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Abstract. In order to identify and quantify key-species associated with non-exhaust emissions and exhaust
vehicular emissions a large comprehensive dataset of particulate species has been obtained thanks to simultaneous
near-road and urban background measurements coupled with detailed traffic counts and chassis dynamometer
measurements of exhaust emissions of a few in-use vehicles well-represented in the French fleet. Elemental
Carbon, brake-wear metals (Cu, Fe, Sb, Sn, Mn), n-alkanes (C19-C26), light molecular weight PAHs (Pyrene,
Fluoranthene, Anthracene) and two hopaneaZ1BNorhopane and Bi213hopane) are strongly associated with

the road traffic. Traffic-fleet emission factors have been determined for all of them and are consistent with most
recent published equivalent data. When possible, light-duty and heavy-duty duty traffic emission factors are also
determined. Most of the first ones are in good agreement with emissions from chassis dynamometer measurements
in absence of significant non-combustion emissions. This study has shown that ratios involving copper (mainly
Cu/Fe and Cu/Sn) could be used to trace brake-wear emissions as they seem to be roughly constant in Europe and
as longer as Cu-free brake are not largely spread. In France where the traffic was largely dominated by diesel
vehicles in 2011 (70 %), the OC/EC ratio typical of traffic emissions was around 0.44. On the contrary, the use of
quantitative data for source apportionment studies is not straightforward for the identified organic molecular

markers; while, their presence seems to well-characterized fresh traffic emissions.

1 Introduction

Traffic is a major source of particulate matter in urban environment through both exhaust and non-exhaust
emissions. Thanks to stringent regulations, vehicles with more efficient catalytic converters and diesel particle
filters are progressively introduced into the European fleet. As a consequence particulate exhaust emissions have
strongly decreased and non-exhaust particulate emissions (particles resuspended by moving traffic and those from
the wear of brakes, tyres, road surface...) will contribute to the major part of particulate vehicular emissions in the
near future (Amato et al., 2014). Current research estimates that non-exhaust emissions already substantially
contribute to traffic emissions, with differences between sites due to local meteorology, local emissions, or traffic
characteristics (e.g. Omstedt et al., 2005; Thorpe and Harrison, 2007; Bukowiecki et al., 2010; Lawrence et al.,
2016). Itis obvious that even with electric vehicles, traffic will continue to be a source of PM through non-exhaust

emissions (Pant and Harrison, 2013; Timmers and Achten, 2016).
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1  Also, the knowledge on the deleterious impacts wmdn health of PM from vehicular emissions is iasieg.
2 There is now strong evidence that traffic-relatéd &e responsible for adverse health effects dubedealth
3  effect of both carbonaceous material from exhamgsgons and redox-active metals in traffic-geremtadust
4 including road, brake and tyre wear (Cassee e2@l3 ; Amato et al., 2014 and references wher&agently,
5  Shirmohammadi et al. (2017) have shown the impbrale of non-tailpipe emissions to the oxidativeential
6  of particulate matter species identified as tracéngehicle abrasion. Therefore, a better knowleolgerehicular
7  emissions is required to better understand theitrituution to urban atmospheric PM concentratiorels and
8 related health effects.

9 Chassis dynamometer measurements allow the det#iarinof exhaust vehicular emissions under corgdoll
10 testing conditions but, because of high costs,etltests often include small sets of vehicles tlainot be
11  representative of large variation in engine typge and maintenance history of vehicles. They doeithier
12 represent the variability of driving types in var®environments. All of these are parameters thangly
13  influence real-world vehicular emissions. Additilpathese tests cannot simulate accurately thecetf dilution
14  on particle equilibrium in the road atmosphere (Kihal., 2016), the possible rapid aging effects. (elatt et al.,
15 2017), and non-tailpipe emissions (e.g. Thorpetdadison, 2008). For all these reasons, it is thotigat more
16 realistic estimates of vehicle emissions are deatexdifrom air quality measurements in the near-atatbsphere
17  (Phuleria et al., 2017), including car-chasing,neeinor roadside measurements (Pant and Harrisdi8 a6d
18 references therein; Jezek et al., 2015).

19 In this study, a large comprehensive dataset onctiemistry of PM has been obtained thanks to two
20 complementary campaigns: 1) simultaneous nearanddirban background measurements coupled witfetbta
21  traffic counts for the estimation of real-world v&llar emissions including non-exhaust emissiorts ahchassis
22 dynamometer measurements of exhaust emissionfeofia-use vehicles well-represented in the Freftedt for

23  the identification of key species in exhaust emissi Possible particulate tracers of exhaust amdembaust
24 vehicle emissions are examined and quantified. &onsfactors and when possible, typical ratios, degved

25  from these data.

26 2 Methodology
27 2.1 Chassisdynamometer measurements

28  Vehicles were operated on a chassis dynamometexdraust emissions were measured using a santping
29  including a Constant Volume Sampling (CVS) systamwhich emissions are diluted with filtered air asaanpled
30 using quartz filters and polyurethane foams (PUF).

31 2.1.1Vehicletypesand driving cycles

32  Five vehicles representative of the most frequeicle classes in the French fleet in circulaticrevselected
33  (Euro 3 Diesel, Euro 4 diesel, Euro 4 diesel réttexf with particle filter, Euro 2 petrol, Euro €fpol). They were
34  in-use private cars since rental vehicle may natepeesentative of the national fleet (low mileagd) vehicles

35  were operated using commercial diesel and petai$fibelection criteria and characteristics oetgstehicles are
36  described in the Supplementary Information (SI).

37  Driving cycles designed to be representative of deaing conditions in Europe are performed instlsitudy

38  (André, 2004). The ARTEMIS urban cycle represenitgm conditions in urban areas (repeated acceterand
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vehicle speed below 40 km/h), while the ARTEMISafenoad cycle represents driving conditions on nmaads
in suburban and rural areas outside cities (flowiradfic conditions). These cycles represent masting

conditions encountered on the RN87/E712 highwagre/the road side experiments took place, duringested
and flowing traffic conditions, respectively. Sinagban journeys include cold vehicles, the influepé the cold

start on urban emissions has been systematicaligde
2.1.2 Exhaust sampling

Vehicles were operated on a chassis dynamometeg asCVS system to dilute exhaust emissions witéréd
ambient air. The filtration system included foutefis and a cartridge in series: a M6-F7-F9, M5ENFZ779-2012
filters; a HEPA H13 EN1822-20009 filter; and a cyliical cartridge of charcoal scrubber.

Regulated emissions were determined with continumositors for CO, C@ NO, and total hydrocarbons
(HORIBA system). Particulate matter (PM) and vééatirganic compounds (VOC) were sampled out froen th
dilution tunnel with a servo-controlled system desid by Serv’Instrument for this study. Two drivicgrles in
series were performed in order to collect enougtienfor molecular speciation (except for the EUR@ehicles).
PM was collected on quartz filters (Tissuquéftzdiameter 47 mm), at flow rates depending on lestiission
levels of the vehicles being tested and the typesalyses (from 5 to 30 L.minfor EC/OC measurements and
from 30 to 50 L.mirt for organic molecular speciation). Dilution factwanged from about 20 to 80. Quartz filters
were pre-baked at 500°C for 8h before being usathpfes were stored at -18°C in aluminum foil arales®in
polyethylene bags until analyses.

Analysis of test blank filters (collected followitlige same procedure as vehicle test filters inofydiriving cycle
durations with filtered air) showed contaminatidnem the CVS system. It was obvious that some dogan
compounds measured in test blanks result from ¢isergtion of semi-volatile organics deposited i@ CVS,
that is favoured by cleaner air. Since blank ledglsreased in time with passing air dilution thiotige system,
our procedure included such a step maintained thration corresponding to at least two drivinglegcbefore

each vehicle test. Test blanks are used to cameasurements.
2.2 Near-road and urban background measurements

The joint PM-DRIVE (PM-Direct and Indirect on-roaéehicular Emissions) and MOCOPO (Measuring and
mOdelling traffic Congestion and POllution) fielédrapaign took place from Septembdt ® 239, 2011. It
included meteorology and traffic measurements,-neza/urban background Rysampling (this study) and near-
road on-line measurements (discussed in DeWitt e2@d5).

2.2.1 Description of traffic and urban background sites

The Grenoble conurbation is a large city with ab&@,000 inhabitants. It is located in the southe&Brance in
the French Alps and is surrounded by three mouméaiges (Vercors, Chartreuse, and Belledone). rEiffictsite
was located (45.150641 N, 5.726028 E) about 15 aydvom the southern part of the Grenoble ring r(ihd
RN87/E712 highway with 2x2 lanes) (26 m from thadway central axis). Total traffic flow for the dnles was
on average 95,000 and 65,000 vehicles a day ondagriand weekend, respectively, with frequent coiges
during extended commuting hours. Stop-and-go traffiboth directions generates large braking agtiat that
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time. This sampling site was highly equipped durihg joint PM-DRIVE / MOCOPO field campaign.
Simultaneous measurements took place at an urbzkgtoaind site (Les Fresnes) which is located aBakiin
away from the traffic site, on the rooftop of a @eh This site belongs to the regional air pollatinetwork

managed by Atmo Auvergne-Rhéne-Alpes (http://wwm@tauvergnerhonealpes.fr/). The locations of bités s

a b~ W N P

are presented on Figure 1.
6 222 Aerosol and gas measurements

On both traffic and urban background sites,:PMiVol (DA80, 30 n¥ h') samplers collected Pion quartz
8 fibre filters (Tissuquarf?, diameter 150 mm) with a time resolution of 4 hUilters were preheated at 500 °C
during 3 h. After sampling, filters were individiablaced in aluminum foil, sealed in polyethylebags and
10 stored at —18 °C until analysis. In addition, bsites were equipped with NQNO and NGQ) and CO monitors;
11  PMyoand PM s mass concentrations were also continuously medsigsiag TEOM-FDMS.

12 2.2.3 Traffic measurements

13 Traffic counters (double electromagnetic loops)eniaistalled in order to identify the passing of\adhicles, the
14  length of their chassis and their speeds, thermé@tation of the 2 vehicle classes used in thigstlight-duty
15 and heavy-duty vehicles), and the identificatiopefiods of stop-and-go or flowing traffic. Vehicteean speeds
16  are computed as the harmonic mean speed of thegassing over the detector (flow speed i.e. théapaean
17  speed) (Hall, 2001).

18  Traffic cameras mounted on a roadway gantry wese aked to monitor traffic at the measurement Sitey
19  were used to capture the license plate numbersassipg vehicles. Plate numbers were later usedassity
20  vehicular traffic into different categories: EUR@isdards and fuel type (diesel or petrol). Thefitradf the
21  highway is detailed elsewhere (DeWitt et al., 20E&llah Shorshani et al., 2015). On weekdays, tezage
22 hourly traffic included 2,850 diesel vehicles (imding about 200 heavy-duty vehicles) and 1,0250pg#hicles.
23 The harmonic vehicle mean speed was about 80 kna/lnaaged from 52 to 94 km/h (note that the RN&hiwiay
24 has a speed limit of 90 km/h). A sample is consdeaffected by congested traffic above a thresbblchore
25 22,000 vehicles during the 4-h sampling periodsrésponding to vehicle speed below 70 km/h) (se@l&l
26 However, braking may occur before the installatibeongestion.

27  The vehicle fleet was close to the national onetlieryear 2011, with 72% diesel vehicles, and ELBR&hd 4
28  vehicles representing most of the vehicles (resggt30 and 36% respectively). Virtually all heagiyty vehicles
29  arediesel.

30 2.2.4 Meteorological measur ements

31 A Young meteorological station was installed atttladfic site to capture wind speed and directighile relative
32  humidity, and temperature data and rain data atared from two stations located in Grenoble coatidn (see
33 Slfile).

34  The wind speed was low during the field campaigm dwerage 0.98 m/s, ranging from 0.50 to 2.5 n/kg
35 temperature was warm (on average 17.6°C, peak®t’t@) and was higher before the first rain event$anday

36  17/09/11) with average temperatures of 21°C andC188spectively, before and after the rain evemto Tain
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events occurred during the campaign, the firstfooma the morning of 17/09/11 to the night of 18/DBhight (34
mm of rain) and the second one from the night 80280 19/09/11 afternoon (12.7 mm). They corresigaito

summer storms.
2.3 Chemical analyses

The measurements of carbonaceous material (EC &)drOPM samples were performed using the Thermo-
Optical Transmission (TOT) method on a Sunset lrethyser (Jaffrezo et al., 2005; Aymoz et al., 2008pwing

the EUSAAR2 temperature protocol (Cavalli et &.1@). lonic species were analyzed with lonic Chrimgeaphy
(IC) following a well-established method (Jaffrezival., 1998; Waked et al., 2014). Metals were ya@al using
Inductively Coupled Plasma Spectrometry (ICP-MS)Rad et al., 2014)The chemical speciation of organic
particles are performed by Gas Chromatography—Mgssctrometry (GC-MS) and liquid chromatography
(HPLC) using a fluorescence detector (Piot, 201dljyGet al., 2015).

Hence, a large number of particulate chemical ggelcave been measured in the filter sampler simediasly
collected at the two traffic and urban backgrouitessincluding EC, OC, 9 major ions (NOs, SO, oxalate,
Na’, NHs*, K*, Mg?*, C&*), 33 metals and trace elements (Al, As, Ba, Ca,&&d Co, Cr, Cs, Cu, Fe, K, La, Li,
Mg, Mn, Mo, Na, Ni, Pb, Pd, Pt, Rb, Sb, Sc, Se, Sn,Ti, Tl, V, Zn, Zr), 3 sugars (galactosan, masan,
levoglucosan), 15 PAHs (phenanthrene, anthracémmahthene, pyrene, retene, benzo(a)anthracengseste,
benzo(e)pyrene, benzo(b)fluoranthene, benzo(k@inivene, benzo(a)pyrene,  benzo(ghi)perylene,
dibenzo(a,h)anthracene, indeno(1,2,3-cd)pyren@nesre), 30 n-alkanes (from C10 to C40), 2 braneiiieahes
(pristane and phytane) and 10 hopanes (trisnormeotey 1@-trisnorneohopane, b7213-norhopane, 14213-
hopane, 1@,213,-22S-homohopane, &7213,-22R-homohopane, 47213,-22R-bishomohopane, @7213,-22S-
bishomohopane, 1i7213,-22S-trishomohopane, &7213,-22R-trishomohopane).

The same array of chemical species were also digahtn the filter samples from the chassis dynaretam

experiments.
2.4 Data analysis

A series of multivariate data analysis tools hagerbused in order to define which species areectat traffic,
to identify influential parameters, and to quantifigeir respective influencesThanks to simultaneous
measurements at near-traffic and background sitesemental concentrations at the traffic site h&een
calculated as the difference between near-trafiit arban background concentrations. Sign and Régrke8-
Wilcoxon tests have been used to estimate if cdraions measured at the near-traffic site arefsogmtly higher
than concentrations measured at the urban backdsitenand can possibly be ascribed to local tr&fhissions.
As a complementary indication of relation to traffSpearman correlations with traffic data (totaffic, light-
duty traffic, heavy-duty traffic), with NO(as an indicator of traffic emissions) and with &G an indicator of
diesel traffic emissions) (Morawska and Zhang, 20R&che et al., 2011) have also been examined.ltiRdsu
species for which concentrations are significatigher at the near-traffic site (then including tbqositive
increments and p-values below 0.05 from Sign agde?l Wilcoxon tests) are presented in Tables 1dahbnd
Incremental concentrations for all species stroagBociated with traffic are transformed into eroiss according

to a well-established procedure (e.g. Pant andistery2013; Charron and Harrison, 2005; detaithénS| section
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V). This method enables the calculation of averagession factors for the mixed traffic fleet of tRBI87 highway
assuming that (1) incremental concentrations ama focal traffic, (2) emissions of N@re known and estimated
from emission inventories (COPCETE that uses eomsginctions from European COPERT4 averaged fet fle
composition and speed) and detailed traffic coants$ (3) atmospheric dilution affects similarly pdllutants.
Average emission factors (EFs) are expressed ivatigkm? or pg.vett.km? (Tables 2a,b,c,d). Since it is
thought that nearby industrial activities influertbe concentrations of Ti, Cr, Fe and Mn in the mhag, these
data are excluded from the calculations. Multipleclar Regression analyses are performed betweessiemidata
and light-duty and heavy-duty vehicle counts. Tbefficients of the regressions represent averagef@Hocal
heavy-duty and light duty traffics. The constaeisresent the part not related to local traffic.URsgrom Multiple
Linear Regressions are not available for all sgesteongly related to traffic since its use requin®rmally-
distributed data and the model must be validatezlih residues analyses.

3 Results

Average concentrations measured at the traffic aiee presented in the S| (section Il). Four-hour:PM
concentrations ranged from 4.9 to 45.1 pg(on average 24.1 pg:inand was strongly dominated by EC (on
average 5.9 ug and OC (on average 5.4 pgmAt this site in the vicinity of traffic dominadeby diesel
vehicles, EC and OC concentrations were of sinmiagnitude. EC concentrations peaked at commuting in
the early morning and at the end of the afternamml, follows quite well the evolution of traffic;ettemporal
evolution of OC is closer to that of sulphate wsthmewhat stronger variability following those ddffic. The
other major constituents of RMwere sulphate (on average 1.2 pg.niron (on average 1.0 pginand calcium
(on average 0.8 pug:fh Strong showers during the weekend in the midéithe two-week campaign led to RM

concentrations below 10 pgiduring a few hours (see SI VI for individual pauliate species).
3.1 Identification of speciesrelated to local on-road traffic

Tables 1la and 1b present species for which coratémis are significantly higher at the near-trafite and
assumed from local emissions. These species ceultidbributed into two main groups according tohbtbte
significance of the contribution of traffic to atsgheric levels and the strength of relations wilffic indicators

(traffic counts, NQand EC concentrations).
3.1.1 Species strongly associated with local traffic

Species significantly correlated with traffic indtors and for which local traffic contributions aegove 50% are
highlighted in Tables 1a, 1b.

Cu, Fe, Mn, Sb, Sn have concentrations stronglyetated with traffic indicators (Table 1a). Theiciemental
concentrations range from 54% to 84%. The conceéotrsof these species are linearly related to e#oér with
near-zero intercepts (Sl, section VIII) confirmithgt they come from the same source. It shouldobedithat Fe
and Mn present an additional source at this siteérmorning, as discussed in section 3.2. Siiyitarthis study,
Amato et al. (2011a) and Harrison et al. (2012)sunezd strong incremental concentrations for Fe Sbuand Sn

at traffic sites with strong correlations betwelken. Here, Cu, Fe and Sn are the metals that amadist closely
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related, while relationships with Mn and Sb are erggattered and possibly more closely relatedediéavy-duty
traffic (Table 1a and SI).

Cr and Ti are also species significantly correlatettaffic indicators but to a lower extent than, &e, Mn, Sb
and Sn. Cr (Boogaard et al., 2011 ; Amato et #&112) and Ti (Amato et al., 2011a) also showed drigh
atmospheric concentrations at street locations #tamban background sites in previous studiesar@rTi show
a behaviour different from that of other elemertsning from brake wear. They present sharp peakhén
morning, poorer correlations with copper, and digant correlations with Al (see Sl sections Vlidahable 1a).
When the very high morning concentrations are rexdoynornings of workdays), their temporal variati@are
much closer to the ones of metals from brake weassons. This suggests that another source indee€r and
Ti concentrations near the traffic site in the niogn possibly nearby metalworking activities. Siniy, while
morning peaks are less obvious in the temporahtianis, the exclusion of morning data for Fe andiiiproves
their relationships with Cu (see Sl section VIII).

Many of these species are metals that are knowarige from brake wear emissions (Thorpe and Haryi2608;
Pant and Harrison, 2013; Grigoratos and Martinll£®015). Indeed, Fe could come from the linirtgesor
iron powder) in semi-metallic brake, from fibressisel, or cast iron rotor wear for low metalli@ke. Cu is a
high-temperature lubricant present in linings ahdsialso included in fibres as brass to increasskibg
performance. Sb is an element of brake lining betfiller as antimony sulphate and in lubricantaagimony
trisulphide. Chromium oxides are elements of thierfiof brake linings used for their thermal protpes, and
potassium titanate fibers are present as a strengthin organic linings (Sanders et al., 2003; @&tps and
Martini, 2014 and references therein). Cr could @lsme from lubricant oil combustion (Pulles et 2012).
Only three light molecular weight PAHs (An, Fla,rPare strongly associated with traffic indicatexgn though
only the particulate phase is determined (Table Ith$ well-established that light molecular weidhAHs are
emitted by diesel vehicles, while higher molecwaight PAHs are rather associated with petrol Jelgmissions
(Zielinska et al., 2004; Phuleria et al., 2006 &007; Pant and Harrison, 2013). Not surprisinghythis site
dominated by diesel vehicles, high molecular welgAHs (from 5 rings) are more significantly cortelh with
levoglucosan, suggesting a closest relation to B&smburning emissions than to on-road petrol vesicl
Proportional concentrations of An, Pyr, and Flagasj that they mainly come from the same sourkelylidiesel
exhaust emissions (S| section VII). Specificallyr Rnd Fla show high incremental concentrations gas
indication of the low contribution of the urban kgoound compared to strong traffic contributiondém rapid
photochemical degradation) and strong linear m@tatiip without any significant intercept (as ani¢ation of
common origin). Concentrations of An have moreafgitity and larger contribution from the urban bgakund.
The n-alkanes C19 to C26 and two hopanesiZ1Znorhopane and bi21Bhopane) are species that are not
significantly, or only weakly, correlated to totedffic. However, they are significantly correlateih the heavy-
duty traffic, NQ or EC. The n-alkanes between C18 and C25 arerétominant ones in vehicle exhaust and
correspond to the high boiling point componentdigsel fuels (Alves et al., 2016). Hopanes are kmtwarise
from unburnt lubricating oil emissions (Rogge et #993a; Zielinska et al., 2004), ando®anNorhopane is
considered as a tracer for lubricating oil (Kleeratal., 2008). While n-alkanes have been measnitée exhaust
of test diesel vehicles in our study (Table 4), drgs and steranes were below the quantificatioi fon all
selected vehicles. It was assumed that the testieidles (passenger cars) did not emit enough uhbilrfor the

proper quantification of hopanes. At the sampliitg, she temporal variations of the concentrationghese
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species show higher values on the second weeledfeld campaign than on the first one. This obagon can

be explained by much larger heavy-duty traffic dgrihis period (almost twice the traffic of thestiweek).
3.1.2 Other species

This second group corresponds to species with locaéments below 50% and no significant, or onkak;
correlations with traffic indicators. It is highheterogeneous since it includes OC,sN®a', C&*, Mg?*, Ba, Co,
Phenanthrene (Phe), Benzo(a)Anthracene (BaA) amé swalkanes (C18, and from C27 to C33).

Not surprisingly NG is not significantly related to primary trafficdicators. However its concentrations are
significantly higher at the traffic site (p<0.0Gind median increment of 28%). Additionally, the pemal pattern
of NOs is different from that of indicators of regionaligin (for example S@, Sl section VI). Amato et al.
(2011a) found similar contributions of traffic to concentrations at two traffic sites in BarceloB4% and
25% respectively). They assumed thatsNBs is quickly formed in the road plume enriched in N\#hitted by
vehicles. Indeed, the important introduction dfieées equipped with DeNOx technology such as 3-geglysts
or selective catalytic reduction systems have ¢etent increasing vehicular NEmissions (Kean et al., 2009;
Suarez-Bertoa and Astorga, 2016) responsible fgmifitant changes in the chemistry of the atmospher
roadside areas.

OC concentrations are significantly higher at ttedfic site (p<0.001; increment of 23%), and areakg but
significantly correlated with traffic indicators.ndato et al., (2011a) found slightly higher incretsesf 34% and
41% for OC at their 2 traffic sites. Deconvolutioh sources from simultaneous PMMS measurements
concluded that about 20% of the total Pdfiganic mass could be attributed to vehicular simis (DeWitt et al.,
2015). Additionally, the temporal pattern of OC centrations clearly shows a dominant regional doution (S|
section VI). All these results agree that in sumtimae, the majority of OC is of regional origin,spéte a clear
influence of traffic.

Na', C&*, Mg?* and Sr concentrations are also significantly highéhe traffic site (p<0.05, increments from 33%
to 43%, except for Sr for which urban backgroundosmtrations are most of the time below detectionit).
When three high concentrations for Mgoncentrations and one for Sr concentrations xskiged (all probably
not related to traffic), both present temporal aaoins close that of calcium (Sl section VII). Alfe at least
significantly correlated to the heavy-duty traffe<0.05). Since G4, Mg?* and Sr are strongly affected by rain
events (assumed to influence the silt loading efrtiad), their incremental concentrations are beti¢o be from
resuspended dust, as concluded in other studggsl.@ugh et al., 2005, Amato al., 2011a).

Ba and Co concentrations are significantly highethe traffic site (p<0.05, increments of 37% arP@
respectively). Ba concentrations present a tempoeahviour close to the ones of Cu, Fe, Sn and Mh a
accordingly, is known as an element of the fillebrake linings. Higher Ba atmospheric concentragiat street
locations than at urban background sites havelsso observed in previous studies (Harrison e2@l2). On
the contrary, Co concentrations do not show angetation with traffic indicators and are correlateith tracers
of regional origin (Table 1a). Co is sometimes roead in brake pads (e.g. Hulskotte et al., 2014g; Amato et
al. (2011) found similar increments for Co at theaffic sites (respectively 33% and 47%). All bEse suggests
a possible contribution of brake wear to Co incretakconcentrations, despite the lack of correfatidth traffic
indicators.
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The concentrations of Phe, BaA, C18 and C27-C38n&& are significantly higher at the traffic sitel some of
them are significantly correlated with N@nd EC. Accordingly these species were detecteith@nexhaust
emissions of diesel vehicles sampled from our dhals;iamometer experiments. However most of thesratso

significantly correlated with levoglucosan measuegdhe traffic site, particularly BaA. Indeed ttemporal

pattern of BaA shows similarities with both the afiéyr (strongly related to traffic, see belowjldevoglugosan
(tracer of biomass burning peaking in the even{&)section VI). It is therefore believed that mosthem are
largely emitted by biomass burning and are notifipeaf road traffic emissions.

Most of species from this group are obviously esithy the traffic but they seem to be less spettiim species
from the first group since other sources can lgrgehtribute to their emission levels.

3.2 Quantification of traffic fleet emissionsfor species associated with traffic

Average emission factors (EFs) are presented ife$ata,b,c,d. Most EFs show large standard dewstibhis

variability reflects the presence of vehicles witirious emission levels (diesel/petrol; differet#nslards and
engine load; cold start/hot vehicles). It couldate related to the variability of the vehicle fléen-average 5%
heavy vehicles but ranging from 0.3% to 12%) anthéovarious traffic conditions (from fluid with spds up to
90 km/h to congested with stop-and-go traffic).

Table 3 presents average EFs for heavy-duty amd dgty traffics, their standard deviations and fmence

intervals at 95%. All constants are not significgmvalues above 0.4 for metals and organics, pevaf 0.061

for EC) suggesting that mostly local traffic cohtrie to local incremental concentrations.
3.2.1 EC/OC emissions

The traffic-fleet EF for EC determined in this spu@9 mg.vett.km?) is slightly higher than the ones determined
in tunnel studies in Austria, China, Californiadamear a heavily-trafficked highway in Switzerlafabout 21
mg.veht.km? for Handler et al., 2008; Hueglin et al., 2006; €ual., 2016; and 31 mg.vélkm?* for Gillies et
al., 2001), while it is similar to the one of a meh study in Portugal (39 mg.vélknm?) (Alves et al., 2015).
Conversely, the traffic-fleet EFs for OC in Austeiad China (about 19 mg.vékm™) are similar to ours, while
the ones for urban tunnels in Portugal (Alves et2015) and U.S. (Gillies et al., 2001) are higi8F mg.veh
Lkm! and 25 mg.vehkm? respectively). Different traffic fleet and traffeonditions may explain these small
divergences. Part of the differences may also legtdthe different measurement technics used &distinction
between EC and OC.

The average light-duty traffic-fleet EF for EC iséxcellent agreement with the EFs of Euro 3 ant Buliesel
vehicles obtained from chassis dynamometer measumsnin our study for which the highest EFs weeardy
observed when vehicles are cold (Figure 2a). Indibede two types of vehicles represented thedapgeportion
of passenger’s cars on the RN87 freeway in 201llatiF&horshani et al., 2015), as well as in thenEnenational
fleet. Similarly to results for diesel vehiclestegb by Fujita et al. (2007) and Lough et al. (20@&¢ has the
highest emission factor in diesel exhaust. It atmad be noted that the heavy-duty traffic-fleetfeFEC is about
5-times higher than the one determined for lightydraffic.

The emissions of OC could not be discriminated betwlight-duty and heavy-duty traffic (coefficienist
significantly different from zero). However, it cdre observed that the traffic-fleet EF for OC igyé than it
could be expected from exhaust measurement ofeédgties (Table 4, Figure 2b). Note that traffieet EFs for

9
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OC from other studies (Handler et al., 2008; Algeal., 2015, Cui et al., 2016; He et al., 2008)atrleast as high
as ours and EFs for exhaust OC from Cheung e2@1Q) for Euro 4 diesel vehicles (with and with@RF) is
similar to ours. There are many likely explanatidmsthe traffic-fleet EF for OC being higher tharpected:
proportionally larger contribution of the heavy-gutaffic to OC than to the EC; contribution of rerhaust
emissions to the OC (e.g. tyres wear); contributbsmoker vehicles, rapid formation of secondafy i@ the
roadside atmosphere. Further studies are requiradsess the respective importance of these pescess
Average OC/EC ratios on incremental concentratamsemissions are respectively 0.33 and 0.44 (Tgjleat
is in excellent agreement with observations in adway tunnel in Lisbon and in roadside incremental
concentrations in Birmingham, U.K. (Pio et al., 20Alves et al., 2016). Pio et al. concluded th&/EC ratios
of 0.3-0.4 characterizes vehicle fuel combustiotheir sites and similar conclusions could be nfadé&renoble.
However, the OC/EC ratio is expected to dependadricle fleet. Indeed, in the exhaust of test digsélicles
non-retrofitted with particle filters (Table 4), CEC ratios are lower than 0.4, while they are respely 6.1 and
1.7 in the exhaust of Euro 2 petrol vehicle (urbald cycle) and Euro 4 petrol vehicle (road cydl) average
OCI/EC ratios has been determined for petrol vebicéEause of many measurements below detectidi IDther
recent chassis dynamometer measurements (Loudh 20@7) showed that most OC/EC ratios are abofgr 2
petrol vehicles (except for two smoker vehicles) balow 0.5 for diesel vehicles (except idling cibnds), with
even lower ratios for older and heavier diesel slelsi Because in 2011, diesel vehicles represedtedt 70% of
total vehicles on the RN87 highway, the OC/EC rétiond in this study is lower than the ones of mather
studies. For examples, OC/EC ratios from EFs aemmental concentrations were 0.90+0.21 in a tumn&lstria
(Handler et al., 2008); on average 0.52 for aitrdféet with 40% diesel vehicles in Spain (Amatak, 2011a)
and 0.5 in Marseille where petrol two-wheelersrateh more numerous (El Haddad et al., 2009). Howeirgce
the OC/EC ratio in the exhaust of the diesel vehédjuipped with particle filter was higher (0.7sgibly due to
the more efficient trapping of EC than OC by thetipke filter, one can expect that in the future BC/EC ratio
reflecting vehicle fuel combustion would increaséhwhe progressive introduction of vehicles eqeippvith PF.

3.2.2 Metalsfrom brake wear emissions

Fe presents by far the third higher traffic emissiate after EC and OC (6.7 mg.vekm?, Tables 2). Cu also
shows a high emission factor from traffic (300 meit.km? respectively). Similarly, major contributions oé F
and Cu to P\ vehicular emissions were found in other locatimg. Kam et al., 2012; Harrison et al., 2012).
The analysis of brake wear debris (Apeagyei eR@ll1 ; Sanders et al., 2003 ; Kukutschova €209 ; Hulskotte

et al., 2014) and brake material (Gigoratos andiMa2015; Hulskotte et al., 2014) confirmed thati§the major
element of brakes and that Cu is another impoetarhent. Indeed, maximum contents of 60% by masEdo
(Gigoratos and Martin, 2015) and of 15% for Cu (i2eran der Gon et al., 2007) have been reportetrizke
lining materials. Fe, Cu, Zn, Sn would represemiuat80-90% of metals presents in brake pads an@bFe of
metals in brake discs (Hulskotte et al., 2014)

Our results can be compared with other EuropediictiaFs determined for PM species measured in roadside
environments or tunnels, and with data derived fem@rage brake wear composition (details in SlticedX).
Most PMi-EFs are consistent with other roadside traffietflemissions (Johansson et al., 2009; Bukowiecki et
al., 2009) and with data corresponding to brakimissions of 8 mg.vehkm'* (Hulskotte et al. 2014), but larger
than the estimations aimed to quantify brake wedy (Bukowiecki et al., 2009). Our traffic-fleet BHbr Sb is
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much lower than similar EFs determined in othedigts;, while Ba emissions show large variabilitynfra study
to another. EFs related to brake wear componergstonis are lower in tunnel environments (Handlail.e2008;
Alves et al., 2015), except for the oldest studillig et al., 2001). This could be explained bgslestop and go
traffic in such environments. Indeed, interestinghany EFs determined by Handler et al. (2008)a@it half
the ones found in this study. Even though this prtpnality is not found for Ba, Sb and Ti, thispports that
brake wear metal EFs are strongly related withibgaktrength. The low Sb emissions of our study pagsibly
be related to the introduction of Sb-free brakesp@dn Uexkiill et al., 2005 ; Apeagyei et al., 2011

EFs for brake wear metals (Cu, Fe, Sb and Sn) trd 8 times higher for the heavy-duty traffic tfanthe light-
duty traffic (Table 3). The estimations from Bukeeki et al. (2009) for brake wear only are muchdowhan
ours but somewhat proportional (factors 4.6 tofér8ight-duty EFs and from 4.3 to 8.5 for the healuty traffic
— Sb excluded). This consistence between brakelgsafuggests that brake compositions would belasirm
different European countries. Traffic-fleet lighttgi EFs for brake wear metals are much higher tharones
from chassis dynamometer exhaust measurementssftidy: Table 4; Cheung et al., 2010), confirmihg t
dominant contribution of braking for these elements

The sum of traffic-fleet EFs for metals relatedtake wear (Ba, Cr, Cu, Fe, Mn, Sh, Sn, Ti - Téllleleads to a
total of 7.3 mg/km that should be lower than thel Emission factors for brake wear dusts sincaliy mcludes
metals, and does not take into account of carbanscmaterial and other unquantified compounds akés (S,
Zn, Al, and Si, for the most important ones). Holsk et al. (2014) determined a brake profile frttin analysis
of 65 brake pads and 15 brake discs from 8 verynsomcar brands in Europe. The consistence betwéén w
their data and ours suggests that brakes spemaicé are quite similar to the ones spent in Thiaétkands.
Then, their average brake profile data are usesbtinate the average emission factor for brake wssmming
that the total proportion of metals is kept, arstaading to Hulskotte et al., that 70% of the wadse from the
disc. Since exhaust emissions (chassis dynamometasurements or EFs from COPCETE inventory when
available) represent less than 5% of total emissfonCr, Cu, Fe, Mn, Sb, Sn, and Ti, traffic-fi&gts for these
elements are assumed to be entirely due to thesimss of brake wear dusts. Then, including unqgtiedti
compounds leads to the rough estimation of 9.2 mdtik emissions related to brake wear at the RNgfviay.
This estimation includes particles directly emitteding braking and those resuspended, and emsskiom light
and heavy-duty traffic. It should be highlightedttthis EFs for brake wear emissions is almostewhe particle
emission standards for the exhausts of Euro 5 amd & vehicles (5 mg/km).

Atmospheric copper is obviously largely from brakear. Indeed brake wear represents 50-75% of Earoe
emissions (Denier Van der Gon et al., 2007) and &%rench Cu emissions (CITEPA emission inventory,
citepa.org/fr/air-et-climate/polluants/metaux-losiclivre). Since Sb is another well-known constitugf brake
with very few other atmospheric sources, Cu/Storatia candidate to trace brake wear emissiong!(&iel.,
2010; Pant and Harrison, 2013). Pant and HarrigdhJ) reviewed Cu/Sb ratios in brake wear partialesfound
ratios from 1.3 to 9.1 that strongly depends onRMefraction. The estimation for the Cu/Sb ratid.{t5.1 for
incremental PM) is close to the ones for Ryelemental concentrations in other European lonatincluding
London, U.K. (on average 9.1, Gietl et al., 20B¥icelona, Spain (7.0-7.9, Amato et al., 2011ajpBed Zurich,
Switzerland (respectively 13.2 and 8.5, Hueglialgt2005) and in road dust below 10 um collecteBarcelona,
Zurich and Girona (respectively 6.8+0.9, 13.5+8.71,0+8.9, Amato et al., 2011). However, lower 8@u/Sb
ratio are found for other European traffic sitesSweden (4.6+2.3, Sternbeck et al., 2002 andJ®!&nsson et
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1 al, 2009); in Portugal (about 2, Alves et al., 20and in Vienna, Austria (1.6, Handler et al., 200 o0 complicate
2 the matter further, published data from the analg$brake pads and discs are even more scattergghly from
3 1.3 to 2000 (Adachi et al., 2004; Canepari et24Q8; ljima et al., 2007), and often different tttha chemical
4 composition of brake wear particles (Grigoratos Btadtini, 2015). The poorer relationship betweena®d Sb
5 (r>= 0.4) than those observed between Sn, Cu and?F6.7) and the lower EF for Sb of this study than
6  observations at other sites may be explained bintheduction of Sb-free brake pads. Then, whikdlecurrence
7  of Sb may be largely explained by braking actigitithe use of a typical factor for braking actadtiusing Sb
8  seems to be less obvious.

9  The very strong linear relationships found betwenCu, Mn and Sn with no significant interceptt(vally equal
10 to zero) suggests that ratios including these camgse also worth attention. Even though Fe is mash $pecific
11  of brake wear emissions than Cu or Sb, Hulskottel.ef2014) observed a stable Cu/Fe ratio of ado% in
12  different European kerbside locations (The Netmeida Boogaard et al., 2011; England: Gietl et 2010;
13 Switzerland: Hueglin et al., 2005). They concludleat brake wear is probably the single source t bopper
14  and iron in urban aerosols. The review of otheenécstudies leads to similar conclusions. Pio e{(2013)
15 determined an average Fe/Cu ratio of 21 (and f@af;e = 0.048) from tunnel and busy roads measurenie
16  Portugal. Cu/Fe ratios at two traffic sites in Bdoma ranged from 0.034 to 0.058 (Amato et al., 12)1Except
17  for the site of Weerdsingel in Utrecht, Cu/Fe ratimalculated from average Rivelemental concentrations
18 measured at 8 street locations in The Netherlatstsranged from 0.039 to 0.048 (Boogaard et all5200nly
19  Alves et al. (2015) found a much higher Cu/Fe ratiBMo collected in a tunnel in Portugal mainly due teeay
20 low EF for Cu compared to other studies. The Cui& determined in our study for light-duty traffi
21  (0.041£0.010) is very similar to the ones foundhie majority of these European roadside sites € &hl while
22 the ratio determined for the heavy-duty trafficO00+0.017) is slightly larger due to proportionaligher
23  emissions of Cu. Again, this suggests that brakeemads spent in different European countries aw®y wimilar
24 and that the Cu/Fe ratio could be used as an itiolicaf brake wear emissions.

25  Ratios with Mn and Sn are more rarely discusséhdariterature, and published information is sca@@Sn ratios
26  of 6.2 and 4.3 can be calculated from data pubdishye Handler et al. (2008) and Johansson et aD9R0
27  respectively. Amato et al. (2011a) found Cu/Siortitat ranged from 4.7 to 4.8 and did not estimat®s with

28  Mn because of the possible influence of a locatlsseurce. Cu/Mn ratios of 3.7; 4.9 and 3.0 (Banjl 4.4

29  (Zurich) are respectively calculated from the stsdif Handler et al. (2008), Johansson et al. (2@0@ Hueglin
30 etal. (2005). All these ratios are close to thesoof this study (Cu/Sn=4.1+1.0; Cu/Mn=3.6£1.6, [€d), showing
31 thatthey are possible other candidates to traaleebivear emissions. Cu/Sn would be a better caredsitace the
32 relation between these 2 elements is cloge0(84 for Cu/Sn vs+0.47 for Cu/Mn, see SI).

33  3.2.3Emissionsof organic markersof diesel exhaust and lubricating oil

34  As previously observed (Schauer et al., 2002; ered al., 2014; El Haddad et al., 2009), n-alkamesabundant
35  organic compounds of total quantified organic compts emitted by vehicles on road.

36  In agreement with other chassis dynamometer memsumts (Rogge et al.; 1993a; Cheung et al., 2010oRe et

37 al., 2014; Cui et al., 2017), the most importartkanes in diesel exhaust emissions are C19 to @i2ie, most

38 emissions were below detection limit for the twdrpkevehicles (Table 4). Schauer et al. (2002) stabwhat n-

39 alkanes are present in particulate exhaust emssibnon-catalyst equipped petrol vehicles, buy e almost
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1  absentin the exhaust of catalyst-equipped petobdbnvehicles. In 2011 virtually all petrol vehislerere catalyst-
2 equipped (Fallah Shorshani et al., 2015). C19-Gaéanes are also the most important in incremengdside
3 concentrations and as a further indication of rtaffic contribution, the Carbon Preference Ind&Pl, for
4 calculation see Sl section VI) is very close totyifD.99) indicating equal distribution between cattd even
5  carbon number typical of anthropogenic emissiorari&tl et al., 2003; Cincinelli et al., 2007 ; Kanak, 2012;
6  Alves et al.,, 2016). Light-duty traffic-EFs for C2®d C24 are in agreement with the ones of the Buliesel
7  vehicle from chassis dynamometer measurements (wuppge) and with the ones determined by Perror. et
8  (2014) for Euro 3 diesel vehicles (C23: 16.3 pg/kaR4: 12.7 pg/km). Good agreements are also féan@25
9 and C26. However, the traffic-EFs determined byrdter et al. for C21 is half the one of this stuiiig one for
10 C20is 1/5 of the one of this study. All EFs detiered by Perrone et al. for Euro 4 diesel vehicleslarger the
11  ones of the Euro 4 diesel vehicle of this study,dfsimilar size of magnitude.
12 The relative contributions of the n-alkane senediesel exhaust show Gaussian-like shapes pehkimgen C20
13  and C22 (Rogge et al.,1993a; Morawska and Zhar@g; 2 Haddad et al.,2009; Cheung et al., 2010idnijet
14  al, 2012; Perrone et al., 2014; Cui et al., 20[¥}his study, the dominant alkanes are C21 irettfeaust of test
15 diesel vehicles and C22 in traffic RN87 emissidfigyre 3). Fujitani et al. (2012) showed that shifom C20 to
16  C22 and differences between real-atmosphere measnte and exhaust measurements are entirely ezglayn
17  gas-to-particle partitioning at different dilutioatios (dominant n-alkanes were C20 and C22 atidiiuatios of
18 14 and 238 respectively). Accordingly, in this stu@21 is the dominant n-alkane at diesel exhailigi@h ratios
19  of about 80; and a shift toward a heavier n-alkaas been observed in the roadside atmosphere. axesk
20 normalized by OC (ug/g) (Figure 3) show values Earo 3 and Euro 4 diesel emissions and RN87 traffic
21  emissions that are about half of the values medsora tunnel in Marseille (El Haddad et al., 200@)uch higher
22 values are found with the vehicle retrofitted wiRlr (Figure 3). These high values are due to vewy QC
23  emissions by the vehicle equipped with PF and lesmow less effective reduction of n-alkanes ttaal OC.
24  Because of their semi-volatile nature, n-alkaney mpass the particle filter in their gaseous phashigher
25  temperatures. While the n-alkanes series from 61226 peaking around C20-C22 seems to be chastaternf
26  diesel emissions, increase of the n-alkane/OC satoald be expected for the future.
27  Low molecular weight PAH’s (An, Fla, Pyr) are freuily associated with particulate diesel exhausssons
28 (e.g. Kleeman et al., 2008; Keyte et al., 2016)adkdingly, both chassis dynamometer amditu measurements
29 indicate that diesel vehicles is a major sourcthe$e chemical species. Indeed, they are almoshalspetrol
30 exhaust emissions and are strongly related to RiN8fic emissions. EFs for PAHs determined for Heavy-
31  duty traffic are much higher than the ones deteeahiior light-duty traffic: from 6-times higher féila, up to 20-
32 times higher for Pyr (Table 3). High emissions wf By heavy-duty vehicles have already been obseamgwhere
33 else (Liacos et al., 2012; Cui et al., 2017). While comparison between EFs determined during rdifte
34  conditions is not straightforward in absence of phase measurements due to the high vapour prestthe
35 lowest molecular weight organics (Fujitani et &012; Polo Rehn, 2013), quite good agreements amadf
36  between chassis dynamometer measurements and-&&8i and with data from other studies. Indeedirathe
37  light-duty traffic-EFs for Fla and Pyr are quitensistent with the ones of the diesel Euro 3 meakwith chassis
38  dynamometer. The light-duty traffic-EF for An isoportionally lower, somewhere between the onessifEuro
39 3 and Euro 4 vehicles. The average EF for PyriferBuro 3 diesel vehicle of this study (Table 4)lase to the
40  ones of Perrone et al. (2014) for Euro 3 dieseloke$ (740+300 ng/km for passenger cars and 181@#g7km

13
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1  for commercial utility vehicles). Traffic EFs fodld=and Pyr are also in good agreement with aveEdgein a

2 tunnel in China (40-50 knmi}784-2776 veh.#/18.4-35.1% HDV, He et al., 2008). These satisfyaiggeements

3 suggest that EFs determined in this research mauibe well representative of in-use vehicles. Hesve gas-

4 particle partitioning and photochemical degradapoocesses may make difficult the use of quantitadiata for

5 these markers, as already observed (Zhang e08b, Phuleria et al., 2007; Katsoyiannis et alL, 20 obiszewski

6  and Namiénik, 2012).

7  In agreement with previous observations (Phulerel.e2006 and 2007; He et al., 2008; El Haddaal.e2009;

8  Alves et al., 2016; Pant et al., 2017)0278-norhopane and by21B-hopane are the two dominant hopanes

9  associated with traffic emissions. Very few traffi€s are available for hopanes in the recent titeeaand most
10 data available from recent studies are relatediéb donsumption (e.g. Phuleria et al., 2006 and7R0Draffic
11  hopane EFs of this study are much lower than thosguted for tunnels in China (He et al. 2008; &ail. 2016).
12 In order to compare with European tunnel datafitr&fFs are normalized by OC emissions. Value for t
13 170,21B-norhopane (246 pug per g of OC) is similar to the for a tunnel in Lisbon (Alves et al., 2016) blmost
14  half the ones for tunnels in Marseille and Birmiagh(El Haddad et al., 2009; Pant et al., 2017) v€msely, the
15  value for 14,218-hopane (301 pg per g of OC) is very close to thesdound in tunnels in Birmingham and
16  Marseille but twice the one for the tunnel in Lisb@hese divergences and the quantification of ywelany traffic
17  emissions require further work in order to be dbldefine specific data for these indicators.
18  3.2.4 Other non-exhaust emissions
19  The average traffic-fleet EFs for €as the fifth highest traffic-fleet emission factafter EC, OC, Fe and NO
20  While the emissions of Ca could not be discriminated between light-duty ahdavy-duty traffics
21  (autocorrelation), this much larger emission fatham the ones measured in the exhaust of dieb#dles is in
22 agreement with its origin. If Gamainly comes from road dust resuspension, it da¢sonly depend on the
23  intensity of traffic but also on the amounts ofobain deposited on the road (silt loading). Bukowiest al. (2009)
24  used the mass concentration measured 1-hour eamli@rder to empirically account for the observed
25  autocorrelation behaviour in the calcium time sedae to the accumulation of resuspended dusttiffieeseries
26  resolution of 4 hours for collected particles irsthtudy does not allow such calculations. Noté toatrary to
27  Bukowiecki et al., most other trace elements tloaid be regressed in this study do not have the dshaviour
28  as C&" This could be explained by the removal of roastslithanks to frequent rain events before and dihie
29  sampling period.
30 Since EU tyres contain about 1% zinc oxide (Paut larrison, 2013) and Zn is the most abundant fietal
31 element in tyres commercialized in the U.S. (Apeagy al., 2011), Zn is often proposed as a kegetraf tyre
32  wear emissions. In this study, similarly to otheorks (Boogaard et al., 2011; Amato et al., 2011), Z
33  concentrations did not show any roadside increngnis suggests the prevalence of other sourcesaf Zhe
34  Grenoble-Alpes conurbation, as well as in othemarbnvironments. Further research are needed ¢ontiae
35 proper tracers of tyre wear emissions.

36 4. Conclusions

37 A large comprehensive particulate matter datasetbleen collected from a simultaneous near-roadusinan
38  background measurement field campaign, togetheh webassis dynamometer experiments. Near-road

39 measurements are made near a freeway with varidtisgiconditions from free-flowing to stop-and-traffic,
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1 including frequent and severe braking events dupegods of congestion (morning and afternoon cotirgu
2 times of workdays). This study attempted at deteimgi emission factors for many chemical speciemfroad
3 traffic and identifying and quantifying tracersesthaust and non-exhaust vehicular emissions teée in source
4 apportionment studies.
5  The traffic shows the larger emission factor for 8@t is strongly associated with diesel traffiheTemission
6  factor for EC for the light-duty traffic is simildo the ones of passenger diesel cars non-reteaffitith particle
7  filter. The traffic-fleet EF for OC is slightly lger than those deduced from exhaust measuremeggtaofehicles.
8  This later observation would require further inigsstions in order to delineate the several possialeses for such
9  observation. In this environment dominated by tiesel traffic, the OC/EC ratio is below 0.4 (incremtel
10  concentrations or emissions), as it is in diesébest emissions. However, this ratio depends orréfiic fleet
11  and then may change in the future with the progresstroduction of vehicles retrofitted with pade filter.
12  Results showed the important contribution of mefadsn brake wear to particulate vehicular emissidns
13  particular, Fe has the third higher traffic emissfactor after EC and OC. Total brake wear emissae estimated
14  for the RN87 highway, they are on average almoistetthe particle emission standards for the exisaafstewer
15  vehicles (from Euro 5). We have shown that Cu stlagr important contributor to Pivifrom traffic and it could
16  be an excellent tracer of brake wear emissionsastrnvironments. Even though they are less spehbiin Cu,
17  other metals such as Fe and Sn may be used tolirake wear emissions through typical ratios. Irtipalar,
18 ratios Cu/Fe of about 0.041 for light-duty traffitay possibly be the best option for estimatinghiteke wear
19 emissions due to the traffic of European passeocages. Constant Cu/Fe ratios at different sites ssiggimilar
20  composition of brake elements at the European gaal®nger as Cu-free brakes are not spread iopr The
21  ratio Cu/Sn may possibly be another good optioh aguires further investigation. The use of botiMn and
22 Cu/Sb ratios seems to be less obvious since dataare scattered possibly due to frequent occueseatother
23  influential source for Mn, and due to the introdatof Sbh-free brake pads.
24 Recent literature show that some redox-active mdtalm brake wear (Cu, Fe, Mn, Cr) are associatgd w
25  oxidative stress (Poprac et al., 2017), high oxiggpotential (Shirmohammadi et al., 2017; Webealgt2018),
26  and inflammation in lung tissue (Pardo et al., 20¥so brake wear debris are associated with ntesjth
27  outcomes (Kukutschova et al., 2009). Hence the ainp&brake metals emissions on health requirestteib
28 understanding, and the regulation of brake weassmis needs to be considered.
29  Particulate organic emission data for European megbicles is scarce. In this study, the emissawidrs of a
30 few PAHSs, n-alkanes and hopanes have been quanfifiagreement with previous works, low molecwaight
31  PAHs (mainly An, Fla, Pyr) are associated with diesxhaust emissions. Pyrene and Fluoranthendarentes
32 the most strongly associated with fresh diesel eghamissions. Pyrene is more largely emitted byhdgavy-duty
33 traffic. Similarly to PAHSs, n-alkanes from C19 t@€are also associated with diesel vehicles, eveagh the
34  determination of the concentration of the domiralkéines (from C20 to C23) strongly depends on nreasent
35  conditions. While the comparison with other recetties is difficult in the absence of gas quatsifon forin
36  situ measurements, a quite good agreement is founmdst organics. However, the changing of the gasepear
37  partitioning of low molecular PAHs and n-alkanesading to ambient temperature and dilution fagtarsl their
38 possible short-term photochemical degradation maypromise their use as quantitative markers of fuel
39  combustion.
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Discussions

Hopanes are markers of lubricating oil in the eroiss of high-emitting vehicles (Rogge et al. 1992@&]inska

et al., 2004). In this study two hopanesd2aB3-norhopane and 1f218-hopane) have been clearly associated
with the traffic and more closely related to thaheduty traffic. However the quantification showdidergences
with other studies that require a better understend

Overall, this study delivered valuable informatithrat could help in a better definition of trafficn&ssions in

source apportionment studies.
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Tablesand figures
. Sign Rank .
Median i R with . . i
. test | Wilcoxon R with R with R with
Pollutant| N | Nyg | increment total Remarks
p test p . HDV NO E
(%) traffic
value value
oC 57| 57 22.7 0.000] 0.000 0.00 0.16 037+  0.38F
EC 57 | 57 67.8 0.000 0.000 0.50** 0.89** 0.89** | - R(CU/EC)=0.83**
NO, | 55| 55 73.9 0.000|  0.000 0497 0717 0.89%
PMp | 55| 55 18.7 0.000]  0.000 0337  033] 0557 0.65F
PM.s | 48 | 48 213 0.000]  0.000 0.38% 031 0627 0.4
PMeowree | 48 | 48 8.2 0041 0115 0.27 0.29) 0.24 0.21
NOs | 48 | 48 28.4 0.000]  0.000 0.18 0.27 0.24 0.2
ca* 57| 26 34.2 0.011 0.005 0.42* 0.63* 0.56*1 0.44* R(Ca/Cu)=0.64**
Na© | 57 | 26 332 0.001]  0.003 0.14 0.301 0.19 0.04
Mgz | 48 | 48 431 | 0000  0.000 0.24 0.291 0.17 033+  RMITINO)=0.68
R(Mg2*/Ti)=0.57*
R(Ba/Cu)=0.57*;
Ba 57| 26 37.2 0.034 0.013 0.49* 0.26 0.25 0.35* R(Ba/SN)=0.74*;
R(Ba/Fe)=0.71*
R(Co/SQ?)=0.46",
Co 57 26 35.6 0.003 0.000 0.15| 0.07 0.0 0.04 R(Coloxalates)=0.51**;
R(Co/NH;")=0.41**
cr |57| 26| 82 | 0000| 0.000 0.03 025 | 031* | 0.40% (TR0
R(Cr/Fe)=0.45**
R(Cu/Sn)=0.95**;
cu |57| 26| 689 | 0000| 0000 | 0.67% | 0.64= | 079% | 0.83 RO
R(Cu/Ti)=0.68**; R(Cu-An,Fla,Py,
H3, H4)>0.5%*
Fe |57 | 26| 841 |0000| 0000 | 0.68* | 0.60 | 0.67* | 074 NIRRT
R(Fe/Sn)=0.92**
Mn 57 | 26 59.6 | 0.000 | 0000 | 0.48* | 0.66* | 0.78™ | 0.77*
Sb 57 | 26 633 | 0.000 | 0000 | 0.44* | 0.61* | 0.71% | 0.62" R(Sb/Sn)=0.81*
Sn 57 | 26 541 | 0.000 | 0000 | 0.71* | 0.70% | 0.77~ | 0.79%
Sr 57 | 26 | 89.Z7 | 0.000| 0000 | 0.34* | 0.41* | 031* | 028
Ti 57 | 26 60.8 | 0.003 | 0001 | 058% | 059 | 044 | 045 R(TUA=0.42"

Atmospheric

Table 1a: Median increments to concentrations medswear the RN87 highway in comparison to thosesured in the urban
background site (given in % of total concentrat)dios species for which concentrations are sigaifity higher at the near-
traffic site according to Sign and Rank Wilcoxortsgp<0.05). PMbarse(difference between PMand PM.s) is also included
in this table. R are Spearman correlation coeffisiemith traffic, heavy-duty traffic (HDV), nitrogenxides (NQ), and
elemental carbon (EC).7N number of samples collected at the traffic fitehirolles), Nis : number of samples collected at
the urban background site (Les Frénes site). &amnations at Les Frénes are most of the timenbdédection limit. * mean

statistically significant at the 95% level, ** &tet 99% level.
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i Sign Rank .
Median X R with . . .
. test | Wilcoxon Rwith | Rwith R with
Pollutant N | Ngs | increment total Remarks
P test p . HDV NOy EC
(%) traffic
value value
Phe (phenanthrene) 56 4D 43.8 0.000 0.000 0.17 0{17 0.25 0.32*%
An (anthracene) 56 | 40 55.0 0.000 0.000 0.34* 0.39** | 0.48* | 0.51*
Fla (fluoranthene) | 56 | 40 70.3 0.000 0.000 0.38** 0.43* | 0.51** | 0.54*
Pyr (pyrene) 56 | 40 81.3 0.000 0.000 0.40** 0.46** | 0.50** | 0.51*
BaA correlation with
56 | 40 55.3 0.000 0.000 0.16 0.23 0.29¢ 0.391* Levoglucosan :
(benzo(a)anthracene, 075
C17 (heptadecane) 56 40 78.7 0.005 0.001 -0.03 0.09 0.21 0.24
C18 (octadecane) 56 40 39.6 0.010 0.004 0.14 0.22 0.361*  0.43%
C19 (nonadecane) | 56 | 40 83.1 0.000 0.000 0.23 0.29*% 0.39** | 0.39**
C20 (icosane) 56 | 40 70.0 0.000 0.000 0.24 0.39** | 0.50** | 0.42*
C21 (henicosane) | 56 | 40 89.0 0.000 0.000 0.21 0.33* 0.46** | 0.41*
C22 (docosane) 56 | 40 79.3 0.000 0.000 0.27* 0.41* | 0.52** | 0.43*
C23 (tricosane) 56 | 40 66.6 0.000 0.000 0.31* 0.40** | 0.61** | 0.59**
C24 (tetracosane) | 56 | 40 68.3 0.000 0.000 0.26 0.35*% 0.50** 0.63**
C25 (pentacosane) [ 56 | 40 48.2 0.000 0.000 0.24 0.29*% 0.55** | 0.61**
C26 (hexacosane) | 56 | 40 70.3 0.000 0.000 0.22 0.36** | 0.62** | 0.63**
C27 (heptacosane) 56 40 36.4 0.000 0.000 0.17 0.18 0.361*  0.44%
correlation with
C28 (octacosane) 56 40 57.4 0.026 0.000 -0.15 -0.01 0.19 0.22  Levoglucosan :
0.55%
correlation with
C29 (nonacosane) 56 40 32.0 0.006 0.000 0.15 0.16 0.24 0.26  Levoglucosan :
0.39%
correlation with
C30 (triacontane) 5¢ 40 54.7 0.002 0.000 0.03 0.16 0.33¢ 0.387* Levoglucosan :
0.51%*
correlation with
C31 (hentriacontane) 56 40 20.4 0.007 0.003 0.14 0.21 0.35f 0.417* Levoglucosan :
0.48*
correlation with
C32 (dotriacontane) 56 40 63.4 0.004 0.002 -0.18 -0.06 0.13 0.21 Levoglucosan :
0.47%
correlation with
C33 (tritriacontane) 5 40 34.4 0.030 0.008 -0.03 0.07 0.23 0.32* Levoglucosan:
0.47%
H3
56 | 40 97.4 0.000 0.000 0.29*% 0.46** | 0.67** | 0.67*
(17021BNorhopane)
H4 (17a21Bhopane) | 56 | 40 97.8 0.000 0.000 0.22 0.37** | 0.59** | 0.61**

Table 1b: Median increments to concentrations nredsoear the RN87 highway in comparison to the ubzakground site

(given in % of total concentrations at the traffite) for organic species for which concentratians significantly higher at

the traffic site according to Sign and Rank Wilcoxests (p<0.05). R are Spearman correlation coefftsiwith traffic, heavy-

duty traffic (HDV), nitrogen oxides (N4, and elemental carbon (EC)r Nnumber of samples collected at the traffic site

(Echirolles), Nis : number of samples collected at the urban backgtsite (Les Frénes site). $: concentrations atArénes

are most of the time below detection limit. * meatetistically significant at the 95% level, ** éite 99% level.
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EFs ocC EC N® Na* Mg?* ca*
median 16.8 39.0 1.82 0.176 0.061 1.62

IQR 8.4-27.8| 35.5-45.50.45-2.6| 0.104-0.394 0.044-0.106| 0.80-2.2]F
Table 2a: Median emission factors for OC, EC angbmians significantly related to traffic and Interartile Range (IQR :

25" and 74 percentiles) in mg.vehkm?

EFs Ba Cr Cu Fe Mn Sb Sn Sr Ti
median 66 43 300 6711 62 27 55 11 28

IQR 20-136 38-75 228-45 4527-9302 51-7p 19-39 40-B  8-16 22-40
Table 2b: Median emission factors for elementsifiggmtly related to traffic and Interquartile R&@QR : 2% and 7%’

5 percentiles) in pg.vehkm?

EFs Phe An Fla Pyr H3 H4
median 0.716 0.054 1.69 2.54 3.46 4.34

IQR 0.346-1.15| 0.033-0.085 1.14-2.37.78-3.28] 1.99-6.90 | 2.67-6.89
Table 2c: Median emission factors for PAHs siguifitty related to traffic and ti213Norhopane (H3), 1d21Bhopane (H4)

and their Interquartile Range (IQR :"2&8nd 7% percentiles) in pg.vehkm?

EFs C19 C20 c21 C22 C23 C24 C2§ C2¢4
median 3.6 9.5 30.3 42.5 48.0 39.9 19.8 127

IQR 2.0-8.3| 5.2-18.9 19.9-62/£29.8-81.4 30.6-70.3 26.1-52.5| 12.5-34.2 9.3-21.9
10 Table 2d: Median emission factors for n-alkanesigicantly related to traffic and Interquartile Ren(IQR : 2% and 7%

percentiles) in pg.vehkm?
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Unit , HDV LDV
ni r
Coeff. | SD p conf.inter. 95% | Coeff. SD p conf.inter. 95%
mg.veht.kn : :
EC |, 0.92 | 148.4| 22.7 0.000 102.9 19319 30.2 1.9 0.000.4 26, 34.0
Cu pg.vehtkm? | 0.73 | 3371 990 0.003 1312?. 5430 258 104 0.021 425 474
mg.veht.knt | : :
Fe N 0.81 | 48.0 19.1 0.023 75 885 6.3 1.7 0.g02 2.7 9.9
Sb pg.vehtkm? | 0.77 | 246 72 0.003 96 . 395 20.1 6.9 0.0J06 5.6 3456
Sn pg.vehtkm?* | 0.82 | 512 149 0.003 198. 825 54 15 0.0z 23. 85

Pyr | ngvetikm® | 0.60 | 284 | 63 | 0.000 156, 411 1459 0638 0.034 2104 2.798
An | pug.vehtkm! | 0.55 | 0.435| 0.128 0.002 0.1754 0.697 0.0352 0.01310110 0.0086§ 0.0614
Fla | pg.vehtkm® | 0.58 | 7.38 3.38 0.037 0.495 14.27 1.254 0.305 0.00(133205 1.875

C23 | pg.vehtkm?® | 0.66 | 277.8| 70.6 0.000 133.:8 42117 239 6.3 0.p01.1 llé 36.8
C24 | pgveh'km® | 0.62 | 163.9 | 54.0 | 0.005 53.71 274(1 19.2 4.8 0.p00 9.3 29.0
Table 3: Results of the Multiple Linear Regressiath the heavy-duty traffic (HDV) and the lighttyuraffic (LDV): square

correlation coefficients, unstandardized coeffitsewith standard deviations for HDV and LDV, p-veduand confidence

5 intervals at 95%.
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Unit E3D E4D E2P E4P E4D+PF
median IQR median IQR median IQR mediah IQR medign IQR
EC | mg/km 316 29.7-41.7 271 15.8-3714  <QL <QL 0.06 0.06 0.37 0.12-0.44
OC | mgkm 10.7 73144 56 3.36.0 03 0.2-01 <ol <Q 014 | 0.07-0.18
OCIEC B 0.29 0.24-0.33 0.16 0.12-0.19 und. und| und und.  0.61 0.40-1.94
Ba Hg/km 25.0 17.7-48.9 273 13.6-30[3 3.6 2.85[0 B E 0 0-0.2
Co pg/km <DL <DL <DL <DL <DL <DL - B <DL <DL
Cr pg/km 0.92 0.46-5.7 2.7 1329 0.91 0.75-1]1 - - 160 | 0.08-0.27
Cu pg/km 9.2 52-12.9 11 0.56-2.4 0.40|  0.33-079 - - o1a 0.10-0.29
Fe Hg/km 84 48213 51 2598 22 20-27 B : 0.93 0.47-2.5
Mn Hg/km 0.56 0.49-4.3 42 2443 0.42 0.13-0j81 B - o007 0.03-0.09
Sh ng/km <DL <DL <DL <DL <DL <DL - - <DL <DL
Sn pg/km 0.92 0.46-5.4 225 1.1-2.6 0.06 0-0.14 - B 060. | 0.03-0.08
S pg/km 0.67 0.48-1.0 0.68 0.60-1.5 015  0.10-031 - B 0.02 0.01-0.04
Ti pg/km 8.3 7.4-10.7 15.6 12.0-28[1 2.8 15-4l4 B - DL< 0-0.1
Ca* pg/km <DL 0-109 39 0-52 <DL <DL <DL <DL 1.2 1.0-2.8
Na* ng/km <DL 0-89 <DL 0-60 3.6 2.7-6.0 <DL <DL 15 a8.8
NO; | pg/km 226 113-267 56.5 32-352 17 1328 <D <D 5 3 | 26-49
Phe | pg/km 353 336-433 0125 0-0.35p <QL 0-0.045 <Ql  <QL <QL 0-0.001
An pg/km | 0.091 | 0.07-0.11  0.013]| 001-0.02  <QL <Q(] <Ql QK 0.015 0-0.015
Fla | pughkm | 0956 | 0.37-1.24  0072| 005041  <QL <QL] 0.001 0-0.002 <QL <QL
Pyr pg/km | 1.066 0.26-1.3 0.110| 003019  <QL <Q( 0.00B 0-0.003 <QL 0-0.001
C19 | pg/km 17.4 11.5-22.3 4.66 3.05-5.66 0.15 0-0.16 <Ql <qQL 0.92 0-2.20
C20 | pg/km 25.4 14.3-29.7 5.10 336-636  <QL 0-0.2f <Ql <QL 2.78 0.36-3.25
Cc21 | pg/km 315 17.1-35.1 5.84 365-7.65  <QL 0-1.0B <Ql <QL 2.76 1.22-4.50
C22 | pg/km 22.1 13.0-25.4 4.94 290-639  <QL <QL <QL <Ql 220 0-2.44
C23 | pg/km 16.8 9.43-213 418 223586  <QL 0-0.86 <Ql 0-0.04 111 0-1.82
Cc24 | pg/km 111 6.19-15.1 351 1.70-4.69 0.13 0-0.31 <QL <QL 0.22 0-0.70
C25 | pg/km 6.12 3.00-8.39 1.94 1.02-2.87 0.07] 0-053 200 001-002] <QL <QL
C26 | pg/km 357 1.91-3.85 1.23 0.76-156  <QL 0-0.0p <Ql 0-0.01 <QL <QL

Table 4: Average emissions factors (median and iQ@erquartile range) determined by chassis dynanemmeeasurements for different
types of passenger cars: Euro 3 diesel (E3D), Buliesel (E4D), Euro 2 Petrol (E2P), Euro 4 P€tdIP) and Euro 4 diesel equipped with
particle filter (E4D+PF) usingrban, urban cold, road real-driving cycles. Unthdetermined.
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Ratios on Cu/Sh Cu/Fe Cu/Sn Cu/Mn OC/EC
Roadside
. 10.4 £+4.5 0.045 +0.015 4.7 1.0 3.6 1.6 1.00 £0.4p
concentrations
Incremental
. 11.7 £5.1 0.043 +0.015 54+1.8 6.4 5.9 0.33 £0.2p
concentrations
LDV Emission
12.8 5.2 0.041 +0.018® 48+1.# und. und.
factors
HDV Emission
13.7 +4.3 0.070 +0.01Y 6.6 +1.F und. und.
factors
Traffic emission
12.6 4.7 0.046 +0.015 5.6 +1.8 5.7+2.9 0.44 +0.3p
factors

Table 5: Ratios for road-side, incremental (roa@sitnus urban background) concentrations, and RN#8fiet emission factors, with

standard deviation&. using Taylor expansion for approxar G)
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(a) s ‘
Figure 1: (a) Location of sampling sites in Grenoble-Alpes conurbation: the roadside site (Echirolles) and the urban background site (Les

Frénes). (b) Echirolles sampling site: sampling and measurement devices are around the B point; the traffic electromagnetic loop monitorin
5 are beneath the road (on the AB line), on the left, the cameras linked to automatic license plate recognition code are located on overhe:

gantries.
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Figure 2: Emission factors for EC (a) and OC (b) for the mixed traffic fleet and the light duty traffic of the RN87/E712 freeway and from
5 the chassis dynamometer measurements of exhaust emissions of EURO 3 and EURO 4 vehicles for respectively urban cold (UC), urban h
(UH) and road (R) driving cycles.
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Figure 3: n-alkanes emissions normalized by OC emissions at the traffic site (RN87/E712) and from the exhaust of a Diesel Euro 3 vehicle
(E3D), a Diesel Euro 4 vehicle (E4D), a Diesel Euro 4 vehicle equipped with a particle filter (E4D+PF) (on the left only) and a Euro 2 Petrol
vehicles.
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