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Abstract

:

This work presents the “City Dynamics and Smart Environment” activities of the Smart Ring project, a model for the smart city, based on the integration of sustainable urban transport services and environmental monitoring over a 4–5-km circular path, the “Smart Ring”, around the historical center of l’Aquila (Italy). We describe our pilot experience performed during an experimental on-demand public service electric bus, “SmartBus”, which was equipped with a multi-parametric air quality low-cost gas electrochemical sensor platform, “NASUS IV”. For five days (28–29 August 2014 and 1–3 September 2014), the sensor platform was installed inside the SmartBus and measured air quality gas compounds (nitrogen dioxide, carbon oxide, sulfur dioxide, hydrogen sulfide) during the service. Data were collected and analyzed on the bases of an air quality index, which provided qualitative insights on the air status potentially experienced by the users. The results obtained are in agreement with the synoptic meteorological conditions, the urban background air quality reference measurements and the potential traffic flow variations. Furthermore, they indicated that the air quality status was influenced by the gas component NO    2   , followed by H    2   S, SO    2    and CO. We discuss the features of our campaign, and we highlight the potential, limitations and key factors to consider for future project designs.
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1. Introduction


In April 2009, a series of earthquakes rated more than five on the Richter scale happened throughout central Italy. The main shock, which occurred on 6 April 2009, severely damaged the city of l’Aquila and the villages nearby. Afterwards, several actions were taken to support the population, drive disaster funds to the area and to plan the city reconstruction. Among these, a collaborative agreement between ENEA, the Italian National Agency for New Technologies, Energy and Sustainable Development, University of Rome “La Sapienza”, AMA (Agenzia Mobilità Aquilana), Assessorato alla Smart City and the l’Aquila local government was established in 2010 to help reconstruct the l’Aquila city center according to a Smart City paradigm (e.g., [1]). The collaborative agreement produced the “Smart Ring” project, which aimed at proposing a functional and energy-efficient city model along a 4–5-km circular path, the Smart Ring, around the historical center of l’Aquila [2].



Here, the concept “smart” refers to the implementation of ICT (Information and Communication Technology), infrastructures for real-time monitoring of energetic, lighting, traffic-related and environmental parameters in connection with “green” technologies. The final objective is to make urban networks and connected public services much more sustainable and efficient.



This work describes the activities of the “City Dynamics and Smart Environment”, Smart Ring project work package (details in [2]).



Within a six-month experimental campaign with an innovative urban mobility service, a pilot study of a five-day duration was performed to assess the potential impact of integrating the novel urban mobility service with an air quality gas sensor platform (see also [3]).



Several national and international projects, such as RES-NOVAE [4], OPENSENSE [5], CITI-SENSE [6] and EVERY-AWARE [7], already established tools that integrate sustainable energy-efficient technologies, environmental monitoring and community-based sensing platforms, so as to understand the impacts and geographical distribution of outdoor ambient air pollution.



However, also indoor air pollution in urban cities should be carefully monitored, as some of the pollutants (e.g., NO    x   , SO    2   , O    3    and particulate matter) are common to both indoor and outdoor environments and may originate from outdoor ambient air (e.g., [8,9]). In particular, the air within the vehicles can be strictly related to traffic intensity (e.g., [10,11,12]). Dons et al. ([10,11]) considered black carbon exposure within vehicles, while Zagury et al. [12] looked into carbon monoxide, fine suspended particles and nitrogen oxide exposure.



Therefore, our basic idea was to deploy the innovative low cost air quality gas sensor platform named “NASUS IV” (see [13,14]) within the experimental public service named “SmartBus”.



The vehicle, equipped with an embedded geographic positioning system, used green technologies for an experimental on-demand public service lasting several months (from May–October 2014).



Within the Smartbus service, for five days (28–29 August and 1–3 September 2014), the multi-sensor platform measured the gas compounds: nitrogen dioxide NO    2   , carbon oxide CO, sulfur dioxide SO    2   , hydrogen sulfide H    2   S, temperature and relative humidity as meteorological parameters.



The aim of our campaign was to test the SmartBus-NASUS IV approach in view of obtaining qualitative indications on the ambient air quality status along the Smart Ring track. In particular, the focus concerns: (i) the status of the ambient air the SmartBus users were exposed to; and (ii) geographical indications associated with the experienced air quality status. The recorded pieces of information could become very useful to evaluate potential personal exposition to air quality when considering the time spent using public transport [10]. Furthermore, if the measured gas components do not differ too greatly from the outdoor values, these data can be used for a hypothetical representation of urban air quality on the road networks, and they could contribute to a better city management in terms of traffic flow planning.



The novelty of this study consists of:

	
Presenting the features of our time-limited measurement campaign performed integrating air quality sensor platforms with an innovative on demand urban service, preferable to conventional services for optimized distance traveled and less fuel consumption.



	
The detection of potential indoor air pollution concentrations as experienced by the users of the SmartBus.



	
A detailed discussion of the key factors to consider when planning further integrated mobility and air quality sensor-based campaigns.








This paper is organized as follows. Section 2 reports an overview of recent developments in sensor-based air pollution monitoring in urban environments and our motivation for deploying NASUS IV. Section 3 presents the methodology of this study and includes: a brief review on air quality gas compounds and the current legislation; the description of the mobility service SmartBus; the multi-parametric sensor NASUS IV; the air quality index adopted; and a description of the quantitative analyses performed on the data collected. Section 4 summarizes the most important results from the data analyses performed. From this pilot experimental campaign, in Section 5, we outline key aspects to keep in mind to improve both our multi-sensor system and field campaigns. The final Section 6 presents our conclusions.




2. Related Work


In recent years, according to Penza et al. [13], several national and international R&D projects on wireless sensor networks deployed in the urban areas and cities have been funded for air quality monitoring with emphasis on sensor performance [15], fixed sensor-nodes distributed in the city (e.g., [4,16,17,18,19,20], dust sensors [21]), mobile sensors mounted over public buses [5] and participatory environmental sensing involving citizens ([6,7]). Several studies conducted overviews of the existing methodologies. To quote some, Budde et al. [21] investigated the feasibility of particular matter measurements using inexpensive, commodity dust sensors, small enough to be incorporated into mobile devices. Kumar et al. [18] presented an overview of environmental monitoring systems focused on energy efficiency and low-cost environmental monitoring systems. Velasco et al. [19,20] discussed the benefits of a distributed approach and analyzed the main elements to take into account during the design of air quality monitoring systems.



In addition, a concerted Action (COST (European Cooperation in Science and Technology), Action TD1105— EuNetAir (European Network on New Sensing Technologies for Air Pollution Control and Environmental Sustainability) ) is devoted to establishing a European Network on New Sensing Technologies for Air Pollution Control and Environmental Sustainability [22], including a large participation of experts from academia, research and industry from 28 COST countries (EU-zone) and seven non-COST countries (extra-Europe) (see [13]). Monitoring air pollution using low-cost gas sensors has gained high interest in recent years. Low-cost sensors can be embedded in sensor-nodes that are part of fixed and/or mobile sensor networks, and some studies will be here quoted.



The MESSAGEproject [16] developed low-cost wireless sensors, and their deployment created a dense, pervasive, ad hoc network for monitoring traffic pollution in a road environment. Forty sensor nodes (CO, NO    2   , CO    2   ) were attached to streetlights and traffic lights in Cambridge city to complete the air quality monitoring task (see [13]). Each node transmitted sensing data to a gateway via the ZigBee protocol, and the gateway sent the data to a control center via a GSM network. Mapping of urban pollution was created for the analysis.



The project SNAQ-Heathrow [17], coordinated by the University of Cambridge (Cambridge, UK), deploys a high density air quality sensor network in and around London Heathrow Airport (London, UK). This uses low-cost sensors for selected gases (NO, NO    2   , CO, CO    2   , SO    2   , O    3   , VOCs (volatile organic compounds)) and for size-speciated particulates.



RES-NOVAE [4], an Italian national project, aimed at demonstrating a prototype of the smart grid for energy efficiency in buildings and an Urban Control Centerto integrate environmental and energy data coming from distributed sensors in the city of Bari (Italy) (from [13]).



The AirSensEUR project ([23,24,25,26]) is a very promising project proposed by the DGJoint Research Centre of the European Commission. AirSensEUR sensor platforms consist of open software/open hardware objects that have the capacity to behave as a node within a network of multi-sensors assuring interoperability and compliance with the Infrastructure for Spatial Information in Europe (INSPIRE) Directive [27]. The aim of the project is to provide a framework for air pollution measurements at low concentration levels and to facilitate the use of air pollution sensors by diminishing the operational and development costs.



Given the context described, we chose the multi-sensor platform NASUS IV for our study, as it represented our in-house-developed sensor platform, and it was the sensor platform available at hand. In addition, NASUS IV was previously calibrated and tested at fixed locations in [13,14,28].



The decision to install our platform inside the SmartBus, supported by studies such as [10,11,12] already discussed in Section 1, was related to two main motivations. The former consisted of the short limited time dedicated to the “air quality campaign” with respect to the planned SmartBus experimental public service, described in Section 3.2. The latter reason relies on logistic issues, as it was not feasible for just a few days to install the system outside the bus, such as over the bus roof as in [5].



Therefore, our study should be viewed as our first attempt to build an in-house integrated mobile air quality platform deploying an experimental on-demand service, which took place during the SmartBus campaign in l’Aquila. Here, we do not expect to assess the full reliability of our approach. Instead, we looked into our approach potentialities and limitations.




3. Methodology


3.1. A Brief Review of Air Quality under European and Italian Legislation


Taking as reference [9,29,30,31], a list of the main outdoor air quality pollutants, their sources and their major effects on the environment and human health is reported in Table 1.



In urban environments, when human health is considered, the major pollutant sources are generally road traffic and domestic heating. These sources are responsible for the often high concentrations of particular matter (PM    10    and PM     2.5    ), nitrogen oxides and ozone monitored at the reference stations.



In Europe, Cleaner Air for Europe [31] is the European program aiming at protecting human health and the environment from air pollution, by taking active measures to monitor the purity of outdoor ambient air and reducing air pollutant sources. The air quality directive 2008/50/EC [32], adopted in Italy as D.Lgs155/2010 [33], states the basic principles and methodologies to assess and manage air quality in Europe. In particular, it establishes air quality objectives, including ambitious, cost-effective targets for improving human health and environmental quality up to 2020. It also specifies ways of assessing these objectives and of taking any corrective action if the standards are not met. In addition, it provides rules for the public to be kept informed [34].



Following the European legislation, European countries are divided into zones, which reflect the exposure of the population and ecosystem to air pollution, and their size reflects the population density. For each zone, reference networks and/or other assessments methods are indicated to monitor and assess air quality. As concerns Italy, reference measurements networks are managed at the regional level. However, reference stations are also characterized by high setting-up and maintenance costs. For the Abruzzo Italian region, where l’Aquila is located, Figure 1 shows the air quality zone containing l’Aquila (in blue and yellow), the reference fixed monitoring stations for Abruzzo (six stations), as indicated in the European database for the year 2014 [35], and the Smart Ring area (see Figure 2), where our experiment was performed.



The reason for mentioning the main air pollutants, their effects and the current legislation is to underline the impact that potentially reliable low cost gas sensor platforms could have in providing more indications on air quality status, as well as on personal exposure, in areas not directly covered by the reference measurements. Therefore, they could strongly help with supporting environmental monitoring programs.




3.2. The SmartBus Public Service


In the framework of a collaboration among AMA (Azienda Mobilità Aquilana) il Comune dell’Aquila (l’Aquila, Italy), ENEA and CTL, Centro di ricerca per il Trasporto e la Logistica, Università di Roma La Sapienza (Rome, Italy), the experimental public transport service, named SmartBus (Figure 3), was in operation for about six months from 19 May–31 October 2014.



The aim of the SmartBus service was to demonstrate the advantages in terms of costs, quality of service, energy consumption and pollution, of adopting an “on-demand” bus service with respect to traditional public transport, characterized by a thermal traction drive and a fixed time schedule and tracks. The service covered the mobility to and from the city center, with about twelve bus stops placed along the Smart Ring path. A dedicated website was set up to book the service, where day, time and departure and arrival bus stations had to be indicated. This service was able to link any two stops within and around the town center of l’Aquila. To use the service, customers had to: (i) register/log-in into the website; (ii) book the transport request; (iii) wait for the approval of the submitted request throughout a notification (SMS or email depending on the preferences), which specified the expected times of pick-up, and destination arrival. Once this procedure was completed, the customer could go to the the pick-up location at the foreseen scheduled time.



The ecological vehicle Iveco Daily was chosen for the bus. The vehicle could transport up to eight people and was provided with both thermal and electric traction. The SmartBus drivers were asked to use the electric traction particularly when driving along the way of the Smart Ring, accordingly to the load, the road slopes and the available electric charge. The electric traction was provided by batteries, and the vehicle had an internal control system to monitor the geographical position, battery charge status, speed and load/number of passengers. These vehicle parameters were sent in real time to a remote server while driving along the Smart Ring.



The results of the whole six-month SmartBus experimental campaign are the following. In terms of transport:

	
There were 53 registered customers. Half of them used the SmartBus more than once;



	
There were 540 transport requests accepted by the system. About 96.4% were processed successfully, which accounted for about 4.2 journeys a day;



	
A total of 1830 passengers per kilometer (pax/km), 15.3 pax/km per day (pax/km/day);



	
A total of 6800 vehicles per kilometer (veh/km), 51.5 veh/km per day (veh/km/day);



	
The occupancy rate (number of passenger on board) was equal to 0.3 pax/km/veh/km;



	
Waiting time at pick-up stop of less than one min;



	
The average journey duration was less than six min (5 min and 46 s).








Transport demand was distributed during daily time, as shown in Figure 4. About 33% of all requests were in the time slot from 7:30–9:30; approximately 40% requests were in time slot from 13:30–15:30; and 11% were in time slot from 15:30–17:30. The remaining requests (16%) were spread in other time ranges.



In terms of energy consumption and air pollution and with respect to the conventional Bus Line M17, which covered three of the SmartBus stops, the results of fuel saved and pollutants not released were:

	
310 L of fuel not used;



	
703 kg of CO    2    not emitted;



	
17 kg of total pollutants (HC, CO, NO    x   , PM) not emitted.








In terms of costs:

	
The cost for the daily service was 314€/day (210€/day with M17), which accounted for 75€/journey (42€/journey for M17) with 4.2 journeys (5 journeys for M17) per day;



	
The cost for passenger per kilometers was equal to 20€/pax/km (14€/pkm for M17);



	
The cost of each kilometer for passenger amounted to 6.1€/veh/km (1.2€/vkm for M17), and the average length was about 51 veh/km (175 veh/km for M17).








The daily cost of the SmartBus was larger than for the M17 line, as a result of a more limited usage of the SmartBus with respect to the M17 line (managed by a private cooperative).



Costs (in percentage) were distributed as: for the vehicle 19%; for the driver 76%; fuel 3%; hardware (PC and server) and subscription (communication) 2%.



The SmartBus operated for only 20% of a 12-h working time period. With much larger user requests, possibly covering the whole twelve-hour service, the costs in €/pax/km could be more competitive than those for the M17 line, falling to 2.1€/pax/km, 1.5€/veh/km, 4.6€/journey.



In terms of service quality, telephone surveys reported the results presented in Table 2. The responses produced a general appreciation for the novel experimental service. Customers were quite satisfied with the service quality, which was fulfilled on both punctuality and reliability aspects. About 96.4% of all requests were accepted and fulfilled, a percentage that is generally higher than for conventional public transport. The results show that improvements can be performed in order to better advertise and facilitate the service accessibility itself. According to customer surveys, to increase the service appeal and make the system operationally and costly viable, several actions needed to be taken. The most important were: to increase the number of SmartBus stops on the base of majorly frequented city nodes and to introduce higher fees for downtown parking places.




3.3. The Multi-Parametric Sensor System NASUS IV


The multi-sensor platform NASUS IV, which is described in detail in [13,14], is a portable sensor system equipped with four low-cost electrochemical gas sensors (NO    2   , CO, SO    2    and H    2   S) by Alphasense Ltd. ( Great Notley, Essex, UK) [36], one temperature sensor (LM35CZ) by National Semiconductor Co. (now Texas Instruments Inc., Dallas, TX, USA) [37] and one relative humidity sensor (HIH-3610 Series) by Honeywell (Morris Planis, NJ, USA) [38].



The main technical characteristics of the low-cost sensors for air quality monitoring are reported in Table 3. The table reports the sensors operational ranges, in terms of ppm limit of performance warranty, as reported by the manufactures. During the Smart Ring campaign, the observed ranges for the gas components were as follows:

	
NO    2   : [0–420] ppb, mean value 30 ppb;



	
SO    2   : [0–286] ppb, mean value 25 ppb;



	
H    2   S: [0–406] ppb, mean value 50 ppb;



	
CO: [0–20] ppm, mean value 1.8 ppm.








The low-cost set of four electrochemical gas sensors (shown in Figure 5) is formed by four modules: a main module, a sensor module, a wireless module and a power module. The first three modules (PCBs) are packed in the same handheld case, but the power module is arranged in a separate case as in Figure 5 (see [14]).



Considering the gas compounds (see also Table 1), nitrogen dioxide can be traced back to emissions from road vehicles, power generation and households. Carbon monoxide is commonly found in air at concentrations not harmful to humans. The main sources of additional carbon monoxide are motor vehicle exhaust and some industrial activities, such as those relating to steel manufacturing. The gas components SO    2    and H    2   S are more indicative of industrial productions processes, geothermal and/or volcanic activities [39]. However, H    2   S concentrations were surprisingly high in some urban traffic sites ([40,41,42]), probably due to car catalytic converter processes linked to the storage of sulfur during fuel lean conditions and its subsequent release as H    2   S during fuel-rich conditions (e.g., [40,41,43]). Hydrogen sulfide is a toxic compound, with documented effects on human health starting from concentrations larger than 10–20 ppm [44].



By relating to the studies of [13,14], the NASUS gas sensor calibration was performed in the following way. In a gas chamber, at constant temperature and relative humidity (21    ∘   C for temperature and 40% relative humidity), the gas sensors were firstly set at zero air, and the output voltages (here called    V o   ) were all measured. After this, chamber gas concentrations were set at known values (100 ppb for NO    2   , H    2   S and SO    2   , 10 ppm for CO), and we measured the resulting output voltages. Then, by basing on a linear response between output voltages and concentrations, we calculated the coefficient    K 1    for the relationship between gas concentration, C, and measured output voltage, V:


   C =  K 1   ( V −  V o  )  .   











The multi-sensor system was tested through experimental campaigns in outdoor ambient air in collaboration with ARPA-Puglia ([14]). In addition, after a comparison with reference measurements in a controlled indoor chamber, the portable system was tested within the premises of the European Reference Laboratory for air pollution (ERLAP) at the European Monitoring and Evaluation Programme [45] (EMEP) station of the Joint Research Centre for atmospheric research (    45 ∘   48.881 ′     N,     8 ∘   38.165 ′     E). The EMEP station is a rural background station, which is located at the northwest edge of the Po valley (Italy), and it is equipped with meteorological sensors and reference gas analyzers. The reference measurements were used for data validation, comparison and data treatment of sensor responses as documented in [13,28]. Among the major outcomes, these experimental campaigns suggest that the measurements obtained with NASUS IV may not yet satisfy the data quality objective prescribed by the legislation into force ([32,33]) as measurements uncertainties may be more than 30% with respect to reference data. Therefore, data from the NASUS IV portable system should currently be used only as potential indications for ambient air quality status and not for policy purposes.




3.4. Reference Data from ARTA Abruzzo


ARTA Abruzzo, the regional agency for environmental protection [46], provided us with reference measurements for the following components: NO    2    and O    3    (hourly based); and benzene C    6   H    6   , which is a NMVOCspecies directly hazardous to human health, PM     2.5     and PM    10    and SO    2    (daily based) from the station Amiternum IT1856A (see Figure 2 where the station is indicated with red starred point), for the time period from 28 August–5 September 2014. The reference station was located further apart with respect to the Smart Ring area. Therefore, reference data provided a picture of the urban background outdoor air quality status during the campaign, but could not be directly compared with the multi-sensor system data.




3.5. The Air Quality Index


An air quality index (AQI) approach was selected to report the gas compound concentrations in relation to a reference concentration, because this index is a useful dimensionless way of comparing different air pollutants. In addition, air quality indexes are generally used for citizen awareness purposes, i.e., to inform citizens on air quality status in a very simple way (e.g., [47]). The approach proposed by [13] was adopted to present the air quality status.



The air quality index is calculated as the ratio of the measured concentration with respect to a reference level:


   A Q I = 100 ·   m e a s u r e d  c o n c e n t r a t i o n   r e f e r e n c e  c o n c e n t r a t i o n     



(1)







For NASUS IV gas components and reference data, the reference levels were identified on the basis of the air quality legislation [33]:

	
CO: 8 ppm;



	
NO    2   : 100 ppb;



	
H    2   S: 90 ppb;



	
SO    2   : 130 ppb;



	
C    6   H    6   : 5   μ  g·m     − 3     (data from ARTA Abruzzo);



	
PM    10   : 50   μ  g·m     − 3     (data from ARTA Abruzzo);



	
PM     2.5    : 25   μ  g·m     − 3     (data from ARTA Abruzzo).








According to the AQI value, five categories were defined to indicate the air quality status (Table 4).



Furthermore, the index AQI     h i     was defined as an aggregated index for several gas components. The index AQI     h i     was chosen as the worst case indication for air quality as determined by the largest AQI calculated for each gas component (AQI     N  O 2     , AQI     S  O 2     , AQI      H 2  S    , AQI     C O    ). The approach is consistent with other literature studies (e.g., [47]).




3.6. Experimental Campaign


The multi-parametric system was installed inside the SmartBus and operated for these five days: on 28–29 August and on 1–3 September 2014.



Table 5 reports the parameters collected from the SmartBus and NASUS IV. The on-board vehicle control system provided the parameters related to the bus motion, at a time resolution of one second. The gas components measured by the multi-sensor system were collected on a memory card (time resolution of four seconds).



Before starting the measurement campaign, the time of the SmartBus and NASUS IV internal clocks were recorded and assumed to provide the same time difference for the whole five-day campaign. This assumption was essential in order to match data from the two systems on the timestamp base afterwards, as no further time checks were conducted.



After the experimental campaign, data from NASUS IV were downloaded from the memory cards and processed with bash UNIX scripts to format the records consistently with the SmartBus data. Data from the SmartBus system were checked and corrected to report them into a single timestamp format, as due to a software bug, the pieces of information on date and time were reported in three different formats. Then, data from NASUS IV and the SmartBus system were imported and matched, taking into account recorded two-minute discrepancies between the two systems. Elaborations were performed with R-cran software packages [48].



Georeferenced data were visualized on maps by using QGIS software [49]. An area covering the Smart Ring was selected since it contained the majority of the data collected.



We corrected for the GPS SmartBus positioning over the Smart Ring area since some data (less than 5%) suffered from signal distortion (e.g., the GPS signal was stopped or deviated by urban buildings). We use the road network shapefiles provided by [50] and corrected them to properly match the road segments of interest. Afterwards, the R-cran package “maptools” [51] was used to report data points to their closest road network segment.



Air quality indexes, including AQI     h i    , were calculated for NASUS IV and ARTA chemical compounds. Afterwards, statistical analyses were performed on the air quality indexes. The minimum, median, mean and maximum values were determined on a daily basis for each AQI (e.g., AQI     N  O 2     , AQI     S  O 2     , AQI      H 2  S    , AQI     C O    ).



Time series for AQIs were represented together with a five-minute average AQI     h i    , which provides an indication of the personal exposure experienced by the SmartBus users, when considering an average travel time of five min (see Section 3.2).



For each day of the measurement campaign the minimum, mean and maximum AQI     h i     values were calculated and reported on maps.





4. Results


4.1. Geographical Representation of NASUS IV-SmartBus Data


The SmartBus positions with the sensors data were reported graphically (Figure 2). Measurements covered a wider area than the Smart Ring, extending to peripheral roads, tunnels, roundabouts and a nighttime recovery. More than 85% of the data was located on the Smart Ring area, the region chosen for the analyses.



Besides the nighttime recovery, where the SmartBus was kept for battery recharging, the road segments outside the Smart Ring were characterized by a low frequency passage. These road segments were covered during early morning and in the evening when traveling from the nighttime deposit to the Smart Ring and vice versa.



Preliminary analyses showed that the gas concentration measured over peripheral roads were generally higher than over the Smart Ring. This result may be related to the presence of: (i) major road traffic; (ii) congestion at the roundabouts; and (iii) tunnels, which indirectly influenced the measurements inside the SmartBus.




4.2. Reference Measurements from ARTA Abruzzo


The chemical compounds indexes AQIs for the reference measurements are represented in Figure 6, where the components AQI      C 6   H 6     , AQI     S  O 2     , were not plotted as they were too low with respect to the others, whose highest values were around 25 for AQI     N  O 2     , 26 for AQI     P  M 10      and 32 for AQI     P  M  2.5      .



The outdoor air quality status was generally good and primarily determined by the ozone concentration, characterized by the highest AQI values. During the days 28–29 August 2014, a stable high pressure system was over l’Aquila (e.g., see [52,53]). Ozone showed typical daily cycles during these days, with the highest AQI reaching about 60 and the lowest AQI values around 10. For NO    2   , AQI was relatively low during the last days of August (values lower than 15). Afterwards, the AQI increased with values less than 33. Reasons for the increase in NO    2    concentration during the first days of September (about 48% on average considering the mean values) may be motivated by a general increase in road traffic associated with the start of the work activity after summer holidays. This time period overlapped with the first days of the working week. As the NO    2    concentration increased, ozone diminished during the first days of September due to rainfalls (see [52,53]) and also to the titration process, where high concentrations of freshly emitted road traffic NO concentration may have locally scavenged O    3   , a process leading to the formation of NO    2    (e.g., [54]). Particle matter PM     2.5     and PM    10    have AQI values close to 24–26 and 30–32, respectively, for 28–31 August. Afterwards, the values decreased significantly (by more than 30%, reaching AQI     P  M 10      and AQI     P  M  2.5       of about 12), due to a front passage with rain on 1 September (e.g., [52]).




4.3. Statistical Analyses


Table 6 reports the statistical analyses performed with the data collected over the Smart Ring. In support of Figure 6, statistics for AQIs relating to the reference gas components NO    2    and SO    2    indicate that the air quality status for urban background area was relatively good for the whole five-day campaign (maximum values for AQI     O 3     less than 55, AQI     N  O 2      less than 22 and AQI     S  O 2      less than zero).



When considering the NASUS IV gas components, the maximum values were often related to AQI     N  O 2     , which showed the lowest values for August 28 (AQI     N  O 2      mean value of about 32) and the highest on September 3 (AQI     N  O 2      mean value of about 68). For the SO    2    component, the highest values are found during 28–29 August (AQI     S  O 2      mean values of 27 and 31), while in the other days the values are not significant. Furthermore, for H    2   S, the highest values were found on 28–29 August (AQI      H 2  S     mean values of 36 and 31) and, to lesser extent, on September 2 (AQI      H 2  S     mean values of 18). The AQI     C O     was generally very low, with mean values less than 10.



Over the five days of the campaign, NO    2    provided the highest values for AQI (AQI     N  O 2      mean value of about 68), followed by H    2   S (AQI      H 2  S     mean value of 36), SO    2    (AQI     S  O 2      mean value of 31) and CO (AQI     C O     mean value of nine).




4.4. Temporal Trends of NASUS IV-SmartBus Data


The time series in Figure 7 are consistent with the overall three-month SmartBus usage reported in Figure 4. The SmartBus was called in service in three main time intervals: (i) in the morning between 7:30 and up to 9:00 local time; (ii) between 11:00 and 15:00; and (iii) often after 17:00. As in Figure 4, the majority of user requests were registered for the central part of the day. When the SmartBus was at rest, the internal acquisition system switched off three–four minutes after the vehicle stopped. After this time, no data were transferred by the SmartBus internal system to remote servers. For this reason, AQIs were fragmented in time (see Figure 7). Differently, the average AQI     h i     exposure was calculated on all NASUS IV data independently from the SmartBus internal time system.



When looking at the averaged AQI     h i     exposure, the value generally denotes a good air status, with the exceptions of the cases when the SmartBus was outside the Smart Ring (e.g., on 29 August at around 14:00 or on 3 September at around 12:20) and when the SmartBus traveled into tunnels, e.g., 3 September at around 12:20.




4.5. Maps of AQI     h i     Geographical Distribution


Figure 8 shows AQI     h i     maps for each day of the campaigns.



The geographical location of the SmartBus data did change during the five-day campaign. The bus terminal station represented one of the locations with the highest data density. There, the bus used to stop and wait for user requests.



Considering the locations, the worst air quality experienced can be found in correspondence of the bus terminal station, the tunnel (see 28 August), at the roundabouts (e.g., 3 September) and on the road segments closer to the most trafficked roads.



Due to the data scarcity, it is difficult to have a clear picture corresponding to a more realistic mean air quality status experienced. Measurements inside the bus could have been influenced by local and time limited sources. These could affect the sensor response, but would not be representative of the average traffic load.



The air quality experienced by the SmartBus users deteriorates during the campaign, getting worse status at the end on 3 September.



Although reference measurements and sensor data should not be compared directly, as they measured different air samples in locations that are far apart, both indicate an air status deterioration as the campaign progressed in time. The two pieces of information could thus potentially be used in conjunction to determine areas/road segments at air pollution risk.





5. Discussion


The major outcomes from Section 4 are briefly summarized here. Due to the short time period and the “exploratory” nature of our campaign, they should be qualitatively evaluated.



The data collected along the Smart Ring, where the majority of measurements were collected, indicated that the air quality experienced by the users was generally better than over the peripheral roads, likely characterized by more traffic and congestions. The average users’ exposure, calculated over a five-minute time, reported a good air quality status.



The reference measurements for the ARTA background traffic station showed that the air quality was generally good over the five days. Trends in the reference air pollutant concentrations were plausibly influenced by (i) synoptic variations and by (ii) more emitted pollutants during 1–3 September 2014, in relation to the start of the week and the return back to work after summer holidays.



The integrated mobile system SmartBus with NASUS IV provided AQI values that qualitatively reproduced the trend reported by the urban background monitoring stations, on a daily basis. The gas components, which influenced the AQI most, were also reported. In addition and more importantly, the system indicated higher air-polluted road segments, where further monitoring could take place in the case of hot spot detection.



On this basis, our mobile integrated approach did provide positive outcomes. In particular, our system has the potential to provide more detailed and higher temporal and spatial indications on air quality, as well as on personal exposure, contributing to support air quality monitoring programs.



As such, our approach is not ready to be operationally deployed, as it needs further testing, development and quality assurance checks. In the following subsections, we describe what we learned from our campaign and highlight the issues to tackle to improve the approach in order to obtain a solid reliable sensor-based platform.



5.1. Lessons Learned by Using NASUS IV


5.1.1. Systems Synchronization


The results here presented rely on the strong assumption that the multi-sensor system and the SmartBus system were constantly timely synchronized. On this basis, the parameters measured by the sensor system were associated with the SmartBus position. However, in real cases, a perfect synchronization seldom happens, with the result that data from the air quality multi-sensor may not be precisely geo-localized. For future experiments, NASUS IV should be equipped with a Global Positioning System (GPS) or, in a better perspective, a unique acquisition system should be envisaged. The acquisition system should also transmit data when the vehicle is at rest.




5.1.2. NASUS IV Enclosure and Architecture


NASUS IV was installed in a polyvinyl chloride (PVC) enclosure (IP65/66), where air comes to the sensors through holes at the bottom of the enclosure. This configuration is not ideal for accurate ambient air gas component samplings. The sensors were partially covered by the enclosure, and our measurements might have been influenced by internal microclimatic processes (e.g., air recirculating within the case). Sensors heads should be placed in direct contact with the open air/air sample to be detected. The direct placement into the air would also avoid the potential effects of the dissipative heat produced by the sensor board electronics, which might influence the response. In addition, it is not advisable to use PVC enclosures for chemically-reactive gas compound sampling. Ozone and nitrogen oxide compounds react directly with the polymers (e.g., [55,56]). Therefore, inert material should be preferred, such as stainless steel or Teflon.




5.1.3. Experimental Campaign


Concerning the experimental campaign, the planned time period of data acquisition should be much longer. Ideally, one year of data could produce a better picture of the temporal and seasonal variations of AQIs. In addition, it would be ideal to have a larger number of “smart” operational buses equipped with multi-parametric sensor platforms to cover several areas of the city simultaneously, such as in the project OPENSENSE [5].



When it comes to the SmartBus vehicle, the operations influencing the internal ambient air conditions, such as door and window openings and air conditioning functioning, need to be carefully monitored and reported in a timely manner. Detailed records of these operations should be kept for a more informative framework on how measurements were taken and/or influenced.



If a pump system bringing outdoor air inside the vehicle at a constant rate could be feasibly installed, the measure of the “indoor” air pollutant concentrations would be directly connected with the outdoor conditions. Measurements performed in this configuration would thus provide indications of the users’ personal exposure inside the vehicle, with a more precise geolocalization of the outdoor air quality status.





5.2. Lessons Learned Concerning Electrochemical Sensor Platforms


5.2.1. Chemical Components Choice


When planning future measurement campaigns, the gas sensors to choose for the multi-sensor platform should be able to sample the major gas components of interest for the area considered. In urban environments, sensors for NO    x   , VOCs, PMs and ozone should be included in the chemical components selection.



Air pollutant sensors should be chosen according to the best reliable and tested sensors available in the market and documented by the literature (e.g., [28,57,58]). In addition, care should be taken to follow project development, such as the AirSensEUR project [23,25], which aims at building an open data, software and hardware multi-sensor platform for air quality monitoring.




5.2.2. Reliable Sensors Measurements


Low-cost sensors calibrations can indeed be quite cumbersome as, when they are used in laboratories and in the field, they can differ markedly (e.g., [59,60]). Furthermore, most relationships observed in the field only apply to specific locations, for a limited time period [59] and for a specific sensor. To quote, Lewis et al. [59,61] stated that ambient air tests of 20 identical ozone sensors installed on a roof found a difference of a factor of six between the highest and lowest measurements. Furthermore, low-cost sensors’ response depends on several other parameters such as: (i) the air quality component concentration itself; (ii) the presence of interfering chemical components, as in the case of ozone and nitrogen dioxide; and meteorological parameters such as wind, temperature and relative humidity (e.g., [62]).



In this view, to develop low-cost sensors platforms to use as complementary tools for reference air quality measurement networks, sensor platforms do need to be calibrated in a timely manner and their response studied in detail. Examples are Spinelle et al. [28,57,58] who performed a field calibration of a large cluster of low-cost air sensors in a rural site for several months in 2014. Hasenfratz et al. [63,64,65] proposed several types of calibrations of mobile low-cost sensors with reference measurements and already calibrated sensors in an urban environment. Piedrahita et al. [60] conducted collocation, calibration and laboratory calibration techniques to determine the concentrations of low-cost wearable air quality monitors; and De Vito et al. [66,67] presented statistical, machine-learning and dynamical neural network approaches that could be adopted for a better extraction of signals from a mixture of pollutants.




5.2.3. Sensors in Motion


When considering sensor measurements taken on moving objects (e.g., car, buses, bikes), tests should be conducted to determine potential shock impact on sensor response. According to the sensor type, motion could modify the sensor response, and this should be quantified (e.g., Spinelle, 2016 personal communication, and [20]). In addition, since sensors need to be routinely compared with reference networks, field campaigns should be planned with time scheduled passages and stops in the proximity of reference station networks and/or more reliable sensor measurements.






6. Conclusions


We presented the outcomes of a few days’ pilot test, representing our first approach of the integration of an experimental mobile urban service and our available sensor-based air quality monitoring system. The measurement campaign took place over a delimited path, the Smart Ring, located at the city center of l’Aquila.



Within the six-month experimental SmartBus, urban mobility on-demand service, for five days, our sensor platform NASUS IV was installed and operated within the cabin. Here, the SmartBus became a sort of mobile air quality sensor providing temporal and spatial indications on air quality status as experienced by the users and, indirectly, of the outdoor ambient air.



The air status experienced by the users along the Smart Ring was generally better than over the peripheral roads, where more traffic could have been expected. Furthermore, the average users’ exposure reported a good air status.



The air quality index values calculated from our integrated mobile system qualitatively reproduced the trend reported by the reference urban background monitoring stations, on a daily basis. According to our sensor platform, nitrogen dioxide was the gas component that contributed the most to the air quality status, followed by hydrogen sulfide, sulfur dioxide and carbon oxide.



Our sensor platform is not yet ready to be fully deployed in parallel with reference data. Further tests, development and quality assurance checks need to be performed also to assure reliable air quality information at the standards required by the current legislation.



Despite these limitations, the data obtained through our sensor platform are consistent with: (i) geolocalization of hot spot areas (e.g., bus station terminal, tunnels, roundabouts); (ii) air quality reference measurements trends; (iii) the meteorological synoptic situation; and (iv) air pollutant concentration variations caused by time-driven traffic flow changes (weekly and holiday back-to-work variations).



Therefore, we do support the further development of such integrated sensor platforms as companion tools for air quality reference networks and urban integrated assessment methodologies, as well as citizen awareness purposes.



In this view, we described what we learned from our pilot campaign and highlighted the issues to tackle to improve the approach in order to make it a solid reliable monitoring sensor-based platform. In particular, future developments for our multi-sensor platform may address: (i) the sensor enclosure; (ii) the data acquisition infrastructure; (iii) a wider choice for gas compounds, including also PM sensors; (iv) investigations of alternative sensor brands; and (v) different sensor calibration procedures.







Acknowledgments


The project was funded under the strategic research program CNR/ENEA from MIUR (legge 23 dicembre 2009, No. 191, Legge finanziaria 2010, art. 2 comma 44; legge 13 dicembre 2010, No. 220, Legge di stabilità 2011). We are grateful to ARTA Abruzzo for providing air pollution reference measurements for the time period 28 August–5 September 2014. We thank Michel Gerboles and Laurent Spinelle for their comments on our sensor platforms and Frank Dentener for his comments and suggestions on a previous extended abstract of this work. We are also grateful to Gerard Bowe for his help in revising the English text.




Author Contributions


Domenico Suriano and Marco Prato were responsible for and provided support for NASUS IV. Fabio Cignini and Fernando Ortenzi were responsible for and supervised the SmartBus service during the experimental campaign with NASUS IV. Maria Gabriella Villani, with Fabio Cignini’s indications and contributions, analyzed the data and wrapped up the work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Annunziato, M.; Meloni, C. City 2.0, Il Futuro Delle Città, la Sfida Delle Smart Cities tra Opportunità e Necessità. Available online: http://www.festivaldellenergia.it/ebook/smart_city.pdf (accessed on 31 August 2016).

	



Smart Ring Project in L’Aquila. Available online: http://www.uttei.enea.it/tecnologie-per-le-smart-cities/files-smart-cities/city-2-0-uno-smart-ring-a-Laquila/view (accessed on 31 August 2016).

	



Villani, M.G.; Cignini, F.; Ortenzi, F.; Suriano, D.; Prato, M. The “Smart Ring” Experience in l’Aquila (Italy): Integrating Smart Mobility Public Services with Air Quality Indexes. In Proceedings of the 2nd International Eletronic Conference on Sensors and Applications, Basel, Switzerland, 15–30 November 2015.

	



National Italian Project RES-NOVAE: Networks, Edifici, Strade: Nuove Sfide per L’Ambiente e L’Energia. Available online: http://resnovae-unical.it (accessed on 31 August 2016).

	



OPENSENSE II: Sensing the Air We Breath. Available online: http://opensense.epfl.ch/wiki/index.php/OpenSense_2 (accessed on 31 August 2016).

	



CITI-SENSE, European Project of the 7th Framework Programme. Development of Sensor-Based Citizens Observatory Community for Improving Quality of Life in Cities. Available online: http://www.citi-sense.eu (accessed on 31 August 2016).

	



EVERY-AWARE, European Project of the 7th Framework Programme, Enhance Environmental Awareness through Social Information Technologies. Available online: http://www.everyaware.eu (accessed on 31 August 2016).

	



Vardoulakis, S.; Dear, K.; Wilkinson, P. Challenges and Opportunities for Urban Environmental Health and Sustainability: The HEALTHY-POLIS initiative. Environ. Health 2014, 15. [Google Scholar] [CrossRef] [PubMed]

	



Leung, D.Y.C. Outdoor-indoor air pollution in urban environment: Challenges and opportunity. Front. Environ. Sci. 2015, 2. [Google Scholar] [CrossRef][Green Version]

	



Dons, E.; Int Panis, L.; van Poppel, M.; Theunis, J.; Wets, G. Personal Exposure to Black Carbon in Transport Microenvironments. Atmos. Environ. 2012, 55, 392–398. [Google Scholar] [CrossRef]

	



Dons, E.; Temmerman, P.; van Poppel, M.; Bellemans, T.; Wets, G.; Int Panis, L. Street Characteristics and Traffic Factors Determining Road Users’ Exposure. Sci. Total Environ. 2013, 447, 72–79. [Google Scholar] [CrossRef] [PubMed]

	



Zagury, E.; Le Moullec, Y.; Momas, I. Exposure of Paris taxi drivers to automobile air pollutants within the vehicles. Occup. Environ. Med. 2000, 57, 406–410. [Google Scholar] [CrossRef] [PubMed]

	



Penza, M.; Suriano, D.; Villani, M.G.; Spinelle, L.; Gerboles, M. Towards Air Quality Indices in Smart Cities by Calibrated Low-Cost Sensors Applied to Networks. In Proceedings of the IEEE Sensors, Valencia, Spain, 2–5 November 2014; pp. 2012–2017.

	



Suriano, D.; Penza, M.; Cassano, G.; Villani, M.G.; Assennato, G.; Nocioni, A. Development of a Portable Sensor System for Air Quality Monitoring. In Proceedings of the 2nd International Workshop EuNetAir, COST Action TD1105 EuNetAir, Brindisi, Italy, 25–26 March 2014.

	



EMRP Project MACPOLL: Metrology for Chemical Pollutants in Air. Available online: http://macpoll.eu (accessed on 24 October 2016).

	



UK National Project MESSAGE: Mobile Environmental Sensing Systems across a Grid Environment. Available online: http://research.cs.ncl.ac.uk/message (accessed on 24 October 2016).

	



UK National Project SNAQ-HEATHROW: High Density Sensor Network System for Air Quality Studies at Heathrow Airport. Available online: http://www.snaq.org/ (accessed on 24 October 2016).

	



Kumar, A.; Kim, H.; Hancke, G. Environmental Monitoring Systems: A Review. IEEE Sens. J. 2013, 13, 1329–1339. [Google Scholar] [CrossRef]

	



Velasco, A.; Ferrero, R.; Gandino, F.; Montrucchio, B.; Rebaudengo, M. On the design of distributed air quality monitoring systems. In Proceedings of the 2015 International Conference o Computational Methods in Sciences and Engineering (ICCMSE 2015), Athens, Greece, 20–23 March 2015.

	



Velasco, A.; Ferrero, R.; Gandino, F.; Montrucchio, B.; Rebaudengo, M. A Mobile and Low-Cost System for Environmental Monitoring: A Case Study. Sensors 2016, 16, 710. [Google Scholar] [CrossRef] [PubMed]

	



Budde, M.; Busse, M.; Beigl, M. Investigating the Use of Commodity Dust Sensors for the Embedded Measurements of Particular Matter. In Proceedings of the 9th International Conference on Networked Sensing Systems (INSS 2012), Antwerp, Belgium, 11–14 June 2012; pp. 1–4.

	



COST Action TD1105 EuNetAir: European Network on New Sensing Technologies for Air-Pollution Control and Environmental Sustainability. Available online: www.cost.eunetair.it (accessed on 24 October 2016).

	



Gerboles, M.; Spinelle, L.; Signorini, M. AirSensEUR: An Open Data/Software/Hardware Multi-Sensor Platform for Air Quality Monitoring. Part A: Sensor Shield; EUR Technical Report JRC97581; Joint Research Centre: Ispra, Italy, 2015. [Google Scholar]

	



Gerboles, M.; Spinelle, L.; Signorini, M. AirSensEUR: And Open Data/Software/Hardware Multi-Sensor Platform for Air Quality Monitoring: Part B: Host, Influx Datapush and Assembling of AirSensEUR; Joint Research Centre: Ispra, Italy, 2016. [Google Scholar]

	



Kotsev, A.; Schade, S.; Craglia, M.; Gerboles, M.; Spinelle, L.; Signorini, M. Next Generation Air Quality Platform: Openness and Interoperability for the Internet of Things. Sensors 2016, 16, 403. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Gerboles, M.; Spinelle, L.; Kotsev, A.; Signorini, M. AirSensEUR: An Open-Designed Multi-Sensor Platform for Air Quality Monitoring. In Proceedings of the 4th Scientific Meeting EuNetAir, Linkoping, Sweden, 3–5 June 2015.

	



Infrastructure for Spatial Information in Europe (INSPIRE). Directive 2007/2/EC of the European Parliament and of the Council of 14 March 2007 Establishing an Infrastructure for Spatial Information in the European Community (INSPIRE). Available online: http://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX:32007L0002 (accessed on 26 October 2016).

	



Spinelle, L.; Villani, M.G.; Suriano, D.; Penza, M.; Gerboles, M.; Aleixandre, M. Calibration of a Cluster of Low-Cost Sensors for the Measurement of Air Pollution in Ambient Air. In Presented at MACPoll Final Conference, Metrology for Chemical Pollutants in Air, Delft, The Netherlands, 13–14 May 2014.

	



Air Quality in Europe—2014 Report. EEA Report No 5/2014. Available online: http://www.eea.europa.eu//publications/air-quality-in-europe-2014 (accessed on 31 August 2016).

	



Air Quality in Europe, 2015 Report. EEA Report No 5/2015. Available online: http://www.eea.europa.eu//publications/air-quality-in-europe-2015 (accessed on 31 August 2016).

	



A Clean Air Programme for Europe, Communication from the Commission to the European Parliament, the Council, the European Economic and Social Committee and the Committee of the Regions. 2013. Available online: http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52013DC0918&from=EN (accessed on 31 August 2016).

	



Directive 2008/50/EC of the European Parliament and of the Council of 21 May 2008 on Ambient Air Quality and Cleaner Air for Europe. Available online: http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32008L0050&from=EN (accessed on 31 August 2016).

	



Decreto Legislativo 155/2010: Attuazione Della Direttiva 2008/50/CE Relativa Alla Qualità Dell’aria Ambiente e per Un’aria più Pulita in Europa. (10G0177) (GU n.216 del 15-9-2010—Suppl. Ordinario n. 217). Available online: http://www.normattiva.it/uri-res/N2Ls?urn:nir:stato:decreto.legislativo:2010;155 (accessed on 31 August 2016).

	



Cleaner Air for Europe- Summary of the Directive 2008/50/EC of the European Parliament and of the Council of 21 May 2008 on ambient air quality and cleaner air for Europe. Available online: http://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=URISERV:ev0002&from=IT (accessed on 31 August 2016).

	



European Environmental Agency. Validated Monitoring Data and Air Quality Maps in Europe. Available online: http://www.eea.europa.eu/themes/air/air-quality/map/airbase (accessed on 31 August 2016).

	



Alphasense Ltd. (UK). Available online: http://www.alphasense.com (accessed on 31 August 2016).

	



National Semiconductor (USA). Available online: http://www.national.com (accessed on 31 August 2016).

	



Honeywell (USA). Available online: http://www.honeywell.com/sensing (accessed on 31 August 2016).

	



ARPAT Agenzia Regionale per la Portezione Ambientale Della Toscana. Available online: http://www.arpat.toscana.it/temi-ambientali/aria/monitoraggio/inquinanti-monitorati/idrogeno-solforato-h2s (accessed on 31 August 2016).

	



Watts, S.F.; Roberts, C.N. New Directions: Hydrogen Sulfide from Car Catalytic Converters. Atmos. Environ. 1999, 33, 169–170. [Google Scholar] [CrossRef]

	



Deuchar, C.N.; Colls, J.J.; Young, S.D. Hydrogen sulfide from vehicle exhaust: Exposure dynamics. Atmos. Environ. 1999, 33, 3077–3079. [Google Scholar] [CrossRef]

	



Kourtidis, K.; Kelesis, A.; Petrakakis, M. Hydrogen sulfide (H2S) in urban ambient air. Atmos. Environ. 2008, 42, 7476–7482. [Google Scholar] [CrossRef]

	



Diwell, A.F.; Golunski, S.E.; Taylor, J.R.; Truex, T.J. Role of Sulphate Decomposition in the Emission and Control of Hydrogen Sulfide from Autocatalysts. In Catalysis and Automotive Pollution Control II; Crucq, A., Ed.; Elsevier: Amsterdam, The Netherlands, 1991. [Google Scholar]

	



Air Quality Guidelines WHO/Europe Hydrogen Sulfide. Available online: http://www.euro.who.int/__data/assets/pdf_file/0019/123076/AQG2ndEd_6_6Hydrogensulfide.PDF (accessed on 31 August 2016).

	



EMEP, European Monitoring and Evaluation Programme. Available online: http://www.emep.int (accessed on 25 October 2016).

	



Arta Abruzzo, Agenzia Regionale per la Tutela Dell’ambiente. Available online: http://www.artaabruzzo.it (accessed on 31 August 2016).

	



Arpa Emilia Romagna. Available online: http://www.arpa.emr.it (accessed on 31 August 2016).

	



The Comprehensive R Archive Network. Available online: https://cran.r-project.org (accessed on 31 August 2016).

	



QGIS, A Free and Open Source Geographic Information System. Available online: http://www.qgis.org/en/site/ (accessed on 31 August 2016).

	



Mapcruzin. Available online: http://www.mapcruzin.com/free-italy-arcgis-maps-shapefiles.htm (accessed on 31 August 2016).

	



R-Cran Maptools Package, Tools for Reading and Handling Spatial Objects. Available online: https://cran.r-project.org/web/packages/maptools/index.html (accessed on 9 August 2016).

	



Center of Excellence for Remote Sensing and Numerical Modeling for the Prediction of Severe Weather (CETEMPS). Available online: http://cetemps.aquila.infn.it (accessed on 15 July 2016).

	



Centro Meteo. Available online: http://www.centrometeo.com/modelli-numerici/archivio-storico (accessed on 31 August 2016).

	



Kurtenbach, R.; Kleffmann, J.; Niedojadlo, A.; Wiesen, P. Primary NO2 emissions and their impact on air quality in traffic environments in Germany. Environ. Sci. Eur. 2012, 24. [Google Scholar] [CrossRef]

	



Abdullin, M.I.; Gatuallin, R.F.; Minster, K.S.; Befell, A.A.; Razumovskii, S.D.; Zaivok, G.E. Effect of ozone on poly(vinyl chloride) degradation. Eur. Polym. J. 1978, 14, 811–816. [Google Scholar] [CrossRef]

	



Nicolas, M.; Ramalho, O.; Maupetit, F. Reaction between ozone and building products: Impact on primary and secondary emissions. Atmos. Environ. 2007, 41, 3129–3138. [Google Scholar] [CrossRef]

	



Spinelle, L.; Gerboles, M.; Villani, M.G.; Aleixandre, M.; Bonavicola, F. Field calibration of a cluster of low-cost commercially available sensors for air quality monitoring. Part. A: Ozone and nitrogen dioxide. Sens. Actuators B Chem. 2015, 215, 249–257. [Google Scholar] [CrossRef]

	



Spinelle, L.; Gerboles, M.; Villani, M.G.; Aleixandre, M.; Bonavicola, F. Field calibration of a cluster of low-cost commercially available sensors for air quality monitoring. Part. B: NO, CO and CO2. Sens. Actuators B Chem. 2017, 238, 706–715. [Google Scholar] [CrossRef]

	



Lewis, A.; Edwards, P. Validate personal air-pollution sensors. Nature 2016, 535, 29–31. [Google Scholar] [CrossRef] [PubMed]

	



Piedrahita, R.; Xiang, Y.; Masson, N.; Ortega, J.; Collier, A.; Jiang, Y.; Li, K.; Dick, R.P.; Lv, Q.; Hannigan, M.; et al. The next generation of low-cost personal air quality sensors for quantitative exposure monitoring. Atmos. Meas. Tech. 2014, 3325–3336. [Google Scholar] [CrossRef][Green Version]

	



Lewis, A.; Lee, J.D.; Edwards, P.; Shaw, M.D.; Evans, M.J.; Moller, S.J.; Smith, K.R.; Buckley, J.W.; Ellis, M.; Gillot, S.R.; et al. Evaluating the performance of low cost chemical sensors for air pollution research. Faraday Discuss. 2016, 186, 85–103. [Google Scholar] [CrossRef] [PubMed]

	



Masson, N.; Piedrahita, R.; Hannigan, M. Quantification Method for Electrolytic Sensors in Long-Term Monitoring of Ambient Air Quality. Sensors 2015, 15, 27283–27302. [Google Scholar] [CrossRef] [PubMed]

	



Hasenfratz, D.; Saukh, O.; Thiele, R. On-the-fly Calibration of Low-Cost Gas Sensors. In Proceedings of the 9th European Conference on Wireless Sensor Networks (EWSN), Trento, Italy, 15–17 February 2012.

	



Saukh, O.; Hasenfratz, D.; Thiele, R. Reducing Multi-Hop Calibration Errors in Large-Scale Mobile Sensor Networks. In Proceedings of the 14th ACM/IEEE International Conference on Information Processing in Sensor Networks (IPSN), Seattle, WA, USA, 13–16 April 2015.

	



Maag, B.; Saukh, O.; Hasenfratz, D.; Thiele, R. Pre-Deployment Testing, Augmentation and Calibration of Cross-Sensitive Sensors. In Proceedings of the 13th European Conference on Wireless Sensor Networks (EWSN), Graz, Austria, 15–17 February 2016.

	



De Vito, S.; Piga, M.; Martinotto, L.; di Francia, G. CO, NO2 and NOx urban pollution monitoring with on-field calibrated electronic nose by automatic bayesian regularization. Sens. Actuators B Chem. 2009, 143, 181–191. [Google Scholar] [CrossRef]

	



Esposito, E.; de Vito, S.; Salvato, M.; Brigt, V.; Jones, R.L.; Popoola, O. Dynamic neural network architectures for on field stochasticcalibration of indicative low cost air quality sensing systems. Sens. Actuators B Chem. 2016, 231, 701–713. [Google Scholar] [CrossRef]








[image: Chemosensors 04 00024 g001 550] 





Figure 1. A view of the Abruzzo region where l’Aquila is located. The violet-blue areas indicate the air quality zone IT1306, which includes l’Aquila territory (in yellow). The points represent the reference fixed monitoring stations, as they are indicated in the European databases [35]. 
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Figure 2. The Smart Ring area and the reference monitoring station IT1856A as indicated in European databases [35]. The blue circles represent the SmartBus positions during the campaign. The white circles with numbers indicate the majorly frequented SmartBus stops along the Smart Ring. 
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Figure 3. The SmartBus. 
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Figure 4. Daily transport request distribution from 19 May–31 October 2014. 
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Figure 5. The NASUS IV multi-sensor system architecture, (a) Modules in NASUS IV; (b) NASUS IV as installed in the case. 
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Figure 6. Time series of the AQIs resulting from the reference measurements for NO    2   , O    3    and PMs. 
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Figure 7. AQIs’ time series during the campaign. The different components are represented in the legend by various colors (black for AQI     N  O 2     , brown for AQI     S  O 2     , green for AQI      H 2  S     and blue for AQI     C O    ). For each component, three color shades are associated: full color when the SmartBus was on the Smart Ring and in motion; a lighter color when the SmartBus was along the Smart Ring, but at rest; the lightest colors relate to the SmartBus position outside the Smart Ring when the bus was in motion. The white-colored stars show the 5-min averaged AQI     h i    . Background areas are colored according to the AQI classification in Table 4. (a) AQIs time series for 28 August 2014; (b) AQIs time series for 29 August 2014; (c) AQIs time series for 1 September 2014; (d) AQIs time series for 2 September 2014; (e) AQIs time series for 3 September 2014. 






Figure 7. AQIs’ time series during the campaign. The different components are represented in the legend by various colors (black for AQI     N  O 2     , brown for AQI     S  O 2     , green for AQI      H 2  S     and blue for AQI     C O    ). For each component, three color shades are associated: full color when the SmartBus was on the Smart Ring and in motion; a lighter color when the SmartBus was along the Smart Ring, but at rest; the lightest colors relate to the SmartBus position outside the Smart Ring when the bus was in motion. The white-colored stars show the 5-min averaged AQI     h i    . Background areas are colored according to the AQI classification in Table 4. (a) AQIs time series for 28 August 2014; (b) AQIs time series for 29 August 2014; (c) AQIs time series for 1 September 2014; (d) AQIs time series for 2 September 2014; (e) AQIs time series for 3 September 2014.



[image: Chemosensors 04 00024 g007a][image: Chemosensors 04 00024 g007b]







[image: Chemosensors 04 00024 g008 550] 





Figure 8. From the top to the bottom, 28–29 August and 1–3 September 2014, maps for AQI     h i     minimum (left panel), mean (middle panel) and maximum (right panel) values measured during the campaign. Colors are according to Table 4. 
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Table 1. Main outdoor air pollutants, sources and impacts ([9,29,30,31]).
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Type of Outdoor Air Pollutant

	
Sources

	
Impacts






	
Particulate matter (PM) fine dust less than 10   μ  m in diameter

	
road vehicles shipping power generation households sea salt wind-blown soil and sand

	
cardiovascular and respiratory diseases




	
Sulfur dioxide (SO    2   )

	
power generation industry shipping households

	
PM formation impairment of respiratory function soils and inland waters acidification




	
Nitrogen oxides (NO    x   )

	
road vehicles shipping power generation industry households

	
ozone (ground-level) formation irritate lungs lower resistance to infection soils and inland waters acidification




	
Ammonia (NH    3   )

	
livestock farming use of fertilizers in agriculture

	
PM formation respiratory system soils and inland waters acidification




	
Volatile organic compounds (VOCs)

	
use of solvents in products industry household heating road vehicles power generation

	
ozone (ground-level) formation




	
Ground-level ozone (O    3   )

	
secondary pollutant NO    x    and VOCs in sunlight

	
asthma and allergic triggers damages on agriculture (e.g., crops) sensitive construction material (e.g., metals and paints)
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Table 2. Responses for service quality on a scale from 1–5 (where 1 means poor and 5 means excellent).
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Parameters

	
Response






	
Easy of use

	
4.0




	
Reliability

	
4.1




	
Information comprehension and availability

	
4.3




	
Customers satisfaction

	
4.3




	
Ticket cost

	
4.3




	
Cleanliness

	
4.8




	
Comfort

	
4.5




	
Safety

	
4.6
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Table 3. NASUS IVmulti-sensor system: sensor characteristics.
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Sensors

	
Model and Factory

	
Operativity Range






	
NO    2   

	
NO    2   A1-A3 Alphasense Ltd. (UK)

	
0–20 (ppm)




	
CO

	
COCX-A3 Alphasense Ltd. (UK)

	
0–2000 (ppm)




	
SO    2   

	
SO    2   AF-A3 Alphasense Ltd. (UK)

	
0–50 (ppm)




	
H    2   S

	
H    2   SA1-A3 Alphasense Ltd. (UK)

	
0–100 (ppm)




	
Temperature

	
LM35CZ National Semiconductors Co. (USA)

	
−55     ∘   C–150     ∘   C




	
Relative humidity

	
HIH-3610 Series Honeywell (USA)

	
0–100% RH
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Table 4. Air quality index (AQI) values in relation to the air quality status.
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AQI Values

	
Air Quality Status

	
Colors






	
<33

	
Excellent

	
Blue




	
34–66

	
Good

	
Green




	
67–99

	
Moderate

	
Yellow




	
100–150

	
Bad

	
Red




	
>150

	
Worse

	
Violet
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Table 5. Main parameters measured by the SmartBus and NASUS IV. DD: Decimal Degrees.
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SmartBus

	
NASUS IV






	
Date time (timestamp)

	
Date time (timestamp)




	
Latitude (DD)

	
NO    2    (ppm)




	
Longitude (DD)

	
SO    2    (ppm)




	
Altitude (m)

	
H    2   S (ppm)




	
Speed (km/h)

	
CO (ppm)




	
Ambient air Temperature (    ∘   C)

	
Temperature (    ∘   C)




	

	
Relative humidity (%)
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Table 6. AQI data analyses over the Smart Ring.







Table 6. AQI data analyses over the Smart Ring.







	
AQI

	

	
28.08.14

	
29.08.14

	
01.09.14

	
02.09.14

	
03.09.14




	
no. 3430

	
no. 3284

	
no. 3446

	
no. 3502

	
no. 2392






	
NO    2    (ARTA)

	
Min value

	
3.66

	
3.14

	
6.80

	
3.14

	
7.32




	
1st Quartile

	
4.71

	
3.66

	
7.84

	
3.66

	
8.37




	
Median

	
5.75

	
8.89

	
9.93

	
5.75

	
10.46




	
Mean

	
5.94

	
8.16

	
11.68

	
7.65

	
11.64




	
3rd Quartile

	
6.27

	
12.55

	
16.21

	
8.89

	
12.55




	
Max value

	
11.50

	
13.07

	
19.34

	
12.25

	
17.25




	
O    3    (ARTA)

	
Min value

	
31.18

	
16.70

	
31.74

	
18.37

	
15.59




	
1st Quartile

	
43.99

	
30.07

	
36.19

	
27.28

	
22.27




	
Median

	
46.77

	
50.67

	
39.53

	
30.62

	
28.95




	
Mean

	
46.32

	
42.98

	
40.75

	
29.94

	
25.43




	
3rd Quartile

	
49.00

	
51.23

	
47.33

	
35.64

	
30.07




	
Max value

	
49.56

	
52.34

	
47.33

	
37.86

	
33.41




	
NO    2   

	
Min value

	
0

	
16.40

	
12.4

	
7.40

	
31.10




	
1st Quartile

	
20.10

	
32.20

	
34.70

	
32.60

	
49.80




	
Median

	
27.50

	
41.10

	
39.50

	
42.10

	
61.70




	
Mean

	
31.97

	
42.72

	
41.88

	
44.01

	
67.98




	
3rd Quartile

	
41.10

	
50.10

	
48.20

	
54.77

	
78.50




	
Max value

	
105.8

	
116.0

	
81.10

	
102.90

	
143.30




	
SO    2   

	
Min value

	
0

	
0

	
0

	
0

	
0




	
1st Quartile

	
11.00

	
1.0

	
0

	
0

	
0




	
Median

	
22.85

	
32.0

	
0

	
0

	
0




	
Mean

	
27.13

	
31.30

	
0

	
1.39

	
0




	
3rd Quartile

	
42.77

	
48.02

	
0

	
0

	
0




	
Max value

	
72.54

	
90.92

	
0

	
30.31

	
0




	
CO

	
Min value

	
0

	
0

	
0

	
0

	
0




	
1st Quartile

	
0

	
0

	
0.37

	
4.19

	
0




	
Median

	
0

	
5.31

	
2.06

	
7.55

	
0.06




	
Mean

	
2.73

	
6.43

	
2.40

	
9.21

	
1.25




	
3rd Quartile

	
5.42

	
9.43

	
4.00

	
10.64

	
2.16




	
Max value

	
15.7

	
27.22

	
9.41

	
57.06

	
6.16




	
H    2   S

	
Min value

	
0

	
0

	
0

	
0

	
0




	
1st Quartile

	
26.22

	
23.78

	
0

	
7.56

	
0




	
Median

	
39.00

	
33.00

	
1.33

	
10.44

	
1.72




	
Mean

	
36.22

	
31.04

	
3.32

	
18.27

	
3.21




	
3rd Quartile

	
46.42

	
37.89

	
5.89

	
17.00

	
6.67




	
Max value

	
61.1

	
55.89

	
15.22

	
119.89

	
11.0
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