements using commercial equipment.

Our group has already reported an agile method of assessing air quality based on
measurements of CO, concentrations. For this, the construction of a monitoring platform
composed of CO; sensors connected in a wireless network was shown. The measurements
performed by each sensor, spread across multiple points in the measurement environment,
were sent to a central sensor, which was the only one capable of replicating all the data to a
central database. Subsequently, the data were analyzed to generate knowledge through
queries and data-mining techniques [18]. Despite enabling air quality analysis, the use of
a wireless sensor network created some difficulties and limitations. The most common
problems were interference and loss of communication between sensors due to the existence
of physical obstacles. This caused data loss. Therefore, environments such as forests,
woods, and urban centers (due to the buildings) can compromise the network’s functioning.
Furthermore, the area covered by the network was limited as the number of sensors in the
network increases proportionally to the monitoring area. A very large number of sensors
increases management complexity and can generate network overload [18].

For these reasons, a new version of the monitoring platform was proposed in this
work. The architecture consists of autonomous and independent CO, sensors. Each sensor
is able to store (in the absence of the internet) and replicate data to the central server. Then,
the central server performed data analysis and mining to generate relevant air quality
information on demand via some query methods. The objective was to develop a robust
platform that can be used as a technical solution for the reliable monitoring of atmospheric
CO, in different environments (even in more remote places such as forests and agricultural
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areas). Furthermore, we aim to produce a system that can analyze data and present
structured information about air quality to the user. The proposed monitoring system was
used to assess the outdoor CO, concentration at various points in a Brazilian urban center,
which was only used as a test environment for the platform.

2. Materials and Methods
2.1. Monitoring Platform Architecture with Autonomous Sensors

The new architecture exclusively used free and low-cost technologies and components.
CO; sensors (MG811, Winsen Electronics, Zhengzhou, China) were used to determine the
gas concentration. This is an electrochemical sensor that operates with a solid electrolyte
cell. The redox reaction in question is: Li;CO3 + 2Na+=NaO+2Li €02 CO,, is a colorless
and relatively dense gas that is present in the atmosphere at average concentrations of
400 ppm. It interferes with the chemical reaction that occurs in the sensor and the electrical
potential difference generated directly depends on the CO, concentration to which the
sensor is exposed. The sensor is highly selective as it adopts this chemical principle (only
carbon monoxide can minimally interfere with the response if it reaches unlikely levels
above 1000 ppm). Furthermore, the measurements suffer minimal variation if the device
operates in a temperature range between 20 and 50 °C and relative humidity up to 95%
(accuracy above 98.5%). The sensor can measure CO, concentrations in the range between
350 and 10000 ppm. Thus, to relate the electrical signals and the CO; concentration in ppm,
an algorithm was developed and implemented on an Arduino UNO microcontroller that
was connected to the sensor. The MG811 sensors were calibrated using environments with
known CO; concentrations, which were determined using the GL-T25GL001 CO, sensor
(Globus). This device is factory calibrated and guarantees extremely reliable measurements
(up to 98%) accuracy. The Arduino microcontroller was connected to a Raspberry Pi
minicomputer, where a database, MySQL, was installed. Then, The Raspberry Pi organized
and replicated (or stored, if necessary) the data received from the sensor to the central
server. The latter has more computational resources and allows for more advanced queries
and data analysis processes. The presence of a Raspberry Pi in each sensor played a key
role in this proposal to improve the monitoring platform. It can connect to the internet via
a wireless network or 4G technology. When the Raspberry Pi was connected to the internet,
data stored in its local database were instantly replicated to the central server’s MySQL.
However, if the monitored environment does not have internet, the data can be stored in
the device’s own memory and be synchronized in the future. This increased data security.
Figure 1 shows the working flow of the monitoring platform.

2.2. Query and Data Mining Process

The monitoring platform collects the CO, concentration, and these data are repli-
cated/stored in the central server’s MySQL database. Some metadata (date, time, and
location) are also sent. After the monitoring period (when all data have been replicated
to the database), it is possible to consult the measurement history. Therefore, a query
system was developed using the Java programming language and was installed in the
database. This system allows the entry of parameters, such as specific dates and times, to
filter and display the data measured by the sensors according to the user’s needs. However,
queries to the database only return what is requested. As the database grows, a great deal
of valuable information can be hidden because the human being is not able to analyze
and find possible patterns in large databases. However, using computational data mining
techniques, it is possible to establish patterns that can help in the generation of knowledge
and the decision-making process [19]. Thus, the database was integrated with Weka, which
is a free data-mining tool that already has a series of implemented and customizable algo-
rithms [20]. The objective here was to determine the intervals of the day when air quality
is compromised (CO, concentration above 600 ppm). For this, the Weka classification
algorithm, called C4.5, was used to generate a decision tree. This algorithm is classified as
“greedy” because it uses the divide-and-conquer strategy. Basically, it solves problems by
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indicating the best choice locally, with the expectation that these choices lead to the best
global choice at the end of the execution process [21].

@
Sensor 3 l

Date Replication Date Replication
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Figure 1. Monitoring platform architecture flow.

2.3. CO, Concentration Measurement Tests

The efficiency of measurements and analysis of the data obtained by the platform was
evaluated through field analysis. The tests were carried out in Maringa, Brazil, which is a
city with approximately 350,000 inhabitants. The city has large extensions of green areas
that are mainly formed by parks and woods. However, it has one of the highest ratios
of cars per inhabitant in the country, and for that reason, it is a good test environment.
Sensory systems were spread in 3 locations in the city, which were selected as they present
a large flow of vehicles and/or people. In addition, locations that left the sensors far apart
were considered. Table 1 shows the distribution of the three sensors and the justification
for choosing the location.

Table 1. Description of the places where the sensory systems were tested.

Sensor Local Description

Location with high flow of vehicles and
Sensor 1 Downtown people at certain times and has
internet signal.
Location with heavy vehicle congestion
at certain times and has internet signal.
Location with more distributed vehicle
flow and no internet signal.

Sensor 1 Roundabout at the city entrance

Sensor 3 Highway close to the city

The sensors were positioned in places where direct contact with the smoke emitted by
cars was avoided, as this could distort the accuracy of the measurements. All equipment
was placed inside a case to protect the devices from adverse weather conditions. The
sensors were powered by a 12 V and 1.3 A battery, which was able to keep the equipment
working for 10 days. The devices were configured to measure the CO, concentration
daily every 10 s (start and end were 5:00 and 22:00, respectively) and send it immediately
to the central database. In case the internet connection was unavailable, the data were
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stored in the local database so the synchronism can occur later when the local internet
returns. Monitoring took place for a continuous period of 8 weeks (between 26 July and
20 September 2021), forming a database sufficient for the data mining process to generate
relevant and representative results. Figure 2 shows a map with the distribution and distance
between the sensors:

00(

| \Maringé

6 KM "

o

19 KM

Figure 2. Map with distribution and distance between sensors.

3. Results

The monitoring platform measured CO; levels for 8 weeks in three different locations
in a Brazilian city. The sensors generated 6120 daily records and a total of 342,720 at the end
of the eighth week. The disk space occupied was approximately 1.1 GB. The database query
process loses performance as it becomes lengthy. This causes the response time to increase.
To alleviate this problem, an indexing structure was implemented in the measurement
storage table. After these settings, analyses on air quality at the three test sites could be
searched. Through the query interface, the highest and lowest CO, concentrations were
sought over the 8 weeks of monitoring for all sensors. These data were accompanied by the
date and time the requested measures were taken. Table 2 displays these data.

Table 2. Lowest and highest CO, concentration values obtained in the three monitored locations.

Local Sensor Lowest Values Highest Values
503 ppm 788 ppm
Downtown 1 8 August 2021—05:07:40 27 August 2021—18:13:10
) 516 ppm 829 ppm
City entrance 2 5 September 2021—05:03:20 10 September 2021—18:21:50
. 484 ppm 694 ppm
Highway 3 12 September 2021—05:01:10 23 August 2021—08:53:30

The data in Table 2 show that the city entrance (monitored by sensor 2) had higher CO,
concentration peaks than the other locations and reached the highest CO, concentration,
which was 829 ppm. The lowest CO; levels were found on the highway (monitored by
sensor 3), mainly around 5:00 when the CO, level remained below 500 ppm.

The query system also has tools for generating graphs that show the variation in CO,
levels. The user only needs to specify the time range (dates or times) that he wants to
query, and the system dynamically generates a CO, concentration curve over the selected
period. As an example, Figures 3-5 show curves with mean CO, concentrations obtained
throughout the day for sensors 1, 2, and 3, respectively. The average was obtained from the
daily values obtained at each time over the 8 weeks of monitoring. Only weekdays were
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considered. It was evident that CO, levels equal to or greater than 600 ppm (inappropriate
for humans) were reached at certain times of the day for the different places evaluated.

800

Downtown

750
7004 _og:00 ~13:00 ~19:00
650
600

550

Carbon Dioxide Concentration (ppm)

500

0123 456 7 8 0 10111213 14 15
Time (Hours)

Figure 3. Average CO; concentration obtained downtown for each stipulated time. The mean was

obtained from values acquired daily over the 8 weeks of monitoring. Only weekdays were considered.

The data presented correspond to the period from 6:00 to 21:00 (total of 15 h of monitoring in the day).

800

‘ —— City entrance \ ~18:30

750

~08:00

700

650

600

Carbon Dioxide Concentration (ppm)

550 +

500

0123456 7 8 91011121314 15
Time (Hours)

Figure 4. Average CO; concentration obtained at the city entrance for each stipulated time. The

mean was obtained from values acquired daily over the 8 weeks of monitoring. Only weekdays

were considered. The data presented correspond to the period from 6:00 to 21:00 (total of 15 h of

monitoring in the day).
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Figure 5. Average CO, concentration obtained at the highway for each stipulated time. The mean

was obtained from values acquired daily over the 8 weeks of monitoring. Only weekdays were

considered. The data presented correspond to the period from 6:00 to 21:00 (total of 15 h of monitoring

in the day).

Mapping was performed on the data collected by the sensors over the 8 weeks using
data mining techniques. The C4.5 classification algorithm was configured to classify the
CO, measurements stored in the central database and generate a decision tree (Figure 6)
to show the times of the weekdays when the air quality is poor (levels of CO, are above
600 ppm).

Poor Air

Downtown City Entrance

[ 07:13 -
08:41

11:54 - 18:07 - 07:17 - 18:07 - I 07:21 - 18:26 -
13:44 19:32 09:36 19:32 09:11 19:04

Figure 6. Decision tree generated in the data mining process containing the pattern of times when

the air quality is not adequate.

For downtown, there are three periods of the day in which the pollutant emissions
were greater than recommended for outdoor environments: 07:13-08:41, 11:54-13:44,
and 18:07-19:32. Both at the city entrance and at the highway, only two time-ranges
displayed compromised air quality: 07:17-09:36 and 18:07-19:32, and 07:21-09:11 and
18:26-19:04, respectively.

To ensure good reliability of the results presented by the decision tree, the data stored
in the central database were divided into two sets: The first set, corresponding to 70% of
the records, was used to learn the C4.5 algorithm; the second one, corresponding to the
remaining 30%, served to test the results generated from the data mining process. The
success degree was satisfactory, reaching 86.7%. This means that only 13.3% of the data
was outside of the pattern.
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4. Discussion

The maximum and minimum values found by the query interface (Table 2) are the
first point to be analyzed. The highest CO, level found in the data contained in the
central database was reached at the city entrance (829 ppm). This value is well above
600 ppm, which is considered safe for humans. Overall, this location had the highest
CO, levels compared to the other locations evaluated. This occurred because the city
entrance shows large traffic jams throughout the day. A high CO, peak (788 ppm) was also
recorded downtown. In both cases, these high values were measured close to 18:00, which
corresponds to the period of the day with the highest vehicular traffic. On the highway, the
highest value measured by the sensor was 694 ppm, around 8:53. This possibly occurred
because vehicles start leaving the city for the highway at 8:00, which is the time commercial
activities begin on weekdays. The highway registered the lowest CO, levels among the
evaluated locations. Few traffic jams are observed, and the flow of vehicles is distributed
throughout the day. The lowest CO, concentration value obtained in the central database
was recorded at this location (503 ppm). This value was acquired at 5:07, where vehicular
traffic is very low.

The curves illustrated in Figures 3 and 4 show more clearly how the average CO;
levels vary throughout the day during the 8 weeks of testing, considering only weekdays.
Figure 2 represents the curve obtained for downtown and makes it clear that there are
three CO, concentration peaks where the limit concentration for human safety is exceeded.
These high values occurred precisely at times with greater vehicle traffic and when traffic
jams are normally observed. These are times when people from the city are in transit to go
to work (beginning of the day), for lunch (midday), and to go home (end of the day).

Only two peaks were observed where the air quality was compromised for the entrance
to the city, as shown in Figure 3. The average CO; level at this location was remarkably high
and had average values above 700 ppm at critical times. In this location, it usually presents
extensive traffic jams daily. The city is the largest in the region and receives daily vehicular
traffic from neighboring cities (people who are coming for work or for commercial reasons).
The sensor was positioned at a roundabout that connects several highways, and traffic
flows slowly during critical periods (start and end of the day).

The curve shown in Figure 5 clearly shows that the evaluated highway has superior air
quality compared to the other monitored locations. The CO; concentration usually exceeds
600 ppm for a few hours of the day, usually between 8:00 and 9:00. The present highway
is in the interior of the state and major traffic jams are not common. There are only slight
increases in vehicle flow when vehicles leave the city for external commercial activities.

The query system implemented in the monitoring platform allows a date range to be
used as a parameter for generating graphics. This increased the data analysis flexibility.
Thus, it is possible to generate daily, weekly, and monthly curves, among other possibilities.
In the case of Figures 3 and 4, the curves were generated based on the average CO,
concentration for each hour of the day, considering the 8 weeks of tests. The average value
can bring some distortions. To obtain the average value, all data from the selected period
are used. These data can bring extremely high (or low) CO; concentration peaks, which
are generated by a sporadic increase due to truck traffic, for example. This is an unusual
situation within the dataset and can contribute to an erroneous impression of the local
air quality.

The air quality profile can be more reliably obtained if the data mining technique is
used. This was implemented in the monitoring system. The C4.5 algorithm was used to
generate a decision tree that can determine time patterns when the CO, concentration is
above the safe limit (600 ppm), considering an acceptable error rate. Thus, the influence of
extreme values on the measurements is disregarded since a broad analysis in the database
is performed.

The decision tree generated in the data mining process (Figure 5) showed that, by
default, the time ranges 07:13-08:41, 11:54-13:44, and 18:07-19:32 do not have good air
quality downtown. Pollution rates were high in the 07:17-9:36 and 18:07-19:32 intervals at
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the city entrance. On the highway, the highest CO; concentration values during monitoring
were found in the 07:21-09:11 and 18:07-19:32 intervals. The 13.3% margin of error found
in the decision tree means that out of 100 times when the air quality is considered poor,
13.3 are erroneous decisions by the algorithm (the air quality is adequate).

Finally, it is important to highlight that sensors 1 and 2, as they are in the city, were
able to record data directly in the central database. The sensor 3, which was located on a
highway, recorded CO, concentrations locally as there was no internet signal. However,
synchronization was performed later, and no problems were detected in this process.

5. Conclusions

This work demonstrated the development of an air-quality-monitoring platform that
operated using autonomous sensors to measure CO; concentrations. These devices had
a technical condition that allowed the collected data to be recorded directly in a central
database located in the cloud. In the absence of local internet, data could be stored for
future synchronization. The project was tested for 8 weeks in three different external
locations, and one of them had no internet signal. This proved the effectiveness of using
autonomous sensors in architecture. In this way, the platform can act in the most diverse
environments, even the most remote ones, such as agricultural regions and forests, among
others. After the monitoring period, the platform was able to generate numerous graphs
and updated information about air quality. Moreover, a decision tree was generated from
the data mining process. Patterns were detected that allowed us to determine the periods
when air pollution is above the levels considered ideal for humans.

Problems related to the security of the data collected and the limitation of the monitor-
ing area were observed by an air-quality-monitoring platform (based on a wireless sensor
network) previously reported by the group. All these problems were overcome with the
development of this new monitoring architecture.

In addition to the great flexibility in monitoring air quality, the platform offered a wide
range of query and data analysis tools, as well as an automated module in the data mining
process. This generates knowledge that can help engineers and environmentalists in their
decision making.
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