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a b s t r a c t

During the various stages of asphalt paving mixtures production and placement, as a result of binder
heating, a complex mixtures of hydrocarbons and volatile organic compounds (VOCs) is released into the
atmosphere. As far as hot mix asphalt plants is concerned, several standards and directives were drawn
up for limiting the emissions of certain specific substances, without setting any specific limit on the
odorous perspective. But, odor is increasingly considered an atmospheric pollutant that can have a
significant negative impact on both quality of life and economic activity. The odorous flows of HMA
emitted in plants or during the paving operations and hot-in-place recycling processes in the worksites
can severely limit the usability of the territory. Advances in sensor technology have made possible the
development of artificial olfactory systems (AOS), which are devices designed to mimic the human ol-
factory system capable of characterizing osmogene mixtures. However, their potentialities have not been
explored until now at any stages of asphalt and asphalt mixtures production chain. Thus, the main
purpose of this study was an analytical-sensory characterization, mainly based on AOS approach, of
asphalt emissions generated during the various stages of road pavement construction. The analytical and
sensory analyses have firstly demonstrated the effective application of these instruments in the pave-
ment engineering sector: an odor fingerprint of asphalt emissions, specific for each type of binder and
temperature class, was determined. Thanks to the photoionization, a technique which allow the
detection of organic compounds in gaseous mixtures, a pseudo-hyperbolic relationship between the
release of airborne substances in asphalt emissions and the heating temperature was identified; whereas
the AOS demonstrated that this increase of VOCs corresponded contextually to a change in their odorous
patterns. Moreover, the existence of variations in the odor fingerprints of different asphalt binders
heated at the same temperature was assessed. Through a specific statistical approach for the treatment
and post-processing of data and the following elaboration of a geometric based procedure for the
determination of the numerical inter-class separation, a quantitative value to the purely qualitative
response of the AOS was assigned.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The focus on the atmospheric emissions, particularly the
odorous ones, related to industrial production sites and specifically
to hot mix asphalt (HMA)manufacturing facilities, was emphasized
in the last years, in accordance to the increasing sensitivity towards
environment and human health, but also to the growing proximity
of emission sources to urban and already settled areas (Belgiorno
et al., 2013; Invernizzi et al., 2017). The production of asphalt
telitano).
pavingmixtures, consisting of a hot blend of aggregates and asphalt
cement, for road pavement construction and maintenance, take
place in stationary or mobile plants. Nowadays, there are about
4500 HMA plants both in Europe and in the USA, half of which are
also fit for hot and warm recycling (EAPA, 2017; Paranhos and
Petter, 2013). Virgin or milled reclaimed asphalt pavement (RAP)
aggregates are blended and mixed at about 170e190 �C with hot
stored liquid asphalt binder to produce an asphalt paving mixture
(Stimilli et al., 2016). The resulting HMA is delivered in properly
covered trucks to the paving site, where it is placed and then
compacted in a temperature range of 140e160 �C. During storage
and handling of asphalt at these elevated temperatures, a complex
mixture of predominantly hydrocarbons having a broad boiling
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point range is released into the atmosphere (Autelitano et al.,
2017a; The Asphalt Institute and Eurobitume, 2015). These tem-
perature dependent emissions are a dynamic equilibrium of gases,
vapors and mists/aerosols consisting of water, products of com-
bustion (CO2, NOx and SOx), carbon monoxide (CO) and organic
compounds of various species, including volatile organic com-
pounds (VOCs) and polycyclic aromatic hydrocarbons (PAHs), some
of which may have short- and long-term adverse health effects
(EPA, 2000; Ventura et al., 2015). As far as HMA plants is concerned,
several standards and directives, all aimed at containing ducted
emissions, were drawn up for limiting the emissions of certain
specific substances, generally referable to dusts or particulate
matters (PM10, PM2.5) and Greenhouse gases (CO2, NOx, SO2),
without setting any specific limit on odorous emissions (Almeida-
Costa and Benta, 2016; Boczkaj et al., 2014; Jullien et al., 2010;
Rubio et al., 2013). Also the scientific literature has generally
analyzed asphalt emissions in terms of airborne substances
reduction and toxicology risk, related above all to the occupational
exposure, ignoring their odorous characteristics (IARC, 2013; Kriech
and Osborn, 2014). But, odor is increasingly considered an atmo-
spheric pollutant that can have a significant negative impact on
both quality of life and economic activity. The odorous flows of
HMA emitted in plants or during the paving operations and hot-in-
place recycling processes in the worksites can severely limit the
usability of the territory, representing a cause of unquestionable
and persistent annoyance for the population living in their vicinity
and for workers. Odor emissions are one of the key concerns for the
asphalt pavement industry so much so that EAPA (European
Asphalt Pavement Association) in Europe and NAPA (National
Asphalt Pavement Association) in the USA have set up in recent
years technical discussions to address this strategic issue (EAPA,
2014). With only some exception, olfactometry or the measure-
ment of ambient odor concentration has been internationally
standardized in recent years only for certain types of facilities
(waste, wastewater treatment and composting plants, landfills)
(Brancher et al., 2017; Stuchi Cruz et al., 2017; Talaiekhozani et al.,
2016).

In the light of the above, there is a need for identifying or
developing some instruments and procedures for understanding
and systematizing the process of odor generation also for asphalt
pavement industry. In general, one of the prerequisites for the
evaluation of the odorous emissions feature lies in the identifica-
tion of the gaseous chemical tracers, which are responsible for their
smell. Several consolidated analytical techniques (GC-MS, colori-
metric tubes, gas analyzers) have been developed to isolate and
characterize the aromatic compounds within the emissions. Such
analyses are of fundamental importance to screen and to verify the
amount of pollutants emitted into the atmosphere, but they do not
provide any information on the odorous sensation produced by the
mixture as a whole. In fact, the relationship between physical and
chemical properties of the odorant molecules and their olfactory
perception, especially for complex gaseous mixtures which are rich
in several compounds such as the asphalt ones, is still undergoing
research: many airborne compounds could have additive, syner-
gistic or antagonistic/masking effects (Boczkaj et al., 2014;
Gasthauer et al., 2008; Porier et al., 2009).

Advances in the field of sensor technology and electronics have
made possible the development of devices capable of measuring
and recognizing osmogene mixtures characterized by single or
complex compounds: the artificial olfactory systems (AOS), also
called electronic noses or e-noses (Gardner, 1994; Gardner and
Barlett, 1994). The AOS is a biomimetic system that is designed to
mimic the human olfactory system in its three fundamental aspects
of detection, recording and recognition. The architecture of an
electronic nose is significantly depending on the specific
application, but it generally consists of three functional compo-
nents that operate in sequence: a sampling system, an array of gas
sensors and a signal-processing system. Thus, this type of instru-
ment collects and processes the responses coming from the sen-
sors; these responses are initially coded as electrical signals and
then digitized in order to be numerically processed by a processing
system (Boeker, 2014; Pearce et al., 2006). Thanks to specific al-
gorithms, borrowed from the discipline called pattern recognition
(PARC), an e-nose constructs an olfactory map (two-dimensional
spectral pattern), which does not determine and quantify the in-
dividual components present in the odorous mixture but permits
the definition of an odorous global feature, the so-called odor
fingerprint or smellprint. These algorithms, which are data and
signal processing that work sequentially, are generally based on
statistical methods (principal component analysis, discriminant
factor analysis, analysis of variance between groups, clustering al-
gorithms, etc.) or on artificial intelligence approach (artificial
neural networks, Fuzzy logic, genetic algorithm, etc.) (Scott et al.,
2006; Villarrubia et al., 2017). Since the first pioneering attempts
to measure the volatile compounds in the gaseous mixtures
(1950e1960), passing through the development of artificial olfac-
tion technology (1982e1985) and the introduction of the term
“electronic nose” (1987e1988), great progress had been made us-
ing this approach and such systems had been applied successfully
in many areas (Gardner and Barlett, 1994; Pearce et al., 2006;
Persaud and Dodd, 1982). Most of the AOS applications relate to
food industry (freshness, traceability, adulteration) (Loutfi et al.,
2015; Ropodi et al., 2016) and industrial production (QC/QA,
manufacturing process, new formulations, packaging) (Deshmukh
et al., 2015; Kiani et al., 2016). These devices are very useful in
the field of safety (Dobrokhotov et al., 2012), whereas the
biomedical (Di Natale et al., 2014; Fitzgerald et al., 2017) and the
environmental monitoring (pollution control of water and air)
(Capelli et al., 2014; Giungato et al., 2016) represent emerging
markets for electronic noses.

Despite discrimination, qualification and monitoring of odors
through the AOS approach is a common practice in various indus-
trial sectors, their potentialities have not been explored until now
at any stages of asphalt and asphalt mixtures production chain.
Only a preliminary warm-up study has demonstrated the possi-
bility of e-nose to discriminate, already at room temperature
without the need of sample pre-treatments, between asphalts
produced with different origin crude oils and to verify the pro-
duction stability in the same plant (Autelitano et al., 2017b). Thus,
the main purpose of this study was an analytical-sensory charac-
terization, mainly based on AOS approach, of asphalt emissions
generated during the various stages of road pavement construction,
considering the typical HMA production and paving temperatures.
The effect of heating temperature on asphalt emissions was eval-
uated in terms of variation of both VOCs concentration and odorous
patterns (fingerprints), verifying the actual usage, also in this still
unexplored field, of a photoionization detector (PID), an instrument
which allow the detection of organic compounds in gaseous mix-
tures, on the one hand and of a portable electronic nose on the
other.

2. Materials

The experimental analysis was carried out on four asphalts
(penetration grade 70/100), hereinafter referred to as A, B, C and D.
Asphalt penetration grade 70/100 is one of the most widely used
material in several European countries as a paving grade binder,
which is suitable for pavement construction and for the production
of other asphalt products. Specifically, asphalts A and C were pro-
duced in the same plant refining two different batches of the same
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crude oil extracted in the Adriatic basin (Mediterranean Sea);
whereas asphalts B and D were obtained in two different refineries
by two different Middle-Eastern crude oils. Table 1 summarizes the
conventional characteristics of the analyzed asphalts: penetration
at 25 �C (EN 1426: 2015) and softening point or ring and ball
temperature (EN 1427: 2015).

The relative amounts of asphalt SARA fractions, acronym for
saturates, aromatics, resins and asphaltenes, are displayed in
Table 2. This analysis was determined by means of thin layer
chromatography-flame ionization detection (TLC-FID), according to
IP 469/01:2006 standard. The separation was achieved by using a
three-stage solvent development sequence: saturates were eluted
with heptane, aromatics with a solution of toluene and heptane
(80:20 by volume) and resins with a solution of dichloromethane
and methanol (95:5 by volume).

3. Methods

The experimental procedure had provided for an odorous
identification of the emissions generated by the asphalt heating
(range 90e200 �C), in laboratory under controlled conditions
(headspace in sealed vials), using a semi-analytical approach and
one based on the AOS. The temperature of 90 �C was considered as
the lower limit value reported in the literature for road paving
applications attributable to warm mix asphalt (WMA) technology,
whereas 200 �C represents an extreme upper limit situation
potentially observable in plant as a result of asphalt overheating.
The headspaces were subjected to a qualitative and semi-
quantitative analysis of VOCs by means of photoionization detec-
tion (PID) and in parallel to a deepened study of the odorous pat-
terns through the e-nose approach.

3.1. Photoionization detector

VOCs in asphalt emissions were measured by the PhoCheck Ti-
ger 3.1 (Ion science) photoionization detector, which is a hand-held
and portable device generally used for gas real-time monitoring
and detection (Hori et al., 2015; RAE System, 2013). The instrument
uses the high-energy vacuum UV radiation, generated by a 10.6 eV
Kr/MgF2 lamp (comprising a krypton fill gas and a magnesium
fluoride window), to photoionize, i.e. to convert into positively
charged ions (Aþ) and negatively charged electrons (e�), molecules
of chemicals in gaseous or vapor state. Electrons and positive ions
are propelled to the electrodes and the resulting small current is
amplified by the amplifier chip before being recorded as an output
signal (Fig. 1). A chip microcomputer, starting from the PID sensor
readings, calculates the VOCs concentrations based on the isobu-
tylene calibration. In general, any chemical compound with ioni-
zation energy (IE) lower than that of the lamp photons can be
measured. The use of a 10.6 eV lamp had allowed the detection of
most of the VOCs present in the asphalt emissions, without inter-
ference from major air components (N2, O2, CO2, H2O) which have
higher ionization energies and therefore do not generate any de-
tector's response.

Asphalt specimens (3.000 ± 0.005 g) were put in 50 mL glass
vials, which were closed with a butyl stopper and an aluminum
Table 1
Asphalts conventional properties.

Property Unit Asphalt

A B C D

Penetration (25 �C) 0.1 mm 73 84 75 86
Softening point �C 49.2 46.4 49.6 46.2
crimp cap, and heated at 90, 110, 130, 160 and 180 �C for 20 min. In
this analysis, the maximum heating temperature was fixed at
180 �C to avoid the instrument pump failure. The headspace was
drawn, using a flow rate of 220 mL/min, into the ionization
chamber in which is housed the lamp and the PID sensor. The
sampling procedure was based on the use of a flexible extension
hose with a disposable 20 G inlet needle (Øint ¼ 0.90 mm;
L ¼ 35 mm) to collect the emissions. PID, using a broad-range de-
tector, provided a single reading for the total detectable VOCs
present in the asphalt headspaces. The gas concentration of each
specimen, expressed in ppmv, was referred to the sum of 10
consecutive measurements registered in 10 s (1 per sec). The whole
dataset was made up of 200 independent measurements: 50
samples (10 for each temperature) for each of the four types of
asphalt were prepared, so that each specimen was heated once to
the predetermined temperature.

3.2. Analytical-sensor technology: Cyranose® 320

The analytical-sensory analysis of the asphalt emissions gener-
ated at high temperatures was conducted by means of the
commercially available, portable and hand-held AOS Cyranose®

320 (Cyrano Sciences). The C320 technology lies in its patented
NoseChip™, a sensor array of 32 individual thin-film carbon black
polymer composite chemiresistors. When the composite film is
exposed to a vapor-phase analyte, the polymer matrix swells dis-
rupting the conductive carbon black pathways and consequently
increasing the sensors’ electrical resistance. Once the analyte is
removed, the polymer shrinks to its original size, restoring the
conductive pathways. Thus, the measurement cycle provides a
three-stage process in which the instrument registers the voltage
drop across each sensor and converts it into a resistance reading
(R). In the initial phase (baseline purge), necessary for the definition
of the baseline resistance (R0), the ambient air is pulled over the
sensors. Then, in the sampling phase (sample draw) the chemical
vapors reach the NoseChip™ for the sample detection. Finally, after
the sample removal, the gas stream is emitted at the instrument
exhaust port and clean air is carried to the sample chamber to
refresh the sensors (purge air intake) and to purge the pneumatic
system of any residual sample vapors (purge sample intake),
restoring the initial configuration (Fig. 2). The relative change in the
resistance for each of the 32 sensors (sample draw vs baseline
purge) was captured as raw datum, also defined sensor response
signature, which was then converted to the maximum relative
change in resistance caused by the analyte exposure to the sensors
((Rmax-R0)/R0). The graphical representation of the sensor response
signatures describe the so called smellprint, which is unique for
each analyte.

The preliminary and necessary phase of initial calibration has
led to the definition of a specific test protocol, described in Table 3.
Asphalt samples (3.000 ± 0.005 g) were placed in 50 mL glass vials
hermetically sealed with a butyl stopper and an aluminum crimp
cap. The vials were then heated for 20 min in a static oven at
different temperatures (90,110,130,160 and 200 �C). Once removed
from the oven, they were maintained for 120 min at 22 ± 1 �C,
temperature at which occurred the sampling of the headspace by
means of a disposable 20 G needle (Øint ¼ 0.90 mm; L ¼ 35 mm).
This choice was due to the fact that sampling vapors at tempera-
tures higher than ambient temperature, vapors may condensate in
the pneumatic pathway or on the sensors affecting the perfor-
mance of the C320. A vent 23 G needle (Øint¼ 0.60mm; L¼ 30mm)
was inserted into the septum to equilibrate the internal pressure
during the sample draw. The vent needle and the sample needle
were kept sufficiently far apart so that the sample was not diluted
with ambient air during the analysis. A charcoal filter was used to



Table 2
Asphalts SARA fractions: mean and standard deviation (n ¼ 20).

Fraction Unit Asphalt

A B C D

Saturates (470e880 g/mol) % 5.7 (0.4) 5.2 (0.4) 5.8 (0.2) 2.3 (0.2)
Aromatics (570e980 g/mol) % 48.6 (1.7) 52.6 (2.7) 45.5 (1.6) 55.3 (2.0)
Resins (800e2000 g/mol) % 20.9 (0.9) 26.6 (1.7) 25.9 (0.6) 25.5 (1.8)
Asphaltenes (800e3500 g/mol) % 24.8 (0.8) 15.6 (1.2) 22.8 (1.1) 16.9 (0.7)

Fig. 1. PID principle of operation.

Fig. 2. Cyranose® 320 principle of operation.

Table 3
Acquisition method of Cyranose® 320.

Flow settings Time [sec] Flow [mL/min]

Baseline purge 30 120
Sample draw 25 120
1st sample gas purge 120 180
1st air intake purge 50 180
2nd sample gas purge 20 180
2nd air intake purge 20 180
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eliminate the variability of possible organic contaminants in the
ambient air. The temperature of the sensor array substrate was set
and maintained at 41 �C.
The whole data set, as well as for the photoionization analysis,
was constituted by 200 independent measurements: 10 specimens
for each of the five temperatures for each of the four types of
asphalt. The data were then statistically processed through the
principal component analysis (PCA), performed with a specifically
developed MATLAB R2016b script, to depict differences in the
odorous patterns of the asphalt emissions. Specifically, PCA is an
unsupervised multivariate procedure based on the dimension
reduction of the dataset, consisting of a large number of interre-
lated variables, by transforming to a new set of uncorrelated vari-
ables, precisely the principal components (PCs), while maintaining
as much as possible the variation present in the dataset (Jolliffe,
2002).



Fig. 4. PID responses (VOCs concentration) vs temperature in asphalt headspaces.
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One common criteria for determining how many PCs should be
investigated and howmany should be ignored is to include all those
PCs up to a predetermined total percent variance explained, such as
generally 90%. Once identified the lowest-dimensional PCs hyper-
plane that best satisfied this condition, the inter-class separation
was analytically determined, calculating the numerical distance in
terms of Euclidean distance between two classes. Fig. 3 schemati-
cally summarizes all the geometric parameters used for this anal-
ysis, referring to two hypothetical classes U and F in a two-
dimensional space. The Euclidean distance (GU;F) and the dis-

tance along the two axes (G1U;F and G2U;F) were determined
considering as reference the center of gravity (G1, G2) of each class.
As for the uncertainties of the measurements, there is to consider
that the sensors adopted are sensitive to small variations of the
environmental conditions and the response of the system could
have drift of different nature even though a careful instrument
conditioning before each run was required. Considering only the
electronics, the uncertainties due to, e.g. resistivity variation of the
sensors, accidental error caused by imperfect cleaning, eventually
cross-talking amongst sensors and other possible interferences or
spurious effects were considered. However, all these uncertainties
are minor with respect to the repeatability of measurements
(measurements executed with the same samplewithin a short time
interval) which is intrinsic to the actual technology level. As a
measure of uncertainty (intra-class distance) standard deviations
were assumed: standard deviation along PC1-axis (s(G1)), PC2-axis
(s(G2)) and the square root of the sum of the square standard de-
viation along PC1-axis and PC2-axis

(s(G1G2) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðsðG1Þ Þ2 þ ðsðG2Þ Þ2

q
). They contain all the in-

dications on the various effects able to influence measurements
executed with the same procedure on the same material, treated in
the same way.
4. Results

The photoionization analyses have allowed to quantify the VOCs
Fig. 3. Geometric parameters used in PCA.
concentration in the asphalt headspaces generated at different
temperatures (Fig. 4). An increase of PID response was highlighted
with increasing temperature, more significant for temperatures
higher than 130 �C, that is, those typical of production and place-
ment of traditional HMA mixtures. A variation of approximately
3000%was observed passing from90 to 180 �C (incremental ratio of
about 30) for asphalt A and C, while of 1000% for B and D (incre-
mental ratio of about 10). These values, however, appear to be
strongly influenced by those detected at 90 �C, considerably lower
for asphalts A and C, characterized by a greater content of the
asphaltene fraction (highly polar aromatic compounds having high
molecular mass). Asphalts A and C have in fact shown a lower VOCs
concentration in the headspace compared to asphalt B and D, richer
in more volatile compounds (saturated and aromatic), quantifiable
in 80% up to 130 �C and in 60% for the higher temperatures.

A variety of curve-fitting methods, in both linear and nonlinear
regression, was evaluated to model the PID acquired data. Among
over 90 models, a pseudo-hyperbolic relationship between the
emissions generated by the asphalt binder (in terms of VOCs) and
the heating temperature (in the typical temperature range regis-
tered in the various stages of road pavement construction) was
identified as the best fit model, according to the function (Mian,
1992):

y ¼ q0

�
1þ bx

a

���1
b

�
/VOC ¼ q0

�
1þ bT

a

���1
b

�
(1)

where q0, a and b are the parameters of the interpolated curve,
while T represents the temperature. The numerical values of the
parameters (Table 4) clearly show how the increase in emissions
was significantly higher for asphalts B and D.

Once measured the amount of VOCs in the asphalt emissions,
the main objective was to assess whether the increase in the
airborne substances corresponded contextually to a change in their
Table 4
Parameters of the interpolated curves.

Parameter Asphalt

A B C D

q0 2.929 64.020 4.269 48.948
a �68.030 �145.697 �69.641 �105.840
b 0.305 0.738 0.367 0.488
R2 0.999 0.999 0.999 0.999



Fig. 5. Bar graph of the response signature for asphalt A at 90, 110, 130, 160 and 200 �C.
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odorous patterns. The raw data measured with Cyranose® 320,
stored as change in sensor resistance (DR/R0 $ 106) as a function of
time, were converted into the maximum relative resistance change
caused by the analyte exposure recorded during sample draw and
baseline purge stages (DRmax/R0). These sensor signatures were
represented using a histogram which allows to define the odor
fingerprint of asphalt at different temperatures in the form of a bar
graph. The vertical axis represents the sensor maximum relative
resistance change, calculated as mean value of 10 samples for each

temperature class (DRmax=R0 ¼ 1
10

P10
i¼1

Rmax;i�R0;i
R0;i

), whereas the

sensor numbers are plotted along the horizontal axis.
Discrimination was improved by deselecting four sensors (5, 6, 23
and 31) that are sensitive to water and changes in humidity, as a
standard practice in the literature (Bikov et al., 2004; Mohapatra
et al., 2015). The thermal conditioning procedure, as described,
has provided for the heating of the asphalt samples in hermetically
closed vials. During the cooling phase, even if conducted very
carefully and gradually in the temperature transition, small quan-
tities of condensate may have formed, capable of altering the cor-
rect excitation process of these four sensors in contact with the
vapor phase and accordingly the statistical treatment of data in the
post-processing phase.

Fig. 5, by way of example, represents the fingerprints of asphalt



Fig. 6. Radar plot of the response signature of seven sensors at different temperatures.
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A at different heating temperatures. The bar graphs showa growing
trend in the sensors response with the increase of temperature.
Such behavior, which was recorded for all asphalts, can be made
more visible using radar plots. These graphs display in a two-
dimensional space the sensors response in terms of DRmax=R0 on
each axis. To make this graphical representation more under-
standable and readable, seven sensors (number 3, 9, 15, 18, 26, 28
and 29) that have interacted more significantly with the asphalt
emissions were considered (Fig. 6). As can be seen, the polygon
representative of a temperature is always circumscribed by that
relative to the higher temperature, according to a sequential order.
This trend demonstrates an increase in the chemical interaction
between asphalt vapor-phase and sensors film with increasing
temperature.

The response of the 28 sensors was then normalized, using the
variance as standardization parameter, to remove the effects of
response size. The normalized values were then subjected to PCA:
for each asphalt, analyzed independently of the others, five tem-
perature classes were considered. The percentage of the total
explained variance by the first two principal components (PC1 and
PC2) was greater than 99%. Specifically, only PC1 would have been
able to explain more than 99% of the variance in all the considered



Fig. 7. Two-dimensional PCA plot for the asphalts as a function of temperature.
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cases. Furthermore, the Euclidean distances calculated to the origin
of the reference system, considering both a bi- and a tri-
dimensional space never deferred for more than 1%. Thus, the
statistical analysis considered the first two principal components.
The representation on the two-dimensional space PC1-PC2 de-
scribes the influence of the temperature parameter on the asphalt
emissions odorous patterns (Fig. 7).

The trend was rather homogeneous for all asphalts: the cloud of
data representative the five classes of temperature (90,110,130,160
and 200 �C) were clustered and arranged in ascending order along
the PC1 axis. The increase in the heating temperature translates
into a sub-horizontal shift to the right. In fact, a significant change
in the center of gravity position of each data cloud was highlighted
only for the PC1 coordinate, towards the positive PC1-axis.With the
exception of a partial overlap of the classes 90 �C and 110 �C (except
for asphalt A), a clear separation between the other temperatures
was registered. The numerical values of the inter-class separation
referred to each asphalt (Table 5) demonstrate how the discrimi-
nation for each pair of temperature classes was confirmed by the
fact that the Euclidean distances (GT;Tþ1) between the centers of
gravity were much greater than the sum of the standard deviations
of the relative areas (s(G1G2)Tþs(G1G2)Tþ1). The square root of the
sum of the variances of two data clouds



Table 5
PCA geometric parameters relative to asphalts at different temperatures.

Asphalt T [�C] G1 G2 s(G1) s(G2) s(G1G2) G1T;Tþ1 G2T;Tþ1 GT;Tþ1 ± s(G1G2)T,Tþ1
*

A 90 �7.38 0.24 0.22 0.07 0.23 e e e

110 �4.10 �0.10 0.41 0.04 0.41 3.28 0.34 3.30 ± 0.47
130 0.49 �0.34 0.91 0.05 0.91 4.59 0.24 4.60 ± 1.00
160 4.21 �0.04 0.30 0.12 0.32 3.71 0.30 3.73 ± 0.97
200 6.78 0.25 0.64 0.07 0.64 2.57 0.29 2.59 ± 0.72

B 90 �5.54 �0.07 0.54 0.10 0.55 e e e

110 �4.94 �0.14 0.38 0.07 0.39 0.60 0.07 0.60 ± 0.67
130 �1.77 0.24 0.27 0.06 0.28 3.17 0.39 3.20 ± 0.48
160 4.96 0.22 0.28 0.10 0.30 6.73 0.02 6.73 ± 0.41
200 7.29 �0.25 0.30 0.06 0.31 2.33 0.48 2.38 ± 0.43

C 90 �6.47 0.14 1.07 0.11 1.08 e e e

110 �5.13 0.02 0.47 0.09 0.48 1.34 0.12 1.34 ± 1.18
130 0.30 �0.31 0.59 0.08 0.59 5.43 0.33 5.44 ± 0.76
160 4.49 �0.09 0.26 0.04 0.27 4.20 0.22 4.20 ± 0.65
200 6.81 0.24 0.20 0.05 0.20 2.32 0.33 2.34 ± 0.33

D 90 �5.73 �0.32 0.71 0.07 0.72 e e e

110 �4.87 �0.02 0.81 0.07 0.81 0.87 0.30 0.92 ± 1.08
130 �0.81 0.22 0.82 0.10 0.83 4.05 0.25 4.06 ± 1.16
160 3.32 0.60 0.46 0.07 0.47 4.13 0.37 4.15 ± 0.95
200 8.10 �0.43 0.52 0.14 0.54 4.78 1.07 4.90 ± 0.71

*s(G1G2)T,Tþ1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðG1G2Þ2T þ sðG1G2Þ2Tþ1

q
.

Fig. 8. Radar plot of the response signature of seven sensors at 110 �C and 160 �C.
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(s(G1G2)T,Tþ1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðsðG1G2Þ Þ2T þ sðG1G2Þ2Tþ1

q
) was assumed as an

estimator of the uncertainty. The confidence level is obtained by
multiplying this standard deviation of the distance with a coeffi-
cient computed according to a Student's t distribution.

Once identified a significant difference in the smell of the
emissions as a function of temperature, the existence of variations
in the odorous profile of different asphalt binders heated at the
same temperature was verified. As an example Fig. 8, relative to
110 �C and 160� C, shows how each asphalt caused different sensors
responses.

In fact, with the exception of the asphalt pair A and C (refined in
the same plant from two different batches of the same crude oil),
the response of the seven most excited sensors tracks polygons
with different shape and size. Thus, such behavior underlies a
different excitation process, symptom of specific and peculiar
odorous patterns characterizing the emissions generated by
different asphalt binders.

The normalized responses of the 28 sensors were statistically
treated using PCA. Five independent analyses were conducted, each
relating to a specific heating temperature, inwhich the classes were
represented by the four asphalts. Also in this case, the low-
dimensional hyperplane that best summarizes all the variation in
the 28 sensors response matrix was represented by the first two
principal components. Fig. 9 shows the 2D-PCA plots concerning
the four asphalts for all the considered temperatures (90, 110, 130,



Fig. 9. 2D-PCA plot concerning the four asphalts for all the considered temperatures.
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Table 6
Asphalt interclass distances at 160 �C.

Asphalt G1 G2 Distance Asphalt

A B C D

A 0.70 1.36 G1A;F 0.45a 5.53 0.32 8.01

G2A;F 0.15a 2.88 0.20 2.34

GA;F 0.47a 6.24 ± 0.73b 0.38 ± 0.57b 8.35 ± 1.04b

B 6.23 �1.53 G1B;F 0.52a 5.85 13.54

G2B;F 0.22a 2.68 0.54

GB;F 0.56a 6.44 ± 0.65b 13.55 ± 1.08b

C 0.38 1.15 G1C;F 0.31a 7.69

G2C;F 0.06a 2.14

GC;F 0.31a 7.98 ± 0.97b

D �7.31 �0.98 G1D;F 0.84a

G2D;F 0.38a

GD;F 0.92a

a Value referred to the standard deviation.
b s(G1G2)U,F ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sG1G22U þ sG1G22F

q
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160 and 200 �C).
The numerical inter-class discrimination followed the same

procedure illustrated above: the Euclidean distance, including un-

certainty (GU;F þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðsðG1G2Þ Þ2U þ sðG1G2Þ2F

q
) and the distance

along both axes (G1U;F and G2U;F)were determined considering as
reference the center of gravity of each asphalt class. In Table 6, the
temperature of 160 �C is given as an example.

The graphs and the numerical values show a significant sepa-
ration between the clouds of data representing the various as-
phalts, with the exception of the pair A-C for which there is a nearly
complete overlap. This behavior was found for all the considered
temperatures: the inter-class distances were much greater than the
sum of the standard deviations of the relative areas. In this case
there is not only a horizontal spatial separation between the clas-
ses, i.e. along the PC1 component, but also vertically, along the PC2
component. In general, data for higher temperatures (160 �C and
200 �C), were more tightly clustered than the data for lower tem-
perature, highlighting how a greater excitation of the sensors has
permitted a better PARC process.
5. Conclusions

During the various stages of asphalt paving mixtures production
and placement, as a result of the asphalt heating, gaseous blends
characterized by an intrinsic complexity of substances and com-
pounds are emitted into the atmosphere. The photoionization an-
alyses confirmed as temperature represents the crucial factor in the
generation of such emissions. A pseudo-hyperbolic relationship
between the release of airborne substances, in the form of VOCs,
and the heating temperature was identified. Specifically, a signifi-
cant increase in asphalt emissions was registered for temperatures
greater than 130 �C, that is, those typical of production and place-
ment of traditional HMAmixtures. Moreover, a positive correlation
between the amount of VOCs in the headspaces and the content of
the more volatile fractions (saturated and aromatic) in the asphalt
solid matrix was revealed. Thus, the possibility to compare
continually the PID readings with previously set alarm exposure
levels, which are specific for each hazardous environment, makes
this type of instruments a useful and interesting cost-effective so-
lution also in the asphalt pavement industry for monitoring the
potential release of pollutant compounds in some crucial phases of
HMA production processes.

The sensory analyses conducted using the Cyranose® 320 have
firstly allowed to demonstrate the effective application of AOS in
the pavement engineering sector and in the monitoring of HMA
plants and road construction sites, thanks to the far from obvious
compatibility between the sensors’ operating principle and the
odor of asphalt emissions. A specific and peculiar odor fingerprint
was determined for each type of asphalt binder and temperature
class. Through a specific statistical approach for the treatment and
post-processing of data (PCA) and the following elaboration of a
geometric based procedure for the determination of the numerical
inter-class separation, a quantitative value to the purely qualitative
response of the electronic nose was assigned. A growing trend in
the sensors response with heating temperature was identified,
demonstrating an increase in the chemical interaction between
asphalt vapor-phase and sensors film with temperature rise. With
the exception of a partial overlap of the classes 90 �C and 110 �C
(temperatures referable to WMA mixtures placement), a clear
separation between the other temperatures was registered. This
trend, coupled to the PID results, testifies a change in the odorous
patterns contextually to the increase of volatile substances emis-
sion. Once identified a significant difference in the smell of the
emissions as a function of temperature, the existence of variations
in the odorous profile of different asphalt binders heated at the
same temperature was assessed. Specifically, the AOS was able to
discriminate the odor of asphalt emissions generated by heating
commercially identical binders produced from different crude oils.
Furthermore, a remarkable aspect linked to the control and the
guarantee of in-plant production stability, involved the individua-
tion of almost overlapping odor patterns between asphalts refined
in the same plant from different batches of the same crude oil.

Thus, all these findings represent a valid starting point for the
development of standardized procedures andmethodologies based
on the principle of the electronic nose to recognize the smell
generated during the different stages of production and laying of
asphalt mixtures to which associate nuisance limits or olfactory
annoyance. This possibility arises from the commercial availability
of different type of sensors with high and different sensitivities to a
wide range of organic vapors, which would allow the construction
of a trained multisensor array calibrated on the specific needs of
asphalt pavement industry.
Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jclepro.2017.10.248.
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