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Atmospheric pollution is one of the biggest concerns for public health. Air quality monitoring is currently performed by expensive
and cumbersome monitoring stations. For this reason, they are sparse, and therefore, inadequate to provide enough accurate
information on the personal exposure to pollutant gases. The current worldwide trend to address this issue consists in the use of
low-cost small gas sensors, already available on the market, with a wide range of costs and performances. However, the
performance of these sensors is heavily affected by the environmental conditions of the specific location used for their
deployment. For this reason, it is of fundamental importance to test them in real-world scenarios. Field evaluation of sensor
performance could be a challenging task because, on the one hand, they have heterogeneous output signals, and on the other
hand, there is no widely shared evaluation protocol. The SentinAir system has been designed and developed to facilitate this
task. It can carry out performance evaluations for any type of sensor thanks to its configurable and adaptable sensing capability,
multiple wireless sensor network compatibility, flexibility, and usability. In order to evaluate SentinAir capabilities and
functionalities, the performances of CO2, NO2, and O3 sensors were tested in real-world scenarios against reference instruments.
To the best of our knowledge, there is no previous study providing information about the performance of SP-61 (O3 sensor),
IRC-A1 (CO2 sensor), and TDS5008 (CO2 sensor) achieved during on-field tests. On the contrary, results obtained by OXB431
(O3 sensor) and NO2B43F (NO2 sensor) are consistent with the ones shown in previous studies carried out in similar
conditions. During validation tests, we have found R2 = 0:507 for the best performing NO2 sensor, and R2 = 0:668 for the best

O3 sensor. Concerning the indoor experiment, the best CO2 sensor performance showed an excellent R2 = 0:995. In conclusion,
the effectiveness of this tool in evaluating the performance of heterogeneous gas sensors in different real-world scenarios has
been demonstrated. Therefore, we anticipate that the use of SentinAir will facilitate researchers to carry out these challenging tasks.

1. Introduction

In the last decades, air pollution has become one of the big-
gest concerns in the world. It was proved that poor air quality
has negative effects on public health [1–3], not just in out-
door environments [4, 5], but also in indoor ones [6–8]. Air
pollution is mainly generated by anthropic activities, which
have a severe impact both on human health and on global
earth warming via the greenhouse effect [9, 10]. Several stud-
ies have proved that Particulate Matter (PM), NO2, O3, CO,
SO2, and Volatile Organic Compounds (VOCs) are among

the most relevant air pollutants which directly or indirectly
threaten public health and affect air quality [1, 3–8].

Currently, air quality monitoring is mostly performed by
fixed stations based on chemical analyzers. These reference
instruments are based on traditional technologies and give
accurate measurements. However, they are quite expensive,
and their prices range between €5000 and €30000 per device
[12]. Moreover, significant additional resources are required
for their maintenance, and their operation needs for signifi-
cant infrastructure (secure and large enclosures, mains
power, etc.) [11]. The consequence is that, because of their
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high costs, households can hardly afford indoor air quality
monitoring performed by these devices. Additionally, outdoor
air pollution levels are detected by sparse fixed station net-
works that provide accurate data only in few locations, but
do not provide information about localized gradients of poten-
tial importance to health protection [12]. Clearly, personal
exposure to air pollutants is hard to achieve by expensive fixed
stations deployed by public authorities, so alternativemeans to
supplement their data are beneficial [11–14].

An alternative method for air quality monitoring is based
on passive samplers. They are easy to use and do not require
electricity, but their limitation is that they only allow the
quantification of cumulative air pollutant levels after labora-
tory analysis. Moreover, they cannot identify short-term pol-
lutant episodes in real-time [12, 15].

Air quality models might be additional useful tools to
supplement air quality data, but they require highly special-
ized knowledge, and they suffer from systematic errors
depending on the model parameter choices [12, 16].

The current worldwide trend to improve spatio-temporal
resolution in monitoring air pollutants, consists in using
Low-Cost Small commercial gas Sensors (LCSSs) [11–14,
17–23], even though some researchers have found some lim-
itations, or caveats, in their use [12, 24–26]. More precisely,
some studies [12, 25] have shown that LCSS performance
can be significantly affected by weather conditions, and in
general, by the location where they are deployed. These
devices are commonly called low-cost sensors because their
prices, ranging from few Euros to few hundreds of Euros,
might be ten times lower compared to the reference instru-
ment prices [25]. Almost the totality of the LCSS types belong
to five different technologies: resistive sensors, electrochemi-
cal sensors, Non-Dispersive Infrared Radiation absorption
(NDIR) sensors, laser light scattering sensors for PM detec-
tion, and photoionization detector sensors [27]. In the last
years, the commercial availability of LCSSs has significantly
increased; as a result, there is a huge variety of LCSSs on
the market with a wide range of performances [25].

Among the factors affecting LCSS performance, the cali-
bration method [25, 28, 29] and also the surrounding envi-
ronment where the sensors are collocated or evaluated are
both relevant [12, 25]. Data quality provided by these devices
depends on the test environment: laboratory test chamber,
indoor, or outdoor. Moreover, as reported in some studies,
the performance of LCSSs calibrated in the laboratory can
significantly get worse when they are deployed on the field,
or in different environments [12]. It also might occur that
calibration models obtained from calibration processes car-
ried out in real-world scenarios can lead to different results
if the sensors are used in sites or locations other than the
one where they have been calibrated [25]. In addition to this,
currently, there is no widely accepted protocol to test LCSS
performance, meaning further sensor data quality variability
[25]. For all these reasons, it is crucial to test or calibrate
LCSSs in the field, or more precisely, in the specific location
or site where they are going to be deployed.

From the end-user point of view, LCSSs cannot be usually
purchased ready-to-use, but they need suitable electronic cir-
cuitry for their operation, which means extra costs. Alterna-

tively, the electronic board required for their use might be
designed and developed on purpose by the end-user.

Another option is given by Sensor Systems (SSs) based on
LCSSs [25]. They are composed of the sensors produced by
the original equipment manufacturers, a protective box, a
sampling system, and also by electronic hardware and soft-
ware for data acquisition and treatment [25]. In contrast to
the single LCSS, SSs are ready-to-use systems, although their
prices can be substantially higher than the single LCSS [25].
Furthermore, most of the SSs could appear to be like a “black
box”, therefore, it might not be so simple to integrate and
operate any type of LCSS different from those provided by
the SS manufacturer for evaluation purposes. Setting up a
complete system having all the functionalities mentioned
above could be challenging due to heterogeneous output
signals of LCSSs, e.g., analog, SPI, I2C, RS232 on TTL levels,
and USB.

All the factors mentioned above could make the field
evaluation of LCSSs or SSs a challenging task.

To address these issues and facilitate LCSS evaluation in
real-world scenarios, we designed and developed a system
called SentinAir. It is intended to be a tool for facilitating
LCSS or SS evaluation and also to be a cost-effective, portable,
flexible, readily expandable unit for air quality monitoring.
The system proposed in this paper can operate in a “stand-
alone” mode, but it also can be integrated into Wireless
Sensor Networks (WSNs), or it can be operated remotely
through the internet or Wi-Fi connections. Moreover, thanks
to its flexibility, SentinAir can be configured to work as an
Internet of Things (IoT) object.

In several previous studies, systems based on LCSSs pro-
viding real-time data of air pollution were designed and
implemented. Monitoring units proposed in [23, 30–33] are
devoted to indoor air quality monitoring. The system illus-
trated in [23] was designed to compute an Indoor Environ-
ment Quality index (IEQ). It has no wireless link capability,
while data are stored locally in a micro SD card. The study
discussed in [30] proposes a low-cost wireless sensor network
composed of sensor nodes based on Arduino architecture
and XBee modules. Data gathered from nodes are uploaded
on a central database, while sensor selection for each node
is limited by the electronic circuitry provided by the Arduino
platform. An indoor monitoring unit called “iAirCO2” based
on IoT architecture is proposed in [31]. This system provides
data on CO2 concentrations in indoor environments, and it
does not appear to be expandable to other types of gas sen-
sors. The device presented in [32] is another IoT air quality
monitoring unit that relies on an IoT platform. It provides
an Android “app” for measurement readouts and data stor-
age service. The work discussed in the paper [33] presents
“Smart-Air”, a device based on the IoT technology and
designed to monitor indoor parameters such as total VOCs,
CO, CO2, temperature, and humidity. Devices presented in
[30–33] cannot operate in a “stand-alone” mode, but they
need an IoT platform to store and display data; therefore,
the IoT platform on which they rely is an essential part of
the system. Conversely, the system illustrated in [23] can
operate only in a “stand-alone” mode, and it is not provided
for any wireless link.
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Concerning the pollutant gas monitoring units for out-
door/indoor purposes, a portable gas sensor system called
Nasus is presented in [17, 20]. It was used to measure concen-
trations of pollutant gases such as SO2, CO, NO2, and BTEX
coming from a landfill, while in [20], the same device was
used to monitor CH4. Nasus IV, presented in [18], is a hand-
held device designed to monitor CO, NO2, SO2, and H2S.
This device was colocated with reference instruments in
[19] to compute Air Quality Index (AQI) in outdoor envi-
ronments. Sun et al. [34] developed a sensor network to mon-
itor the air quality in the urban area of Hong Kong. In
conclusion, a Modular plug-and-play Sensor System (MSS)
for urban air pollution monitoring was presented in [35]. It
has configurable and adaptable sensing capability provided
by its Universal Sensor Interface (USI), and it can be inte-
grated into WSNs.

2. System Design and Implementation

2.1. Design Goals and System Overview. The architecture of
the Portable Monitoring Unit (PMU) presented in this study
has been designed to achieve two main goals. The first one is
to provide a user-friendly, cost-effective, flexible, real-time
PMU for air quality to be used by low skilled end users.
The second goal is essentially to provide a very flexible and

easy to use tool to perform evaluations of any LCSS or SS
in real-world scenarios. The general architecture of the sys-
tem designed to achieve the mentioned goals is depicted in
Figure 1.

SentinAir is enclosed in an inexpensive plastic, surface
mounting, watertight, junction box. This cheap container is
IP56 (International Protection code 56) rated, and, as it is
shown in Figure 2(a), plastic bends have been attached to
shelter from the rain all the sensor surfaces, the stop button,
and the check lights mounted on the front panel of the box.
In order to limit power consumption, system costs, and space
occupancy in the SentinAir box, no air pump has been used
(as it can be seen in Figure 2(b)). Sensing surfaces or open-
ings of sensors are directly exposed to the environment air
by mounting them just below the surface of the front panel
device. This way, they sense the gases through holes on the
front panel of the SentinAir container.

In order to ensure ease of use for low skilled end users,
system interfaces have been designed in the simplest way
possible. There is a stop button, which allows us to stop
and shut down properly the whole system, and three LED
check lights, which give indications on the SentinAir possi-
ble states: system powered and in standby, system powered
and in measuring mode, system fault. Besides, complete
information about the system, including current sensor
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Figure 1: SentinAir system architecture and its main blocks: system motherboard, sensor array, reference instruments, and wireless
communication system. End-users can connect to the system through Wi-Fi direct link or remotely through the internet.

3Journal of Sensors



measurements, sensor reading rate, system status, log files,
sensor data files, and their plots, can be read on website pages
(see Figure 3). They are served by the local HTTP server run-
ning on the device and accessible by connecting to SentinAir
through the direct Wi-Fi link, or optionally through the
internet, if the device is placed remotely from the end-user.

High skilled end users can access the SentinAir system
through the direct Wi-Fi link, or optionally through the
internet, to configure, update, or modify PMU software
for changing the system behavior. This operation is easily
feasible, thanks to the system motherboard, which is an
embedded minicomputer called “Raspberry 3 B+” [36] with
a Linux based Operative System (OS) called “Raspbian
Stretch Lite” [37] running on. Using an embedded mini-
computer like the Raspberry 3 B+, instead of microcontrol-
ler boards, offers several advantages: more computational
power, multitasking capabilities, services, and programs
capable of efficiently managing complex tasks for a rela-
tively high skilled end-user. Moreover, these features enable
the system to operate without external supports, such as on
purpose apps to be installed on smart-phones for retrieving
and visualizing data (see for example [31, 35]), or remote
cloud-computing platforms to process or store measure-
ments (see for example [30, 31, 35]).

SentinAir system can be connected to LCSSs, SSs, and
Reference Instruments (RIs) such as chemical analyzers. This
operation can be quickly done by plugging them into the
Raspberry USB or Ethernet ports. The system, thanks to its
OS routines and thanks to the software modules developed
in our laboratory, automatically recognizes the LCSS, the
SS, or the RI connected, providing the plug-and-play feature,
which in turn, gives more ease of use and flexibility.

The dual wireless communication channel also ensures
portability and flexibility: the user can reach SentinAir

through the Wi-Fi LAN created by the device, or he can
access it through internet connections from the remote. This
is possible thanks to the Dataplicity service [38]: it makes
reachable SentinAir IP private address from the internet
through the “IP tunneling” technology [39, 40]. SentinAir
users can choose among several “IP tunneling” service com-
panies available on the web, each of them offering various
pricing options: from free pricing plans to few Euros per
month [41, 42].

The device is powered and gets started by plugging the
power cable into standard power sockets providing electrical
alternated current at 220 Volts. An inexpensive and light-
weight embedded ac/dc switching converter provides the
electrical power to the whole system. Obviously, power con-
sumption strictly depends on the sensor array, which acts as
the system payload, but typically it seldom goes beyond 6
Watts.

The system has been designed trying to limit as much as
possible its building costs, which are summarized in Table 1.
The total system cost is approximately 162 €, excluding the
sensor array payload. As for power consumption, also the
device weight strictly depends on the sensor array, but it
never exceeds 1.5Kg.

2.2. System Motherboard and Its Relevant Software Modules.
The “brain” of the system is on its motherboard, which is
an inexpensive Raspberry 3 B+ board with a Cortex-A53
(ARMv8) 64-bit microprocessor running at 1.4GHz, and
with a 1GB LPDDR2 SDRAM [36]. It is an embedded mini-
computer which dimensions are 85mmx 56mm. Like every
computer, the motherboard has an Operative System (OS)
running on it. The OS, all of the programs or applications,
and their data files are stored in the mini SD card. The Rasp-
berry board has a built-in 802.11n Wireless LAN adapter,

(a) (b)

Figure 2: SentinAir system prototype. Dimensions are 24, 5 cm x 20 cmx 9 cm. (a) External view. (b) Inside the device with sensors mounted
for the second experiment (see Section 3.2).
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which we have configured to act as a Wireless Access Point
(WAP) for creating a Wi-Fi LAN without the support of
external LAN routers. SentinAir motherboard has four USB
2.0 ports, an SPI port, an I2C port, a TTL serial port, and

an Ethernet port, which are used in the SentinAir system to
connect the USB stick modem, the LCSS USB adapter, the
SSs, the LCSS boards, or the RIs. Moreover, the Raspberry
board is provided with General Purpose IO pins (GPIOs),

Figure 3: Web pages served by the HTTP server running on SentinAir motherboard. They are reachable through the local Wi-Fi network
created by SentinAir, or optionally through internet connections. They act as SentinAir low skilled user interface.

Table 1: SentinAir system building costs.

Part Cost (€) Details

Plastic box IP56 rated 10 Purchased from Amazon

3 LEDs 1 Various suppliers

Push-button 1 Various suppliers

Ac/dc converter (220V ac in/5V dc out, 3A out
max.)

9.15 Purchased from https://it.rs-online.com/web/

USB stick modem (optional) 9.35 Purchased from Amazon

Internet service provider (optional) 12 SIM card

IP tunneling service (optional)
Free for one

device
https://www.dataplicity.com/

Power cable, sockets, USB cable 5 Various suppliers

Screws, small metal parts 2 Various suppliers

Raspberry 3 B+ 29.5 Purchased from https://it.rs-online.com/web/

SD card 4GB 4 Various suppliers

LCSS USB adapter 80
Designed and built in the laboratory, cost includes electronic

components
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which are used in the SentinAir system to drive the LED
check lights and to detect the stop button pressure. A 5 Volts
direct current powers Raspberry board, and its typical power
consumption is nearly 2 Watts.

The system motherboard is in charge of reading sensor
data, making data elaborations, and storing them in the SD
card. Moreover, it is in charge of creating a Wireless Access
Point (WAP) for getting direct Wi-Fi connections, managing
IMAP/SMTP connections, and running the HTTP server,
which acts as an end-user interface. All of these tasks are car-
ried out by both the OS and the software modules developed
in our laboratory. The software modules are written in
Python [43], which is an open-source, high-level program-
ming language supported by the Raspbian OS, and freely dis-
tributed together with the OS itself. Figure 4 shows a
schematic representing the software architecture running
on the motherboard system.

The software modules developed in our laboratory are
the core of the system. As it is shown in Figure 4, they are
the Monitoring Process Manager (MPM), the IMAP/SMTP
Communication Module (ISCM), the User Interface Rou-
tines (UIRs), and the LCSS/SS or RI Drivers (LRDs). User
commands can come either from SSH connections through
the built-in 802.11nWireless LAN adapter, or from SSH con-
nections through the optional internet channel provided by
the Huawey E303 USB stick modem plugged into one of
the USB motherboard port. The main wireless communica-
tion channel is the Wi-Fi LAN set up by the system. Extra
software modules to be installed on the motherboard are
needed to its operation: they are “hostapd” and “dsnmasq”,
both open-source software supported by the Raspbian OS
and freely downloadable from the internet. The optional
wireless communication channel is given by the chain com-
posed by the USB stick modem hosting the Internet Service
Provider (ISP) SIM card, and the “IP tunneling” service pro-
vider. User commands from high skilled users can be given
through the Command Line Interface (CLI) provided by

the UIRs. Figure 5 shows the appearance of the CLI, while
in Table 2, there is a list of the user commands.

The system receives all the HTTP requests coming from
the user web browser via Wi-Fi or internet, as a particular
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Figure 4: SentinAir system software modules and their main interactions.

Figure 5: High skilled user commands sent to the system by the
CLI.
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type of user command. For this reason, they are received by
the HTTP server running on the motherboard and subse-
quently sent to the UIRs, which, in turn, send back the
requested data. This operation is done by the Common Gate-
way Interfaces technology [44, 45] supported by the HTTP
server. The HTTP server used for the SentinAir system is
called “Lighttpd” [46]; it is an open-source software fully sup-
ported by the Raspbian OS, and freely downloadable from
the internet. Finally, any kind of user command constitutes
the input for the UIRs, which in turn, transmit it to the
MPM, which responds by giving back the requested data to
the UIRs. Subsequently, they are turned toward the channel
where they are from. ISCM is the other software module in
charge of managing communications between the MPM,
the OS, and IMAP/SMTP servers. This module is necessary
to operate the extra communication channel we designed,
based on sending e-mails containing user commands to the
system and on receiving e-mails containing responses from
it. Obviously, to use this channel, an e-mail account is
needed. We designed this particular communication proto-
col thinking to all those cases or situations in which SentinAir
is placed in areas where the radio signal is weak or unstable.

Basically, every 30 seconds, ISCM tries to connect to the
IMAP server to check for e-mails containing command lines
from the user. If the connection fails because of the weak
radio signal, it keeps trying to connect until it achieves suc-
cess. If an e-mail for SentinAir is found, the included com-
mand line is automatically read and executed; therefore,
ISCM tries to connect to the SMTP server to deliver the
response. The MPM is the engine of the system, and it is
structured in a multitasking way, as Figure 6 shows. Essen-
tially, it is in charge of detecting possible faults, gathering
sensor data through LRDs at the sampling rate selected by
the user, computing hourly and daily averages for each of
the measurements, plotting their graphs, making data elabo-
rations, and storing data in files on the SD card of the moth-
erboard. Figure 6 shows the simplified flow chart of the
MPM.

One of the most relevant features of the SentinAir system
is the automatic identification and management of the sensor
boards or devices connected to the motherboard through
USB ports, Ethernet ports, SPI, I2C, or serial ports. This func-
tionality is implemented by the software drivers (LRDs) writ-
ten in Python language inserted in the software system. Each

Table 2: List of user commands.

User command Function

h It displays the “help” window, which summarizes all user commands and their syntax

s It scans through the system ports to find devices plugged into, and it establishes the connection to them

s, (seconds) It starts a new monitoring session featured by a sampling rate specified in the (seconds) field

b It breaks the monitoring session, putting the system in the “standby” mode

c It identifies which LCSS, SS, or RI is connected to the system, and gets an instantaneous device readouts

i It shows complete information about SentinAir status

q It quits the command line interface

Start
Port scanning to
find devices or

sensors

Establishing
connection with

the devices or
sensors

Incoming user
command?

Perform command

Start new monitoring session
Monitoring

session active?

Time elapsed from
last reading >

monitoring rate?

Read sensors
or devices

Make
computations
on sensor or
device data

Store data on
the SD card

No

No

No

Yes

Yes

Yes

Figure 6: Monitoring process manager basic flow chart.
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LRD is specific for just one sensor, or sensor board, or device
pluggable into SentinAir, giving to the system the plug-and-
play feature. MPM can deal with any LRD thanks to the com-
mon software function interfaces that any LRD compatible
with the SentinAir system must-have. A list of software
drivers currently developed and tested for SentinAir is shown
in Table 3.

Considering that it is possible to use USB hub devices,
USB expander, or Ethernet hubs to connect the devices to
the system, practically the maximum number of devices that
SentinAir can manage at the same time is only limited by the
room available in the enclosure of SentinAir.

2.3. LCSS USB Adapter. A relevant part of LCSSs available on
the market gives their output data as an analog signal, which
usually is a direct current or tension. Therefore, it is neces-
sary to convert those signals in digital ones using Analog-
to-Digital Converters (ADCs) to allow their treatment and
storage. Raspberry 3 B+ board has not a built-in ADC; for
this reason, the LCSS USB adapter has been designed and
developed in our laboratory. It was preferred to design and
develop this device in-house instead of using electronic
boards already available on the market and then fit them
for the purpose, to put the maximum care in managing the
signals coming from the sensors. In fact, it is imperative to
avoid that during the analog-to-digital conversion, additional
and unwanted electronic noise affects the sensor measures.
This is very important for preserving LCSS performance that
could be heavily degraded by unintentional electronic noise,
especially in the case of the electrochemical sensors. The cus-
tom PCB (Printed Circuit Board) of the LCSS adapter was
created by using ORCAD 10.0 CAD tool; its dimensions are
7, 5 cm x 6, 3 cm. In Figures 7 and 8 are shown a copy of the
LCSS USB adapter.

LCSS adapter typical power consumption is 0.06 Watts,
and it is powered through the Raspberry USB port. Raspberry
USB ports are suitable for the purpose because they give a
maximum power of 0.5 Watts at 5 Volts. The LCSS adapter
board is designed to be also powered through Li-Ion 3.3 Volts
batteries. In order to charge the batteries, the board is pro-
vided with all the necessary electronic circuitry. The LCSS
adapter board was designed to be also ready for being

equipped with a Bluetooth adapter. These features are not
used in the SentinAir system, but they were designed and
implemented for future works. Sensors or devices having an
analogical output signal, which could be either a current or
a voltage signal, have to be wired to one of the ten channels
available on the adapter. The signals are amplified by the
low noise AD8609 operational amplifiers, while the gain of
each amplifier can be set by a resistive trimmer placed on

Figure 7: Top side of the LCSS adapter.

Figure 8: Bottom side of the LCSS adapter.

Table 3: Software drivers developed for the SentinAir system.

Sensor or device Connection interface Supplier or manufacturer

IRC-A1 (CO2 sensor) USB Alphasense [47]

PMS3003 (PM sensor) TTL serial port Plantower [48]

Multisensor board USB Tecnosens [49]

106L GO3 PRO package (CO2 and O3 monitor) USB 2B technologies [50]

405 nm (NOx monitor) USB 2B technologies [50]

LCSS USB adapter USB Designed and built in our lab

CO12M (CO chemical analyzer) Ethernet port Environnement [51]

AF22M (SO2 chemical analyzer) Ethernet port Environnement [51]

AC32M (NOx chemical analyzer) Ethernet port Environnement [51]

O342M (O3 chemical analyzer) Ethernet port Environnement [51]

VOC72M (VOC chemical analyzer) Ethernet port Environnement [51]
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the PCB. Moreover, electrical noise is filtered out by filter
blocks on the LCSS USB adapter board. The output of the
amplifiers is converted by the PIC18F4685 microcontroller
manufactured by Microchip. The software running on the
microcontroller, written in C language, performs further filter-
ing on data coming from the sensors using the rolling average
technique. Sensor data are given through the USB port when
they are requested by the motherboard that acts as the “mas-
ter” device, while LCSS USB adapter board acts as the “slave”.
The FT232RL microprocessor is the interface between the
USB socket and the PIC18F4685 serial port. Figure 9 shows
a schematic of the LCSS adapter and its main blocks.

3. System Evaluation

SentinAir system functionalities were evaluated in two dif-
ferent experiments where the PMU was used as a tool for
on-field LCSS evaluation. The first experiment was per-
formed in an indoor environment, while the second one
was performed outdoor. In the second experiment, LCSSs
mounted inside the SentinAir device were calibrated and
then validated against RIs connected through the Ethernet
port of the SentinAir system. During the tests, measure-
ments were taken at five minutes sampling rate. Consider-
ing that the ENEA laboratories are placed out of the
SentinAir wireless LAN range, we planned to download
the data and control the device using the internet link
through both the IMAP/SMTP communication channel
and the web page interface provided by the HTTP server
to evaluate SentinAir communication system. Just before
we started the experiment, ENEA laboratories were tempo-
rarily shut down due to the COVID-19 pandemic. The
laboratory staff was forced to work at home, so we decided
to go on with the experiment and to remotely control the
SentinAir device from home instead of controlling it from
our laboratories like it was planned at first. On the con-
trary, during the indoor experiment, connections with the

device were made by the wireless LAN automatically set
up by SentinAir. During both the experiments, the system
automatically computed in real-time the hourly and the
daily average of all the measurements, producing two addi-
tional datasets.

3.1. System Evaluation in an Indoor Environment. In the first
experiment, the SentinAir device was placed in an office of
the ENEA laboratory center of Brindisi. The room is 4m
long, 3,5m large, and 2,5m high. In the daytime, it typically
hosts an office worker and occasionally the other two
employees; in that room, there are also some plants to deco-
rate the office. This experiment was designed to evaluate the
SentinAir device as a tool for assessing CO2 LCSS perfor-
mance in an indoor environment. The RI was the CARBO-
CAP Carbon Dioxide Module GMM112 by Vaisala [53]
mounted in the 106L GO3 PRO package by 2BTechnologies.
It was previously calibrated in our laboratory by certified
CO2 gas cylinders. The sensors under test were two copies
of IRC-A1 sensors by Alphasense and two TDS0058 by
Dynament [54]. At the same time, temperature and relative
humidity were, respectively, measured by the TC1047 sensor
by Microchip and the HIH5031 by Honeywell. Both the IRC-
A1 and the TDS0058 are NDIR sensors with a measurement
range from 0ppm to 5000 ppm. The IRC-A1 was purchased
with the support circuit provided by Alphasense, which gives
IRC-A1 output through the USB port. At the same time, the
TDS0058 sensor was mounted on the evaluation board called
“Multisensor” developed and distributed by Tecnosens [49].
Both the CO2 sensor support circuit boards give CO2 concen-
trations calculated by the onboard processor on the base of
calibrations carried out by the sensor manufacturer or
distributor. For this reason, to evaluate these sensors, we
compared their responses with the RI measurements by cal-
culating the squared correlation coefficient (R2), as well as
theMean Absolute Error (MAE), and the Standard Deviation
(SD) defined in equations (1) and (2):
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where rðxiÞ is the reference value corresponding to the sensor
value xi at the time i, N is the number of records in the data-
set, and f ðxiÞ is the gas concentration value calculated by the
sensor data at the time i. According to [27], NDIR CO2 sen-
sors generally have good sensitivity and selectivity, so the
effects of interfering gases were not expected, and therefore,
not measured.

3.2. System Evaluation in an Outdoor Environment. In the
second experiment, SentinAir was placed in the car park of
the ENEA laboratory center of Brindisi (40°35’23.9”N,
17°50’59.5”E) nearby the railway line in a semirural area
(see Figure 10). It was arranged very close (about 2 meters)
to the little room where the RIs were placed.

The RIs were connected to the SentinAir system through
the Ethernet cable to calibrate and then validate LCSSs. Data
flowing from RIs were used together with LCSS output signal
readouts to make measurement records. This way, it was pos-

sible to have data from both RIs and LCSSs in a unique CSV
(Comma Separated Values) file, made with records featured
by the timestamp together with the RI and LCSS measure-
ments. RIs and LCSSs connected to the SentinAir system
acted as slave devices, while SentinAir acted as the master;
this way, time synchronization of every measure was
ensured. The LCSSs used to test SentinAir usability and func-
tionalities in this experiment were chosen from the ones
designed to monitor O3 and NO2. They were two NO2B43F
by Alphasense (NO2 sensors), two OXB431 by Alphasense
(O3 sensors), and two SP-61 by Nissha FIS (O3 sensors).
The RI used for calibrating and validating NO2 sensors was
the AC32M by Environnement, which is a chemiluminescent
chemical analyzer. Moreover, to calibrate and validate O3

sensors, an UV absorption chemical analyzer, the O342M
by Environnement, was used. The sensors that we chose to
measure temperature and relative humidity were the
HIH5031 by Honeywell and the TC1047 by Microchip. All
of the sensors above mentioned were mounted in the Senti-
nAir device enclosure at the same time in this experiment
(see Figure 2(b)). LCSSs chosen for the test and supplied by
Alphasense are four-electrode electrochemical sensors
designed for low ppb gas levels. As well as the normal Work-
ing, Reference, and Counter electrodes, these sensors include
a 4th auxiliary electrode, which is used to correct for zero

Figure 10: Outdoor experiment location. The red pinpoint indicates the exact position where SentinAir was deployed. Laboratories of ENEA
center are placed roughly 200 meters away.
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current changes. Each sensor was mounted on test boards
(called Individual Sensors Boards, or ISB) provided by
Alphasense. The two SP-61 sensors installed in the SentinAir
system are resistive semiconductor type sensors designed for
low ppb ozone detection. They were purchased with their
evaluation modules provided by the manufacturer [52].
LCSSs used in this experiment provide direct tensions or cur-
rents as output signals through their test boards or evaluation
modules. They were connected to the LCSS adapters, which
in turn, were plugged into the SentinAir USB ports.

To assess the performance of the LCSSs, we considered
the Linear Regression (LR) as a calibration model. The cali-

bration function is described for each sensor in Table 4. As
shown in [11, 12, 25–28], the performance of both electro-
chemical and resistive sensors is affected by temperature,
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Table 5: Indoor experiment results.

Sensor R2 MAE SD SLOPE INTERCEPT

IRCA1(1) 0.934 144.245 64.469 1.055 102.836

TDS0058(1) 0.985 121.211 32.277 0.954 153.947

IRCA1(2) 0.912 137.384 188.423 0.751 257.311

TDS0058(2) 0.995 119.128 32.25 0.985 134.328

Table 4: Calibration models for NO2 and O3 sensors. Vno2b43f(1)-we: tension given by the working electrode of the n.1 NO2B43F sensor;
Vno2b43f(2)-ae: tension given by the auxiliary electrode of the n.2 NO2B43F sensor; Δno2b43f: difference between tensions given by the
working and the auxiliary electrode of the NO2B43F sensors; Vsp61(1): tension given by the n.1 SP-61 sensor electrode; T: temperature; RH:
relative humidity; (lr1): LR model for NOB43F sensors; (mlr1): MLR model for NOB43F sensors.

Sensors Calibration models

NO2B43F a1Δno2b43f + a2 (lr1) b1Vno2b43f−we + b2Vno2b43f−ae + b3T + b4RH + b5Voxb431 1ð Þ−we + b6Voxb431 1ð Þ−ae + b7 (mlr1)

OXB431 a1Δoxb431 + a2 (lr2) b1Vox431−we + b2Vox431−ae + b3T + b4RH + b5Vno2b43f 2ð Þ−we + b6Vno2b43f 2ð Þ−ae + b7 (mlr2)

SP-61 a1V sp61 + a2 (lr3) b1V sp61 + b2T + b3RH + b4Vno2b43f 2ð Þ−we + b5Vno2b43f 2ð Þ−ae + b6 (mlr3)
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humidity, and interfering gases. In order to take into account
the effects of these interfering parameters, it was also consid-
ered, as calibration function, the Multivariate Linear Regres-
sion (MLR) model, which gave significant improvements as
shown in [25]. In our study, several MLR models were tested,
but just the ones listed in Table 4 are presented; both the LR
and MLR were computed using the ordinary least square
method. As can be noted in Table 4, the MLR model takes
into account the interfering effects of relative humidity, tem-
perature, and also the ones given by the interfering gases.

Regarding the NO2 sensors, the most relevant interfering
gas is the O3 and vice versa. We chose to take into account
these effects by inserting in the MLR models the responses
of the relative sensor instead of the RI measurements. This
way, we meant to investigate if it is possible to achieve mean-
ingful improvements in LCSS performance without the RI
support in real-world scenarios. For example, in the case of
ozone sensors, we considered in the MLR, the best NO2B43F
response obtained by the LRmodels, instead of the NO2mea-
surement given by the AC32M reference analyzer. This way,

we intended to assess the predictive capacity of the SentinAir
system without relying on RIs.

This experiment was composed of two periods: after cal-
culating the calibration functions in the first period, we per-
formed a second test to validate them. In this latter period,
the tests were carried out following the same conditions as
the first one. To assess the performance of each model, a
comparison between RI measurements, and the responses
given by the sensor data elaborated by the LR and MLR
models, was done. To evaluate how much RI and LCSS mea-
surements are correlated, and therefore the quality of the
data, we have calculated the squared correlation coefficient
(R2), as well as the Mean Absolute Error (MAE), and the
Standard Deviation (SD) defined in the equations (1) and (2).

4. Experiment Results

In this section, the results of indoor and outdoor experiments
are shown. For each test, the results obtained by the datasets
having measurements made at the sampling rate of five

1800

1800

1600

1600

1400

1400

1200

1200

1000

1000

800

800

CO2 reference (ppm)

R
2 = 0.934

600

600

IR
C

A
1(

1)
 (

p
p

m
)

400

400

200

200

0

0

IRCA1(1)

2000

1800

1800

1600

1600

1400

1400

1200

1200

1000

1000

800

800

CO2 reference (ppm)

R
2 = 0.985

600

600

T
D

S0
05

8(
1)

 (
p

p
m

)

400

400

200

200

0

0

TDS0058(1)

3000

1800 240022002000

2500

1600

2000

1400

1500

12001000

1000

800

CO2 reference (ppm)

R
2 = 0.912

600

IR
C

A
1(

2)
 (

p
p

m
)

400

500

200

0

0 1800 24002200200016001400120010008006004002000

IRCA1(2)

2200

2000

1800

1600

1400

1200

1000

800

CO2 reference (ppm)

R
2 = 0.995

600

T
D

S0
05

8(
2)

 (
p

p
m

)

400

200

0

TDS0058(2)

Figure 13: NDIR CO2 sensor scatter plots.

12 Journal of Sensors



minutes are presented. SentinAir communication channels
and the whole system worked without any fail throughout
both the experiments. We could verify that by remotely mon-
itoring the SentinAir device, and by downloading the log files
stored in the SD card of the system, which gave us informa-
tion about every significant event that occurred.

4.1. Indoor Experiment Results. Indoor tests were carried out
in two periods: the first one was from the 3rd of February
2020 to the 9th of February 2020, while the second one was
from the 10th of February 2020 to the 15th of February
2020. The dataset related to the first period is therefore com-
posed of the CO2 concentrations provided by the reference,
the CO2 measurements given by the first copy of the IRC-
A1 sensor (here denoted as IRCA1(1)), the CO2 concentra-
tion levels provided by the first copy of theTDS0058 (indi-
cated as TDS0058(1)), the temperature, and the relative
humidity. The dataset concerning the second period has a
composition similar to the first one; the difference is that
the other two CO2 sensors (called here IRCA1(2) and
TDS0058(2)) were involved. Figures 11 and 12 summarize
the statistics concerning the CO2 concentration measured
by the RI, the temperature, and the relative humidity related
to the two periods of the experiment.

CO2 trend shown in these figures was affected by the peo-
ple present in the office room, by how long the office window
was kept open, and therefore, by the ventilation rate. The
temperature and humidity levels were influenced by the use
of the heater systems. Anyway, Figures 11 and 12 show that
CO2 concentration levels during the experiment were fea-
tured by a remarkable heterogeneity, which is useful to facil-
itate the sensor evaluations. Table 5 shows the results of both
the test periods. The performance indicators were computed

by comparing the CO2 sensor outputs with the RI measure-
ments. The dataset related to the first period is composed of
1732 records, while the second one has 1731 records. INTER-
CEPT, MAE, and SD are expressed in ppm.

Table 5 indicates that each of the sensors under test
achieved excellent results, especially in terms of R2 and slope,
both very close to the unit value. In particular, the
TDS0058(2) has given the best results respect to all the indi-
cators chosen to assess the performance of the sensors. The
quality of the results provided by the CO2 sensors is also
highlighted in Figure 13.

In this figure are shown the scatter plots representing the
CO2 concentrations provided by the RI and the related data
given by the sensors. The overall good performances of the
CO2 sensors are also highlighted in the time series shown
in Figure 14. In this figure, concentrations given by the RI
at a specific time are compared with the measurements of
the sensors.

4.2. Outdoor Experiment Results. As mentioned earlier, this
experiment was split into two parts: the calibration period,
that went on from the 17th of March 2020 to the 22nd of
March 2020, and the validation period that went on from
the 27th of March 2020 to the 9th of April 2020. The overall
experiment duration was less than a month; therefore, sensor
drift effects were considered negligible. The datasets obtained
through this experiment are composed of O3 and NO2

concentrations expressed in ppb and provided by the RIs,
temperature in Celsius degrees, relative humidity, tensions
given by the two copies of SP-61 sensors, and electrode ten-
sions given by the working and auxiliary electrode belonging
to the two copies of NO2B43F and OXB431 sensors. Ozone
and nitrogen dioxide concentration levels recorded in the
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Figure 14: NDIR CO2 sensor time series.
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datasets are typical of the semirural areas in this period of the
year: ozone concentration levels are modest, while the nitro-
gen dioxide ones are quite low. Whisker box plots shown in
Figure 15 summarize, respectively, temperature, relative
humidity, NO2, and O3 statistics.

As for all of the sensors involved in this experiment, we
first performed LR calibrations, and then we used the O3 sen-
sor that gave the best results in the LR calibration to compute
the MLR function relative to the other NO2 sensors. Simi-
larly, we used the best NO2 sensor in the LR calibration to
calculate the MLR function for all the O3 sensors. A summary
of the results for the sensors involved in the outdoor experi-
ment is shown in Table 6.

The data presented in Table 6 show the results achieved
by the calibration dataset. Therefore, they are compared with
the validation dataset to give an idea about the reliability of
the calibration models. The total number of the calibration
dataset records is 1482, while the validation dataset is com-
posed of 3192 records; INTERCEPT, MAE, and SD are
expressed in ppb. It can be noted by examining the Table 6,
that R2 values are globally slightly better in the calibration

period than in the validation one. At the same time, MAE
and SD parameters show a slight increase. These trends are
expected and, in general, they show that there is no relevant
difference in terms of model performance, considering the
calibration and the validation period. R2 values range from
0.357 to 0.61 for NO2 sensors, while in the case of O3 sensors,
this parameter goes from 0.282 to 0.668. To get a complete
picture of the experiment results, it is also essential to exam-
ine the scatter plots concerning the calibration model
responses related to the true NO2 or O3 concentrations pro-
vided by the RIs. Figures 16 and 17 show this data for each
sensor, comparing LR andMLRmodels computed by the cal-
ibration dataset and then applied to the validation dataset.
The spread of the points in these plots is related to the R2

values of the calibration functions, the higher is this value,
the narrower is the cloud composed of the points in the scat-
ter plot. Finally, to complete the picture of the calibration
function performances, it is useful to assess their responses
in comparison with the RI measurements in the time series
shown in Figures 18 and 19 as well. These last figures are only
related to the validation period because it gives significant

Table 6: Results for the sensors involved in the outdoor experiment related to the calibration and validation datasets.

Sensor/model
Calibration Validation

R2 MAE SD R2 MAE SD SLOPE INTERCEPT

NO2B43F(1)/LR 0.377 2.29 3.069 0.357 2.382 2.893 0.859 0.461

NO2B43F(1)/MLR 0.465 2.164 2.844 0.32 3.587 3.397 0.547 5.388

NO2B43F(2)/LR 0.369 2.239 3.088 0.466 2.346 2.632 1.137 -2.468

NO2B43F(2)/MLR 0.61 1.856 2.426 0.507 2.461 2.62 0.781 0.515

OXB431(1)/LR 0.47 4.736 6.491 0.455 5.201 6.681 1.05 -1.809

OXB431(1)/MLR 0.643 4.147 5.33 0.373 6.591 7.278 0.81 9.28

OXB431(2)/LR 0.474 4.624 6.471 0.614 7.071 5.746 1.205 -13.571

OXB431(2)/MLR 0.666 3.483 5.154 0.668 8.13 5.412 0.834 -1.124

SP-61(1)/LR 0.427 5.153 6.75 0.282 5.974 8.169 0.629 10.831

SP-61(1)/MLR 0.484 4.624 6.408 0.344 5.628 7.79 0.667 10.268

SP-61(2)/LR 0.434 5.067 6.677 0.3 5.724 7.967 0.664 10.357

SP-61(2)/MLR 0.492 4.557 6.355 0.361 5.546 7.637 0.688 10.228
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indications about the accuracy of the calibration functions
computed by considering the calibration dataset as their
input.

5. Discussion

In the case of NO2 sensors, the best results are given by the
NO2B43F(2). The performance of this sensor improves of
the 8.7% considering the LR model (R2 = 0:466) and the
MLR model (R2 = 0:507). This trend is expected because
MLR allows us to quantify the interfering effect of tempera-
ture, relative humidity, and ozone gas presence. The low
NO2 concentrations and the almost threefold levels of ozone
shown in Figure 15 did not facilitate the sensor performance;
this could explain the modest extent of R2 values for both the
NO2 sensors. In Figure 17 are shown the scatter plots of both

the NO2 sensors. It can be noted a slightly better performance
of the second sensor under test not just in terms of R2 values,
but also in terms of MAE and SD as indicated in Table 6 as
well. Moreover, by examining the time series shown in
Figure 18, it should be noted a slight underestimation in
the NO2B43F(1) calibration models. This fact also explains
the general lower R2 values of this sensor compared with
the NO2B43F(2). The general performance of NO2 sensors
could be improved by considering in the MLR computation
the interfering effect of the temperature that affects the sensor
sensitivity, or by considering neural network calibration
models [28]. This aspect has not been investigated in this
study, which is mainly focused on SentinAir tool presenta-
tion and evaluation, but it will be considered in future works.
However, it should be noted that the R2 values related to the
NO2 sensors we have found in this study are consistent (or, in
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some cases, slightly better) to previous works concerning
similar investigations and carried out in comparable condi-
tions [12, 28, 35].

In the case of ozone sensors, the highest coefficients of
correlation are achieved by the electrochemical ones. In par-
ticular, the OXB431(2) calibrated by the MLR shows an R2

value of 0.666 for the calibration dataset and a similar R2

value (R2 = 0:668) achieved in the validation period. By
examining Table 6 and the scatter plots in Figure 17, we
can see that, in general, ozone electrochemical sensor
responses are slightly better correlated with the reference
measures. We think that this is also due to the low concentra-
tions of NO2, which is the main interfering gas for ozone sen-
sors, in conjunction with the O3 levels that are threefold
respect the NO2 ones, as it is shown in Figure 15. The semi-
conductor type sensors show modest R2 values in the calibra-
tion period and low correlation in the validation tests. We
suppose that this is mainly caused by the effect of the interfer-
ing gases such as the CO. In fact, especially during the cali-
bration period, we noted a drop of the sensor signals in
correspondence of CO peaks measured by the CO chemical
analyzer collocated in the room together with the other RIs
we used. We have just indicative observations of this effect;
unfortunately, in this study, we could not investigate or con-
firm this, although it could be a matter for future works. Any-
way, as already noted for electrochemical NO2 sensors, we
suppose that for ozone sensors as well as the correlation with
the RI could be improved by considering the effects of tem-
perature or humidity in the sensor sensitivity to be calculated
in the MLR, or by using neural network calibration models.
Also for the electrochemical ozone sensors, if we consider

the same test conditions, which are mainly given by the same
calibration functions, or the same environmental scenario,
the results found in this study are consistent with similar pre-
vious studies [12, 28, 56]. Regarding the performance of the
SP-61 sensors, we did not find investigations concerning
on-field tests of this sensor. Spinelle et al. [55] tested it in a
laboratory test chamber; therefore, we could not make com-
parisons between our results with this previous study.

Concerning the indoor experiment, we can surely say
that the already known good selectivity and sensitivity of
NDIR CO2 sensors [27] were confirmed. In fact, thanks to
these features, it has been possible for all the sensors evalu-
ated in this study to achieve R2 values above 0.9 units. This
parameter, in conjunction with the SLOPE very close to the
unit value, gave us indications that these sensors do not sig-
nificantly suffer from interfering effects of temperature or
humidity. The best performance is achieved by the
TDS5008(2), which has shown remarkable results in terms
of the correlation coefficient, MAE, and SD (R2 = 0:995,
MAE = 119:128 ppm, SD = 32:25 ppm). The excellent perfor-
mance of this sensor is also confirmed by the SLOPE very
close to the unit value (0.985). However, we did not find pre-
vious studies that provide quantitative information about the
performance of these sensors in terms of R2, MAE, and SD.

6. Conclusions

In this study, we presented the SentinAir system architecture
to address the fixed hardware configuration issue of the exist-
ing air quality monitoring units. The system proposed in this
paper represents a new idea of PMU. It can be used both as a
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portable gas monitoring unit and as a tool for LCSS evalua-
tion in real-world scenarios. Its main features are configur-
able and adaptable sensing capability, compatibility with
multiple wireless sensor networks, flexibility, and usability.
To the best of our knowledge, SentinAir is the first air mon-
itoring tool with plug-and-play features based on an embed-

ded minicomputer. The software driver system developed for
LCSSs, SSs, and also for RIs enables us to use any device in a
plug-and-play way. The design and the development of a
SentinAir prototype were illustrated in this paper; moreover,
its capability to easily fit in different real scenarios was proved
as well. Evaluation of the system functionalities and
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Figure 19: Time series concerning the ozone sensors in the validation period.
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capabilities was carried out by performing two separate
experiments. The first one was carried out in an indoor envi-
ronment, where four LCSSs were evaluated. The second one
was an outdoor experiment, where the performance of six
LCSSs was assessed.

The datasets made by the outdoor experiment were com-
posed of measurements of RIs plugged on purpose into the
SentinAir device. The NO2 and O3 sensors were calibrated
using LR and MLR functions through the SentinAir LCSS
USB adapter. Subsequently, their performance was evaluated
by validation tests carried out by comparing sensor responses
with RI measurements. The best result during the validation
tests was achieved by the ozone sensor OXB431(2)
(R2 = 0:668) calibrated by the MLR function. Concerning
the evaluation of the NO2 sensors, the best performance
was given by the NO2B43F(2) (R2 = 0:507) calibrated by
the MLR as well. Results of the electrochemical sensors show
that their performance in terms of squared correlation coeffi-
cient (R2) is consistent, and in some cases, better, to previous
studies carried out in similar conditions. Concerning the SP-
61 sensors, to the best of our knowledge, this is the first study
that investigates their performance by on-field tests.

In the indoor experiment, four NDIR sensors for CO2

monitoring were evaluated. They were previously calibrated
by their manufacturers or distributors and enabled to give
the CO2 concentrations through USB port connections. Data
provided by the sensors were gathered by the SentinAir sys-
tem and compared with measurements given by the RI
plugged into it. Performances of all the CO2 sensors were
excellent: R2 values for each of the sensors were beyond the
0.9 units. The best result for CO2 sensors was obtained by
the TDS5008(2) (R2 = 0:995). Although previous works indi-
cated that NDIR CO2 sensors are generally featured by excel-
lent performance, we did not find any study providing
quantitative indications about their performance in terms
of R2, MAE, and SD.

In conclusion, the advantages of using the SentinAir tool
to evaluate various LCSSs or SSs in a plug-and-play way was
proven. Moreover, this study provided for the first time
quantitative information in terms of R2, MAE, and SD about
on-field tests concerning TDS5008, IRC-A1, and SP-61 sen-
sor performance. Finally, the implementation of more Senti-
nAir devices, the development of more software drivers to
enable the use of more LCSSs, SSs, or RIs, the use of SentinAir
tool to investigate alternative calibration functions or models
for further improving LCSS performance are considered as
future works.
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