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Abstract: In the Western world, the SO, concentration in ambient air dropped to low levels, but
some emission sources (e.g., merchant ships) and some regions (e.g., low-income countries) still emit
substantial amounts of SO,. At those locations, SO, monitoring is critical. However, low-income
countries do not have much access to expensive reference instruments. Low-cost gas sensors might
be an alternative, but it is unclear how reliable such measurements are. To evaluate the performance
of the low-cost alternative, the same SO, gas sensor has been subjected to three different calibration
methods: (1) low-cost calibration performed in the tropical climate of Cuba; (2) high-end calibration
performed in Belgium; (3) a field calibration at an air quality measuring station in Belgium. The first
two methods showed similar trends, suggesting that the gas sensor can be calibrated with a low-cost
method. The field calibration was hampered by the low SO, concentrations. For the monitoring
campaign in Cienfuegos, Cuba, the low-cost SO, sensor calibrated by the low-cost method appeared
to be sufficiently reliable. The reliability of the sensor increases with the increase in SO, concentration,
so it can be used in Cuba instead of Belgium.
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1. Introduction

Belgium was the first country in continental Europe to follow the UK into the indus-
trial revolution. Heavy industries such as iron foundries or glass production settled in
the proximity of rivers and coal mines in the south of Belgium during the 19th century.
However, this economic success also had a downside [1-4]. Air pollution and acidifying
deposition were suspected to damage vegetation (e.g., oaks, fruit trees, crops) and cause
nuisance by the mid-19th century. However, the relationship between air pollution and
mortality was only confirmed after the deadly fog in the Meuse Valley on 1-5 December
1930 [5,6]. During the Meuse Valley incident, hundreds of people endured pulmonary
attacks, and 63 people suddenly died in Engis, Belgium. This disaster triggered multiple
scientific studies and led to the first scientific proof that pollution could cause deaths and
diseases. The source of harm appeared to be the combustion of coal. Since fossil fuels
such as coal or crude oil contain 1-2% sulphur by weight, they emit smoke and SO, when
burned. People exposed to the fog inhaled sulphuric acid. Similar disasters occurred at
other locations, with the most famous being the Great Smog in London on 5-9 December
1952 [7-10]. At that time, the average SO, concentration in London was around 70 ppb,
with a peak at 1339 ppb on December 8 [11]. Since then, legislation, abatement strategies,
and emission control measures have been implemented [12]. After 1970, global SO, emis-
sion started to drop in Europe [13]. In Europe and North America, the SO, concentrations
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became so low that acid rain, which caused, among other things, accelerated dissolution of
limestone in historical statues and monuments [14], is not a major issue anymore. Today,
ambient SO, concentrations in Belgium are in the range of 1-2 ppb, with some peaks up
to 20 ppb [15,16]. These concentrations are close to the detection limit of low-cost SO, gas
sensors, and it is unclear if such sensors collect reliable data in such regions. With ‘reliable,’
we mean some useful information can be extracted from sensor readings to evaluate air
quality while operating in a real-world application.

Nevertheless, SO, emissions are still significant in certain sectors, such as merchant
shipping, where heavy fuel containing sulphur (<0.5%) is used as fuel outside the SECA
areas (i.e., regions at sea where sulphur content in fuel must be lower than 0.1%). SO,
emissions also occur in rapidly growing regions such as East and South Asia. This is also
a problem in low-income countries, where the urgency to remove sulphur from crude oil
is lower than other issues. For example, Cuba produces mainly heavy crude oil, which
contains 7 to 8% sulphur by weight [17-19]. This feature leads to increased SO, emissions
during combustion. In addition, Cuban oil exhibits several distinct features, including a
high asphaltene content, a low API gravity (i.e., American Petroleum Institute gravity),
and elevated concentrations of heavy metals such as nickel and vanadium. These metals
are known to contribute to the generation of particulate matter (PM) during combustion.
According to data from the Central Bank of Cuba, fuel oil production in 2020 was around
3.8 million tons, which represented 41% of the national demand [20]. The rest of the
demand was imported from Venezuela, Russia, or Algeria. In addition to these countries,
Cuba has also imported fuel oil from other countries such as Mexico, Angola, Brazil, China,
and Nigeria, although to a lesser extent. The derivatives, such as diesel oil or fuel oil, have
higher fossil-fuel emission factors for SO, than the desulfurized equivalents used in the
Western world. In addition, the use of old technologies in industry and transportation leads
to higher fuel consumption levels. At the same time, the treatment of atmospheric emissions
is insufficient. Despite the fact that Cuba’s economic situation makes it impossible to replace
existing technologies with more efficient and less polluting alternatives in the short term,
there is a need to control SO;. Because of the large number of diesel engines that act as SO,
sources, there is a particular need for low-cost control systems.

Recently conducted net emission inventories in Cuba showed that the following
pollutants can be ranked in decreasing importance: SO, > NO, > CO [21]. This suggests
the importance of SO, as a pollutant in Cuba. A Gaussian dispersion modeling system
for pollutants suggests that the maximum concentration of SO, in rural environments
is 30 ppb [22]. Another study performed in Santa Clara City, Cuba reported an average
concentration of 4 ppb for the period February to April 2010 [23]. In Havana, a study
about air pollution due to vehicular traffic revealed SO, average concentrations between
5 and 15 ppb, with peaks of up to 60 ppb [24]. These studies suggest that the average SO,
concentration in the air is higher in Cuba than in Belgium.

It is known that the reliability of low-cost sensors is lower in comparison with high-
end and expensive trace-level UV fluorescence analysers that are considered the gold
standard [25-29]. Therefore, one must know the most important calibration problems
(e.g., no access to high-end equipment to perform calibrations, the effect of a tropical
climate, etc.), the impact of varying environmental parameters, and the interference of
other pollutants on the measurements to ensure the best possible reliability of the collected
data [30,31]. This contribution will explore the reliability of low-cost SO, monitoring. It
will be illustrated with a measuring campaign performed in Antwerp, Belgium, on the
roof of an air quality monitoring station analysing outdoor air, and a measuring campaign
performed in Cienfuegos, Cuba.

2. Background

Electrochemical 4-electrode gas sensors are widely used in air quality monitoring and
toxic gas detection applications due to their relative high sensitivity and selectivity [32-35].
A well-known example of such low-cost gas sensors are the ones of the manufacturer
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Alphasense. They are provided with calibration information. However, the accurate
calculation of pollutant concentrations remains a challenge [36,37]. According to the
manufacturer, the sensors register the voltages corresponding to the working electrode
(WE) and auxiliary electrode (AE). The WE provides information about the target analyte,
while the AE is designed to mimic the WE in the absence of the target gas while considering
the response to changes in meteorological conditions such as temperature and relative
humidity. Despite the apparent simplicity of the formulas to calculate the concentration
from WE and AE, the information about Alphasense is confusing. This leads to different
interpretations of the formulas in the literature. Some assume a correction factor nt equal
to 1 [38—40]. Others consider nt a constant provided in tabular or in graphic form by
Alphasense [41,42]. For the Alphasense SO2-A4 sensor, the manufacturer suggests for
nt a value of 0.4 in one document [43] and 1.15 in another document [44]. It is not clear
whether these variations are due to a change in the construction of the electrochemical
cell. In the 2014 Alphasense Application Note AAN 803-01, “Correcting for background
currents in four electrode toxic gas sensors”, nt is defined as the ratio WE(/AE for zero
air at the temperature at which the measurement is performed. This definition suggests a
variable ratio. The scientific literature has demonstrated that corrections of WE and AE
recommended by the manufacturer do not always lead to pollutant concentration values
with acceptable precision [45]. There are several factors that can affect the accuracy of
gas concentration measurements, such as cross-sensitivity, drift, calibration, and other
environmental factors that can interfere with the sensor signal.

The voltage values of both electrodes for air without pollutants (WEy and AE) can be
obtained from a calibration process using zero air. The ratio allows the conversion of the
measured AE-value into the corresponding background baseline WEpackground- The back-
ground baseline that needs to be subtracted from WE can be calculated with Equation (1). If
one assumes nt as a variable ratio and the measured WE as the sum of the background base
line (i.e., WEpackground) and a contribution that is concentration-dependent (i.e., WEgas),
then the formula of Alphasense can be obtained (see Equations (1)—-(3)). Consequently, the
sensor signal (WEg,s), expressed in mV, is directly proportional to the gas concentration.

WE WEbackground WE,
nr = AE, = AE And WEbaCkground = TEOAE/ (1)
WE,
WE = WEbackground + WEgas <~ WEgas = WE — TH)AE, (2)
WE,

WEgas = WE — A—EOAE + [nTAEg — WEg] = (WE — WEj) — nr(AE — AEp).  (3)

Once the concentration-dependent signal WEg,s is calculated, the gas pollutant con-
centration expressed in ppb is calculated using Equation (4). The gas sensitivity (Sgas) is
specific to each sensor, and its value is provided by the manufacturer. This means that
the calculation of the concentration is a two-step process: (1) correct for the background
baseline WEp,ckground; (2) convert WEg,s into the corresponding concentration.

WEgas
sgas ‘

4)

Cgas =

It is usually assumed that nt of the calibration process is identical to nt of the mea-
suring campaign. However, the contexts of both measurements are not necessarily the
same, and this assumption may lead to an incorrect estimation of the background baseline
WEpackground- If there is no in situ zero air calibration available, then WE( and AE, can be
estimated from the collected WE and AE time series. The moment ;5 is characterized
by the lowest WE-value in the time series, which is denoted by WEpin(t = tmin). The
corresponding AE-value is given by AE(f = t;,;n). That moment is characterized by the
minimum concentration, Cp,. If the calibration curve is known, then Cp,;, can be used
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to calculate the corresponding WEgas(tmin). There is often sufficient knowledge available
about the measuring location to estimate Cp,in. For example, there will be a moment in the
measuring campaign of SO, in outdoor air in Belgium when it will reach zero concentration.
When AEj is not recorded at the same moment as WEy, the average of AEj in the time
series can, in principle, be used to calculate the sensor signal.

We know that:

WEgas ( tmin ) = WEnin ( tmin ) - WEbackground (tmin) ®)

therefore,
WEbackground ( tmin ) = WEnin ( fmin ) — WE gas ( tmin) (6)

WEgas(tmin) can be expressed by the following formula if we clear it in Equation (4).
WEgas (tmin) = SgasCrmin (tmin) (7)
When WEgas(fmin) is substituted into Equation (6), the following expression is obtained:
WEpackground (fmin) = WEmin (fmin) — SgasCmin (fmin) 8)

In addition, we know that:

WEbackground (tmin) = NTAE (fmin) )
therefore,
np = WEbackground (tmin) (10)
AE(tmin)

WEpackground in Equation (10) can be substituted by Equation (9) (see Equation (11)).
When Cpin = 0, Equation (11) can be further simplified, showing that nr is the ratio
WE(/AE, for zero air.

WEmin ( tmin ) - Sgas Cmin ( tmin )
AE ( tmin)

ny = (11)

3. Materials and Methods
3.1. Low-Cost Monitoring System

The principles of low-cost monitoring systems have already been described in previous
work [46,47]. Here, only the principle of the gas sensor measurements will be given in
more detail. The SO, sensor type A belongs to one of the gas sensor families from the
manufacturer Alphasense. It is inserted in an analog conditioning board (analog front end),
designed by Alphasense to accommodate 4 different sensors (part number 8§10-0023-00).
The configuration used includes sensors for NO,, OX (O3 + NO,), CO, and SO,. The
analog front end (AFE) has an internal power supply of 3.3 V and only requires an input
voltage between 3.5 and 6.5 V (DC). The conditioning board provides 8 analog outputs
(2 for each sensor; more precisely, the “working electrode” and the “auxiliary electrode”)
that must be wired to analog-to-digital converters (ADC). The sensitivity of the SO, sensor
is 0.295 mV/ppb. The low-cost monitoring system that was used in the experiments
consisted of an Arduino MEGA2560 as the computer unit and interface board, a real-time
clock, and an SD card for data storage. The Arduino Mega 2560 contains an ADC with a
10-bit resolution. This ADC, with a reference voltage of 5V, is capable of detecting voltage
variations of about 4 mV. This means that it cannot detect changes of 1 ppb. To resolve this
quantization problem, a pair of 4-channel analog-to-digital converters with 16-bit resolution
(ADS 1115) have been added to the system. This resolution allows the detection of voltage
changes of 0.076 mV, which is sufficient to detect 1 ppb concentration variations. The ADC
has 4 analog inputs, hence the need to use 2 converters. The ADS 1115 module is connected
to the Arduino Mega through the I2C communication protocol.
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3.2. Sensor Calibration

The calibration curve describes the relationship between the sensor signal and the
reference measurements. Since that relationship must transform the sensor measurements
into concentrations, the sensor signal is considered the independent variable. The same set
of A-series Alphasense gas sensors for NO,, O3 (i.e., OX sensor), CO, and SO, has been
subjected to 3 different types of calibration experiments. The experiments are summarized
in Table 1 and include the most common calibration methods listed in the literature [48-52].
This work only focuses on the calibration of the SO, sensor. Calibration method 1 is
a low-cost calibration method performed in Cuba using low-cost electronics purchased
via the internet, medical disposables, and common laboratory equipment (e.g., balance,
pipettes). This calibration method can be performed with a limited budget in low- or mid-
income countries. The calibration setup needed is described elsewhere [53]. In the high-end
calibration process number 2, all sensors have been exposed to the 4 different gases during
separate calibration experiments. This makes it possible to evaluate the impact of NO,, O3,
and CO gases on the signal of the SO, sensor, that is the cross-interference. This calibration
method allows the sensor response to be compared with a reference analyzer. Sensor
calibration methods under laboratory conditions are relatively fast. The concentration
range of the pollutant and the temperature and relative humidity conditions can also be
selected to perform the calibration. However, in these methods, the sensor is not exposed
to real-field conditions. An advantage of field calibration is that data provided by low-cost
sensors can be compared with official data reported by monitoring stations. This method
is considered the most efficient because it allows the correction of meteorological and
other pollutant fluctuations in the field environment by complex mathematical models.
However, it is applicable only to the site where the calibration was performed. Another
advantage of calibration method number 3 is that nt for the outdoor calibration in ambient
conditions must be fairly similar to the measuring location at a different outdoor location
in the vicinity. The Alphasense formula with local values for WEy and AE was used as
well. A comparison of the different calibration processes makes it possible to evaluate
the reliability of the low-cost calibration. Table 1 and the list below describe calibration
experiments in detail.

Table 1. Overview of the calibration experiments performed on the same set of gas sensors, the
period in which that calibration was performed, the average temperature, and relative humidity (RH)
during the calibration process.

Nr. Calibration Method Location T and RH Range Calibration Period

Low-cost calibration of the SO,

1 sensor by generating SO, gas Santa Clara, Cuba
inside a syringe

High-end calibration in a climate

Tropical climate (23-25 °C

and 62-65% RH) 19 November 2021

. Mol, Moderate marine climate
2 chamber using NQZ/ 03, CO and Belgium (23 °C and 47-50% RH) 16-19 May 2022
SO; calibration gases
Field calibration where the
low-cost monitoring device is
installed on the roof of the national Antwerp, Moderate marine climate
3 outdoor air quality measuring Belgium (10-30 °C, 30-94% RH) 30 May 2022-30 June 2022

station 42R802. The station is close

to a crossroad.

o  Low-cost calibration in laboratory conditions: The low-cost calibration setup consists
of a closed plastic box that contains the gas sensor. The air inside the calibration box
is first cleaned by pumping the air through a solution saturated with Ca(OH);. The
cleaned air can be used to determine WEy and AE,. First, SO, gas is generated
inside a syringe. The gas is generated in a separate setup using the stoichiometric
reaction R1 [54-56]. Graduated syringes with scale intervals of 0.2 mL were used.
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One syringe contains 0.2 mL of 2.14 mol/L NaySO; solution. The second syringe
contains 0.2 mL of concentrated 95% (w/w) HySO4. The reagents are brought together
to generate 9 mL of SO, gas in a third syringe. The acid solutions did not deteriorate
the plastic setup and could be used for several calibration experiments. The amount
of SO; inside the syringe expressed in moles can be calculated from its volume, the
pressure of the gas inside the syringe, and the ambient temperature using the ideal
gas law. Then, the syringe filled with SO, gas is connected to the calibration box using
a pressure connection tube. One experiment entails several injections of small but
known volumes of SO,. The corresponding amounts of SO, introduced in the zero air
inside the box were 110, 220, 330, 440, and 550 ppb. Each step lasted approximately
1 min. The low-cost calibration is performed by determining the relationship between
the concentration-dependent sensor signal WEg,s and the reference SO, concentration
injected into the plastic box.

Na2503(aq) + HQSO4(1> — SOz(g) + Nast4(aq) + H,O (R1)

e High-end calibration using a high-end climate chamber: The set of NO,, OX (i.e.,
the sum of O3 and NO,), CO, and SO, sensors is subjected to a calibration experiment
at VITO, Belgium, which uses certified and traceable calibration gases to ensure the
accuracy and reliability of the measurements. More detailed information on the
calibration setup can be found elsewhere [53]. The temperature in the laboratory was
controlled and kept at around 21 °C. The entire set of gas sensors was exposed to
concentration ranges of 0 to 662.71 ppb, 0 to 145 ppb, 0 to 100 ppb, and 0 to 6 ppm
of SO,, NO,, O3, and CO, respectively, in separate calibration experiments. The gas
sensors have also been submitted to the calibration experiment of the AM2315 sensor
for temperature and relative humidity in the ranges of 20 to 50 °C and 5 to 80% RH.
The calibration of the SO, sensor was performed in 1 experiment with continuous
injections of the reference gas. A staircase profile with 12 SO, concentration levels was
used. The reference concentrations were 27.44; 97.82; 239.18; 389.02; 532.92; 662.71;
540.00; 402.55; 257.70; 115.62; 43.10 and 4.51 ppb. Each step lasted between 3 and 4 h.

e  Field calibration: The sensor’s performance was also evaluated by a field calibration,
where the data provided by the low-cost sensor is compared to a reference measuring
station that recorded reliable SO, concentrations. The calibration is conducted at
station 42R801 of the Flemish Environment Society (Vlaamse Milieu Maatschappij
VMM). The station generated a time series with a sampling time of 1 h. The low-cost
monitoring systems used a sampling time of 2 min. With the function VLookUp in
Microsoft Excel, the sensor data could be resampled so that values are obtained at the
same timestamps as the measurements in the reference time series. The resampling
allowed the integration of the two-time series into a single database. In this way, the
relationship between the SO, sensor signal and the reference SO, concentration could
be determined. Some authors consider that the duration of the field calibration is
intrinsically related to the calibration model [57]. An optimal field calibration should
cover all environmental conditions; therefore, it should be performed during different
seasons and use complex mathematical models. In this study, the results obtained
will be compared with calibration methods under laboratory conditions. For this
reason, the simplest model (a linear regression model) and a shorter period during the
summer were used. This season has the highest similarity to the Cuban climate. The
field calibration in Antwerp, Belgium lasted 1 month. The visualization of the data
recorded during the field calibration was generated with software developed by [58]
in Python 3.

From the measured WE and AE data of the SO, gas sensor, the impact of how the
concentration-dependent signal (WEg,s) is calculated on the calibration results will be
discussed. This analysis was performed on calibration methods 1 and 2 from Table 1. The
curves were compared with the Alphasense calibration. Alphasense calibration refers to
the calculation of gas concentrations using Equations (3) and (4). A simple method is to
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calculate the difference between the two electrodes (WE-AE). The sensor signal was also
calculated by subtracting WE( from WE and using Equations (3) and (12). Equation (12) is
similar to Equation (3), but the parameter ny is not considered.

WEg.s = (WE — WE,)) — (AE — AF) (12)

3.3. Reliability Testing

The reliability of an electrochemical gas sensor can be assessed through a number of
indicators. Several reliability indicators are defined in the list below. They give an insight
into the occurrence of calibration or measuring errors. By analyzing these indicators, an
insight into the reliability of the measured concentration during the field campaign in
Cienfuegos is obtained.

e  The coefficient of determination of the linear regression between the sensor signal and
the reference concentration is high, suggesting the absence of random errors during
the calibration experiment.

e  The stability of the SO, concentration inside the calibration box should be sufficiently
long to perform a stable measurement of the signal at a given concentration.

e  There is an agreement between the different types of calibration processes performed
on the same sensor.

e  The monitoring campaign can be considered reliable when the AE-signal remains
constant over time or only gently fluctuates around its average;

e Itis possible to remove the background baseline from the measured WE signal and
obtain WEgas.

e  The detection and quantification limits of the gas sensor are sufficiently low so that
the target gas is able to generate a reliable signal.

e  The scientific literature gives evidence of the effect of cross-sensitivity in electrochemi-
cal sensors [59,60]. The sensor is reliable when the concentration of interfering gases is
lower than the signal generated by the target gas or when a correction can be applied.

e  Dirift in the calibration constants of low-cost sensors can be caused by several factors,
such as environmental conditions, lifetime, chemical decomposition, contamination,
electromagnetic interference, and others. Measurements will be reliable when the
drift in the calibration constants within the period of the calibration experiment
and measuring campaign is sufficiently low. Sufficiently low means that the error
introduced by drift is not significantly higher than other sources of error.

e  The scientific literature demonstrates the influence of temperature and relative humid-
ity on electrochemical sensor measurements [61,62]. Measurements will be sufficiently
reliable when the interference of these variables on the measurement of the target gas
is sufficiently low (i.e., the error is not significantly higher than other sources of error).

3.4. Measuring Campaign

A measuring campaign has been performed in Cienfuegos, Cuba, from 14 March to
22 April 2022, with a sampling time of 2 min. The urban historic centre of Cienfuegos is a
part of UNESCO World Heritage, but Cienfuegos Bay is also an important harbour and
industrial centre. The measuring location is situated 9 km south of the city (22°03'55” N,
80°28'58"” W), more specifically between the Caribbean Sea and Cienfuegos Bay (see
Figure 1). The monitoring system has been placed outside at the Centro de Estudios
Ambientales (CEAC) close to a window at a height of 2 m above ground level, according to
the prescriptions of the Cuban standard NC 111:2014 [63]. The most important stationary
pollution sources in the vicinity are the emissions from the Carlos Manuel de Céspedes
thermoelectric plant, which uses national crude or fuel oil, and the Camilo Cienfuegos oil
refinery. Examples of pollution sources closer to the measuring location are a small diesel
power unit and a diesel combustion boiler. In addition, close to the sampling area, wood is
burned for charcoal production. Figure 1 shows the location of the low-cost monitoring
system and the most important pollution sources in its vicinity. The measuring campaign
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resulted in a data matrix with measurements arranged in 27,852 rows and 9 parameters
arranged in columns. The data matrix contains a column for the WE-value of the SO, sensor
and another column for the corresponding AE-value. The visualization of the data recorded
during the measuring campaign was also generated with the visualization software for
environmental data.
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Figure 1. Map showing the sampling location in Cienfuegos, Cuba and the most important pollution
sources in its vicinity.

4. Results
4.1. Sensor Calibration

The behaviour of the same SO, sensor subjected to different calibration experiments is
shown in Figure 2. Each experiment generates raw signals for the WE and AE electrodes.
This information is shown in Figure 2a,c,e. From the sensor data, the average concentration
dependent signal, WEg,s must be calculated. The calculated signal is shown in the X-axes
of Figure 2b,d,f where the relationships with the reference concentrations are described
by linear regressions. The calibrations performed in laboratory conditions (Figure 2b,d)
use elevated SO, concentrations and result in linear trends with high coefficients of deter-
mination (>0.99). These coefficients of determination can be used as reliability indicators.
For the field calibration performed in Belgium, the SO, concentration range is smaller,
and a fraction of that range falls below the detection limit of the low-cost sensor. The
smallest detectable concentration must result in a signal that is higher than the random
fluctuations around the average value of WE(, <WEy> + 3swgo, where <WE;> stands for
the average signal at zero concentration and sygy for the corresponding standard deviation.
The minimum signal can be determined from point 12 in Figure 2c and compared with the
signal at point 1, which appears to be just above the detection limit (i.e., 6.19 ppb). This
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means that the data from almost the entire measuring campaign are below the detection
limit of the sensor. It explains why the linear trend in the field calibration is not reliable.
Besides these general observations, several specific conclusions can be drawn from the
calibration experiments. They are described below.

Low-cost calibration in a tropical climate
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e  Low-cost calibration in laboratory: The WE( and AE, signals of the SO, gas sensor
in zero air (i.e., point 0 in Figure 2a) are 294.6 mV and 290.8 mV, respectively, with
nt = 1.01. The sensor measures the sudden jumps in the SO, concentration when the
gas is injected in steps into the calibration box. The average values of the numbered
rectangles in Figure 2a are used for calibration. A linear trend between sensor signal
and SO, concentration is observed (Figure 2b). When using the sensor characteristics
determined in zero air, the quantification method of Alphasense gives similar results
to the low-cost calibration. The slopes for both methods are similar. However, there is
a difference between the intercepts.

e High-end calibration in laboratory: The WE( and AE signals of the same SO, sensor
as used in the low-cost calibration in the laboratory in zero air (i.e., point 12 in Figure 2c)
are 298.6 mV and 284.2 mV, with nt = 1.05. This means that WEj and AE are different
from the ones at the low-cost calibration. The moments in Figure 2c marked with black
rectangles indicate the stable measurements for each point in the calibration process.
These moments are located in the second half of the plateaus because the chamber
and sensor need some time to reach equilibrium. Figure 2d shows the linear trend
between the average sensor signal from the numbered plateaus and the corresponding
reference SO, concentration. In addition, Figure 2d also shows the calibration with
the Alphasense formula (Equations (3) and (4)) using the characteristics determined at
zero air in point 12. Both calibrations show a similar slope but a different intercept.

e  Field calibration: To determine the local WE and AE, the minimum value for WE in
the time series has been identified, together with the accompanying AE or average AE
value (see Equation (5)). The reference concentrations clearly show that Cyj, within
the time series reached zero. This gives 279 mV for WE( and 285 mV for AEj, which
corresponds to ny = 0.979. Each calibration experiment appears to be characterized by
different WEq and AE( values. This suggests the need for in situ characterization of the
sensor properties. During the measuring campaign, the reference monitoring system
registered an average concentration of 0.5 ppb, with peaks of up to 20 ppb. In addition,
87% of the measurements are in the range of 0-2 ppb. Some of the peaks observed
in the VMM data are also detected by the gas sensor with some time delay. At the
same time, the gas sensor also shows SO, peaks that are not detected by VMM, and
the VMM data contains peaks that are not detected by the gas sensor. Some peaks may
be attributed to a cross-sensitivity effect and not to a significant SO, signal because,
during the monitoring period, the concentrations of interfering gases such as NO,
O3, and CO were higher than that of SO;. This indicates that at locations with low
SO, concentrations (e.g., Belgium), the low-cost sensor is not a good alternative for
monitoring the pollutant concentration.

Figure 3 shows the different methods used to calculate the sensor signal. Although the
calibration method of the manufacturer approached the low-cost calibration of Figure 2b
and the high-end calibration of Figure 2d, a difference between both linear trends can be
seen in Figure 3a when WE-AE is used as a sensor signal. This difference is not caused
by calibration errors but rather by an imperfect subtraction of the background baseline in
the sensor signal. This error becomes smaller when the signals are processed differently
(see Figure 3b—d). In addition, the experimental values of nt in calibration methods 1,
2, and 3 are close to 1. For this reason and for the sake of simplicity, nt is considered
1. Thus, Equation (12) was used to calculate the sensor signal and make the calibration
curves shown in Figure 2. When local WE( and AEj values are used and the background
contribution is determined as accurately as possible, both calibration processes result in
similar calibration curves. It also means that the low-cost calibration performed on another
continent can be considered sufficiently good to calibrate the gas sensor.
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Figure 3. The calibration process of Figure 2a,c, where the concentration-dependent sensor signal has
been calculated in different ways in comparison with the Alphasense equation using the appropriate
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corresponding voltage values of both electrodes WE-AE; (b) The sensor signal has been calculated
using the voltage values of the working electrode and the recorded value for zero air; (c) The sensor
signal has been calculated using the voltage values of the working and auxiliary electrodes and the
values recorded for zero air without considering nt; (d) The sensor signal has been calculated using
Equation (3) suggested by the manufacturer.

Figure 2 shows that the low-cost calibration is sufficiently reliable under controlled
conditions. However, it is unclear if the performance of the sensor is as good in real-life
situations. For that reason, several aspects have been studied that give insight into the
reliability of SO, measurements:

o  Coefficient of determination of the linear regressions: The low-cost sensor showed

a strong linear relationship with the reference concentrations in the calibrations per-
formed under laboratory conditions (0.9912 and 0.9997 for the low-cost and high-end
calibrations, respectively). This is an indication that the sensor can be considered
reliable. However, the sensor was not reliable in the field calibration, obtaining a
coefficient of determination of 0.0518.

Agreement between calibration processes: The calibration curves shown in Figure 2
indicate that the low-cost calibration resulted in similar results as the high-end cali-
bration. The high-end calibration resulted in concentrations that are systematically
higher (ca. 17 ppb). However, the slopes are similar. Although the match of both
calibration curves is not perfect, this observation gives satisfactory reliability to the
low-cost calibration.

Stability of the SO, concentration inside the calibration box: The sensor signal did
not remain constant in the calibration box. The decreasing trend is most probably not
caused by the air exchange rate because it occurs too fast. This behaviour might be
attributed to a chemical reaction between SO, gas and water vapour. The resulting
H,S04 seems to remain invisible to the SO, gas sensor so, the concentration drops.
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In addition, the RH in the box drops over time and seems to confirm our hypothesis
(see Figure 2a). For each step in the low-cost calibration, the zones with the highest
concentrations have been used as the most reliable situations.

Stability of the signal generated by the AE: Although the AE signals of the three
calibration experiments are different from each other, they appeared to be rather
constant during the experiment. However, the AE signal during the field study
contained peaks superposed on a slowly decreasing trend. It is not clear if this
decreasing trend should be associated with a calibration drift because the background
contribution can effectively evolve towards smaller values. It is unclear if this drop
is caused by changing values for WE and AE,. Figure 4a shows the trends of the
auxiliary electrode of the SO, sensor when the NO; (red line), CO (blue line), and O3
(green line) sensors were exposed to the high-end calibration. This behaviour is shown
as a function of relative time in days. The AE trends of the SO, sensor show some
fluctuations (see Figure 4a). During the NO; calibration, a decreasing AE trend for the
SO; sensor is observed. The AE signal of the SO, sensor contains the staircase function
of the CO concentration profile, while during the Oj calibration, the AE signal of the
SO, sensor appears to be rather constant. Apparently, there is a disturbance of the
AE-signal of the SO, sensor when exposed to NO, and CO.

Possibility to remove the background level from the WE signal: It is of primary
importance that WEp,ckground can be estimated as accurately as possible. The baseline
drift is mainly due to the variation in ambient environmental conditions. For this
reason, the values of WEj and AEj as used for the calibration processes are not valid
for the field campaign and need to be determined for the local situation. Once this is
done, the calibration performed in laboratory conditions (span calibration) appears to
be usable in the field campaign. This enhances the reliability of field campaigns using
low-cost gas sensors.

Detection and quantification limits: The lowest concentration that the SO, gas sensor
can distinguish from zero air is the quantity that generates a signal that is at least
equal to the average value of WE(, <WE(>, plus 3 times the standard deviation of the
signal fluctuating around <WEg> (i.e., limit of detection). The quantification limit is
defined as <WEp> plus 10 times the standard deviation of the signal fluctuating around
<WE/> [64]. This threshold can be determined with the data associated with point 12 in
Figure 2c. The detection and quantification limits are 6.19 and 20.63 ppb, respectively.
For measuring locations where the average SO, concentration is above the detection
and quantification limits, the reliability of the measurements is sufficiently high. This
was not the case during the field calibration in Belgium.

Cross-interference: The concentrations of atmospheric pollutants CO, NO,, and O3
are high in Cuba. Research about the quantification of tropospheric ozone in Cuba
showed that in the cold season (from February to April), the concentration of this
pollutant is high [65] and exceeds the threshold of 12 ppb as established by the Cuban
standard NC 39:1999 [66]. The NO; quantifications showed that in the cold season
the concentrations are higher, although not exceeding the admissible limit according
to the Cuban standard [23]. This suggests that cross-interference can be expected
and is probably more important than in Belgium because the interfering gases have
higher concentrations than the target gas. During the high-end calibration of low-cost
O3, NO,, and CO sensors, the SO, sensor signal was recorded when exposed to the
other gases This signal has been plotted as a function of the reference concentration
of the pollutants (Figure 4b). The experiments show a linear response of the SO,
sensor towards interfering gases. The SO, sensor has a negative linear response to
O3 and NO,, which corresponds to the information provided by Alphasense. It also
corresponds with previous research [67,68]. Some report a negative response for
CO [61], while this study shows a faint but positive correlation, which is in accordance
with the information supplied by the manufacturer. It is likely that the responses
vary from sensor to sensor. Thus, large CO-peaks might result in false SO, peaks,
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while NO, and O3 peaks should result in SO, valleys. Assuming the cross sensitivities
are independent, the effects of the interfering gases on the SO, sensor signal can
be corrected by the equations shown in Figure 4b. These results demonstrate the
importance of using multi-sensor systems when low-cost sensors are used, as they
provide the possibility of obtaining a better estimate of the cross-sensitivity.

e  Drift of the calibration constants: The behaviour of the sensor during field calibration
reflects a common trend with fluctuations (see Figure 2e). The trend might indicate
that there is some drift. Since the monitoring campaign only took 1 month, this might
be too short to observe obvious drifts. However, this suggests the need for periodic
calibrations to assure reliability.

o Interference of temperature and relative humidity: As mentioned before, the SO,
sensor was also subjected to the calibration experiment of the AM2315 sensor (T
and RH). During these conditions, the SO, concentration was not measured with a
reference instrument; however, in Belgium, the concentration fluctuates around 1 ppb
(below the detection limit of the sensor). Moreover, the indoor SO, concentration is
usually lower than the corresponding outdoor concentration. Therefore, any variation
in the SO, sensor signal must be caused by the changing T and RH conditions in
the climate chamber. The behaviour of the AM2315 sensor during the temperature
calibration (Figure 4c) and the relative humidity calibration (Figure 4d) has been
plotted as a function of time. The secondary axis of both graphs shows how the
WE and AE signals of the SO, sensor respond to these conditions. Figure 4c shows
that in the range of 20 to 30 °C, the sensor signals remain stable. With decreasing
relative humidity from 80% down to 40% for a temperature of 20-30 °C, both WE
and AE remained stable. At higher temperatures (i.e., 50 °C), the WE signal suddenly
increases while AE decreases. In the range from 40% down to 5% at a temperature of
50 °C, the WE sensor signal shows a sudden increase that might be confused with a
gas-specific signal. At this moment, the AE decreases but becomes stable afterwards.
After exposure to 50 °C, the WE and AE are less stable in comparison to the range
from 20 to 30 °C. This means that the sensor signal appears to have remained constant
when the changing conditions remained in a relative cold (<30 °C) and humid (>40%)
state. However, in warmer (>30 °C) but dryer (<40%) conditions, the sensor becomes
very sensitive to small changes in the environmental conditions: the lower the RH,
the higher the WE signal. This suggests that the sensor shows similar behaviour in
moderate and tropical climates most of the time.

Figure 5 shows the gas and particulate matter concentrations recorded by the VMM
station and the signal from the working and auxiliary electrodes of the low-cost SO, sensor
during the field calibration in Antwerp, Belgium. The highest peaks recorded by the sensor
are shown in this figure. The signal generated by the auxiliary electrode shows instability
over time. Its trend is related to temperature peaks and relative humidity valleys. On some
occasions, the high reference concentrations of SO, do not coincide with the sensor peaks
(see more detail in Figure 2e). This is probably due to the low detection limit of the sensor.
At other moments, when the peaks of the SO, reference are not recorded, sensor peaks
are observed. These sensor peaks are related to temperature peaks and relative humidity
valleys but also to peaks of O3 (see the red rectangles in Figure 5). Although the NO,
concentration is higher than the SO;, no strong relationship between the recorded peaks
was observed. Only one peak of CO is simultaneously related to the peaks of NO, and
SO; (see the black rectangle in Figure 5). At that moment, the VMM station also recorded a
small peak of SO,. The simultaneous peaks suggest that the pollutants are generated by the
same pollution sources [68]. The occurrence of simultaneous peaks for different pollutants
and the SO, peak caused by interference is sometimes hard to distinguish.
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Figure 4. Impact of different pollutants and environmental conditions on the low-cost SO, sensor
signal. (a) AE SO, sensor signal trends during the high-end calibration with NO,, CO, and Os;
(b) cross-interference effect on the SO, sensor signal; (c) sensor signal trends at different temperature
levels while the RH is changed in steps; (d) sensor signal trends at different relative humidity levels
while the temperature changes are shown in (c).

4.2. Measuring Campaign in Cienfuegos, Cuba

When analyzing the AE values over time, this parameter shows fluctuations around
an average of 284.2 mV. The minimum value for WE is 282 mV, with a corresponding
AE value of 276 mV, resulting in an nt of 1.02. The analysis of WEj and AE( during the
calibration processes and the measuring campaign in Cuba also show that these values
cannot be considered sensor constants because different values were obtained in all cases.
Therefore, they have to be determined for every measuring campaign. As can be seen in
Table 2, they change from campaign to campaign. To understand these fluctuations, it is
necessary to perform more in-depth studies over a longer period of time. Some authors
suggest that they are due to changes in environmental conditions such as temperature,
relative humidity, pressure, and trace contaminants [69]. However, when nr is calculated,
values close to 1 are obtained in all cases.

Table 2. Overview of WE( and AEj from the different measuring campaigns. The campaigns are
ranked chronologically.

Low-Cost High-End Field Measuring
Calibration Calibration Calibration Campaign in Cuba
WE, 294.6 298.6 279.0 282.0
AE, 290.8 284.2 285.0 276.0
nr 1.01 1.05 0.979 1.02
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Figure 5. Concentration of gases and particulate matter recorded by the VMM station and the
signal of the working and auxiliary electrodes of the low-cost SO, sensor during the field calibration
performed in Antwerp, Belgium, from 30 May to 30 June 2022. The red rectangles indicate the
simultaneous relationship of the SO, sensor with some parameters recorded by the station such as
temperature, relative humidity, SOp, NO, and O3. The black rectangle indicates the simultaneous
relationship of the SO, sensor with NO, and CO.

In the measuring campaign at Cienfuegos, the WE signal is clearly larger than the
AE value. Figure 6a shows that the AE signal develops a slowly decreasing trend with
superposed peaks. The minimum value for AE does not correspond with the minimum
value for WE. The values for WE; and AE|, are determined as the minimum value from
the WE time series and the average value of the AE time series. The average value is used
instead of the corresponding AE value of WEp,, as suggested by Equation (11), but both
values are similar. In addition, the concentration-dependent signal WEgs is significantly
larger than zero, suggesting that the SO, concentration at the measuring location is above
the detection limit of the sensor. When applying the low-cost and high-end calibrations,
the same trend is observed (Figure 6b). The main difference is that the high-end calibration
results in a shift of about 17 ppb. Despite this shift, it seems that the two calibration
curves can be used for quantification if the background baseline of WE is removed in
both the calibration processes and the field study. The monitoring campaign falls within
the temperature range of 20-30 °C and the relative humidity range of 40-80%, so these
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variables do not affect the reliability of the SO, measurements. Figure 6 shows two periods
in which the SO, concentration decreases appreciably. This behaviour can be related to
the variation of the wind direction, which changed from east, east northeast to north,
north northeast. These conditions favored the transport and dispersion of the pollutant
to occur further away and in a different direction from the sampling site. In both periods,
precipitation also occurred, which led to the removal of SO, [70]. The limited amount of
information about the average SO, concentration in Cienfuegos, Cuba can be enriched
with the average concentration as determined from the trends. Depending on the low-cost
or high-end calibration, the average concentration ranges from 31.62 ppb to 48.59 ppb.
These values are above the detection and quantification limits of the sensor. Therefore,
the SO, sensor measurements recorded during the field campaign in Cienfuegos, Cuba
show higher reliability than the measurements recorded in Belgium. The reliability can
be further improved when the concentration range of the calibration process matches
that of the measuring campaigns. The low-cost calibration process used 110 ppb as the
lowest concentration.
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Figure 6. Measuring campaign performed in Cienfuegos. (a) Trends of WE and AE electrodes over
time. (b) SO, concentrations have been calculated with the low-cost and high-end calibration process.

For this measuring campaign, the trends of the other gas sensors have been shown
as well (see Figure 7). For this analysis, the NO,, O3, CO, and SO, concentrations were
determined by using the equation obtained from the high-end calibration. It is important
to mention that the O3 signal was determined by subtracting the NO, signal from the Ox
signal. Figure 6 shows some simultaneously occurring peaks of CO, PM, and SO; (see
the black rectangles in Figure 7). The peaks can be related to: (1) the pollution source
because the burning of, for example, diesel results in the simultaneous emission of SO,, CO,
PM, non-methane volatile organic compounds (NMVOCs), and other pollutants [71,72];
or (2) a cross-sensitivity effect due to the CO concentration in the air that is higher than
that of SO,. On the other hand, valleys in the SO, trend are observed when NO, or O3
show peaks (see the red rectangles in Figure 7). The impact of NO, on the SO, signal is
less notable since the NO; concentration is not considerably higher than that of SO,. This
might be explained by chemical reactions where SO, is being transformed into sulfates [73]
or by a cross-sensitivity effect of the sensor. In addition, SO, peaks are observed that
are not correlated with other pollutants, such as an increase in the SO, concentration at
the sampling site or an increase in an interfering compound that is not measured (e.g.,
VOCs, H;S, etc.). More background information is needed to understand how reliable
the observed peaks are, but the correlation between peaks suggests the burning of diesel
as a pollution source. This would have been missed if only average concentrations had
been available.
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Figure 7. Results of the measuring campaign at Cienfuegos, Cuba with the low-cost monitoring
system from 14 March to 22 April 2022. The red rectangles indicate the simultaneous relationship of
SO, with some parameters such as temperature, relative humidity, NO, and O3. The black rectangles
indicate the simultaneous relationship of SO, with CO and particulate matter. All parameters have
been recorded by low-cost sensors.

Figure 8 shows the correlation coefficients between the variables recorded by the
low-cost monitoring system used in Cienfuegos, Cuba. The numbers vary between
—1and 1, indicating the linear relationship between two variables and, in this case, between
the measured pollutants. The linear correlation of SO, with the rest of the variables takes
values close to zero, resulting in a low correlation. The most influential pollutant was Os,
followed by CO with a correlation coefficient of —0.5 and 0.45, respectively, which might
be caused by interference and be corrected with the equations in Figure 4b. This means
that during the measuring campaign, the SO, sensor was not strongly influenced by the
other pollutants and neither by temperature nor relative humidity.
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during the measuring campaign at Cienfuegos, Cuba.

5. Conclusions

Many publications assess the quality of low-cost sensors by comparing their mea-
surements to those obtained from state-of-the-art reference instruments. In this study,
the evaluation of low-cost sensors encompasses a broader range of indicators. While the
accuracy and precision of the low-cost sensor in relation to advanced reference instruments
are considered in the assessment, the focus is primarily on the extent of meaningful in-
formation that can be derived from low-cost sensors. This approach offers a significant
advantage, as it enables the utilization of low-cost sensors in addressing pollution-related
issues, even if they are not as accurate as state-of-the-art reference instruments.

Several indicators allowed us to analyse the reliability of the SO, Alphasense gas
sensor. This sensor did not result in reliable results during the field calibration in Belgium
because, in the city of Antwerp, the background concentrations in ambient air were too low.
However, the same sensor resulted in reliable data in Cuba due to higher background con-
centrations. In addition, the SO, gas sensor could be calibrated using low-cost equipment
in a tropical climate, showing a strong linear relationship with the reference concentrations.
This means that low- and middle-income countries are able to calibrate the SO, sensor with
a restricted budget. Calibration methods performed with different methods at different mo-
ments and on different continents can be compared with each other when the background
baseline WEp,ckground can be subtracted from the signal in an accurate way. The reliability
of the sensor is limited by the cross-sensitivity effect, with O3 being the most interfering gas
in the SO, sensor. In addition, the sensor signal appears to be more reliable when ambient
conditions are below 30 °C and above 40% relative humidity. By showing the reliability of
low-cost gas sensors, such as the SO, sensor used in this study, numerous institutions and
researchers from low- and middle-income countries gain access to research infrastructure
to solve local problems. This makes scientific research more inclusive.

The mathematical derivations given in this contribution show that the background
level WEp,ckground can be calculated when WEy and AE, are known. However, the values
for WEq and AE, obtained by zero calibration were strongly affected by the sampling
location. Moreover, WEpackground also appeared to evolve in a fixed location over time.
To improve the conversion method of sensor signals into concentration, more research
is needed to understand how WEj and AE are affected by the measuring location and
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the meteorological conditions and how stable they are at a fixed location. For this, more
experiments in zero air are needed. The study also suggests that the span calibration is
more stable in relation to location and time than the zero calibration, but this suggestion
needs to be investigated in more detail by performing consecutive calibrations over time.
Finally, one can wonder how in situ calibration can be done to improve sensor reliability.
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