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 Air Quality Monitoring with  Focus on 
Wireless Sensor  Application and Data 

Management 

Air pollution monitoring generates large databases that need to be properly 
managed and  timely disseminated. Cloud computing can provide large online 
data storage at remote server outside the sampling area and access to the data 
via the Internet; hence, it is being increasingly applied to manage the air 
pollution monitoring data. This chapter provides a review of air  quality 
monitoring techniques, ranging from traditional to advanced. A focus is on the 
emerging technology of small low-cost wireless sensors and current status of 
their applications for air quality monitoring. Types and measurement principles 
of currently available sensors for  the monitoring of particulate maters (PMs) 
and gases are highlighted with their advantages and shortcomings. The case 
studies of sensor calibrations and applications with online data publicizing 
conducted by the Air Quality Research group at the Asian Institute of Technology 
are detailed. These calibration experiments showed that some sensors 
performed better than others in the field applications. PM sensors would not 
produce reliable readings at high  relative humidity (RH) commonly found in the 
tropical areas, while the available CO sensors have poor detection limits to 
measure the sub-ppm levels in the ambient air. The fact of being low cost 
makes it affordable to deploy many sensors in multiple sites to provide 
sufficient data points to characterize spatial patterns of air pollution. Although 
currently available, low-cost sensors cannot yet fully substitute the existing 
reference instruments or networks they have been used in several 
applications when satisfying the data quality objectives. To ensure data 
quality, the user community should properly calibrate the sensors against the 
reference equipment. There is a need to develop harmonized standards and 
guidelines for sensor performance evaluations and common metrics of data 
quality to be used in such evaluations. The data science techniques and the 
open access data policies are expected to further facilitate the development, 
applications and continuous improvement of sensor performance. 

Chapter written by Tan Loi HUYNH, Sathita FAKPRAPAI, and Thi Kim Oanh NGUYEN. 
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2.1. Introduction 

Air quality, expressed by the concentrations of pollutants in the air, highly varies in 
time and space. The variation in air quality is caused by the changes in 

(1) emission rates, for example episodic emissions, periodic emission cycles (daily, 
weekly and annual) or long-term change in source locations and strengths; large-scale 
meteorology, for example weather cycles and synoptic weather patterns; (3) local 
topography and urban effects that modulate the large-scale meteorology; (4) 
variations in the rates of chemical transformations and deposition; and (5) random 
fluctuations owing to atmospheric turbulence (Munn 1981). It is therefore a 
challenging task to obtain representative information on air quality in a geographical 
domain during a specific time period. 

Air quality management (AQM) system uses several technical tools to provide 
information on the air quality. Key technical tools include (1) air quality monitoring, (2) air 
pollution emission inventory and (3) air quality modeling. These tools generate large 
air pollution datasets which help to provide insights into the complex relationships 
between the emission sources of air pollution and ambient air levels, and, 
consequently, the induced effects on human health, ecosystem and climate. The 
information extracted from these datasets is useful for understanding the air quality 
situation in an area so as effective policies can be formulated and implemented to 
reduce source emissions, thereby minimizing the adverse effects (Kim Oanh et al. 2012).

This chapter provides insights into the air pollution monitoring techniques, 
traditional and advanced monitoring, with an emphasis on the emerging technology of small 
low-cost wireless sensors. The satellite air quality monitoring techniques are discussed in 
other chapters of this book and hence will not be detailed here. The state of the art of 
applications of the cloud computing (CC) to handle and publicize the air quality 
information is highlighted. Details of the other technical tools are provided in chapters 
about Emission Inventory and Air Quality Modeling. 

2.2. Development of air pollution monitoring techniques 

Air quality monitoring involves measurements of air pollutant concentrations by using 
traditional standard equipment (sampling and subsequent analysis), advanced methods for 
in-situ monitoring with the aid of remote sensing (e.g. satellite) and on-line sensor 
systems, or a combination of several of these techniques. Monitoring data are used to assess 
the associated risks of air pollution exposure to human health and ecosystems. Regulatory 
monitoring, conducted by governmental agencies, is done for criteria pollutants following 
the requirements set by the national ambient air quality standards (NAAQS) in terms of 
measurement method, averaging time 
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period and monitoring frequency. The main purpose of regulatory monitoring is to 
determine whether air quality in an area is complying with the NAAQS so that 
regulatory actions can be taken to reduce pollution in case of non-compliance. 
Monitoring data should be disseminated to ensure a timely flow of the air quality 
information to relevant stakeholders, for example to the public to avoid excessive 
exposure during pollution episodes or to authority to enforce control measures. 

Monitoring equipment (monitor) only gives the air pollutant level at the location 
where the monitor locates and only for the time period over which the measurement is 
done. Therefore, spatially, a network consists of multiple monitoring sites that are required 
to provide information on the status of air pollution in a given geographical domain, such 
as a city, province, country or region. Temporally, monitoring should produce data at fine 
resolution (e.g. hourly) and continuously over a long period to provide the information 
on the trend of air pollution to assess, for example, the efficacy of certain 
interventions on air quality. The monitoring activity thus generates large air quality 
datasets. To illustrate, a small city has three monitoring stations; each provides hourly 
levels of the criteria pollutants (CO, PM2.5, PM10, O3, NO2, SO2) plus meteorology 
(wind speed, wind direction, temperature, atmospheric pressure, solar radiation, rain and 
humidity) would generate a huge amount of the hourly data points over a year. In a 
country with hundreds to thousands of monitoring stations, the data management is 
a big challenge to ensure the data quality, archive and retrieval, and publicizing. Good 
data management strategies are therefore required to handle, process and share the air 
quality information; hence, the cloud computing (CC) could play important roles. 

2.2.1. Conventional air pollution monitoring 

Traditionally, air pollution is monitored by conventional air pollution monitoring 
systems with stationary monitors. These monitors are highly reliable, accurate and able 
to measure a wide range of air pollutants by following two principal approaches: 
(1) manual monitoring and (2) automatic continuous monitoring. 

2.2.1.1. Manual air quality sampling and analysis 

Manual fixed monitors have been among the first equipment used in air quality 
monitoring. Manual air quality monitoring has two separate tasks: (i) sampling or 
sample collection and (ii) subsequent laboratory analysis of samples. The active 
sampling method uses an air-moving device, such as a pump or an evacuated 
container; hence, the sampled air volume is readily known. The sampling period in this 
case is normally short, for example between less than 1 hour and 24 hours. 
Depending on the target pollutants and purpose of sampling, the sampling devices are 
designed to collect bulk/whole air samples or selective for specific compounds. 
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The bulk air samples are collected in a sampling bag, syringe or canister, which takes 
the actual air mixture at the site in the sample. The selective air sampling retains the 
pollutants of interest on selected sampling media, such as using a filter to collect PM 
or an activated carbon sorbent trap to retain volatile organic compounds (VOCs). 

On the opposite, passive air sampling does not use any air-moving device. 
Instead, the pollutants are collected based on physical principles such as the 
diffusion of gases in the diffusive samplers or settling of particles on a surrogate 
collecting surface. Passive sampling normally collects a sample over a longer period, for 
example two to three weeks; hence, it provides the time-weighted-average over the 
entire sampling period. In the passive sampling, the volume of air passed through 
the collector is not readily known; hence, it should be calculated using the 
meteorological variables (Klánová et al. 2008; Fan 2011; Choi et al. 2012). A 
comparison between active and passive sampling methods for air monitoring is given 
in Table 2.1. 

Monitoring 
methods 

Advantages Disadvantages

Active − Numerous validated methods exist

− Large sampling volumes improve 
sensitivity

− Sampling trains with multiple 
samplers in series reduce sample 
losses

− Isokinetic (flow weighted) 
sampling can be used to minimize 
sampling errors 

− Higher cost 

− Needs for frequent calibration of flow 
meters and pumps

− Needs for skillful personnel to operate

− Bulky equipment and sampling trains 
are cumbersome and often fragile

− Often requires a reliable power source 
to operate in the field 

Passive − Lower cost 
− More compact size 
− Do not require a power source

− Ease of use

− Minimal training for operation of 
samplers

− Large number of samples can be 
collected 

− Theoretical sampling rate must be 
validated for field conditions

− Temperature, humidity and air velocity 
extremes adversely affect collection 
efficiency

− Sensitivity to wind direction or 
sampler orientation  

Table 2.1. Advantages and disadvantages of active and 
passive monitoring methods (source: compiled by Loi (2016)) 
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The analysis task subsequently quantifies the amount of the pollutants trapped in a 
sample. For example, the amount of fine PM (PM2.5) collected on a filter is 
normally quantified using the gravimetric method (e.g. using a microbalance), while the 
amount of specific toxic organic compounds such as polycyclic aromatic 
hydrocarbons or organic pesticides trapped in a sorbent (charcoal, resin) is 
determined using the gas chromatography. The manual active monitoring technique 
guarantees the data accuracy and quality because most of the standard reference 
methods are based on this technique (Yi et al. 2015). However, both of sampling and 
analysis tasks are time consuming, and the method relies on bulky equipment and 
skillful human resources. An example of a PM10 sampler is shown in Figure 2.1. This 
sampler is designed with a special inlet to collect only PM10 (particles with 
aerodynamic diameters not more than 10 µm) on the filter for subsequent 
gravimetric and other chemical analyses. 

Figure 2.1. High-Vol PM10 sampler with an inserted PM10 inlet (Pfeiffer 2005).  
For a color version of this figure, see www.iste.co.uk/laffly/torus3.zip 

2.2.1.2. Continuous automatic monitoring instruments 

Continuous monitors have been used to measure SO2, NO2, CO, O3 and PM 
since the early 1970s in the United States of America (USA) to check the 
compliance with the US NAAQS (Watson et al. 1998). These instruments generate 
consecutive hourly average pollution levels and are used in the automatic air monitoring 
stations worldwide. Such an automatic monitor uses a sampling pump that collects 
and sends an amount of air to an analyzer which then provides on-line readings. 
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Automatic monitors measure the mass surrogate of PM using optical methods, such 
as light scattering and light obscuration, or measure the beta ray absorption of PM 
collected on a filter and convert to PM mass concentrations. A PM monitor uses the beta 
ray absorption principle and is called the beta attenuation monitor (BAM), as shown in 
Figure 2.2, which is the most widely used automatic PM monitoring system. Firstly, 
the interested size range of PM in the air sample is separated by a selective inlet (to 
retain PM10 or PM2.5 as the target pollutant). The PM of the target size range is 
collected on a filter tape over a period of time, for example 1 hour. Subsequently, the 
filter slot with the collected PM is exposed to beta rays emitted from a source and they 
are attenuated when they pass through the PM layer on the filter slot. The comparison 
between beta attenuation through the PM stained filter and a blank filter is converted to 
PM mass concentrations (Watson et al. 1998). 

Figure 2.2. Beta attenuation monitor for PM (Gobeli et al. 2008) 

Tapered element oscillating micro-balance (TEOM) is another type of automatic PM 
monitors used in the conventional air pollution monitoring stations. The mass of PM 
is determined by “gravimetric” method that is based on the changing oscillation 
frequency of a tapered quartz tube (Watson et al. 1998). 
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For gaseous pollutants, a wide range of automatic analyzers are available 
which measure target gaseous pollutants based on their physico-chemical properties, for 

example chemiluminescence for oxides of nitrogen (NOx = NO + NO2) and ozone  
(O3), non-dispersive infrared absorption (NDIR) and gas filter correlation (GFC) 
techniques for carbon monoxide (Murena and Favale 2007), NDIR for carbon dioxide 
(Kaneyasu et al. 2000), non-dispersive ultraviolet (UV) absorption for O3,  or UV 
fluorescent radiation technology for sulfur dioxide (SO2). 

However, these traditional instruments for PM and gases are of large size, heavy 
weight and expensive (Yi et al. 2015). The high cost of the equipment, in particular, limits 
the number of monitoring stations to be deployed in an area. In this situation, the 
selection of representative sites to measure air pollution is critical, and this proves to 
be a very challenging task in a crowded urban area with multiple emission sources (Kim 
Oanh et al. 2009). Over 60 automatic monitoring stations in Thailand, for example, are 
divided into two broad categories: (i) road side (2–5 m from the traffic lane) and (ii) 
general sites, and they are further classified into residential, commercial, institutional, 
and industrial sites and so on (PCD 2018). The sparsely distributed governmental 
monitoring networks in many Asian countries can only provide a low spatial 
resolution of air quality datasets and hence cannot reflect the highly variable air 
pollution levels in a domain to be used subsequently in the health effect assessment 
studies. 

 2.2.2. Sensing technology for air monitoring 

To resolve the limitations of conventional air monitoring instruments, sensors of small 
size and low cost are a promising alternative. The sensors for PM commonly use the 
optical method (light scattering, light obstruction, etc.), while for gaseous pollutants, 
several principles may be used as summarized in Table 2.2. 

The most low-cost light scattering PM sensors used for particle number 
concentration measurements can only observe particles in the size range of 
~400–10,000 nm (Wang et al. 2010). There are no low-cost sensors available that can 
measure ultrafine particles (particles with diameter <100 nm). Beside, PM sensors 
showed a non-consistent performance at high RH in the air, for example with 
worsening performance at RH ~80–85% (Crilley et al. 2018). Future PM sensors 
should properly address the RH effects to render their applications in the tropical 
highly humid areas. It is noted that several standard (and high cost) PM monitoring 
instruments also use the optical principle but they typically maintain a constant RH in 
the inlet for measurements and use specific technologies to accurately monitor 
very fine particles, whereas none of these are commonly incorporated in the PM 
low-cost sensors (Budde et al. 2012). 
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Pollutants Example products Measurement 
principle Measurement range 

PM 

Sharp Microelectronics 
DN7C3CA006 PM2.5 Module 

Light obscuration 25–500 µg/m3 

Sharp GP2Y1010AU Air 
Quality Sensor 

Light scattering 0–500 µg/m3 

Alpha sense OPC-N2 Particle 
Monitor 

Light scattering Not provided 

SYhitech DSM501 
Light scattering 
(particle counter) 

0–1.4 mg/m3 

Shinyei AES-1 Light scattering 300–300,000 pcs/ft3 (1) 

Shinyei PPD4NS Light scattering 0–800,000 pcs/ft3 

CO 

Alpha sense B4 Series CO 
Sensor 

Electrochemical 
sensor 

0–1,000 ppm 

MiCS-5525 Semiconductor 0–1,000 ppm

MQ9 Semiconductor 0–1,000 ppm

Hanwei MQ-7 CO Sensor Solid-state sensor 20–2,000 ppm 

NO2 

Alpha sense B4 Series NO2 
Sensor 

Electrochemical 
sensor 

0–20 ppm 

SGX SensorTech MiCS-2714 
NO2 Sensor 

Solid-state sensor 0.05–10 ppm 

VOCs 
AH2 Photo Ionisation Detector PID 0.01–50 ppm

A12 Photo Ionisation Detector PID < 0.05–6,000 ppm 

CO2 

MG-811 Semiconductor 350–10,000 ppm

U.S.A.GE/6004/6113 NDIR 0–2,000 ppm

Korea ELT H550 NDIR 0–10,000 ppm 

Japan FIGARO CDM4160 Solid electrolyte 400–45,000 ppm 

Table 2.2. Several types of available sensing technologies for air pollution 
monitoring source: Alphasense (2016); Loi (2016); Yi et al. (2015) (1) pcs/ft3: 

particles per ft3 

The gas sensors may be classified into five types which are electrochemical 
sensors, catalytic sensors, metal oxide semiconductor (MOS) sensors, 
non-dispersive infrared absorption and miniature photoionization detector (PID) 
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sensors (Yi et al. 2015). Electrochemical sensors measure gaseous concentrations by 
using oxidation–reduction reactions between electrochemical inside the sensor and the 
target gases. The electric signal produced is related to the concentration of the target 
pollutant. Electrochemical sensors appear to have interferences from RH and 
temperature (Castell et al. 2017). Catalytic sensors use the principle of burning the 
target gases at a much lower temperature than its normal ignition temperature 
with the aid of a catalyst present on the surface of the sensor. A MOS sensor 
consists of one or several metal oxides and measures the electrical change on the 
surface of the metal oxide film when the target gas adsorbs and subsequently relates 
it to the gas concentration (Kadri et al. 2013; Yi et al. 2015). MOS sensors have 
some sensitivity to environmental conditions and have interferences from other 
gases (Rai et al. 2017 and references therein). The NDIR sensor uses the 
principle of absorption spectrometry, i.e. the target gases absorb IR at specific 
wavelengths (Beer–Lambert law), and the attenuation of these wavelengths is 
measured by the detector to determine the gas concentration (Watson et al. 1998; Liu 
et al. 2011). PID sensors use an ultraviolet light source to break down the target 
gases into ionized gas molecules (positive and negative ions) and measure the electric 
current produced to relate to the gas concentrations (IST 2016). PID sensor is 
commonly used for VOC measurements but it has limitations because it does not 
ionize every VOC present in the air with equal efficiency. Thus, the compounds 
that are efficiently ionized can be more readily detected than other compounds; 
hence, PID signals depend on the VOC mixture being measured.  

Basically, the sensors translate the physical environment conditions, in this case the 
levels of air pollutants, to electrical signals (Maraiya et al. 2011). Sensing units are 
usually composed of two sub-units: sensors and analog to digital converters (ADCs). 
ADCs convert the analog signals of sensors, which reflect the observed conditions, to 
digital signals which are input into the processing unit. The output signals of sensors 
need to be calibrated against the reference standard instruments to produce a calibration 
curve that relates the responses of the air sensor (electronic signal) to the reference 
instrument data or to the gas standard concentrations in order to obtain the 
measurement data in the concentration unit. The most suitable method is to calibrate 
the sensors using the gas standards which are done in the laboratory (Williams et 
al. 2014). Collocation technique of sensor node (placing the node near a reference 
air quality monitoring instrument) is another common calibration method but ones 
need to make sure that two devices are close enough to measure the same air 
bubble. The collocation is also necessary to validate the sensor performance. 
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2.3. Wireless sensor network for air monitoring 

Development in wireless communications and electronics technology has made the 
Wireless Sensor Network (WSN) into reality (Hejlová and Vozenílek 2013), and it 
can be applied in environmental or socioeconomic monitoring. For the 
environmental monitoring, the WSN is applied for air quality, water quality, 
natural disasters such as landslides, forest fires or volcanic eruption (Akyildiz et al. 
2002; Othman and Shazali 2012). In air pollution monitoring, the WSN relies on low-
cost, low power and multi-functional sensors that are small in size and can 
communicate air pollutant information though the Internet. 

A typical WSN has three layers: (1) wireless sensor network layer, (2) control layer 
and (3) application layer (Guo et al. 2012). In the first layer, the sensor nodes are 
deployed for measuring the environmental conditions. A sensor node has (i) 
Sensor(s); (ii) Microcontroller or Microprocessor (µC) and (iii) transceiver 
equipment (Ferdoush and Li 2014). In the second layer, the measurement data are sent 
to a server (control layer) through a wireless access point to the Internet. Finally, 
the server receives data (application layer), where they are processed and kept into a 
database (Guo et al. 2012; Brienza et al. 2015). In the system architecture, the 
gateway node of wireless sensor network, database server and web server are combined 
in one single-board computer (SBC) hardware platform that helps to reduce the 
cost and complexity of this multi-functional WSN system. A web application is 
developed to support users to conveniently access web interface of the system. 
Users can interact with the web application within the local area network or from the 
Internet to update the sensor data or condition of each sensor node every time and 
everywhere (Yang et al. 2010). Figure 2.3 shows the fundamental architecture of the 
wireless sensor network for air quality monitoring.

Figure 2.3. Wireless sensor network architecture (Brienza et al. 2015). 
For a color version of this figure, see www.iste.co.uk/laffly/torus3.zip 
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2.3.1. Case studies of application of wireless sensors for air quality 
monitoring 

Many projects for sensor networks are planned around the world with 
several reported applications of WSN for air pollution monitoring, as detailed in 
Kadri et al. (2013), Liu et al. (2011), Méndez et al. (2011) or Wong et al. (2009). 

USEPA conducts a wide range of sensor development, evaluation and 
demonstration projects with results published on their Air Sensor Toolkit website 
(https://www.epa.gov/air-sensor-toolbox). For example, the Village Green project has 
monitoring stations integrated into park bench in several US cities, for example 
Philadelphia, Washington DC, Kansas and Durham (USEPA 2015) with examples 
shown in Figure 2.4. The monitoring data are being used in research to improve the 
understanding of air quality and to increase community awareness of local air 
quality conditions. The creativity of this project is the combination between wireless 
sensor networks and renewable energy with wind and solar energy used for supplying 
power for monitoring stations (Jiao et al. 2015). All Village Green stations measure 
ozone and fine particle (PM2.5) plus weather parameters such as wind speed and 
direction, temperature and RH. The air pollution and weather real-time measurements 
are automatically streamed to the Village Green Project webpage and available 
to the public (https://www.epa.gov/sites/production /files/2017-05/documents/village-
green-project-fact-sheet.pdf). 

Figure 2.4. Monitoring station in Philadelphia and Washington DC (USEPA 
2015) 

In Asia, the Hong Kong Green Marathon sensor network was deployed along the 
marathon route to measure NO2, CO, O3 and PM2.5 (Sun et al. 2016). The sensor 
network in Taiwan measures PM2.5 (Chen et al. 2017) and displayed near real-time 
data (https://airmap.g0v.tw/). The air quality research group at the Asian Institute of 
Technology (AIT) also developed sensor nodes for air quality monitoring since 
2016, and the case studies are detailed below. 
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2.3.2. AIT case study 1 

The study (Loi 2016) developed two wireless sensor 
nodes with the node configuration given in Figure 2.5. First, the existing sensors 

were screened to select the suitable, in terms of measurement range and 
environmental conditions, to measure the open burning smoke/haze related pollutants (CO, 
CO2, PM). The selected sensors included the Sharp GP2Y1010 sensors for PM, MQ9 
sensors for CO, and MG811 sensors for CO2. In addition, a DHT22 sensor was used to 
measure air temperature and humidity. ArduinoYUN was used as a microcontroller in the sensor 
node. Solar panels were installed to supply power which is necessary when sensors are 
deployed in remote areas. The sensor nodes used 3G wireless communication for real-time 
data transfer to an Internet open source called “Thing-speak”. 

Figure 2.5. Wireless sensor arrangement and  
the sensor node with a solar panel (Loi 2016) 

Before deploy for the field measurement, the sensors were calibrated by 
collocating with the reference air quality monitoring equipment available in the 
ambient air quality stations in Bangkok. The PM sensors showed good performance at 
high PM concentrations, having good linear and nonlinear regressions with the data 

produced by the reference equipment (R2 about 0.92). The CO sensor showed lower, 
largely due to its detection problem of the relatively low CO levels in the air, but still 

quite acceptable R2 values (about 0.70). However, the CO2 sensor was found not 
stable during the experiments, and this still needs further investigations. The 
results of sensor calibrations are shown in Figure 2.6. 
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Figure 2.6. Calibration results for CO and PM10 at different sites in Bangkok (Loi 
2016). For a color version of this figure, see www.iste.co.uk/laffly/torus3.zip 

The calibration curves were used to convert the sensor signals into the pollutant 
concentrations. The validated sensors (PM and CO) were applied in a trial 
application to monitor smoke from maize crop residue field burning and in a 
demonstration of monitoring a smoke haze episode in Chiang Rai, Thailand, as 
depicted in Figure 2.7. 

Figure 2.7. Field deployment of sensors for haze monitoring in Chiangrai (Loi 
2016). For a color version of this figure, see www.iste.co.uk/laffly/torus3.zip 

NOTE.– inserted are windrose, prevalent wind directions (red arrows), hotspot of 
biomass burning (red dots) during the monitoring period (March 23–26, 2016) and 
examples of the online data display for PM, CO, humidity and temperature in 
“Thing-speak”. 
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2.3.3. AIT case study 2 

In this case, Sathita (2017) evaluated the performance of additional sensors that were 
commercially available for the field experiments. Eight types of sensors were selected 
which included three types of PM sensors (SharpGP2Y1010, PMS3003 and PMS7003), 
two types of CO2 sensors (MH-Z14 and MH-Z16), one type of NO2 (WSP1110), one 
type of VOCs (MS1100-P11) and one type of CO sensors (MQ9). As compared to Loi 
(2016), two more air pollution parameters were included: VOC (volatile organic 
compound) group and NO2. Note that SharpGP2Y1010 (among three PM sensor types 
deployed in this study) and the CO sensor were of the same brands with those used by 
Loi (2016). The two CO2 sensors used in this study were different from that used by Loi 
(2016). Three wireless sensor nodes were built, each of them had five sensors to monitor 
six target pollutants of PM2.5, PM10, CO, CO2, NO2 and VOCs plus meteorology 
(Figure 2.8). 

Figure 2.8. Sensor node: components and a sensor box with shelter.  
For a color version of this figure, see www.iste.co.uk/laffly/torus3.zip 
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First, the sensors were evaluated in the laboratory under more controlled 
environmental conditions for PM2.5, PM10, CO, CO2, NO2 and VOC measurements. 
The sensor nodes were placed in the controlled chamber together with the reference 
devices, and both were exposed to the target pollutants in a controlled chamber. In 
this laboratory experiment, one PM sensor type (PMS7003) and the CO2 sensors 
produced the signals having good linear relationships with the reference monitoring 
instruments. Accordingly, the PM sensors had good linear correlations with the Met 

One AEROCET 531S, higher R2 for the high PM2.5 concentration range, R2>0.90 
for PM2.5>100 µg/m3, but lower R2 for lower concentration range (and this 
happens to be the normal range observed in the ambient air), R2 = 0.56 for PM2.5: 
22–75 µg/m3. CO2 sensors also had signals linearly correlated with the 
measurements produced by the Quest AQ-5000 (CO2), with an R2 of 0.82. The 
VOC sensors were calibrated against the MultiRAE portable device in measuring 1,3-
butadiene gas standard, and this showed a very good nonlinear relationship of the two 

monitoring datasets (R2 = 0.99). NO2 sensor was calibrated against the 
measurements made by an API Model 200AU Chemiluminescent NOx Analyzer which 

also showed an acceptable linear relationship with R2 = 0.70–0.76 after excluding 
the signals of first 20 minutes from the 2-hour experiment period. Note that for 
NO2 sensors, the recommended warming up the period of the sensor is 48 hours; 
hence, our laboratory experiment period was too short for the proper sensor evaluation. 
It was necessary to rely more on collocated sampling in the field when the NO2 sensors 
were exposed for an extended period for the measurements. All the sensors were set to 
provide output signals every minute except for CO and CO2 sensors which had an 
output at a 5-minute interval for a better signal stabilization as recommended by Loi 
(2016). 

For the field calibration experiments, the sensor nodes were collocated with the 
reference equipment available at two selected governmental (PCD) automatic air 
quality monitoring stations in Bangkok for PM, NO2 and CO monitoring. For 
VOC monitoring, the sensors were set a residential site in Bangkok and the signals were 
compared with the levels of benzene, toluene and xylenes measured by the 
adsorption technique (NIOSH 2003). The number of data points was still too small 

to produce calibration curves, but R2 values were much lower (<0.31) than that 
obtained for 1,3-butadiene measurements in the laboratory calibration. For black 
carbon (BC), a monitoring site in Chiangrai was used, and the regression between BC 
concentrations (measured on 24h-PM2.5 filter samples using the OT-21 
equipment) and PM sensor responses (PMS3003 and PMS7003) showed a good 

linear relationship with an R2 of 0.73–0.91. However, the available monitoring 
dataset was rather small to produce a representative calibration curve for BC 
measurements. 
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The responses of CO sensors were related to the measurements produced by a CO 
analyzer Model 48i at the PCD stations and showed varying results. The sensor (MQ9) 

produced reasonable results with linear R2 = 0.61 but only for a relatively high range 
of CO levels (>0.7–0.9 ppm); hence, lower CO concentrations in the ambient air 
may not be properly measured by the sensor. Both NO2 sensors showed good 
performance in the field monitoring with signals in a good linear relationship with 

the measurements produced by the NOx analyzer Model 42i, i.e. linear R2 = 0.70–
0.84. PM sensors showed quite low linear relationships with the BAM 1020 measurement 

results, for PM2.5 with R2 = 0.35–0.39 at RH<95%, while at higher RH, the R2 
dropped to 0.06–0.19; hence, the sensor performance is still questionable.

The selected wireless sensors were set up and operated for the trial field 
monitoring. The real-time data publicizing system was set and run for the testing 
period via Wi-Fi or 3G network to Internet of Things (IOT) media (Figure 2.9). 

Figure 2.9. Use of sensor nodes for trial monitoring and publicizing data (Sathita 
2017). For a color version of this figure, see www.iste.co.uk/laffly/torus3.zip 

Overall, the results of our case studies showed that the accuracy and the 
consistency of the sensors are the key issues when deploy for the actual monitoring of 
air quality. The RH was found to have significant effects on the performance of the PM 
sensors; hence, the use of these sensors for the monitoring in humid tropical climate 
during the high RH period is still a challenge. The warm-up time had an effect on 
NO2 sensor performance, while the low levels of CO commonly existing in the 
ambient air may not be accurately monitored by the tested sensors. Two CO sensors 
of the same type had different responses when collocated; thus, there is  a need to 
calibrate each sensor before deploy in the field to ensure the data quality. 
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Influencing factors of low-cost sensor performance in air pollution 
monitoring 

The low-cost small sensors are being developed in several applications for 
ambient air monitoring to reduce limitations in the spatial and temporal coverage of the 
conventional air monitoring. The key advantages of these sensors are their low cost, 
lightweight and small size, minimum energy consumption and hence can be distributed 
densely in an area. They also require minimal user knowledge and hence can gain broad 
community participation and awareness-raising. They provide near-real-time 
measurement data that can be readily publicized online. 

Thus, the use of wireless low-cost sensors widens the spatial and temporal 
distributions of the monitoring data which is important for the health effect 
assessment and overall air quality management. The fine spatial resolution provided by 
these sensors can help to reveal hotspots of high concentrations so that air quality 
management actions can be taken. The low-cost sensors thus create exciting new 
potential atmospheric applications. 

However, there are a number of important limitations that should be overcome 
before they can substitute the traditional monitors. Key draw backs of these wireless 
sensors in air monitoring include their low accuracy, being less reliable and having poor 
detection range as compared to conventional equipment. The signals are affected 
by the environmental conditions (humidity, wind, temperature, rain, insect, etc.). For 
example, ozone interference is frequently reported as an interference with signals 
produced by NO2 sensors (Lewis and Edwards 2016; Jerrett et al. 2017). 

Smaller and/or cheaper sensing devices tend to be less sensitive, less precise and 
less chemically specific to the compounds of interest than the standard reference 
equipment. There is the need for calibration of the sensors to ensure the data quality 
but there is still a lack of data quality assurance and standard metrics for the sensors 
performance (Laki 2014; Williams et al. 2014; Yi et al. 2015). If  the sensors might 
be used in similar ways to the existing standard reference equipment, i.e. with 
regular calibration, data storage, QA/QC procedure, etc., then the cost would be 
exacerbated. 

A sensor node design has many influencing factors which can affect its 
performance (Akyildiz et al. 2002; Akyildiz and Vuran 2010) including, for 
example, the fault tolerance (ability to sustain sensor network functionalities without any 
interruption), scalability of the sensor network, production cost of the sensors, hardware 
constraints, power consumption (battery lifetime) and atmospheric conditions 
(sunlight, temperature and humidity). 
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2.4. Summary: toward application of cloud computing for air quality 
monitoring data management 

Currently available low-cost sensors cannot yet fully substitute the existing 
reference instruments or networks. To ensure data quality, the user community 
should properly calibrate the sensors against the standard equipment. The calibration 
experiments conducted at AIT showed that some sensors performed better than 
others in the field applications. PM sensors would not produce reliable readings at the 
high RH commonly found in the tropical areas during certain months of a year. The 
currently available CO sensors have poor detection limits to measure the sub-ppm 
levels commonly found in the ambient air. The low-cost sensors can be used in 
several applications when meeting the data quality objectives. The fact of being low 
cost makes it affordable to deploy many sensors in multiple sites to provide 
sufficient data points to characterize spatial patterns of air pollution. For example, if 
calibration results prove that several sensors perform similarly in measuring a 
given pollutant then a network of these calibrated sensors can be used to detect areas of 
high pollutant levels or “hotspots” in a domain. To detect the air pollution trends over 
time, the sensors should first be shown to stably perform over inter-annual time periods. 
There is a need to develop harmonized standards and guidelines for sensor 
performance evaluations and common metrics of data quality to be used in such 
evaluations. 

Air pollution monitoring generates large databases that need to be properly 
managed and timely disseminated. The access to the low-cost sensors facilitates the 
generation of huge amount of monitoring data points over space and time to 
characterize the pollution levels and to use in the health effect studies. Cloud 
computing can provide large online data storage at remote server outside the 
sampling area and access to the data via the Internet from anywhere and anytime and 
hence is being increasingly applied to manage the air pollution monitoring data. The data 
science techniques and the open access data policies would further facilitate the 
development, applications and continuous improvement of sensors according to the 
performance targets. 
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