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Abstract \

Context: The evaluation of air quality in Colombia is localized; it does not go beyond determining
whether the level of the polluting gas at a specific point of the monitoring network has exceeded a
threshold, according to a norm or standard, in order to trigger an alarm. It is not committed to objectives
as important as the real-time identification of the dispersion dynamics of polluting gases in an area, or
the prediction of the newly affected population. From this perspective, the presence of polluting gases
was evaluated on the university campus of Escuela Colombiana de Ingenieria Julio Garavito, located
north of the city of Bogotd, and the affected population was estimated for the month of October, 2019,
using the Kriging geostatistical technique.
Method: This study is part of the design and construction of an auxiliary mobile station that monitors
and reports complementary information (CO and SO; gases) to that provided by the Guaymaral meteo-
rological station, located in the north of Bogot4. This information is transmitted through an IoT network
to a server, where a database is created which stores the information on polluting gases reported by the
14 stations of the Bogotd air quality monitoring network, the information sent by the auxiliary station,
and the statistical information of the population present on the university campus. Pollutant gas data and
population information recorded from October 15 to 315¢, 2019, are the input for data analysis using the
Kriging interpolation method and predicting the affected population on said campus.
Results: There is a particulate matter concentration of 29 pg/m?® of PM10 in the coliseum and 12,6
pg/m3 of PM2.5 in building G, in addition to 9,8 ppb of Os in building I, 14,9 ppb of NOj in that same
building, 0,79 ppb of CO in building C, and 0,65 ppb of SO5 also in building C, thus allowing to infer,
according to the Bogotd air quality index, a favorable air quality for a population of 2.131 people who
visited the campus university during the aforementioned period.
Conclusions: The correct integration of the data in the web server and their analysis, carried out in
the R language, allowed determining the approximate indicators of the polluting factors around Escuela
Colombiana de Ingenieria Julio Garavito. Additionally, to determine the affected population, these indi-
cators were correlated with the information on the registered population that entered the campus during
the period under study. Based on the results obtained, it was concluded that the air quality on the campus
of Escuela Colombiana de Ingenieria Julio Garavito is favorable, and that 2.131 people benefited daily
from these conditions.

Q(eywords: polluting factors, modeling, Kriging method, air quality, area, population j
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Air Quality Measurement Using an IoT Network: a Case Study

/ Resumen \

Contexto: La evaluacion de la calidad del aire en Colombia es localizada; no va mas alld de determinar
si el nivel del gas contaminante en un punto especifico de la red de monitoreo ha excedido un umbral,
de acuerdo con una norma o estdndar, con el fin de generar una alarma. No se compromete con objetivos
tan importantes como identificar en tiempo real la dindmica de dispersion de los gases contaminantes en
una zona, ni la prediccién de la nueva poblacién afectada. Desde esta perspectiva, se evalud la presencia
de los gases contaminantes en el campus universitario de la Escuela Colombiana de Ingenieria Julio
Garavito, ubicada al norte de la ciudad de Bogotd, y se estimd la poblacion afectada para el mes de
octubre de 2019 utilizando la técnica geoestadistica de Kriging.

Método: Este estudio forma parte del disefio y construccion de una estacion mévil auxiliar que monito-
rea y reporta informacién complementaria (gases CO y SO2) a la que brinda la estacién meteoroldgica de
Guaymaral, ubicada en el norte de Bogot4. Esta informacién es transmitida a través de una red IoT hacia
un servidor, donde se crea una base de datos que almacena la informacién de los gases contaminantes
reportada por las 14 estaciones de la red de monitoreo de calidad del aire de Bogot4, la informacién
enviada por la estacién auxiliar y la informacidn estadistica de la poblacién presente en el campus uni-
versitario. Los datos de los gases contaminantes y la informacién de la poblacién registrada desde el 1
al 31 de octubre de 2019 son el insumo para el andlisis de datos mediante el método de interpolacién de
Kriging y la prediccion de la poblacion afectada en dicho campus.

Resultados: Se encuentra una concentracién de material particulado de 29 g/m? de PM10 en el coliseo
y 12,6 ug/m3 de PM2,5 en el edificio G. Ademds de 9,8 ppb de O3 en el edificio I, 14,9 ppb de NO,
en ese mismo edificio, 0,79 ppb de CO en el edificio C y 0,65 ppb de SO, también en el edificio C,
permitiendo inferir, segtin el indice de calidad del aire de Bogotd, una calidad del aire favorable para una
poblacién de 2.131 personas que visitaron el campus universitario durante el periodo mencionado.
Conclusiones: La correcta integracion de los datos en el servidor web y el anélisis de estos, realizado en
lenguaje R, permitieron determinar los indicadores aproximados de los factores contaminantes en el drea
de la Escuela Colombiana de Ingenieria Julio Garavito. Adicionalmente, para determinar la poblacién
afectada, estos indicadores se correlacionaron con la informacidn de la poblacién registrada que ingresé
al campus durante el periodo de estudio. Con base en los resultados obtenidos, se pudo concluir que
la calidad del aire en el campus universitario de la Escuela Colombiana de Ingenieria Julio Garavito es
favorable y 2.131 personas se beneficiaron diariamente de estas condiciones.

Palabras clave: factores contaminantes, modelacion, método de Kriging, calidad del aire, drea, pobla-
cién

@0ma: Inglés j

1. Introduction

In Colombia, the monitoring and control of atmospheric pollution have become increasingly re-
levant, given that the indicators of atmospheric pollution have peaked in the main cities due to the
growth of the industrial sector, the overexploitation of natural resources (coal, wood, etc.), and the
increase in the use of vehicles. However, there is still a lack of awareness of this impact, and the
necessary administrative instruments and mechanisms for the prevention and control of environ-
mental deterioration factors have not been defined and regulated. Additionally, the evaluation of air
quality is motivated by the need to determine whether a norm or standard has been violated, leaving
aside another objective, which is to determine the affected population and the risk to human health
that may be caused by exposure to pollutants in the atmosphere.
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In this context, the research problem addressed in this paper is the determination of the level of
pollution and the affected human population in Escuela Colombiana de Ingenieria Julio Garavito
(case study), located in Bogotd, during October 2019. This research was conducted in the cam-
pus of the aforementioned educational institution, where the climatological station of Guaymaral
operates, which belongs to the Air Quality Monitoring Network of Bogotd (RMCAB). This station
detects and reports the values of PM10, PM2.5, O3, NO, NO,, and NOx levels to a centralized da-
tabase. However, it does not report information on the polluting gases CO and SO,. To determine
the level of pollution by recording the eight polluting gases, as well as the affected population in
this area, it was necessary to design and build a mobile station that detects CO and SO5 with low-
cost sensors, which transmits the information through an Internet of Things (IoT) network with
LoRa (Long-Range Protocol) devices and LPWAN (Low-Power WAN) technology to a server. The
methodological design for recording (measurements of polluting gases: average values, sampling
frequencies, etc.), analysis, and interpretation of the data was based on the guidelines of the pro-
tocol for monitoring air quality in Colombia [!]. The contributions of this work are: 1) disclosing
pollution levels to a population that works and studies in a specific area in order to take measures
to reduce exposure or reassure the academic community, 2) provide new comprehensive technical
elements to improve air quality man- agement, and 3) present the results obtained and the met-
hodology followed in this case study to the Colombian Ministry of Environment and Sustainable
Development, which seeks to design a national air quality modeling guide.

2. Theoretical framework

The first works on air quality measurement in Colombia refer to the design of interfaces for the
capture of meteorological data and the installation and start-up of this type of station in some cities.
At present, the measurements and reporting of the average values of the variables that determine
air quality in urban areas, the cut-off points, and the quality index of the network of stations follow
the guidelines of the protocol for monitoring air quality [1].

2.1. State of the art in the Colombian context

In 2019, the monitoring of atmospheric pollution phenomena in Colombia was carried out with
203 monitoring stations distributed in 83 municipalities and 22 departments. For the case of Bogo-
t4, it was carried out by the District Secretariat of the Environment (SDA) with the RMCAB, which
has 14 monitoring stations, out of which 12 are fixed, one is meteorological, and the other one is
mobile. This level IV Air Quality Monitoring System (SVCA) is located at strategic sites in the
city. The stations have automatic equipment that continuously and permanently monitors concen-
trations of criteria pollutants, such as particulate matter (PM10, PM2,5) and pollutant gases (O3,
CO, NO,, and SO,); and meteorological variables such as precipitation, wind speed and direction,
temperature, solar radiation, relative humidity, and barometric pressure.

In the above scenario, Guaymaral is a climatological station of the RMCAB [ 1] that, according to
the National Station Catalog (CNE) of the Institute of Hydrology, Meteorology, and Environmental
Studies (IDEAM), is located at 4° 47° 1,52"north latitude and 74° 2’ 39,06"west longitude, at
2.580 m above sea level in the locality of Suba, northern Bogoté (Fig. 1). This station measures
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Figure 1. Guaymaral weather station in the locality of Suba, in northern Bogotd, on the campus of the Escuela Colom-
biana de Ingenieria Julio Garavito
Source: own elaboration.

common meteorological variables such as air temperature, precipitation, humidity, wind direction
and speed, solar radiation and evaporation, and pollutant gases: PM10, PM2,5, O3, NO, NO,, and
NOgy. Observations are carried out daily at 7 a.m., 1 p.m., and 7 p.m. Guaymaral does not report
any CO or SO, data.

2.2. State of the art in the international context

In the international context, the literature on this topic reports information on the most common
technologies for wireless sensor interconnection and data transmission from the weather station
to the monitoring center. In 2016, [2] proposed a multichannel wireless sensor network with the
ZigBee protocol at 2.4 GHz. This study examined the interference between ZigBee and WLAN
protocols and sought to improve network performance by increasing the packet delivery rate with
the use of time-division multiplexing and cluster tree protocols. [3] developed a monitoring sys-
tem for a vertical axis wind turbine using ZigBee; monitoring was performed using the LR-WPAN
standard, which was compatible with the ZigBee protocol. As for data analysis, data were collec-
ted through a layered computing system, which facilitated the integration of sensor information
and analysis of the captured data. [4] proposed an environmental gas monitoring system using a
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sensor array with an SPI output. The research consisted of two parts: a client part and a server
part. The latter was written in the C language and had four gas sensors, whereas the client part
was programmed as an object in JavaScript, thus facilitating graphical visualization and data analy-
sis. [5] developed a data acquisition system based on the ZigBee and Bluetooth protocols using two
Arduino modules: one to read the signals acquired by the sensors and transmit them through the
ZigBee module, and the other to retrieve the data. In addition, the Bluetooth module was used to
communicate with a smartphone and a computer to visualize the data. [6] designed an automatic
irrigation system based on a patented algorithm and powered by solar panels. This system used a
duplex wireless network with humidity and temperature sensors located in the soil near the plant
roots. As a result of the project, it was possible to reduce water consumption by 90 % over 136
days. [7] developed a wireless data acquisition system based on a PIC16F microcontroller, a RF
antenna, rechargeable AA batteries, and photovoltaic panels. The acquired data corresponded to
those provided by sensors measuring solar radiation, temperature, relative humidity, pressure, wind
speed, and direction. Once the data were acquired, they were modulated and transmitted via RF
to a base station, which demodulated the information and sent it through a RS 232 interface to a
computer for visualization in LabView. [8] developed a wireless sensor network with Zigbee com-
munication. The interface for data acquisition was built with a microcontroller and an ADC, which
communicated with the Zigbee module through a conventional asynchronous serial interface. The
data retrieved from the Zigbee receiver were sent to a computer for display on a graphical interface
programmed in C#. [?9] implemented a monitoring network with LoRa WAN networks to measure
PM10 and PM2,5 in the town of Santa Maria Degli Angeli in the municipality of Assis (Italy). For
decision making, the multi-criteria AHP technique was used to define the initial positioning of the
sensors. As a result, it was found that the largest emitter of pollutants is the industry, followed by
urban traffic and domestic heating. [10] used MQ-135 and DHT11 sensors for the detection of CO,
CO,, alcohol, air temperature, and humidity, and transmission through an IoT network composed
of an Arduino UNO and a Raspberry Pi. As a result, a platform for monitoring and issuing early
warnings of the monitored air quality was configured. [ 1] used the MQ-135 sensor, an Arduino
UNO, ESP8266 wifi, and GPS modules to measure and report air quality information via [oT net-
works to Web GIS clients. The goal of the project was to trigger alarms when the set safety limits
were exceeded, and action was taken when the authority failed to minimize pollutant levels after
a specified period. [12] detected PM10, PM2,5, temperature, and humidity, and they developed a
protocol for the transmission of georeferenced data via a LoORaWAN network. [13] measured CO,
and PM2,5 in the cafeteria kitchen and laboratory room of the Department of Science and Tech-
nology of the University of Rwanda. As a result, up to 800 ppm CO, and 100 ppm PM2,5 were
obtained in the kitchen environment, and 500 ppm CO, and 0 ppm PM2,5 in the laboratory, over
an observation time of 11 months.

The above allows inferring that most studies revolve around the design and implementation of
sensor networks with technologies such as ZigBee, Wi-Fi, Bluetooth, GPRS, LoRa Wan for envi-
ronmental monitoring (ESN, Environmental Sensor Networks), and meteorological stations can be
located within this category [ 14]. Although this research designs and builds an auxiliary mobile sta-
tion (for CO and SO, detection), and an IoT network composed of nodes (End-Devices), a gateway,
a LoRa to IP protocol conversion module (Backhoult), and a database, its interest is focused on data
analytics, real-time identification of the dispersion dynamics of pollutant gases, and determining
the affected population in a specific area and time (case study).
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2.3. 10T (The Internet of Things)

IoT is a line-of-sight, low power consumption wide-area protocol network with a coverage of
up to 15 km used in various applications in the 2.4 GHz band (unlicensed Industrial, Scientific,
and Medical radio bands, ISM) [15]. The LoRa WAN standard protocol has three layers (physi-
cal or transmission layer, MAC medium access layer, and application layer) for the transmitting
information at a data rate between 0,3 and 50 Kbps [16], [17].

2.4. R studio and Kriging interpolation method:

R is a free programming language and a study environment with a statistical approach and graphic
features. Kriging is a geostatistical interpolation procedure that includes autocorrelation, i.e., sta-
tistical relationships of the data from the measured points. Because of this, not only can it produce
an estimated surface from a set of sparse points with z-values, but it also provides some measure of
certainty or accuracy. Kriging assumes that the distance or direction between sample points reflects
a spatial correlation, which can be used to explain the variation on the surface [ 8]. This procedure
fits a mathematical function to a specific number of points or all points within a specific radius, in
order to determine the output value for each location. This is a multi-step process, which includes
exploratory statistical analysis of data, variogram modeling, surface creation, and, optionally, the
exploration of a variance surface. Kriging is the most appropriate method when a correlated spatial
distance or directional bias is known to exist in the data [19]. It is often used in soil science and
geology. However, it shows limitations because it does not consider wind direction and speed, te-
rrain topography, and the existence of buildings in the area. For this reason, it is necessary to have
many measurement points to correctly estimate the distribution of pollutant gas in the study area.

3. Materials and methods

The methodological focus is Top-Down, and the approach of this research, according to [20] p.
120], is classified as qualitative, given that “an attempt is made to explain and predict the pheno-
mena investigated, looking for regularities and causal relationships between elements". Besides,
according to the same source, a subcategory of this research can be established as quantitative
correlational, since the purpose is "to know the relationship or degree of association that exists
between two or more concepts, categories, or variables in a particular context", in the case of this
research, the real-time monitoring and evaluation of air quality in an area of Bogota.

In this context, not all RMCAB weather stations report all the polluting factors (particulate matter,
gases, and meteorological variables) that are necessary to assess the pollutant dispersion dynamics,
and thus determine the affected areas and population (Table I).

One of the exposed cases is the Guaymaral meteorological station, which lacks the sensors to
monitor carbon monoxide (CO) and sulfur dioxide (SO). For this reason, an auxiliary station was
designed and built for said station, which was installed between September 29" and November 1%,
2019. It was placed 5 m north of it, and it was interconnected to a server for data transmission over
an IoT network. This network was designed and built with a PIC family microchip, as shown in
Fig. 2.
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Table I. Measurement of polluting factors in the weather stations

Weather Latitude  Length Address PM10 PM25 O; NO NO, NOy CO SO,
station

Station createdin theinvestigation  4,78377  -74,04397  Autopista Norte Km. 13 X X X X X X E E
Guaymaral 478375 -74,04416  Autopista Norte Km. 13 E E E

Usaquén 4,71035  -74,03041 Tv. 9 No. 133- 95 E E E X X X E E
Suba 476124 4003 - CopasKm 13/ E E E X X X X E

Cr. 111 No. 157- 45
Las Ferias 4,6907  -74,08248 Aw. Calle 80 No. 69Q- 50 E E E E E E E X
CAR 4,65846  -74,08396 Cl. 63 No. 47- 06 E E E E E E E E
Ministerio de Ambiente 4,62548  -74,06698 Cl. 37 No. 08-40 E E E X X X X X
Puente Aranda 4,63176  -74,11748 Cr. 65 No. 10- 65 E X E E E E E E
Kennedy 4,62505 -74,16133 Cr. 86 No. 40- 55 Sur E E E E E E E E
Carvajal 4,595616 -74,14858  Autopista Sur No. 61- 40 E E E E E E E E
Tunal 4,576225 -74,13095  Cr. 24 No. 49- 86 Sur E E E E E E E E
San Cristébal 4,572552 -74,08381 Cr. 2 Este No. 12- 78 Sur E X E X X X X X
Fontibén 4,678247 -74,14381 Cr. 96G No. 17B- 49 E E E E E E E E
2 B 0 ¢ Q) Osa 4 <

Mumananons Latrud GPS

ARstug (Darcmetrca

Figure 2. Auxiliary station connected to the server through the IoT network

Source: own elaboration.

The MQ-136 and MQ-7 sensors were chosen to measure the SO, and CO concentration levels.
The first of these works with 5 V and has a high SO, detection sensitivity (Fig. 3, blue line), between
1 and 100 ppm, with an accuracy of 0,65 % at a temperature of 20 + 2 °C and relative humidity of
65 = 5 %. The calibration of this sensor was carried out with calibration gases with a concentration
of 10 ppm. Later, these values were compared with those of the RMCAB weather station, where an
error of 8,7 % was found. Fig. 3 shows the response curve of the MQ-136 sensor against different
gases, where cross-sensitivities to various gases are evident.

On the other hand, the second sensor also works with 5 V and has a detection sensitivity between
20 and 2.000 ppm of CO, with an accuracy of 0,5 % (Fig. 4, violet line). This, at the same tempe-
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Figure 3. Typical sensitivity characteristics of the MQ-136 sensor for various gases at a temperature of 20 °C, relative
humidity of 65 %, Os concentration of 21 %, RL = 20 k2. Ry: resistance of the sensor to 10 ppm of SOs in clean air;
Rs: resistance of the sensor to various concentrations of gases [21]

Source: own elaboration.

rature of 20 £+ 2 °C and relative humidity of 65 + 5 %. The calibration of these sensors was carried
out as follows: the information provided by the station created in this investigation was compared
with that reported by one of the RMCAB meteorological stations (standard sensor). For this, the
station created was placed at 3 m from the RMCAB station, and 3 m from the ground for a period
of 8 hours. The values obtained were compared with each other: an error of 8,7 % for SO, and an
error of 3,4 % for CO. These values were used to adjust the test sensor with the value reported by
the standard one. Fig. 4 shows the response curve of the MQ-7 sensor against different gases that
have a lower Rs/Ro ratio, high sensitivity to CO, and a medium sensitivity to Hy. The MQ-7 allows
us to accurately measure CO.

The information acquired by the sensors was sent to the IoT node. This node communicated with
the gateway, which was implemented in a Raspberry Pi and programmed in Python to convert the
LoRa protocol frames to IP. From the gateway, the information was transmitted to a server through
the cloud, which was geographically located within the same city but at another university. The CO
and SO, data measured by the SDA of the Guaymaral station, as well as that sent by the auxiliary
station, were stored in this equipment and visualized through a graphical interface called "Grafa-
na"(Fig. 2).

The transmission of the information was carried out through bidirectional time slots from the ap-
plication layer, obeying the following steps: the node requests a login (entry) to the network with
the configuration data and opens a reception window (listening mode). The gateway receives the
request and sends it to the server, which verifies that the node is registered and the encryption key
is correct. If the data are correct, it allocates a temporary session and sends it through the gateway
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Figure 4. Typical sensitivity characteristics of the MQ-7 sensor for various gases at a temperature of 20 °C, relative
humidity of 65 %, and O concentration of 21 %, RL = 10 kw. Ry: resistance of the sensor to 100 ppm of SO, in clean
air; Rs: resistance of the sensor to various concentrations of gases [22]

Source: own elaboration.

to the node. If they are wrong, it rejects the combination. The node receives the temporary session
and can send data to the network according to a defined schedule.

For data analytics, a database was generated on a server for geo-referencing of the Guaymaral
station’s monitoring point (Geographic Information Systems, GIS, were used). This database sto-
red the information (in HTML format) of the polluting factors that were reported by the Guaymaral
climatological station in the period from October 1% to 315!, Subsequently, the data from the Guay-
maral station were compiled and later converted into a tabular format [23]. This information, along
with the data received from the auxiliary station, was organized by averaging the data from each
sensor in the recorded period, leaving a single geo-referenced value for each gas in each meteoro-
logical station, and it was finalized as the input of the data analytics.

The analysis includes data represented in tables and graphs with a comparison of daily hourly ave-
rages (every 1,8 and 24 hours, as well as mobile 8-hour averages, as appropriate) and an evaluation
with the maximum permissible levels according to the exposure times established in national regu-
lations (Resolution 2.254 of 2017 of the Ministry of Environment and Sustainable Development,
MADS). The calculation of each average considers a temporal coverage of at least 75 % of the data.

The spatial distribution of the pollutant concentration measurements is represented by spatial
interpolation maps resulting from the implementation of the Kriging geostatistical method, which
uses the R Studio software. Therefore, it should be noted that these representations are subject
to the presence of uncertainties, which are typical of a procedure that seeks to obtain secondary
information based on the measurements of the mobile auxiliary station and each RMCAB station.
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Figure 5. Procedure to obtain the statistical prediction model

Source: own elaboration.

The procedure is shown in the flow diagram of Figure 5, which consists of selecting the pollu-
ting factor, along with its corresponding average value, that is geographically reported by each
weather station in the city of Bogotd. These data and the points of the geographical location of
the stations are used to construct a frequency histogram, evaluate their normality, and calculate the
semi-variance in order to determine the most appropriate statistical model to predict the polluting
factor. Finally, the Kriging interpolation is performed, the dispersion dynamics of the pollutant
factor in the area is graphically obtained, and the local monitoring area is zoomed (Escuela Colom-
biana de Ingenieria Julio Garavito, ECIJG) with a spatial resolution of 10 m. With the above, the
indicators of the polluting factors are obtained at a local level.

Fig. 6 shows an example of the steps followed to determine the dispersion of PM10 particula-
te material and the results obtained. The frequency histogram for PM10 is constructed with the
average data that were recorded and reported every 24 hours by the weather stations of Bogota.
The semi-variance graph approximates a statistical model according to the distribution of the data,
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Figure 6. Steps followed to determine the presence of PM10 particulate matter in the university

Source: own elaboration.

which represent groups of distances existing between the location points of the Bogota weather sta-
tions (discarding extreme distances greater than 30 km and close to 0 m or null distance, in which
the particulate material does not show any changes).

Then, the prediction model is adjusted, and the Kriging interpolation is performed, which gives
a graph in contour lines of the concentration of PM10 in a domain mesh of the regional model.
The concentration isopleths of this particulate material are obtained locally, and the domain mesh
is limited with a resolution of 10 m to achieve a spatial zoom.

The procedure was the same for the rest of the polluting factors, namely the concentration of
PM2,5 particulate matter and polluting gases SOy, NO,, CO, and Os,. The parameterization of the
academic and administrative community of ECIJG, which was present in each of the university
buildings, was carried out in time slots (according to class changes), for a normal daytime schedule
from 7:00 a.m to 7:00 p.m, and for the period from October 1% to 31%*, 2019. The sources of
information were the registration and human resources offices of the same university. Fig. 7 shows
a sample of the presence of the university population in one of the campus buildings, specifically
building D.
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Figure 7. Average number of people present from October 1%¢ to 6", 2019 at the facilities of building D of ECIJG

Source: own elaboration.
4. Results

Fig. 8 shows the results of the demographic study of the number of people per week and per buil-
ding on the university campus of ECIJG for the period under study. The average number of people
per day staying overnight at the university campus was 2.131 for the same period.

Fig. 9 shows the concentration of particulate matter PM 10, PM2,5, and pollutant gases SO,, NO-,
CO, and O3 found on the university campus during an average day within the period indicated abo-
ve.

Table II shows the average level of each pollutant factor, the maximum permissible levels, the
state of air quality by building, and the population.

Table II. Indicators of contaminating factors at ECIJG from October 15¢ to 315¢, 2019

It PM 10 PM 2.5 (0 X NO NO, NOx CcO SO,
em
(pm/m*)  (um/m®)  (ppb) (ppb) (ppb) (ppb) (ppm) (ppb)
Average value 29 (24h) 12,6 24h) 9,8 (8h) 31 (1h) 14,9 (1h) 46,1 (1h) 0,79 (8h) 0,65 (24h)
Maximum permissible
50 25 80 200 10.000 250
level*
Air quality
) Favorable Favorable Favorable Favorable Favorable Favorable Favorable Favorable
status
Building most .
Coliseum G 1 I 1 G C C
affected
Human
] 560 19.576 9.568 9.568 9.568 19.576 32.234 32.234
population

*Criteria established in resolution 2.254 of 2017 [24]
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Figure 8. Distribution of the average human population on the university campus

Source: own elaboration.

The monthly average concentrations of PM10 and PM2,5 during October 2019 showed a similar
behavior to the annual report by the environmental control directorate of the district environmental
secretariat concerning spatial distribution [!]. The highest concentrations were maintained in the
southwest (colosseum) and northeast (building G) of the campus and the lowest in the northeast
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Source: own elaboration.
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and southwest areas, respectively. In comparison with the concentrations of previous years of the
same report [ 1], for PM10, there is a tendency for concentrations to decrease over time, but PM2,5
concentrations tend to increase.

Monthly concentrations of PM2,5 and PM10 are influenced by variations in the meteorology of
each month of the year. The first quarter is characterized by being a dry period, so there is a re-
duction in wind speed and a greater frequency of thermal inversions. In the second quarter, the
rainy season begins, which favors the decrease in concentrations to some extent. The second dry
season coincides with September and October, in which concentrations increase again to decrease
in December due to the reduction in the activity of several emission sources.

During a typical day, concentrations are low in the early morning, and they increase rapidly until
reaching a peak between 7 and 8 a.m. due to the beginning of activity at the emission source, mainly
associated with vehicle traffic on the city’s northern highway. Because the temperature difference
between day and night at the surface is greater in the morning hours, the dispersion of pollutants is
low. However, as the day progresses, the surface temperature increases, which favors wind speed
and the dispersion of pollutants during the rest of the day. In the afternoon, a slight increase in
concentrations is observed, which is associated with vehicle activity at the end of the workday.

The mobile station built during this project monitored CO during October 2019. It recorded va-
lid data in a percentage higher than 65 %. Building C showed the highest average, with 0,79 ppb,
and building F recorded the lowest monthly concentration. On an average day, CO concentrations
are highest in the morning between 6 and 8 a.m. as well as during the late afternoon and evening,
between 5 and 10 p.m. The lowest concentrations are recorded around noon. CO concentrations in
2019 increased at some RMCAB stations relative to previous years, although there was a slight de-
crease for that year at stations in the southwest. It was observed that the buildings on the university
campus - located near the northern highway - are the ones with the highest CO levels, especially
due to the influence of the older vehicle fleet. Concerning the maximum permissible levels establis-
hed by the standard, no exceedances of the hourly and 8-hour moving average data were recorded
during 2019.

Building I, located in the southwestern sector of the university campus, recorded the highest
monthly average of Oz, with 9,8 ppb, whereas building G recorded the lowest levels. The behavior
of this pollutant has varied over the years, although, historically, the north of the city (the area whe-
re ECIJG is located) has recorded the highest concentrations [!]. The harmful tropospheric ozone
(O3) that exists in the lower layers is not emitted directly into the atmosphere but is produced by
the chemical reaction between natural oxygen in the air and nitrogen oxides and hydrocarbons,
which act as precursors or facilitators of the chemical reaction in the presence of sunlight. These
precursors are emitted directly into the atmosphere; the higher the concentration of these precur-
sors, the higher the ozone production, provided that solar radiation is present. Concentration levels
are influenced by the variation of solar radiation during the day, with the highest peaks occurring
around 1 p.m. In the morning, concentrations are low, decreasing around 6 a.m., influenced by the
increase in NO, concentrations, increasing until they peak in the afternoon, and decreasing again
after the reduction of solar radiation.
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The average week’s ozone behavior starts with high concentrations on Monday and decreases
until Wednesday. There is a slight increase on Thursday, and a decrease towards Saturday, with
a sharp increase on Sunday. Because Oj is a secondary pollutant, variations in concentration are
determined by the concentrations and magnitude of O3 precursor factors, such as the variation in
solar radiation during the year, which predominates in dry seasons, or changes in NOy and VOC
concentrations.

The highest NO, concentrations were recorded in the southwest of the university campus, in
building I, with 14,9 ppb, and the lowest concentrations were obtained in buildings F and G. No ex-
ceedances of the maximum limits were recorded at both annual and hourly resolutions. Concerning
previous years, concentrations have remained similar in most stations since 2015 [15]. The highest
concentrations predominate in March and April, decrease in the middle of the year, and increase
again between September and October. The variation in NO, concentrations coincides with periods
of high concentration of particulate matter, since the impact of emissions from combustion proces-
ses i1s more noticeable in the dry season, given that the dispersion capacity of the concentrations
is reduced. Concentrations are lowest on Monday, and they gradually increase on Wednesday and
then decrease in the following days until Saturday, when the highest concentrations of the week
occur. The increase in concentration on weekdays may be influenced by the accumulation of pollu-
tion during the week, in addition to chemical reactions occurring in the atmosphere. On Saturdays,
there are no mobility restrictions for vehicles, so there may be increases in concentrations due to
emissions associated with mobile sources.

In 2019, the highest annual average of SO, was recorded in building C with a value of 0,65 ppb.
This behavior is influenced by the activity of emission sources during the week (a vehicle fleet with
greater use of diesel circulates along the northern highway, both with freight and public transport),
as well as on weekends, since there is increased traffic due to the departure of vehicles from the
city. No exceedances of the daily limit were recorded. In general, since 2015, there have been slight
reductions in concentrations over the years in most of the RMCAB stations [1].

However, the concentration levels of particulate matter and pollutant gases, which were specified
in Table II and affect a floating population per building on the campus of ECIJG, allow classif-
ying the average air quality as favorable according to IBOCA, as well as stating that it meets the
environmental criteria [25].

5. Discussion

The results presented in the previous section allow inferring that 2.131 people benefit daily from
the favorable state of air quality in the facilities of ECIJG. Similarly, it is concluded that the po-
llutant with the greatest potential for affecting the university campus is particulate matter of less
than 2,5 microns (PM2,5), a result that coincides with that reported by the SDA [26] for Bogota.
It is recommended that members of the academic community, among other measures, use public
transportation or opt for bicycles for commuting from their homes to the institution and vice-versa.
Wet sweeping (general services) is also recommended, and vehicle users should avoid filling the
gas tank of the car to the maximum to contribute to maintaining or improving air quality on campus.
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Additionally, it is necessary for Colombia to evaluate the coverage of its weather stations to know
if their number and distribution throughout the territory are sufficient and adequate to monitor the
quality of the air that its citizens breathe. In the specific case of the RMCAB, it is recommended
that the number be increased to cover the entire urban area, and that some of the existing stations be
equipped with the necessary equipment to measure all pollutant factors. Similarly, a reevaluation
the limits established by the Colombian standard for determining air quality should be carried out
because it is laxer than the one suggested by the World Health Organization (WHO). For example,
while the Colombian limit for PM10 is 50 pg/m?3, the WHO recommendation is 20 jg/m?.

With the increase in the number of measurement points in a reduced area, future work could fo-
cus on determining specific places that are not complying with health regulations and send a timely
warning to the population, analyzing the data with unsupervised learning in real time.

Considering the relationship of more variables in the dispersion of the gases, it is also possible to
look for an interpolation model in which parameters such as prevailing winds (and their intensities),
orography, and buildings are considered to find better gas distribution approximations.

6. Conclusions

The air pollutant emission inventory for the university campus of ECIJG during October 2019
allowed quantifying the emissions of a specific area (which is ideal to have a general overview of
the state of emissions at the city level) generated by different pollutant sources. It provided tech-
nical information that serves the environmental authority for the following purposes: a diagnostic
tool to manage the air quality of a part of the Suba locality, technical support for the formulation
of policies and strategies to mitigate pollution, input information to evaluate the effectiveness of
actions through air quality modeling, and the periodic generation of air quality forecasts, among
other purposes.

In this type of studies, it is important that the measurement of the values of air pollution factors,
in the case of this research, CO and SO,, be carried out with the same criteria established by the
Ministry of Environment and the regional governments in order to avoid different reports that con-
fuse citizens. This type of exercise provides baseline data for air preservation policies.

From the study, it can be concluded that the air quality in ECIJG is favorable and that 2.131 peo-
ple benefit daily from these conditions. On the other hand, the implemented IoT network complies
with the conditions of correct transmission and real-time information retrieval. This was validated
in the server with the measured values of carbon monoxide and sulfur dioxide, which were pre-
viously measured and sent from the monitoring point.

The correct integration of the data in the web server, as well as their analysis performed in the R
language, allowed determining the approximate indicators of the polluting factors in the reference
area of the university campus of ECIJG, which was correlated with the population occupying its
facilities from October 1% to 315, 2019, in order to determine the affected population.
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