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Air pollution has a negative impact on the environment and human health.
Meanwhile, the number of conventional air quality monitoring stations is
minimal due to high procurement and operational costs. This study proposes
a nitrogen dioxide (NO2) pollutant measurement system using the metal
oxide sensor (MOX) sensor and cellular network for data transmission in the
measurement area. A calibration curve is used to measure NO2 levels based
on the sensor's internal resistance changes. Measurement data of NO:
concentration, air temperature, relative humidity, and geospatial information
are compiled and sent via global positioning system (GSM), general packet
radio service (GPRS) radio communication with transmission intervals of
every minute. The database server processes the data and displays it on the
web application. System testing results at the Tugu Kujang Bogor at
15:38:00-16:38:00 September 23, 2021, showed that the concentration of
NO:2 ranged from 0.16-0.52ppm with an average of 270 ppb with an AQI of
133 in the unhealthy category for the sensitive group. The measured NO>
levels are outside the range of the NO: concentration database in the
industrial areas of Bogor and Jakarta for the 2016-2020 period. Therefore,
this system provides an excellent opportunity to obtain real-time
measurement data in the field.
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1. INTRODUCTION

A serious environmental problem faced in the world in recent times is air pollution. The use of fossil
fuel-based energy in the industrial and transportation sectors is a significant cause of releasing pollutants
(hydrocarbons, nitrogen oxides, carbon monoxide, and particulates) into the ambient air system, causing
severe public health problems [1], [2]. NOx is a pollutant that contributes to air pollution and increases
ambient air concentration. NOx includes nitric oxide (NO), nitrogen dioxide (NO3), nitrous oxide (N20),
dinitrogen trioxide (N20s), and dinitrogen tetroxide (N204) [3].

One of the principal pollutants of concern is nitrogen dioxide gas (NO) produced from the
conversion of NO with volatile organic compounds. In the short term, NO, concentrations exceeding 200
ug/mé can cause significant respiratory tract inflammation [4]. Meanwhile, nitric and nitric acids are formed
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by photo-oxidation of NO, hydrocarbons (HC), and ozon (Os), a source of nitric acid rain [5]. NO; can irritate
the respiratory system, chronic obstructive pulmonary, asthma, emphysema, bronchitis, nitration of heme to
form nitroso hemoglobin, and increased risk of heart and cardiovascular disease have been reported in the
literature [6]-[8].

Air pollution and air quality monitoring efforts have received public attention in Indonesia. The
government has implemented stricter laws to control air pollution and built automatic air quality monitoring
stations that operate actively and continuously in addition to existing conventional methods. The authority
installs stationary air quality monitoring stations in specific locations based on the measurement strategy and
criteria for establishing monitoring stations. There are 46 monitoring stations under the Ministry of
Environment and Forestry spread across the five largest islands in Indonesia. The island of Java is where the
most monitoring stations are placed due to the dense population and activities in urban areas. A total of nine
stations are spread across major cities on the island of Java, and this number is still far from ideal. Under
these conditions, an accurate and low-cost air pollution monitoring system installed in many areas can help
increase the coverage area of the existing air quality monitoring system.

The main requirements of a low-cost air quality monitoring system are accuracy, affordability, and
real-time data transmission. Data transmission can be designed using a low-cost wireless sensor network
(WSN) to improve the temporal distribution of the spatial resolution of the measured pollutant concentration
[9]. In the paper, Rasyid et al. [10] has successfully implemented an environmental monitoring system based
on the KAA-IoT platform with the scalability of data delivery, transaction speed, throughput, concurrency,
and response time. In addition, it ensures that data generated by monitoring tools can be collected in an
information center and used for broader purposes [11], [12]. The data collected can be processed to estimate
pollution levels, alarms, and warning systems based on ambient temperature and relative humidity [13]. The
air pollution monitoring system developed by [14] increased spatial resolution and described the variability
of pollutant gas concentrations in various locations by embedding GPS on the monitoring device.

Therefore, this research's main objective is to design an air quality monitoring system focusing on
measuring pollutant NO,. This research builds a NO, gas measurement system using an inexpensive MiCS-
6814 sensor and a weather sensor integrated with the AT2560 controller and equipped with a SIM7000E
wireless data transmission module. Web applications and databases have been developed to collect and
process sensor measurement data such as NO2 concentration, temperature, relative humidity, time stamp, and
monitoring locations. The nitrogen dioxide concentration data measured by the system was validated with a
third-party NO concentration database to verify the system's measurement results.

2. METHOD

This research was carried out comprehensively, covering the stages of studying literature on the
characteristics of NO, pollutants, designing and implementing a NO, monitoring system, collecting and
processing NO> concentration monitoring data, and comparing the NO, concentration monitored as primary
data with the NO, database provided by a third party as secondary data, as in Figure 1.
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Figure 1. Research overview

2.1. Concept and design

The sensor nodes developed are solar-powered, weather-resistant, and stationery designs. In
addition, the sensor nodes can measure NO; pollutants, air temperature, relative humidity, and geospatial
indicators such as latitude and longitude indicate the sensor unit's location. Over the last few decades, many
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gas sensors have been developed based on materials and sensing methods. Based on this, gas sensors can be
classified into catalytic combustion, electrochemical, thermally conductive, infrared absorption,
paramagnetic, solid electrolyte, and metal oxide semiconductor sensors [15]. Metal oxide (MOX) and
electrochemical (EC) sensors are two low-cost gas sensors that are widely reported to measure ambient air
pollution [16], [17]. The MOX sensor has wide commercial availability at a low-cost [18] compared to the
EC sensor. However, the EC sensor has a linear response to the target gas concentration [19]. Based on
Table 1, MOX sensors have advantages over other sensors, especially in sensitivity, response time, stability,
price, integration with instrumentation systems, and maintenance.

Table 1. Comparison of gas sensor types [15]

Gas sensor variant

Parameter Semiconductor ~ Catalytic combustion  Electrochemical ~Thermal conductive  Infrared absorption

Sensitivity E E
Accuracy G
Selectivity P
Response time E
Stability G
Durability G
Maintenance E
Cost E
The flexibility of integration E

OMMOOOTOO
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In general, the sensor node consists of two primary systems, namely, sensors and wireless
communication (see Figure 2). The sensor module consists of a MiCS-6814 OX sensor that can detect NO,
NO, and H; gases with a measurement range of 0.05-10.0ppm, 0.1-1.0ppm, and 1-1000ppm, respectively
[20]. This sensor was selected based on its ability to monitor a wide range of gases and its very affordable
cost—however, usually, the lower the price, the lower the accuracy [21].

The SIM7000E communication module is a chipset capable of receiving, storing, and transmitting
data wirelessly over global positioning system (GSM), general packet radio service (GPRS) cellular networks
[22]. The communication module is also equipped with a GPS so that it is possible to know the position of
nodes using geospatial information. The power supply module uses solar panels and circuitry to recharge the
12V/ 7.2 AH valve regulated lead acid (VRLA) battery that powers all the node's electronic components, as
shown in Figure 2.
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nalogue

i
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Figure 2. The electrical schematic of the ambient NO, monitoring system

The costs for all electronic and mechanical components to build sensor nodes are detailed in
Table 2. The costs include PCB manufacturing and assembly, internet, and cloud server subscription costs for
800 USD, as presented in Table 2. This cost is lower when compared to commercially available air
pollution sensors, which cost more than 5000-10000 USD. Automated air quality monitoring systems that
can measure air pollutants are often more expensive but have very high selectivity and accuracy than low-
cost sensors [23].

Low-cost nitrogen dioxide monitoring station based on metal oxide sensor ... (Rady Purbakawaca)



108 a ISSN: 2502-4752

2.2. Microcontroller and driver circuitry

The sensor node uses the AT2560 chipset, available in an Arduino 2560 board. The microcontroller
chipset can be embedded with firmware to measure signals from sensors, access modules such as
GSM/GPRS modules, display data, and others. Three universal asynchronous receiver and transmitter
(UART) channels are required for the main microcontroller to access the wireless communication module,
the secondary microcontroller, and the Nextion display module. These three modules have chipsets that
reduce the computational load and time of the main microcontroller.

The MIiCS-6814 sensor is a micro-electro-mechanical system (MEMS) chip produced by SGX
sensortech to detect pollution from environments and industries. MiCS-6814 is a compact MOX sensor with
three utterly independent sensing elements in one package: RED sensor, OX sensor, and NH3 sensor.
Concerning the design of the NO, pollutant measurement system, MiCS-6814 was chosen because there is a
sensing element in the form of an OX sensor that can detect NO, with characteristics are shown in Table 3.

Table 2. Cost to build NO, monitoring system

Component Approximate cost (USD)
MCU AT2560 (Primary controller) 51.50
MCU Atmega 328 (Secondary controller) 35.41
SIM7000E 63.00
Sensor MiCS-6814 and Weather sensor 288.71
Box enclosure, solar panel, and battery VRLA 111.72
Nextion LCD 80.05
Miscellaneous 200.00
Total cost 800.39

Table 3. The electrical characteristic of the OX sensor [20]

Characteristic OX sensor Symbol  Typical Min Max  Unit
Sensing resistance in the air Ro - 0.8 20 kQ
Typical NO, detection range FS - 0.05 10 ppm
Heating voltage Vi 1.7 - \
Heating resistance at nominal power Ry 66 59 73 Q
Voltage supply heating current Vsupply - 4.9 5.1 \Y
Relative humidity range RH - 5 95 % RH
Ambient operating temperature Tamb - -30 85 °C

The MiCS-6814 document number 1143 revision 8, the sensor power supply circuit recommended
by the manufacturer, and the sensor signal measurement circuit are presented in Figure 3(a). Figure 3(b)
shows the resistance value of Ry of 130 Q in series with the heating resistance of the OX sensor to obtain the
correct heating element temperature. When the circuit is given a single 5V power supply, the voltage
generated on the heating element (Vy) is 1.7 V. A single resistance value Rg of 56 kQ (resistance load),
which is connected with the internal resistance of the Rs sensor (resistance when there is a gas target) [24].
Therefore, the OX sensor signal output path marked "NO; VALUE" is connected to the 10-bit ADC
microcontroller based on the voltage divider principle [25]. The ratio of resistance Rs and R, (resistance
sensor in clean air) is mathematically expressed as follows [26].

Rs = RL X (Vsupply - Voutput)/Voutput (1)

This paper selects an Average Moving Filter (MAF) as a general denoising method equivalent to
low pass filtering [27]. MAF works by averaging several points within a specified data point range from the
input signal to produce each output signal point, as in (2). For this research, in an interval of 1 s, the sensor
value reading is 33 times and is processed into one MAF value in the form of y[k].

ylk] = = ZN=3 x[k + n] 2)
where N is the number of data before the output signal, and y is the output signal.
2.3. Network configuration

GPRS is part of the GSM which can be used as a data transmission protocol for air quality
measurement tools [28], [29]. SIM7000E is a Tri-Band LTE-FDD and Dual-Band GPRS/EDGE wireless
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module that supports LTE CAT-Mland NB-10T [22]. The data collected from the sensor nodes are sent to the
server to be displayed on a web page. Thus, the transmitted data can reach the end-user through two stages:
from the device to the network server and from the network server to the application server see Figure 4.
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Figure 3. MiCS-6814 (a) supply circuit [20] and (b) measurement circuit [24]
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Figure 4. Data transmission architecture

2.4. Mechanical design

The node consists of two primary enclosures (Figure 5). The first cover is a chamber that houses
sensors and drivers, while the second covers the primary control circuit and solar panels. Figure 5(a) and
Figure 5(b) show the design of the sensor chamber, which is in the form of a box with dimensions of
110x60x50 mm, the thickness of 1 mm, and has inlet and outlet ventilation for circulating pollutant gases and
air. The airflow rate through the sensor was set at 0.70 L/m. In addition, this study installed a DC fan at the
outlet chamber, simulated to have the same flow rate. The fan is regulated using pulse width modulation
control using TIP 122.

5. Index and concentration level of NO2

The method of determining air quality status is based on calculating the air quality index (AQI)
according to the US EPA standard for daily air quality reporting. The main parameters for indexing include
particulate matter (diameter less than 10 um and 2.5 um diameter), nitrogen dioxide (NO>), carbon monoxide
(CO), ozone (O3), and sulfur dioxide (SO,). Air pollutant levels are converted into air quality indexes and
categories for each pollutant [30]. In this study, the server calculates the index value of the NO;
concentration value sent from the node using the (3) by referring to Table 4 to determine the two breakpoint
values that cover the observed concentration (C,) [14].

HiZlle (¢ — Bp )+ 1, ©)

BPHL—BPLO

Where BPy; and BP;, are concentration breakpoint that is the higher and lower than or equal concentrations
of the air pollutant, Iy; and I, are the AQI values that corresponded to those concentration breakpoints, and
L, is the AQI values corresponding to pollutant concentration p, in this case, NO..
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Figure 5. Design chamber (a) airflow simulation and (b) stationary system

Table 4. The concentration breakpoint for AQI of NO; [30]

AQI Breakpoint conclenggahtiron of NO; (ppb) Category Color
0-50 0-53 Good Green
51-100 54-100 Moderate Yellow
101-150 101-360 Unhealthy for Sensitive Groups  Orange

151-200 361-649 Unhealthy Red
201-300 650-1249 Very unhealthy Purple
301-400 1250-1649 Hazardous Maroon
401-500 1650-2049 Hazardous Maroon

3. RESULTS AND DISCUSSION

The comprehensive implementation that has been carried out is presented in Table 5. The system
starts at the sensor node by turning on the device and then initializing the connection to the cellular network,
collecting data, constructing the data packet format, sending and displaying data on the monitoring
dashboard. Finally, the sensor node sends the measurement data to the server using the TCP/IP protocol in
JavaScript object notation (JSON), as provided in Table 6.

Table 5. The NO, monitoring system algorithm
Input: Measure pollution, temperature, relative humidity, and air quality index of NO, pollutant
Output: Web app with all features pollution control
Algorithm
Step 1: Initialize device to connect GSM, GPRS network, and set an interval for 1 minute
Step 2: Read sensor MiCS-6814 (for 1 s reading 33 times)
Step 3: Read sensor temperature and relative humidity (for 1 s reading one time)
Step 4: Get timestamp and geospatial information from the GSM module
Step 5: Compile Data In JSON Format, connect to TCP/IP port to send data and display data to the LCD
Step 6: Data is stored in an appropriate format, and the server sends the response success or fail
Step 7: The server's response is displayed in LCD to verify that the data success or fail
Step 8: Data displayed in the dashboard (Fetching data for google maps and graphs)

It is essential to check and test the commands on the Arduino sketch based on the algorithm that has
been designed to ensure that the NO; sensor works as expected. The algorithm for reading the NO> signal and
converting the digital value to the NO- pollutant concentration unit is shown in Table 7. Unfortunately, the
calibration curve in Figure 6 is only available as a graph without any calibration equations in mathematical
notation. Therefore, this study has presented the calibration equation by overlaying the calibration curve of
the datasheet with a graph made in excel. This simple method visually relies on a difference between the
datasheet calibration curve and the mathematical equation.
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Table 6. JSON structure for NO, monitoring system

JSON Description
{""sTime": “0000-00-00 00:00:00", The timestamp of reading the sensor value
"NO,"™ 0, "T": 0,"RH™: 0 NO, concentration, temperature and relative humidity
"lat”: 0.000000,"lon": 000.00000, Geospatial information: altitude and longitude
"devID": "device name”, Unique sensor node identity (Primary key)

"username": "username”, “password": "password"}  Basic authentication (Restricted)

Table 7. The NO, monitoring system algorithm

Input: pin number, sample time, heating time

Output: NO, concentration in the environment

Algorithm

Step 1: Make sure the NO, sensor is connected to the appropriate analog pin

Step 2: The process of heating the sensor and reading the output signal of the MiCS-6814 sensor, especially the OX
sensor, and sensing resistance in clean air (Ro)

Step 3: Sensing the OX sensor resistance (Rs) and converting the resistance ratio value (Rs/R,) to the NO, pollutant
concentration using the calibration curve, as shown in Figure 6

100.00

NO2
10.00 4 10 |
y = 6.4619x - 0.00P6
R2=1 Hydrogen
g
1.00 . |
& opt /‘\‘ NO 1 0o
0.10 “e
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Concentration [ppm]

Figure 6. The OX sensor calibration curve on the MiCS-6814 sensor [20]

Based on Figure 6, the mathematical equation expresses y in the ratio of RS/R and x in NO>
o
concentration. Therefore, it is necessary to reverse it to obtain a formula for calculating NO» concentration.

x = (Ye.4610) % (v +0.0026) @)

Where x is the ratio of RS/R without units, and y is the concentration of NO, in ppm.
o

The web application is built using the Go-Lang programming language and JavaScript with the
VuelS framework. The web application is designed to respond to the user's mobile display appropriately, as
represented in Figure 7(a). The primary function of the dashboard is to display and store sensor readings. The
sensor node must be registered in the web application to get the device id embedded in the JSON data as the
value of the "deviD" key and the primary authentication username and password. Only data sent by
registered sensor nodes can be stored and displayed.

Figure 7(b) shows the display of data downloaded from a web application containing data that the
sensor node has sent in a comma-separated values (CSV) file. CSV files are built to make it easier for users
to analyze further, create graphs, and make descriptive statistical analyses to find out the maximum,
minimum, average, range, and so on. The NO, pollutant monitoring system was tested at the Tugu Kujang
Landmark, Pajajaran Bogor Botanical Gardens Road, as shown in Figure 8(a). The determination of this
location is due to the large number of motorized vehicles passing through the location. The test was carried
out on September 23, 2021, for 6 hours with an interval of 1 minute, and the NO, concentration data is
presented in Figure 8(b). Statistical analysis showed that NO; concentration ranged from 0.06-0.66ppm with
an average of 0.20ppm. In the time range 15:38:00-16:38:00, the NO, concentrations ranged from 0.16-
0.52ppm with an average of 0.27ppm. The average NO, concentration converted into ppb units according to
Table 4. The AQI (NO; 1-hour) was calculated and obtained 133 with an unhealthy for sensitive groups
category in Table 8.
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Sampling Sampling NO,

date time  ppm Temperature (*C) Relative humidity (%)

9/23/2020 10:38:00 0.100
9/23/2020 10:39:00 0.080
9/23/2020 10:40:00 0.130
9/23/2020 10:41:00 0.190
9/23/2020 10:42:00 0.080
9/23/2020 10:43:00 0.210
9/23/2020 10:44:00 0.130
9/23/2020 10:45:00 0.090
9/23/2020 10:46:00 0.160
9/23/2020 10:47:00 0.190
9/23/2020 10:48:00 0.090
9/23/2020 10:49:00 0.100
9/23/2020 10:50:00 0.190
9/23/2020 10:51:00 0.110
9/23/2020 10:52:00 0.210
9/23/2020 10:53:00 0.230
9/23/2020 10:54:00 0.160
9/23/2020 10:55:00 0.140

Ambient

32
32
32
32
32
32
32
32
32
32
33
33
32
32
32
32
32
32

Ambient

66
67
67
67
67
67
67
67
66
67
66
65
64
65
66
66
67
66

P (kPa)

99.15
99.14
99.15
99.14
99.14
99.14
99.14
99.13
99.13
99.13
99.12
99.12
99.12
99.13
99.13
99.12
99.12
99.12

(b)

Figure 7. Development of (a) web application display view and (b) NO, data monitoring in CSV format
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Figure 8. The NO2 (a) sampling locations and (b) measurement results

Table 8. AQI of NO; pollutants at the Tugu Kujang Landmark, Pajajaran Bogor Botanical Gardens Road

Concentration Concentration

. of NO, (ppb) breakpoint AQI AQI Category
San;;ilr:ltng Year 1 hour of NO, breakpoint AQl and color
P (AQI 0-50)
(Cp) BPio BPyi lo Ini
Tugu Kujang,
Jalan Raya Pajajaran Bogor 2021 270 101 360 101 150 133 Unhealthy for

Botanical Gardens, Bogor City Sensitive Groups

In this study, secondary data used to help validate the measurement results is a database of NO,
concentrations in the Bogor and Jakarta areas provided by PT Unilab Perdana with conventional methods
according to government regulations, as summarized in Table 9. In the 2016-2020 period, NO, concentration
monitoring data in the city of Jakarta was obtained from 4017 samplings, most of which were spread in
industrial areas with NO, concentrations in the range of 6-51 pug/m?. In the same period, monitoring data on
NO; concentrations in the Bogor district were obtained from 396 samplings, almost entirely in industrial
areas with a NO; concentration of 14-44 pug/m®. The AQI of NO; is defined by first converting the maximum
concentration value at each location and year into ppb units considering the molecular weight of NO..
According to US-EPA standards, the calculation results show that AQI is in a good category.

A comparison of the NO, measurement data by the prototype with the NO, database is presented in
Figure 9. The comparison determines whether the NO: concentration reading by the design system
approximates the value of the NO, concentration measurement database, as shown in Figure 9(a). It becomes
essential to know the operational performance of a system designed with limitations in providing standard
equipment or even accessing data from a government continuous air quality monitoring system.
Measurement of NO> gas using a system that is much higher than the NO, concentration database causes the
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results of the AQI NO- prototype calculation to be higher than the database, as shown in Figure 9(b). It could
be due to the ability of the MiCS-6814 sensor to detect that the target gas is not selective (see Figure 6). In
addition, motor vehicle exhaust CO, NOx, and HC, especially NOx, can cause errors in the sensor output
signal, thereby increasing the measurement results of NO; concentrations.

Table 9. The NO; concentration database in the Bogor and Jakarta areas in the 2016-2020 period

Concentration of Concentration

sampling  Number NO, Concentration max. breakpoint AQI ) AQI
point of data Year (ug/m?) 1 hour of NO; (ppb) 1 hour of NO, breakpoint ~ AQl  Category
(Cp) (AQI 0-50) and color
Max. Min. Ave. BP.o BP; lio Ini
Jakarta 4017 2016 51 6 31 27 0 53 0 50 48 Good
City 2017 50 11 31 27 0 53 0 50 47 Good
2018 41 18 30 22 0 53 0 50 39 Good
2019 44 16 30 23 0 53 0 50 42 Good
2020 42 14 32 22 0 53 0 50 40 Good
Bogor 396 2016 44 14 30 23 0 53 0 50 42 Good
city 2017 39 14 29 21 0 53 0 50 37 Good
2018 37 23 29 20 0 53 0 50 35 Good
2019 36 20 28 19 0 53 0 50 34 Good
2020 36 15 29 19 0 53 0 50 34 Good
E 300 4 140 133
250 120
E‘ 200 100
E - 80
£ 100 -
E <0 | ﬂz B’ ;o2 2 g 13 g5 1m
B o EBEEBEEEBER
2016 2017 2018 2019 2020 2016 2017 2018 2019 2020 2021 2016 2017 2012 2018 2020 2016 2017 2018 2015 2020 2021
lakarta Bogor Tugu Kujang Jakarta Bogor Tugu Kujang
Bogor Bogor

H Concentration of NO2 Max (ppb) 1 hour {Cp) database ;
B AQl of NO2 1 hour from database
M AQ) of NO2 measurement result prototype 1 hour

(@ (b)

Figure 9. The comparison of the results of (a) measurements of NO, concentrations at Tugu Kujang Bogor
against databases of NO, concentrations in Jakarta and Bogor, and (b) final difference of AQI value between
database and prototype

M NO2 concentration measurement results prototype 1 hour(Cp

The results of measuring NO, concentration using a system with a NO, concentration database can
also be caused by using a calibration formula based on the datasheet provided by the manufacturer.
The relationship between R,/R, and NO_ concentration in the datasheet occurs under controlled conditions
at 25 °C and 50% relative humidity. However, when measuring NO; in the field, the environmental
temperature and humidity conditions changed in the range of 29.3-33.2 °C and 60-85.3 %. It means that the
output signal drifts due to changes in temperature and humidity in the environment so that the gas sensor's
accuracy and measurement stability are affected. Therefore, a temperature and humidity compensation
strategy is needed for sensors with hardware and software approaches such as the one developed. In addition,
the use of calibration equations provided by the manufacturer results in less accurate measurements.
Therefore, the sensor needs to be calibrated with standard equipment [31] and a temperature and humidity
compensation strategy with a hardware and software approach developed by [32] to improve the
measurement accuracy.

4. CONCLUSION

This study proves that the NO2 pollutant measurement system using a low-cost gas sensor based on
cellular communication can provide a high opportunity to obtain data from the sensor node at the sampling
location. Furthermore, air quality measurements can be carried out using a cheap sensor, MiCS-6814.
However, measuring NO. concentrations at Tugu Kujang Bogor are outside the range of the NO;
concentration database in Bogor City and Jakarta in the 2016-2020 period. Nevertheless, the low-cost MiCS-
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6814 sensor has considerable for further development by applying temperature and relative humidity
compensation algorithms.
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