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Abstract: Odor pollution is nowadays recognized as a serious environmental concern. Italy still lacks
a national regulation about odors, but several regions issued specific guidelines and regulations
regarding odor emissions management, which combine olfactometric measurements with dispersion
modeling for assessing odor impacts and verifying compliance with acceptability criteria. However,
in cases of variable or diffuse sources, this approach is sometimes hardly applicable, because odor
emission rates can hardly be estimated. In such cases, electronic noses, or more generally, Instrumental
Odor Monitoring Systems (IOMS), represent a suitable solution for direct odor measurement.
Accordingly, IOMS are explicitly mentioned in the most recent regional regulations as advanced tools
for odor impact assessment. In Italy, data from instrumental odor monitoring have started to have
regulatory value; thus the need arises to have specific quality programs to ensure and verify the
reliability of IOMS outcomes. This paper describes the monitoring by a commercial electronic nose
(EOS507F) of odors from an area dedicated to tire storage, a diffuse source with variable emissions
over time, for which dispersion modeling is not applicable. The paper proposes also a protocol for
IOMS performance testing in the field, to provide experimental data to support technical groups
working on standardization both on the national and European level.

Keywords: IOMS; odor emissions; air quality; technical standards; sensor arrays; minimum requirements;
odor impact assessment; e-nose

1. Introduction

Nowadays, odor pollution is recognized as a serious environmental issue, and odors are subjected
to control and regulations in many countries [1,2]. This is also the case for Italy, where odors currently
are one of the major causes of complaints from the population to the local authorities.

Indeed, Italy still lacks a national regulation about odors, but several regions, starting with the
Region of Lombardy in 2012, have issued specific guidelines and regulations regarding the management
and the characterization of odor emissions (Figure 1).

In analogy with other European regulations, all these guidelines are based on the combination
of olfactometric measurements and dispersion modeling for the assessment of odor impacts and the
verification of compliance with specific acceptability criteria [2].

Dynamic olfactometry, which is the reference method for odor quantification of emissions [3],
allows for the measurement of the odor concentration emitted by an odor source, expressed in odor
units per cubic meter (ouE/m3). The odor concentration, combined with the information related to the
emitted airflow, geometry, and nature of the emission source, can be used for the evaluation of the
so-called odor emission rate (OER), which is expressed in odor units per unit time (i.e., ouE/s) and is a
measure of the odor flux emitted to the atmosphere.
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Then, a suitable dispersion model combines OER, topography, and meteorological data to simulate
how odor emissions disperse into the atmosphere from the source to the receptor. Several examples
can be found in the scientific literature showing how dispersion modeling can successfully be applied
for odor impact assessment from simple and complex sources, alone or in combination with other
techniques [4–7].

However, there are several situations in which source characterization and the estimation of
a representative OER is extremely complex, making this approach hardly applicable. Such cases
include on one hand activities having variable emissions over time. Variable emissions are typical of
discontinuous productions, including for instance plants working “on order,” which work just a few
hours a day (e.g., asphalts production), or manufacture different products depending on customers’
requests (e.g., pharmaceuticals). On the other hand, despite significant scientific results achieved in
the last years in the field of complex source characterization (e.g., [8,9]), there are several diffuse odor
sources for which the assessment of a representative air flow, which is needed for the evaluation of the
OER, is critical.

In such cases, the use of electronic noses or, more generally, Instrumental Odor Monitoring
Systems (IOMS), may be particularly useful because of their capability of directly determining the
odor impact at receptors (i.e., sensible neighborhood close to the plant) or at plant fencelines, without
necessarily requiring a precise characterization of the odor source [10]. As a matter of fact, electronic
noses currently represent the only method available for the continuous monitoring of odors in the
field [11]. These are the main reasons underlying their recent development as air quality monitoring
tools: in the last 10 years, there has been an increase in the scientific studies involving the use of
electronic noses for the continuous detection and characterization of environmental odors [12–16].
Indeed, among the regional guidelines about odor emissions in Italy, the most recent ones, i.e., those of
the regions of Piemonte [17], Friuli Venezia Giulia [18], and Emilia Romagna [19], explicitly mention
the electronic nose as a method that can be used in addition to or in substitution of dispersion modeling
for odor impact assessment purposes.

This is particularly true for the Italian scenario, where odor pollution is the object of growing
attention from the Public Administration and the Local Authorities [20]. In Italy, electronic noses are
more and more used for the assessment of odor impacts [21–23], and there is an increasing number of



Atmosphere 2020, 11, 426 3 of 21

situations for which the installation of electronic noses is prescribed in the permits of new or existing
plants [24].

Based on this recent evolution in the application of electronic noses for odor monitoring in Italy,
entailing that data produced by such monitoring instruments are used for regulatory purposes, the need
arises to have specific quality programs to ensure the reliability of IOMS outcomes [25]. As a general
rule, standards play an important role in developing functional and reliable products for the global
marketplace: they typically provide performance criteria that can be used to optimize the reliability
and safety of new products [26]. According to this, standardized quality protocols are particularly
needed for the instruments’ performance verification [27].

This is the reason why, in recent years, both on the European and national levels, technical groups
were constituted to start working on the standardization of procedures relating to the use of electronic
noses for environmental odor monitoring [25,28]. Within the European Standardization Committee
CEN TC/264 on air quality, a specific working group (WG41) was established in 2014 to draft a standard
related to IOMS. The WG41 is composed of experts from different European countries: because of the
high national interests regarding this topic, Italy is the most represented country with seven experts
actively participating in the WG. The draft standard, which is still in progress, focuses mainly on
the validation procedure to be adopted to prove performance claims, consisting in comparing the
IOMS output metric with odor assessment metrics obtained with reference methods, such as field
inspections [29] and dynamic olfactometry [3].

Meanwhile, in order to cover the specific interests of the Italian legal authorities, in October 2019,
the Italian standardization body UNI published a specific technical norm regarding the qualification of
IOMS: the UNI 11761:2019 [30]. This norm identifies the technical requirements related to IOMS for
the measurement of odors in ambient air and at emissions, with the aim of providing local authorities
and end users with an adequate regulatory text, which allows the qualification of extremely different
instruments available on the market. Despite its recent publication, the Italian norm is already under
revision, in order to include some crucial aspects emerging from the confrontation of the different
stakeholders involved: manufacturers, laboratories, end users, environmental protection agencies,
and local authorities.

In this context, this paper describes a case study proposing the use of an electronic nose to
monitor the odor emissions and assess the related impact from an area dedicated to the storage of tires.
Referring to the above-mentioned reasons that limit the applicability of dispersion modeling, this type
of source includes both of them: emissions are extremely variable over time due to the continuous
handling of tires, but most of all they are hardly quantifiable. For this type of source, it is not possible
to define a suitable sampling methodology nor to evaluate a representative value for the OER, as will
be described better in the following paragraphs.

For these reasons, this is the perfect situation for the application of an IOMS: the electronic nose
represents an excellent solution for the direct assessment of the odor impact on surrounding territories
by means of the continuous monitoring of ambient air at the receptor with the purpose of detecting
odors related to the tire storage.

Besides focusing on the description of the experimental approach adopted for the electronic
nose training and data processing, this paper focuses on the definition and the application of an
experimental protocol for the IOMS performance testing. In line with the purposes of the Italian and
European technical groups for standardization, the proposed experimental protocol can be applied
directly in the field aiming to provide information about the performance of the instrument for the
specific application.

The proposed protocol involves the execution of specific field tests, consisting in the analysis of
odor samples representative of the emission source and independent from the training set, during
the monitoring, in order to test the electronic nose capability of correctly detecting and classifying the
odors under investigation. The IOMS performance is assessed in terms of accuracy index and recall.
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This research work was carried out with the aim of providing experimental data to support the
activity of the technical groups working on standardization, in the definition of a qualification procedure
to verify that the IOMS is fit-for-purpose related to the specific application and to provide a methodology
to compare the performance of different instruments available on the market. The introduction of such
quality protocols represents a crucial step in the process of making electronic noses a widespread and
effective environmental odor impact assessment tool.

2. Materials and Methods

2.1. The Electronic Nose Used for the Study

The electronic nose EOS507F used for this study, commercialized by Sacmi s.c., has been developed in
collaboration with the Olfactometric Laboratory of the Politecnico di Milano specifically for environmental
odor monitoring in an open field and far from the emission source, i.e., at receptors complaining about
the presence of malodors (Figure 2) [31].
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The electronic nose is equipped with 6 Metal Oxide Semiconductor (MOS) gas sensors, differing in
morphology and operating temperature and characterized by high sensitivity, which provides EOS507F
effective use for the detection of odors at very low concentrations, typical of the receptor level [32].

The electronic nose is also equipped with specific systems for humidity regulation and realization
of reference air (non-odorous air), allowing outdoor use even in the presence of variable weather
conditions [31].

2.2. Description of the Selected Case Study

The selected case study is particularly interesting because it describes the possibility of using an
electronic nose in a very peculiar situation characterized by complex odor emission sources, for which
the application of the most common odor impact assessment method foreseen by local regulations,
based on dispersion modeling, is critical.
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Emissions arising from outdoor tire stacks and tire storage sheds (Figure 3 left and right,
respectively), although having a univocal odor character, can hardly be sampled and quantified.
In particular, for this type of source, it is not possible to define a suitable sampling methodology nor to
evaluate a representative value for the odor emission rate (OER).
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Tire storage sheds can be considered as a volume source from which odors are emitted
unintentionally from doors and windows. However, characterizing emissions from such sources is
challenging, since it is difficult to define a precise air flow and, as a consequence, a representative
OER. The most common approach involves the collection of odor samples inside the sheds by means
of a depression pump and the estimation of the air flow from openings, assuming that the odor
concentration is mixed within the building [33].

Conversely, outdoor tire stacks can be considered as a very particular type of solid passive area
source. Two general approaches are usually identified to estimate emission rate values from area
sources [34–36]:

• Micrometeorological methods: emission rates are measured indirectly through the simultaneous
measurements of wind velocities and concentrations across the plume profile downwind of the
source [37];

• Chamber methods: emission rates are measured directly by using an enclosure of some sort
(typically a wind tunnel or a flux chamber [38]). In this technique, data regarding the concentration
of compounds of interest or odor in samples obtained from the device are combined with
data regarding the physical dimensions of the device and operating conditions to calculate an
emission rate.

Indirect techniques such as micrometeorology do not perturb the emission because of the absence
of a sampling device over the emitting surface. However, the measurement methods needed to
characterize the emitted plume, involving a large number of samples or high-frequency analyzers,
make it impractical for odor assessments [39].

On the other hand, direct methods involving the use of hoods have become very popular for the
assessment of odor emissions from area sources. The Odor Emission Rate (OER) is estimated on the



Atmosphere 2020, 11, 426 6 of 21

basis of the concentration of the samples collected at the outlet of the hood, according to the following
Equations [33]:

OER = SOER×Aem (1)

SOER =
Qair × cod

Ahood
(2)

where SOER is the Specific Odor Emission Rate (ouE/m2/s), Aem is the area of the emitting surface
(m2), Qair is the flowrate of the sweep air (m3/s), cod is the odor concentration (ouE/m3) of the sample
collected at the hood outlet, and Ahood is the base area of the hood (m2).

It is important to mention that the SOER obtained this way refers to the sampling conditions;
different models have been developed in order to relate the concentration measured at the hood outlet
to the effective odor emissions that occur in the open field when the source is exposed to the wind
action and which are a function of several different factors [40,41].

However, the applicability of such direct methods is based on the possibility to isolate a portion
of the emitting surface, which shall be representative of the emissions of the entire surface. This is
obviously not the case for the odor source under investigation (Figure 3, left), which is uneven and
thus uncoverable by means of any type of sampling hood and is intrinsically nonhomogeneous.
The nonhomogeneity is given by the fact that the tires stored are of hundreds of different types
(different manufacturers, models, and sizes), making it impossible to identify a portion of the source
that may be representative of the overall emissions.

That is why the application of the techniques for sampling on solid passive area sources—even
the most advanced ones—is not applicable in this case.

Another aspect that makes it impossible to apply a dispersion model in this case is related
to the high variability of the emission sources over time, due to the continuous handling of tires.
This variability constantly alters the emission scenario, especially for the outdoor odor sources, and can
hardly be implemented in a dispersion model [10].

For these reasons, the selected study represents a perfect example of a case for which dispersion
modeling is not applicable, and thus the electronic nose becomes the best option to assess the odor
impact caused by the activity under investigation. This option is also foreseen by the most recent
guidelines on odor emissions issued by some Italian regions [17–19].

2.3. Electronic Nose Training

The electronic nose training represents the most important phase of the instrumental odor
monitoring process [42]. It consists of the creation of the dataset (i.e., the training set—TS) comprising the
characteristic “patterns” [43] of the odors that the instrument will be exposed to during the monitoring
phase. This database is used by the IOMS as a reference for the classification (i.e., the recognition of the
odor quality) of the ambient air that it analyzes during the monitoring phase at the receptor or at the
plant fence line.

In general, the first step of the training phase involves a thorough site inspection and the study of
the process for the purpose of identifying all potential odor sources of the activity under investigation,
which could originate the presence of odors outside the plant, at receptors.

Then, the training involves specific olfactometric campaigns to characterize and quantify those
odor emissions and collect samples to be presented to the electronic nose for building the Training Set.
This phase is of crucial importance and shall be carried out by experts in the field of odor monitoring in
order to identify the relevant odor sources and choose the most suitable strategies for odor sampling.

In this case, two olfactometric campaigns were carried out, involving the collection, by means of
a vacuum pump, of samples representative of the characteristic odor of the tires. In this particular
situation, the identification of the relevant odor sources turned out to be relatively simple, consisting
in the tire storage sheds and the outdoor stacks (Figure 3). Thus, ambient air samples were collected in
correspondence with these sources: inside the storage sheds and in the proximity of the outdoor stacks
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of tires. Nalophan™ bags with a capacity of 7 L, ending with a Teflon™ tube and cap, were used to
collect the odorous samples, in compliance with the EN 13725:2003 [3].

10 different samples were collected on two different days in order to partially account for the
variability of the source. Indeed, when sampling ambient air, the sample is intrinsically “mixed,” thus
being more representative of the overall emissions than a sample collected on only one type of tire,
as would be the case if using any sort of enclosure methods. Because the collected samples turned out
to be very similar in terms of odor properties and concentration (as shown in Section 3.1), 10 samples
were considered sufficient for an instrument training aiming towards the detection of the odors from
the tire storage.

The samples representative of the odor emissions from the tire storage were analyzed by dynamic
olfactometry, according to the EN 13725:2003 [3], to determine their odor concentration. This step is
needed not only to quantify the entity of the odor emissions in terms of odor concentration, but also to
evaluate eventual dilution factors to be applied before presenting the samples to the IOMS to build the
training set (TS) [21,42].

The dilution with odorless air of the training samples is necessary in order to train the electronic
nose with samples having concentration levels similar to those to which the instrument could be exposed
during monitoring at the receptor, which are obviously lower than the characteristic concentrations at
emission sources. For fenceline monitoring, odor concentrations in the range 30–400 ouE/m3 can be
considered to train the electronic nose [44].

In this specific case, the odor concentrations of the odor samples collected for the electronic nose
training were so low (see Section 3.1.) that dilution was not necessary. Thus, the pure odor samples
were analyzed by means of the electronic nose in order to build the TS.

The IOMS training involves also the analysis of odorless ambient air samples collected at the
monitoring site, when no odor is perceivable by operators, to define the Limit of Detection (LOD),
commonly known as “air threshold,” which represents the neutral condition for environmental
monitoring (i.e., odor absence). The LOD is assessed per single sensor as the sum of the mean value
(Cm) and three times the standard deviation (sr) of the responses, as reported below [45,46]:

LOD = Cm + 3× sr (3)

The introduction of the multiplicator term of the standard deviation (3× sr) is needed in order to
account for the sensor noise. As will be explained further in this paper, the evaluation of the LOD is
fundamental to determine the instrument’s sensitivity to the odors under investigation.

For the assessment of the LOD and the creation of the TS, the feature extracted from the sensor
signals is the so-called Eos Unit, as described in Dentoni et al. [31].

In this case, two classes were defined to build the TS:

• “Air,” corresponding to the condition of odor absence; and
• “Tire storage,” referring to the characteristic tire odor, which corresponds to the condition of odor

presence from the area under investigation.

2.4. IOMS Performance Testing

For the purpose of providing experimental data to support the activity of the technical groups
working on standardization, and possibly to guide the revision of the UNI 11761:2019, this paper
proposes an experimental testing protocol for IOMS performance verification and presents its
application to the specific case of the monitoring of the tire storage area under study.

Given the variety of instruments on the market, multi-purpose or linked to a specific application,
the proposed experimental protocol aims to be as general as possible so that it can be applicable
to different instruments, differing in hardware and operating principles, designed for various
environmental applications. Therefore, the proposed protocol does not concern the instrument
hardware but focuses only on its performance.
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According to this approach, the instrument is considered as a “black box” by only taking into
account the output metrics related to a given stimulus (input), thus ignoring the model that is used to
transform the sensor signals into this output.

The proposed testing protocol foresees the verification of some crucial performance requirements
of an instrument to be applied for environmental odor monitoring at fenceline or receptors, relevant to
the following main functionalities [47]:

• Odor detection: instrument capability of detecting odor presence;
• Odor classification: instrument capability of providing a qualitative characterization of the

detected odors;
• Odor quantification: instrument capability of estimating the odor concentration of detected odors.

Although an electronic nose, or more generally an IOMS, cannot be assimilated to an automatic
measurement system for continuous monitoring of emissions (AMS), in principle, the approach of the
EN 14181:2014 [48] can be re-adapted for defining a procedure for IOMS performance verification [26].
Based on this idea, our research group has been working on the development of a testing procedure,
which involves two levels of testing [32,44,45]:

• Level 1 involves tests to be carried out in the laboratory to verify the performance of “multipurpose”
instruments by means of suitable synthetic samples with target compounds; and

• Level 2 involves tests to be carried out in the field to verify the performance of the IOMS after
training for the specific application and installation at the monitoring site, with the purpose of
verifying if the IOMS is or is not fit-for-purpose for the specific monitoring.

The first level of testing involves the analysis of synthetic samples to be carried out in the laboratory
under controlled environmental conditions, to provide final users with some preliminary information
about the potentialities of the instrument as a monitoring tool, regarding its sensibility towards target
compounds and the repeatability of instrument responses [32].

According to the aim of making the testing protocol as general as possible for different
environmental applications, the synthetic samples used for laboratory tests should be representative of
a wide number of emission types. Based on the scientific literature and our experience in this field, it is
possible to state that alcohols, aldehydes, ketones, sulfur compounds, and nitrogen compounds are the
most common chemical compound families for odor emissions [32]. Thus, a good strategy for IOMS
testing could be the selection of one compound for each of the above-mentioned chemical families.

The first level of testing shall also focus on the verification of the invariability of IOMS responses
to variable atmospheric conditions. This aspect is particularly important for outdoor use since abrupt
variations of temperature and humidity that may occur during the monitoring represent the main
interference on instrument responses associated with the use of electronic noses for the environmental
odor monitoring [49,50].

Regarding the first level of testing, which shall be carried out on an instrument before any
field application, the whole procedure adopted for sample preparation and analysis, and the results
obtained referring to the testing of the EOS507F electronic nose, are reported in previously published
works [32,45]. The obtained results proved the instrument capable of detecting the target compounds
down to concentrations very close to their odor thresholds and showed an excellent capability of
compensating temperature and humidity variations by providing repeatable and accurate odor
classifications even under varying conditions of the tested samples.

The second level of testing focuses on the definition of a qualification procedure, which can be carried
out in the field, to verify the IOMS performance related to the specific application. This qualification
procedure involves the execution of specific field tests after IOMS training and installation at the monitoring
site, in the same conditions at which the IOMS will be operating during the monitoring, with the purpose
of verifying instrument capability to detect and recognize odors under exam.

In order to test the instrument performance under different atmospheric conditions, field tests
should be carried out on different days, characterized by different meteorological conditions.



Atmosphere 2020, 11, 426 9 of 21

In the case of IOMS monitoring of plants producing various products or with variable emission
sources, the field test should be carried out under different plant operating conditions in order to take
into account the intrinsic variability of the emissions.

According to the testing protocol, field tests must be carried out with odor samples collected at
odor sources, recognized during the training phase as the main ones responsible for the potential
presence of odors outside of the plant under investigation, which have been considered for building
the TS. The odor samples to be presented to the instrument during field testing must be independent
from the TS in order to ensure a robust estimation of instrument classification performance.

After sampling at emission sources, odor samples must be analyzed by dynamic olfactometry
(EN 13725:2003) to determine their odor concentration and dilution factors to obtain odor samples at
different concentration levels, within the concentration range considered for the training, to be used
for testing.

Besides the definition of dilution factors, the characterization by dynamic olfactometry of odor
samples to be presented to the electronic nose allows to investigate the correlation between the
instrument outputs and the human perception. Indeed, dynamic olfactometry refers directly to
the sensation that the sample causes in a panel of selected people for the assessment of the odor
concentration [3]. Thus, the comparison of the electronic nose outcomes during the field tests with
odor concentrations measured by dynamic olfactometry is a way of relating the IOMS odor detection
performance with the human nose’s detection capability.

Moreover, according to the proposed protocol, the odor samples used in the field to test the
electronic nose performance were also given to panelists to obtain a judgment in terms of odor presence
or absence. This type of analysis, despite not being based on any standardized methodology, is a simple
way to gain immediate and easy information about the correlation between electronic nose outputs
and human nose perceptions.

As an alternative and a further improvement, a different field performance testing protocol could
be applied, relying on the comparison of the electronic nose outputs with the perception of a selected
panel that analyzes the ambient air directly in the field, following an approach similar to the field
inspection technique as described in the EN 16841-1:2016 [29]. However, in this specific case in which
the source odor concentrations are so low and the expected odor episodes are rare, the application of a
field inspection, which is typically highly time- and money-consuming [11,51], was considered not to
be sufficiently cost-effective.

Thus, the method involving the field analysis of diluted odor samples was preferred.
The protocol of analysis applied in this case involves the alternate presentation to the IOMS of

diluted odor samples at different concentrations to odorless ambient air samples, representative of the
neutral condition for the monitoring (i.e., “Air” class), in order to simulate the odor events that might
occur during the monitoring at receptors or plant fenceline.

As proposed in previous works [45], the sensitivity towards the odor classes under investigation
can be assessed in terms of Lower Detection Limit (LDL). The LDL is easily defined in the case of
single sensors: the LDL is the lowest concentration at which the sensor signal produced by a certain
substance exceeds the signal relevant to the condition of neutrality. In the case of an IOMS, which is
typically a multi-sensor system aiming to produce a response related to odor, the definition of the LDL
is less obvious. According to the proposed procedure, the LDL can be established for each odor class
under investigation as the lowest concentration at which the IOMS is capable of detecting the presence
of an odor sample different from ambient air [45]. As a consequence, the LDL is determined as the
lowest concentration level for which at least one sensor of the electronic nose produces a signal that
exceeds the signal determined for the LOD (as defined in Section 2.3), meaning that its response is
higher than the response to ambient air. Under this assumption, the LDL can be expressed in ouE/m3

to highlight the relationship to odor.
In the case of a multi-sensor system as an electronic nose, in order to assess the LDL to the odors

of interest for the monitoring application, the sensor signals recorded during the field tests of the odor
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samples at different concentration levels shall be compared with signals corresponding to the LOD
determined during the training, as shown in Figure 4.

1 
 

 

Figure 4. Assessment of the Lower Detection Limit (LDL) during field tests.

In a similar way, it is also possible to define the so-called Lower Classification Limit (LCL). The LCL,
which can also be expressed in ouE/m3, can be assessed for each odor class under investigation as
the lowest odor concentration at which the IOMS is capable of correctly classifying the odor sample.
According to this definition, in those cases in which there is just one odor class to be distinguished
from ambient air (as it is in this case), then LDL and LCL coincide.

The determination of the LDL (and LCL) is needed in order to provide final users as well as local
authorities with the information about the concentration above which the instrument is capable of
recognizing the odor under investigation, which is essential when comparing IOMS detections with
citizens’ observations.

In order to quantify the IOMS classification capability, data resulting from the field tests are
organized in a confusion matrix (Table 1), and the IOMS performance is expressed in terms of accuracy
index and recall.

Table 1. Confusion matrix for the evaluation of the capability of odor detection (TN = true negatives;
FN = false negatives; FP = false positives; TP = true positives).

Capability of Odor Detection IOMS Outcome

Odor Air

Odor Class
Odor TP FN

Air FP TN

The accuracy index (AI) is defined as the ratio between the number of correctly classified measures
and the total measures of samples of known quality and concentration performed:

AI =
TN + TP

TN + FN + FP + TP
× 100 (4)
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The 95% confidence interval (CI) of the accuracy index is estimated as follows [52]:

95% CIAI = 1.96×

√
AI× (1−AI)

TN + FN + FP + TP
(5)

The recall represents the capability of the IOMS to correctly classify samples of a single odor class.
Recall and the relevant 95% confidence interval are defined per each class according to the following
equations [52]:

RecallOdor =
TP

FN + TP
× 100 (6)

95% CIRecallOdor
= 1.96×

√
RecallOdor × (1−RecallOdor)

FN + TP
(7)

RecallAir =
TN

FP + TN
× 100 (8)

95% CIRecallAir = 1.96×

√
RecallAir × (1−RecallAir)

FP + TN
(9)

2.5. Continuous Monitoring Phase

After training, the instrument was installed at the northwestern corner of the fenceline of the
tire storage area. The choice of the location for the installation of the electronic nose was based on
different considerations. First, the proximity to the most critical receptors, i.e., the neighborhood
that most frequently complains about the presence of malodors from the monitored plant. Indeed,
the nearest and most critical receptor is located very close to the northwestern corner of the plant,
and the electronic nose was installed less than 100 m from the first houses.

Other logistic aspects have to be taken into account as well, such as the presence of electricity and
the choice of a place that is out of the routes of the vehicles for the tire handling.

The monitoring had a duration of about 45 days, and it was carried out in the period of maximum
operation of the tire storage activity.

During the monitoring, the EOS507F performed a continuous analysis of ambient air, with an
interruption of the measurements every 30 h for the automatic calibration of the instrument with the
internal reference and the restoration of the baseline.

The EOS507F records the signals of the six MOS with a frequency of 1 Hz.

2.6. Odor Impact Assessment

For the classification of the ambient air analyzed continuously by the electronic nose, all the data
recorded during the monitoring period were processed by means of the Random Forest classifier,
which bases the classification on the construction and validation of an entire forest of random
uncorrelated decision trees (variables) [53,54]. In more detail, the Random Forest classifier was applied
in order to provide a qualitative characterization of EOS507F detections during the monitoring and
assess the frequency with which the instrument classified the analyzed air as “Tire storage” over the
monitoring period. The determination of the frequency of the odor detections can be interpreted as a
quantitative assessment of the odor impact relevant to the tire storage area at the fenceline, which is
considered to be representative of the nearest receptor, located at less than 100 m from the electronic
nose installation point.

Concerning the evaluation of the acceptability of the odor impact relevant to an industrial activity,
it is possible to refer to the German guideline “GIRL—Geruchsimmision-Richtlinie” dated 13 May
1998 on odor inputs [55]. This guideline establishes an acceptability criterion in terms of “odor hours”,
which can be perceived by the neighboring population. The limit of acceptable “odor hours” is
fixed at 10% for residential or mixed areas, while this limit is set at 15% for industrial or agricultural
areas. The “odor hour” is defined by referring to a specific analysis method called “field inspection,”
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which was standardized in Europe by the EN16841:2016-Part 1 [29] and represents an hour in which
the odor is perceived for more than 10% of the time, therefore for more than 6 minutes. Although
the percentage set by this guideline and the definition of odor hours are not directly applicable to
the case of IOMS, it is reasonable to refer to the aforementioned guideline, as to date there are no
other legislative references and/or acceptability criteria regarding specifically environmental odor
monitoring carried out by IOMS.

3. Results

3.1. Odor Concentration of the Training Samples

Table 2 reports the results of the odor concentration measurements of samples collected in
correspondence to the emission sources, i.e., inside the tire storage sheds and in the vicinity of the
outdoor stacks of tires, which were used for the electronic nose training.

Table 2. Odor concentrations of the samples collected at the odor sources, used to train the IOMS.

Sample Odor Concentration (ouE/m3) Confidence Interval 95% (ouE/m3)

A1 32 14–62
A2 36 16–69
A3 380 170–740
A4 29 13–56
A5 34 15–66
A6 72 32–140
A7 18 8–35
A8 25 11–48
A9 19 8–37

A10 23 10–44

It is possible to highlight that the odor concentration values are very low (Table 2). Nine samples
out of 10 are below 80 ouE/m3, which is the odor concentration value identified by most Italian regional
guidelines as the lower limit below which an odor emission shall be considered as negligible. The only
exception is represented by sample no. 3, for which a higher odor concentration of 380 ouE/m3 was
measured. The resulting average odor concentration is equal to ca. 40 ouE/m3, which is a value typical
of odorless ambient air.

Considering that the samples were collected in correspondence to the odor sources (i.e., close to
tire stacks), based on these numbers, it is possible to state that the odor emissions related to the activity
under investigation are not critical from the point of view of the emitted odor concentration.

Nonetheless, the execution of the instrumental odor monitoring is of essential importance in order
to objectively quantify the presence of odors at receptors and verify the frequent complaints about the
presence of malodors by the close neighborhood.

Given these low odor concentration values, the samples could not be further diluted for the
electronic nose training, and thus they were used pure.

The TS data were processed by means of Principal Component Analysis (PCA) with the aim
of reducing the dataset dimensionality and obtaining a graphic visualization of the electronic
nose discrimination capability between the different odor classes considered for the instrumental
odor monitoring.

Figure 5 shows the PCA score plot relevant to the TS: the two classes considered, i.e., “Air” and
“Tire storage” are grouped ("clustered") in two different areas of the plot, highlighting the potentiality
of the EOS507F to discriminate the tire odor from odorless air.
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3.2. IOMS Performance Testing in the Field

This section presents the application of the proposed IOMS testing protocol for the performance
verification of the instrument used for the study, i.e., the EOS507F, limiting the description to the results
relevant to the second level of testing as described in Section 2.4. Preliminary performance verification
tests carried out in the laboratory with synthetic samples, proving that the EOS507F is an instrument
capable of providing reliable responses even in presence of variable meteorological conditions and
at very low concentrations (i.e., far from the monitored source), have been reported in the work by
Eusebio et al. [32].

After IOMS training and installation at the fenceline of the tire storage area, field verification tests
were carried out according to the second level of the proposed IOMS testing protocol.

Since field tests are time-consuming, the number of field tests to execute depends on the duration
of the monitoring period, the number of odor classes to be monitored, and the amplitude of the
concentration range considered for the specific application. Given the short duration of the monitoring
period (i.e., 45 days) and the need to analyze samples from only two classes (“Air” and “Tire storage”),
it was decided to carry out the field test on two different days.

In order to verify the invariability of the electronic nose classifications under variable atmospheric
conditions (i.e., temperature and humidity) in the field (as already mentioned, this capability was
already verified in laboratory conditions), the two days selected for the execution of the field tests
were characterized by extremely different meteorological conditions. The first day of field testing was
sunny and hot (external temperature of ca. 25–26 ◦C), thus being representative of a condition of high
temperature and dry atmospheric conditions. Conversely, the second day was rainy and relatively
cold (external temperature of 9–12 ◦C), thus being representative of lower temperatures and humidity
conditions close to saturation.

For the field tests, eight samples representative of the “Tire storage” odor class were collected at
the odor emission sources (i.e., inside tire storage sheds and in the proximity of outdoor tire stacks)
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and analyzed by dynamic olfactometry for the purpose of defining the dilution factors to obtain
samples at different concentration levels for IOMS performance testing, and thereby accounting for the
relationship between the electronic nose detection capability and human perception.

The resulting odor concentration values of samples used for the EOS507F performance testing are
reported in Table 3.

Table 3. Odor concentration of the odor samples collected for the electronic nose performance testing.

“Tire Storage” Sample Odor Concentration (ouE/m3) Confidence Interval 95% (ouE/m3)

B1 30 13–58
B2 36 16–69
B3 50 22–97
B4 40 18–77
B5 60 26–120
B6 20 9–39
B7 60 26–120
B8 25 11–48

Additionally, in this case, the measured odor concentration values turned out to be very low,
in agreement with the odor concentrations of the samples used for the electronic nose training:
all samples had an odor concentration lower than 60 ouE/m3.

For this reason, only pure samples were analyzed by means of the electronic nose during the
field test for performance verification. This of course implies a reduction in the number of tests that
could be executed in the field, since the dilution of the samples at higher concentrations to obtain
more diluted samples at different concentration levels entails the possibility to multiply the number of
measurements that are carried out by the instrument.

Field tests involved also the collection at the fenceline, when no odors could be perceived,
of ambient air samples, representative of the “Air” class, which were presented to the IOMS at the
beginning of the testing day and between different “Tire storage” samples.

The adopted experimental protocol foresees the alternation of samples representative of the “Air”
and “Tire storage” classes to be presented to the IOMS, with the purpose to simulate eventual odor
events that might occur during the monitoring.

Table 4 reports the details of the field tests, thereby indicating whether the electronic nose was
capable of correctly classifying the analyzed sample or not. In particular, Table 4 reports the real odor
class of samples analyzed, their odor concentration, and the classification provided by the instrument.

The EOS507F correctly classified all samples representative of the “Air” class, and six out of the
eight “Tire storage” samples. The two samples belonging to the odor class “Tire storage” that were
wrongly classified by the instrument as “Air” had very low odor concentrations (i.e., 20 and 25 ouE/m3,
respectively). These values are so low as to make them practically comparable to odorless ambient
air. Indeed, the presence of tire odor in those samples was hardly recognizable even to the human
nose; as previously mentioned, the odor samples used for the electronic nose field testing were also
analyzed as such by panelists in order to obtain their judgment in terms of odor presence/absence.

The analyses of “Tire odor” samples at different concentrations allowed the assessment of the
EOS507F Lower Detection Limit (LDL) [45] towards tire odor, as defined in Section 2.4, which turned
out to be equal to 30 ouE/m3.

As already mentioned, in this case, the LDL of the instrument coincides with its LCL. Indeed, all the
samples representative of the tire odor above the concentration of 25 ouE/m3 were correctly classified by
the electronic nose as “Tire storage” samples. These results can be considered as satisfactory, especially
in consideration of the fact that the electronic nose is installed at the plant fenceline.

From this example, despite the limited number of analyzed samples, the importance of the
determination of the LDL (and LCL) becomes evident: it allows the final user and local authorities
to know the concentration above which the instrument is capable of recognizing the odor under
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investigation. The knowledge of this value is crucial especially in those situations in which the IOMS
detections are compared with the observations from the resident population.

Table 4. Details of the field tests carried out for performance verification.

Sample Analyzed Real Odor Class Odor Concentration (ouE/m3) IOMS Classification

First day of testing

C1 Air - Air

B1 Tire storage 30 Tire storage

C2 Air - Air

B2 Tire storage 36 Tire storage

C3 Air - Air

B3 Tire storage 50 Tire storage

C4 Air - Air

B4 Tire storage 40 Tire storage

Second day of testing

C5 Air - Air

B5 Tire storage 20 Air

B6 Tire storage 60 Tire storage

C6 Air - Air

B7 Tire storage 60 Tire storage

C7 Air - Air

B8 Tire storage 25 Air

The results of the field tests reported in Table 4 were organized in the form of a confusion matrix,
as shown in Table 5, in order to quantify EOS507F capability to correctly detect and classify tire odors.

Table 5. Confusion matrix relevant to the results of the field test.

Capability of Odor Detection
IOMS Outcome

Tire Storage Air

Odor Class
Tire storage 6 2

Air 0 7

The resulting value for the classification accuracy is 86%, as reported in Table 6. Moreover,
Table 7 reports the values for the recall, which are 75% and 100% for the “Tire storage” and “Air” odor
classes, respectively.

Table 6. Accuracy index determined during field tests.

Accuracy Index 95% CI

0.86 ±0.18

Table 7. Recall determined during field tests for odor classes considered.

Odor Class Recall 95% CI

Tire storage 0.75 ±0.30

Air 1 ±0

These values can be evaluated as satisfactory for the selected application. As a reference, it is
possible to consider the VDI3518-3:2018 “Odour-related measurements with electronic noses and their
testing” [47], which, in Section 8.4.3 “Odorant identification (F2)” regarding the electronic nose testing
for odorant identification capability, fixes a limit for the proportion of correct identification of 70%.
It shall be highlighted that this limit value of 70% from the VDI refers to the identification of odorants
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in laboratory conditions, which are certainly less critical than field conditions, which makes it the case
that the accuracy and recall values obtained in this study can be considered as particularly satisfactory.

Thus, in conclusion, the specific field tests proved that the electronic nose has a good capability of
detecting the presence of the characteristic tire odor from the activity of tire storage under investigation,
down to odor concentrations of 30 ouE/m3, and thus that it can be conveniently used for the direct
odor impact assessment related to a tire storage area.

3.3. Analysis of the Monitoring Data

The electronic nose data relevant to the monitoring period were processed by application of the
Random Forest classifier to provide a qualitative characterization of the analyzed ambient air.

In order to evaluate the possible existence of weather conditions and/or time slots favoring the
detection of odor by the electronic nose, the IOMS outcomes were compared punctually with the
meteorological conditions.

In more detail, a wind rose relevant to the monitoring period was built by studying the directions
of the wind vector by time slots (Figure 6): morning (from 4:00 to 9:00), afternoon (from 10:00 to 15:00),
evening (from 16:00 to 21:00) and night (from 22:00 to 03:00). According to the convention adopted,
the values reported in Figure 6 refer to the previous 60 min. For example, hour 16 indicates the 60 min
from 15:00 to 16:00. Although in meteorological practice wind roses report, by convention, the direction
of origin of the wind, in this study the wind rose does not represent the wind direction (i.e., the angle
of origin), but rather the wind vector (i.e., the direction towards which the wind blows).
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The analysis of the wind rose shows that it was not possible to identify a prevailing wind direction
during the monitoring period. This condition is typical of flat areas characterized by very low wind
speeds, as is the case of the region where the tire storage area is located, for which a prevailing wind
direction is generally not identifiable.

It should be noted that this condition is particularly unfavorable as regards the detection of odors
in the vicinity of the plant under examination, in the sense that in such conditions, the probability of
detection of odors is maximized, since the dispersion capability of the odor source is very low [56].
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However, the study highlighted that the wind blew mostly from south/southeast to north/northwest
in afternoons and evenings, thus favoring, in these time slots, the detection of odors from the tire storage
by the electronic nose EOS507F, which was installed on the northwestern corner of the plant fenceline.

Indeed, Table 8, listing “Tire storage” detections by the EOS507F occurred during the monitoring
period, highlights that the electronic nose detected the presence of odors attributable to the tire storage
mainly in the afternoon and evening hours, when the wind blew from the south. Only detections 5 and
6 occurred when the wind blew from east to west.

Table 8. Detail of the “Tire storage” detections by the electronic nose EOS507F during the 45-day monitoring
period(S = south; SSE = south-southeast; ESE = east-southeast; E = east; SSW = south-southwest).

“Tire Storage” Detections Day Hour Wind Speed (m/s) Wind Direction (Origin of Wind)

1 1 16:00–18:00 <1 S/SSE

2 2 14:00–17:00 <1 SSE/ESE

3 20 5:00–9:30 0 -

4 22 8:00–8:30 <1 S/SSW

5 22 20:30–21:45 <1 E

6 23 00:20 <1 E

7 24 10:40–15:25 <1 SSW

8 42 4:00–4:30 <1 SSE

3.4. Quantification of the Odor Impact Related to the Tire Storage Activity

For the purpose of assessing the odor impact relevant to the investigated tire storage area,
the EOS507F detections at the fenceline were elaborated and the frequency of detection of the
considered classes (i.e., “Air” and “Tire storage”) was assessed.

The electronic nose EOS507F detected the presence of odors attributable to “Tire storage” for the
5% of the total monitoring time. For the remaining time (i.e., 95%), the electronic nose signals never
exceeded the Limit of Detection LOD; thus, the EOS507F classified the analyzed ambient air as “Air,”
thereby indicating the absence of odors from the monitored plant.

As mentioned in the previous paragraph, the odor episodes occurred mainly in the afternoon
and evening hours, characterized, as evidenced by the analysis of the meteorological data, by weather
conditions particularly favorable to the detection of odorous emissions from the tire storage area
under investigation.

Based on the results obtained, the odor impact relevant to the tire storage area under
examination at the fenceline is largely within the limits of acceptability established by the
"GIRL—Geruchsimmision-Richtlinie" guideline of 13 May 1998 on odor immissions [55], i.e., 10% of
"odor hours" per year that can be perceived by the neighboring population in the case of a residential
or mixed zone.

4. Conclusions

This paper has the aim of discussing the advances in odor monitoring with electronic noses in
Italy, based on the description of a case study relevant to the monitoring of odors emitted from a
tire storage area, by highlighting the potentialities of this technology for the direct assessment of the
odor impact, especially in those situations for which approaches based on dispersion modeling are
hardly applicable.

After training with samples collected inside the tire storage sheds and in the vicinity of the outdoor
stacks of tires, the electronic nose was installed for the monitoring at the fenceline of the tire storage
area. The odor impact relevant for the storage area under investigation resulted largely within the
limits of the acceptability criteria proposed by the "GIRL—Geruchsimmision-Richtlinie" guideline of
13 May 1998 on odor immissions [54], since the EOS507F detected the presence of odors attributable to
the tire storage only for the 5% of the monitoring time.
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However, the main objective of the paper is the definition and the application of a specific
experimental protocol for the IOMS field performance testing. The applied quality protocol involves the
execution of field tests, analyzing dedicated odor samples different from the ones used for the training,
to test the electronic nose capability to correctly detect and classify the odors under investigation.

According to the proposed testing protocol, the IOMS capability of correctly detecting and
classifying odors was verified in terms of Lower Detection Limit (LDL) and Lower Classification Limit
(LCL)—which in this specific case coincide—to the odors under investigation, and of classification
accuracy index. The LDL (and LCL) turned out to be equal to 30 ouE/m3, which is very satisfactory,
especially in consideration of the fenceline application. Moreover, the EOS507F capability to
discriminate ambient air from “Tire storage” odor was quantified in an 86% accuracy index, thus
proving a satisfactory classification performance, referring for instance to the limit value of 70%
established by the VDI 3518-3:2018 for electronic nose testing in laboratory conditions.

As a result, the experimental data presented here could support the activity of the technical groups
working on standardization, in the definition of a qualification procedure to verify that the IOMS
is “fit-for-purpose” related to the specific application, and provide a methodology to compare the
performance of different instruments available on the market. Indeed, the monitoring of the tire storage
area, representing a relatively simple case study for the electronic nose monitoring, was selected for
the purpose of tuning up the experimental protocol, and the results achieved in this study prove
the applicability of the proposed testing protocol as an effective method for the IOMS performance
verification related to the specific application. However, further investigation should focus on the
validation of the proposed testing protocol by considering more complex case studies, involving,
for instance, the classification of more odor classes, characterized by similar chemical profiles.

As a conclusion, the proposed procedure could possibly be useful for the purpose of overcoming
the skepticism around electronic nose technology that is sometimes manifested by the different
stakeholders dealing with the management of odor pollution issues, since the definition and the
introduction of common quality protocols represents a crucial step in the process of making electronic
noses a widespread and effective environmental odor impact assessment tool.
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