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Abstract: Nowadays, indoor air pollution is a major problem that affects human health. For that
reason, measuring indoor air quality has an increasing interest. Electronic noses are low-cost instru-
ments (compared with reference methods) capable of measuring air components and pollutants at
different concentrations. In this paper, an electro-optical nose (electronic nose that includes optical
sensors) with non-dispersive infrared sensors and metal oxide semiconductor sensors is used to
measure gases that affect indoor air quality. To validate the developed prototype, different gas
mixtures (CHy and CO,) with variable concentrations and humidity values are generated to confirm
the discrimination capabilities of the device. Principal Component Analysis (PCA) was used for
dimensionality reduction purposes to show the measurements in a plot. Partial Least Squares Regres-
sion (PLS) was also performed to calculate the predictive capabilities of the device. PCA results using
all the measurements from all the sensors obtained PC1 = 47% and PC2 = 10%; results are improved
using only the relevant information of the sensors obtaining PC1 = 79% and PC2 = 9%. PLS results
with CHy using only MOX sensors received an RMSE = 118.8. When using NDIR and MOX sensors,
RMSE is reduced to 19.868; this tendency is also observed in CO, (RMSE = 116.35 with MOX and
RMSE = 20.548 with MOX and NDIR). The results confirm that the designed electro-optical nose
can detect different gas concentrations and discriminate between different mixtures of gases; also, a
better correlation and dispersion is achieved. The addition of NDIR sensors gives better results in
measuring specific gases, discrimination, and concentration prediction capabilities in comparison to
electronic noses with metal oxide gas sensors.

Keywords: electronic nose; electro-optical nose; indoor air quality; metal oxide; non-dispersive
infrared detector; PCA; PLS; CO,; CHy; VOCS

1. Introduction

In recent years, air pollution has been a major problem that can negatively affect
human health. Indoor air pollution affects schools, hospitals, offices, houses, etc. Indoor
pollutants include carbon dioxide (CO,) and volatile organic compounds, also known as
VOCs (among others), as explained in the work made by Tastan et al. [1]. One of the main
COg, sources is human breath, so the number of occupants and ventilation are important
factors in the concentration. The study by Lowther et al. [2] found that although some
studies have proved that concentrations less than 5000 ppm have effects on human health
and it is associated with reduced cognitive performance and sick-building syndrome, it
is not clear if it has a direct impact on health. However, Azuma et al. [3] found that
concentrations above 500 ppm are related to physiological changes such as an increase in
blood pressure, an increase in heart rate, and an increase in peripherical blood circulation.
Concentrations above 1000 ppm are related to problems in cognitive performance and
concentrations above 10,000 ppm are related to an increase in respiratory rate and brain
blood flow, among others. With that knowledge, different levels of indoor air quality can
be used. The Spanish legislation for thermal facilities in buildings [4] shows four different
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levels of indoor air quality comprising 350 ppm of CO;, meaning an optimum-quality
level; 500 ppm, a good-quality level; 800 ppm, a medium-quality level; and 1200 ppm, a
poor-quality level, which is not recommended, and should not be applied.

As a volatile organic compound, methane (CHy) is a precursor to tropospheric O3,
which is associated with adverse effects on human health, including asthma, reduced
lung function, and chronic obstructive pulmonary disease (COPD), as explained by Mar
et al. [5]. A study by Dingenen et al. [6] estimated that, relative to 2010 exposure levels,
high CH, emissions would lead to 40,000 to 90,000 deaths related to Oz in 2050. However,
mitigation scenarios would decrease mortality from 30,000 to 40,000. Following the current
legislation about the exposition of chemical agents, according to the Spanish Ministry of
Work’s technical guidelines [7], the secure exposure level of CHy in a working day of 8 h
and 40 h per week is 1000 ppm.

To measure air compounds, electronic noses are designed as instruments capable of
recognizing simple and complex odors. An electronic nose is formed using an array of
chemical sensors that transform an odor into an electrical signal, an acquisition system to
measure all the signals, and finally, a pattern recognition system to classify the samples [8].
The most important types of sensors in electronic noses are optical, surface acoustic wave,
electrochemical, catalytic, and semiconductor, as explained by Park et al. [9]. The most
used sensors are semiconductor metal oxides (MOX), as they have a rapid response, low
consumption, and they are low-cost. MOX sensors are made up of a metal oxide film doped
with other compounds such as tungsten trioxide or zinc oxide (n-type) or nickel oxide
(p-type). When it contacts the volatiles in the air, a depletion layer is formed, resulting
in a change in conductivity. The main drawbacks of these types of sensors are the low
selectivity and sensitivity, as they react to different compounds in the environment and
their response is affected by humidity changes producing a drift (Arroyo et al. [10] and
Meng Yan et al. [11]). According to Dinh et al. [12], non-dispersive infrared (NDIR) sensors
are optical sensors and they have high selectivity and sensibility but they are not optimal
for miniaturized designs. NDIR sensors target the wavelength absorption in the infrared
spectrum to identify a particular gas such as carbon monoxide (CO), carbon dioxide (COy),
methane (CHy), etc.

Various works have been published on NDIR and MOX sensors. They include fire
detection [13], gas discrimination [14], food applications [15], and localization of victims in
confined spaces [16]. The previously cited works only used CO, NDIR sensors. However,
other works, such as Rutolo et al. [17], used CO, and CH4 NDIR sensors in addition to
electrochemical sensors to detect diseases in potatoes. Also, Wang et al. [18] used an array
of five NDIR sensors, with CH4 among them, to monitor the composition of natural gas.

Related to indoor air quality monitoring, Jo et.al [19] developed a device with an NDIR
sensor to detect CO,, a semiconductor sensor for CO, a laser dust sensor, a humidity sensor,
and a VOC sensor. Air quality data were transferred wirelessly to a server, and an LED
strip changed the color if the air quality changed. In another work [1], an IoT device based
on an ESP32 module with dust sensors, a CO, NDIR sensor, a MOX sensor, and a humidity
and temperature sensor were developed. They concluded that air quality was related to
the number of people in a specific are and that the activities that took place in that area
changed the gas concentration. On the other hand, Baldelli [20] used a matrix composed of
three MOX sensors, a CO, NDIR sensor, and an electrochemical sensor. A linear correlation
between calculated concentrations and measurements from sensors was found.

The electro-optical nose is a concept introduced by Tibuzzi et al. [21] as an electronic
nose sensitive to the light spectrum, made up of a light source and photodiodes coated
with different sensitive materials. The sensitive film acts as an optical filter for the emitter
light, and the variation in current is due to exposure to VOCs. Other works that used the
denomination of electro-optical-nose are [22,23], which are related to this work. They used
a combination of specific NDIR and non-specific MOX sensors to obtain an orthogonal
array of sensors.
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The aim of this work is to detect different concentrations of gases such as CO, and
CHy,4 that affect indoor air quality using an electro-optical nose with NDIR and MOX
sensors. Firstly, preliminary measurements at different concentrations are completed, and
values from the legislation presented in [4,7] are used as a reference to validate the system.
Secondly, the response of the system to variations in humidity was performed. Finally, the
capability of discriminating different gases at different concentrations was measured to test
the system in a more complex mixture. The developed electro-optical nose (NEONOSE)
from Meléndez et al.’s [23] previous works was used. It has a matrix of five MOX sensors
and seven NDIR sensors. The main advantages of this electronic nose are the combination
of the non-specific response of MOX sensors, the specific response of the NDIR sensors,
and the large number of signals provided by all the sensors.

2. Materials and Methods
2.1. Gas Preparation

Compressed CH, 5000 ppm, synthetic air (N,: 50-80% and O,: 20-50%), and CO,
5000 ppm gas bottles were provided by NIPPON GASES ESPANA S.L.U (Madrid, Spain).
Gases were mixed by a gas mixing unit to get different concentrations of each gas and
mixture. It has four different channels for input gas. The gas mixing unit uses a PLC to
control and automatize the process. Each gas flow is controlled by a mass flow controller
and gas is mixed with a manifold. It allows humidity control with a humidity generator,
with an operating range of 5 to 80%.

2.2. Sensory System

Electro-optical nose (NEONOSE), developed by the perception and intelligent systems
research group from Universidad de Extremadura (PSI-UNEX), was used. The printed
circuit boards of the electronic nose are presented in Figure 1. NEONOSE is formed using
two boards that contain NDIR and MOX sensors. These boards are communicated to each
other via SPL

+5V. 551
(L1l re1}

Figure 1. NEONOSE-printed circuit boards with electronic components. Left, main board with MOX
sensors, microcontroller, and Bluetooth communications. Right, secondary board with optical sensors.

Figure 2 shows a block diagram of the electronic nose. The main board is formed with
five MOX sensors and one NDIR type, which are communicated with the microcontroller
(PIC32MMO0256GPMO048 Microchip) via IC. Moreover, it sends the data received by all the
sensors via Bluetooth to a smartphone.
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Figure 2. NEONOSE block diagram with the main parts of the electronic PCBs.

The secondary board is formed completely using NDIR sensors. Some sensors have
an analog response, so the signal is processed via operational amplifiers and converted to
digital signals via A/D converters. Others send data digitally to the microcontroller via
UART. All the data are sent from the secondary board to the main board via SPL

Detailed information on each sensor from each board is explained in Tables 1 and 2.
Table 1. Main board sensors and their measured signals.

Sensor Manufacturer Type Signals (Variables)
BME680 Bosch MOX Temperature (S1), pressure (S2), relative humidity (S3), gas
resistance (S4)
SGP30 Sensirion MOX CO, (S5), TVOC (S6), H; (S7), Ethanol (S8)
CCs811 ScioSense MOX CO; (89), TVOC (S10), gas resistance (S11)
ZMOD4410 Renesas MOX Raw signal (512), Ethanql (313), TVOC (514), CO, (S15), air
quality index (S16)
SGP40 Sensirion MOX Gas resistance (S17)
SCD40 Sensirion NDIR Temperature (518), relative humidity (519), CO, (520)
.. Temperature/relative Temperature (S21), relative
SHI21 Sensirion humidity humidity (522)
Table 2. Secondary board sensors and their measured signals.
Sensor Manufacturer Type Signals (Variables)
IRC-A1 Alphasense CO,-NDIR Reference signal (S23), active signal (S24), thermistor (S25)
IRC-AT Alphasense CO,-NDIR Reference Signal (526), active signal (527), thermistor (S28)
IRM-AT Alphasense CH4-NDIR Reference signal (529), active signal (S30), thermistor (S31)
SJH-5 GasLab CH4-NDIR Analog (S32), gas (S33)
MSH-P Dynament N,O-NDIR Analog (S34), gas (S35)
IRNET-P-20 Nenvitech CH4-NDIR Analog (536), gas (537)
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2.3. Electronic Nose Setup

The electronic nose was controlled with an Android app and data were sent via
Bluetooth to a smart phone. Parameters such as absorption and desorption time can be
configured (this feature is not used in this work), as well as the sampling time of the sensors
and an alarm sound to inform the change between the sample and air.

As the main interests of this work are the detection and discrimination of different
gases with different concentrations, a gas mixing unit is used. The gas mixing unit is
controlled with a LabView application running on Windows. Communication between the
computer and gas mixing unit is performed using a multimeter Keithley 2700.

The application allows to change the gas concentration (ppm) and the relative humid-
ity; moreover, step time and concentration of different steps can be configured. Connection
to gas channels was performed as follows: Channel 1 (CO,) and Channel 3 (CHy4) were
connected to bottle samples, while Channel 2 and Channel 4 were connected to dry and
wet air, respectively.

The gas mixing unit takes dry air, and mixes both dry air and sample, finally the
mix flows through a humidity generator. Output gas is the addition of the percentage of
wet gas, the ratio between the step concentration of the gas and the concentration of the
bottle, and finally, the rest is dry air. Output gas is carried from the gas mixing unit to a
polypropylene gas cell in the electronic nose, and a flow meter is always used to check the
constant airflow to the system. Furthermore, it should also be noted that the design of the
cell makes the two boards face each other.

A data acquisition card, (DAQ) NATIONAL INSTRUMENTS USB-6009, is connected
to synchronize the electronic nose and the LabView program. When the countdown in each
concentration step is zero, the program sends a 5-volt signal through the DAQ. This signal
is conditioned with a voltage divider to 3.3 volts, and the microcontroller reads this signal
to change between the sample and air readings. The electronic nose sends the sample/air
data measured from the sensors to the Android app. Figure 3 shows a detailed view of the
measurement block diagram.

(IO Smart Phone App

Electronic Nose

Air/sample

Air

l 'GAS MIXING

,.' e

Flow meter
CO, CHs Gas mixing unit Humidity Generator

Figure 3. Measurement system block diagram with the main parts of the electronic and pneumatic circuits.
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2.4. Preliminary Measurements

A total of 14 CO, and CHjy steps were completed in a range from 3000 ppm to 100 ppm
(3000 ppm, 2500 ppm, 2000 ppm, 1500 ppm, 1000 ppm, 900 ppm, 800 ppm, 700 ppm,
600 ppm, 500 ppm, 400 ppm, 300 ppm, 200 ppm, 100 ppm) to get the best range of the
sensors’ response; also the values of the legislation mentioned in Section 1 in [4,7] are
included in this range. Measurements were completed with an absorption time (sample) of
4 min and 12 min of desorption time (air) to reach a good stationary response of all sensors.
A sample time of 2000 ms was configured and a 40% relative humidity was selected.

2.5. Mixture of CO, and CHy4 Measurements

Once preliminary measurements are performed and an appropriate measurement
range is met, a mixture of CO, and CHy, as shown in Table 3, is made to test the discrimina-
tion capabilities of the electronic nose. Experimental conditions were similar to preliminary
measurements. Ten repetitions per step were performed so that the repeatability of the
measurements could be analyzed.

Table 3. CH4 and CO, mixture concentration.

CH4 (ppm) CO; (ppm)
3000 0
2500 500
2000 1000
1500 1500
1000 2000
500 2500

0 3000

2.6. Humidity Measurements

Different humidity measurements is performed to see if the response of the whole
system is altered with variations of relative humidity. Experimental conditions are the
same as described above. However, the concentration of gases is fixed, and different steps
of humidity are programmed, experiments are performed with target gases because NDIR
sensors respond specifically to them, and only dry/wet air will not have a response. The
values are chosen according to the relative humidity range described in [4], and are the
following: 40%, 50%, and 60%. In addition, a step of 70% relative humidity is included,
although this step is out of range. It is used to test non-optimal conditions.

2.7. Data Analysis

A total of 37 variables from all the sensors are measured, and all the signals and their
kind are illustrated in Tables 1 and 2. The total of samples measured in both absorption
and desorption time ascends to 5179 samples in each concentration step repetition.

A characteristic value of the response of each sensor is needed for each performed rep-
etition; to extract the characteristics of the measurements, the algorithm from Equation (1)
is used in pretreatment.

(MAX —MIN) x 100 — 1 1)

where MAX is the maximum value reached in the repetition and MIN is the minimum.
Processed data are stored in a matrix of characteristic values where the number of rows is
the number of measurements and the columns are the number of sensors; dimensions of
the matrix are 70 x 37, considering that 7 different concentration steps are applied, and
each step has 10 repetitions.

Due to the number of data collected in the characteristic matrix, mathematical algo-
rithms are required to process all the information. Dimensionality reduction is carried
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out using Principal Component Analysis (PCA) to classify the samples. This technique
describes a dataset in terms of new non-correlated variables (components). Components
are sorted by the amount of variance they represent. Therefore, this technique is useful for
reducing the dimensionality and the redundancy of the collected data [24].

To generate prediction models, Partial Least Square (PLS) is used [25]. In PLS, a
linear regression is made with the measured parameters and predicted parameters to see
the correlation between them. The leave-one-out cross-validation method was used. This
validation method takes one of the repetitions as the validation data and the rest as training.

PCA and PLS analyses are performed in MATLAB R2022b with an application devel-
oped by the research group.

3. Results
3.1. Preliminary CO, Measurements Results

Temporary results of some sensors are analyzed. Firstly, the IAQ (indoor air quality)
response of ZMOD4410 is illustrated in Figure 4. The ranges of quality are given by the
manufacturer in Table 4, and these values are measured based on TVOCs. Knowing these
values, when reference air is introduced in the electro-optical nose (when there are no
steps), the IAQ value corresponds to very good air quality (Level 1). However, when
a 3000 ppm step concentration is introduced, air quality moves to a good-quality level
(Level 2), and this rate is maintained until the 1500 ppm step; concentrations below these
values correspond to a very good quality level.

| Air quality measured
2.4 \ COs concentration ATk
22 ”
3 1 2501
1.8 200( E
g g
[ o
1500 &
1.4 }
1 1000
1.2
1k H 1 50¢
0.8 ¢ 1 1 L L L H ﬂ | H | S
0 2000 4000 6000 8000 10,000 12,000 14,000
time(s)
Figure 4. ZMOD4410 IAQ values vs. different CO, concentrations.
Table 4. Levels of air quality given with ZMOD4410.
IAQ Rating Air Information Air Quality
<1.99 Clean hygienic air Very good
2.0t02.99 Good air quality (if no threshold value is exceeded) Good
3.00 to 3.99 Noticeable comfort concerns (not recommended for exposure > 12 months) Medium
4.00 to 4.99 Significant comfort issues (not recommended for exposure > 1 month Poor
>5.0 Unacceptable conditions (not recommended) Bad
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On the other hand, CCS811 responses to CO, and ZMOD4410 are analyzed in
Figure 5, and these values are measured based on TVOCs. As it is shown in Figure 5a, the
ZMOD4410 tendency is consistent with Figure 4. The higher concentration of CO, (3000,
2500, 2000, 1500 ppm) corresponds to higher CO, measurements, and it is equivalent to
the IAQ ratings. In addition, values of response are close to 400 ppm when reference air is
introduced because of a baseline calibration made by the sensor around that value.

2500

L 500 900

T T T T T T
ZMOD COz response
580 ¢ COz concentration 850

540 M 12500 750 2500

T T T
= CCS5811 CO7 response
COz concentration

520 r

Ss00r

step{ppm)
P
step{ppm)

o)
0480'

460

440
420

400 -

1 1000 1000

00

N0

. . a
6000 8000 10,000 12,000 14 DBD 0 2000 4000 6000 8000 10,000 12,000 14,000
time(s) time(s)

(a) (b)

! L
0 2000 4000

Figure 5. MOX sensors response to CO;,. (a) ZMOD4410 CO; response; (b) CCS811 CO; response.

In Figure 5b, responses of CCS811 are shown. It can be seen that the sensor responds to
the entire concentration range, and the minimum value changes to approximately 400 ppm
(values reached when reference air) because the sensor performs a baseline calibration
around this value, similarly to the ZMOD4410 response.

Concerning the NDIR sensors, CO, concentrations must be higher if a response is desired
from all those implemented in the electronic nose, as their lower detection limit is even
higher. However, the SCD40 sensor has the best performance of all CO, sensors, managing to
react to all the steps, as shown in Figure 6a. As it was explained in MOX sensors, values of
measurements start with a calibrated value (around 500 ppm in this case). These results are
consistent with the measurement range provided by the manufacturer (040,000 ppm). If the
response of the CHy NDIR sensor SJH5 is plotted, as can be seen in Figure 6b, it does not have
a clear response because it does not respond to CO,.

4000 T T T T T T 350 T T T T T T 350

SC40 response

3500 £l COz concentration 34r

33t SJHS response

COz concentration

2500 1 2500

step(ppm)
Response
step(ppm)

1000 2.5 11000

oS g, -

6000 8000 10,000 12,000 ‘I4,DE|D o 2000 4000 6000 8000 10,000 12,000 14 DE}D

o 2000 4000

time(s)

()

time(s)

(b)

Figure 6. NDIR sensors response to CO;. (a) SCD40 response. (b) SJH5 response.
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3.2. Preliminary CHy Measurements Results

As shown in Figure 7, ZMOD4410 and CCS811 respond in the entire concentration
range of CHy, as it is a volatile organic compound. The maximum value of TVOC de-
tected with CCS811 is 1187 ppb, according to the manufacturer, and 10,000 ppb with the
ZMOD4410. Both responses meet the ranges.

‘ 340 . . . : :
300 - 4 CHas concentration
e 320
250 Ay
250
250
2000 300
S LUUU ] nais e 20
a 200 I o =
4 s g ]
S 1500 & g 280 —
P 150 b = 2R
100 1000 260 1000
50 S 240 50
i H
) 3 : . - g il 0 220 L L L . ” . ” n 0
0 2000 4000 EDDD. 8000 10,000 12,000 14,000 ) 3000 4000 6000 8000 10,000 12,000 14,000
time(s) time(s)
@) (b)
Figure 7. MOX sensor response to CHy. (a) CCS811 TVOC response; (b) ZMOD TVOC response.
The SJH5 NDIR sensor is the only one of its kind that responds to CHy, and the
response is shown in Figure 8a. The only step that does not have any response corresponds
to 100 ppm. According to the manufacturer, it responds from 0 to 50,000 ppm, so its limit
detection is 100 ppm. Also, like the other sensors, SJH5 has a calibration set point for
measurements. In Figure 8b, the response of SCD40 can also be seen, and it does not have a
clear response; its value is close to the calibration reference value due to the target gas of
this sensor being CO,, and it will not respond to other gases.
45 T 4000 480 T T 4000
SJHS response SCD40 response
40 ~——CHy concentration 3500 470 ~——(GHa concentration| | 3500
35 - o 460 Ammo
30 |-
" 25 s = 450 2500 ]
2 26 g & &
g 2000 £ £ 440 2000 &
g & 8 a
1501 430 1500
15
1000 420 1 10C
107
E 500 410 0
Amiu L[ 111
) A (P ol | | | Y P
o 2000 4000 6000 8000 10,000 12,000 14,000 0 2000 4000 6000 8000 10,000 12,000 14,000
time(s) time(s)
@) (b)

Figure 8. NDIR sensors response to CHy. (a) SJH5 CH, response. (b) SCD40 CH,4 response.

3.3. Humidity Measurements

In this case, different steps of humidity are introduced in the electro-optical nose at
constant concentrations (1500 ppm of CO; and 1500 ppm of CHy). In Figure 9, the response
of the NDIR SCD40 sensor and the MOX sensor BME680 to CO; is shown. As can be seen,
the response of the MOX sensor is highly influenced by humidity (Figure 9a). The response
decreases as humidity increases. Also, drift is appreciated. However, the NDIR sensor
response is more stable (Figure 9b). In Figure 10, the response to CHj, is shown, and the



Chemosensors 2023, 11, 535

10 of 16

response is similar to Figure 9 because the MOX sensor remains with a huge drift, and the
response of NDIR remains almost constant.

80 2500 80
SCD40 response
HR step

= BMEG&B0COz response
HR Step

2000

e 28 F
< g I £
£ % 1500 55 ©
= =
5 8 5
T 50 T

1000 | 2

1

35 35
500 r
\ \ \ . \ \ . \ - \ . \ . \ . \ . -
0 400 BOO 1200 1600 2000 2400 2800 3200 3600 0 400 800 1200 1600 2000 2400 2800 3200 3600
time(s) time(s)
(a) (b)

5
<10%

Figure 9. MOX and NDIR sensors response to humidity changes with CO,. (a) Resistance of BME680;
(b) measured CO, of SCD40.

21

BMEGBOCHs response
HR Step

35

SJHS response
HR slep

16 0
15

jf""“w

7
7
Humidity(%)
Response

L L L L L I I L an L L I L L L I L P
0 400 800 1200 1600 2000 2400 2800 3200 3600 o 400 800 1200 1600 2000 2400 2800 3200 3600

time(s) time(s)
(a) (b)

Figure 10. MOX and NDIR response to humidity changes with CHy. (a) Resistance of BME680;
(b) SJH5 response.

3.4. Mixture of CO, and CHy4 Measurements
3.4.1. PCA Results

To understand all the measured data, a PCA was performed. Figure 11 shows a PCA
with all the sensor signals, showing an explained variance of 47% for PC1 and 10% for PC2.
There is a good separation between clusters and correlation between the concentration
of the mixture and the PC1 can also be observed; higher CO, concentration samples are
located in the right side on the PC1, and higher CH4 concentration samples are located on
the left side of PC1. Although groups are dispersed, when the concentration in CHy reaches
2000 ppm, overlapping can be seen. Such problems could be related to NDIR sensors, as
the only ones that provide reliable information are the SCD40 and SJHS5. If a 3D plot of the
PCA is represented, as shown in Figure 12, it can be seen that the overlapping occurs due
to the missing information from the third component.
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Figure 11. PCA variable plot with all sensors. A: CO, = 3000 ppm; B: CHy = 1000 ppm,
CO; =2000 ppm; C: CHy = 1500 ppm, CO, = 1500 ppm; D: CHy = 2000 ppm, CO; = 1000 ppm;
E: CH4 = 2500 ppm, CO; =500 ppm; F: CHy = 3000 ppm; G: CHy = 500 ppm, CO, = 2500 ppm.
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Z
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-5 T 5 T ! i
-8 B -4 2 0 2
PC1 (46.8%)

Figure 12. Three-dimensional plot of the PCA with all variable sensors.

Figure 13 shows the load plot of all the sensors. The load plot shows how important
the contribution of a variable is in a PCA. The most important variables in PC2 are 524
(corresponding to IRC_A1), 526, 527, S28 (corresponding to IRC_AT), 529, S30 (correspond-
ing to IRM_AT), and S36 (corresponding to IRNET); therefore, they have a negative effect
in relation to the total response and cause a bigger dispersion. If the information of these
signals is deleted from the analysis, this will eliminate the masking produced by them, and
the correlation will improve. Further analysis in this section will aim to improve the PCA
with reliable information from MOX sensors and NDIR sensors.
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Figure 13. Loading plot showing sensors contribution from PCA.

If only the response from MOX sensors is used (54, S5, S6, S7, S8, S9, 510, 511, S12,
513, S14, S15, S16, S17), the PCA (Figure 14) shows better discrimination of the groups,
with a 78% explained variance for PC1; furthermore, the dispersion in clusters is reduced
as variables from the NDIR sensors that are not responding to these concentrations are
removed. Also, variables from temperature and relative humidity are not used because
they do not add useful information about the mixture.

3
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Figure 14. PCA score plot with MOX sensors. A: CO, = 3000 ppm; B: CHs = 1000 ppm,
CO, =2000 ppm; C: CHy = 1500 ppm, CO, = 1500 ppm; D: CHy = 2000 ppm, CO;, = 1000 ppm;
E: CHy = 2500 ppm, CO; = 500 ppm; F: CHy = 3000 ppm; G: CHy4 = 500 ppm, CO, = 2500 ppm.

By adding the variables from the NDIR sensors (SCD40 and SJH5) that have a response
(520, 532, and S33), as shown in Figure 15, it can be seen that the dispersion in clusters
is reduced, and the correlation between PC1 and the concentration is clearer than in
the analysis made with all the sensor’s responses, as there are not overlapped groups.
While the higher CO, concentrations are located on the left side of PC1, the higher CHy
concentrations are located on the right side of PC1. It can also be seen that the mixture with
equal concentrations of CO, and CHy is almost centered in the PCA.
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Figure 15. PCA score plot after adding NDIR (SJH5, SCD40) and MOX sensors. A: CO, = 3000 ppm;
B: CHy4 = 1000 ppm, CO, = 2000 ppm; C: CH, = 1500 ppm, CO, = 1500 ppm; D: CHy = 2000 ppm,
CO, = 1000 ppm; E: CHy = 2500 ppm, CO, = 500 ppm; F: CH4 = 3000 ppm; G: CH = 500 ppm,
CO, = 2500 ppm.

3.4.2. PLS Results

PLS analysis was performed on the ten repetitions using the leave-one-out cross-
validation method. A PLS was performed using CO, and CH,4 results with MOX sensors’
variables used in a PCA. As is shown in Figure 16, there is a good correlation between the
predicted and measured variables in CHy and CO,. However, the dispersion is significant,
as explained by the root mean square error (RMS). This value can be reduced with the
addition of NDIR sensors’ variables used at the end of the PCA, as can be seen in Figure 17.
Moreover, the addition of specific sensors also improves the correlation, giving slightly
improved predictions.
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Figure 16. PLS with MOX sensors only. (a) CHy PLS, (b) CO, PLS.
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Figure 17. PLS with MOX sensors and NDIR sensors. (a) CH4 PLS, (b) CO, PLS.

4. Discussion

In this study, an electro-optical nose that combines different technologies of commercial
sensors (MOX and NDIR) is used. Moreover, the design of the electro-optical nose allows
different sensors to be configured and changed depending on the required application.

The device can detect concentrations presented in the legislation related to indoor air
quality [4,7]. IAQ parameters measured among other parameters from MOX sensors show
that the level of air quality improves as the concentration of CO, decreases. It is important
to note that the air quality classification may differ from the one presented in [4] because it
is based on air quality ranges outlined in [26]. However, there are some limitations in the
electro-optical nose related to the non-specific response of MOX sensors.

MOX sensors exhibited responses to CO, and CHy, although they typically do not
measure CO, directly. Instead, they utilize algorithms to estimate CO, from the TVOCs
that are detected. Detecting CO, using MOX sensors can be challenging because CO; is
a stable gas, as described by Staerz et al. [27]. Their response is caused by the complex
interactions between the gases present and the sensor’s surface morphology, as explained
by Moumen et al. [28].

As Arroyo et al. [10] found, when MOX sensors are exposed to different humidity
conditions their response can experience drift because they can adsorb water vapor, as
explained in [11]. Future studies should make multivariable analyses to account for the
influence of humidity on these sensors and explore different ways to mitigate drift in
their responses.

The addition of more sensors and other technologies improves the reliability of the
system. NDIR sensors reduce the limitations imposed by MOX sensors, since they show a
specific response to the target gases they are designed for (CH4 and CO; (in this work)), as
explained by Dinh et al. [12]. Moreover, the problems associated with the humidity drift are
negligible, as minor variations of NDIR measurements, when measuring humidity, could
be related to the heating of the sensors.

When the PCA analysis is performed with a mixture of CO, and CHy, good discrimi-
nation using MOX sensors is achieved despite their non-specific response; all the signals
provided by them compensate for these effects, this providing a good discrimination. In
addition, PLS shows a good correlation using MOX sensors too.

An improvement in the PCA score is reached when NDIR sensors are added, resulting
in a better correlation between PC1 and the concentration. Also, the PLS results showed
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lower dispersion, as their specific response adds information that MOX sensors cannot
provide. However, it is important to note that some NDIR sensors do not respond to the
studied measurement range, and require higher concentrations. These non-responsive sen-
sors did not significantly contribute to the PCA analysis and were ultimately excluded from
the analysis. Nevertheless, they are retained in the electronic nose for future measurements
in leakage applications.

5. Conclusions

In this work, an electro-optical nose with NDIR and MOX sensors to measure indoor
air quality is developed. Different gases, concentrations, and mixtures are used to validate
the electronic nose in lab conditions as a first approach.

Preliminary measurements on individual gases show a good response of both NDIR
and MOX sensors. MOX sensors respond to both CH,; and CO,. NDIR sensors give a spe-
cific response to CHy and CO,, improving the response of the whole system and accuracy.
The measurements of concentrations meet the values from the legislation mentioned in
Section 1; therefore, the device can be used to measure indoor air quality.

Humidity measurements show that MOX sensors vary their response to humidity
changes at constant concentrations. However, the addition of NDIR sensors could improve
the reliability of the system because their response is more stable.

The PCA analysis of mixtures shows that MOX sensors can discriminate different
gases at different concentrations. However, the discrimination capabilities of the electronic
nose can be improved with the addition of NDIR sensors because of their specific response
to gases.

Finally, PLS results give a good prediction using MOX sensors; correlation and dis-
persion could be improved by adding NDIR sensors, which is consistent with the results
provided with the PCA analysis.
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