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Outdoor air pollution is a major cause of chronic illness and of mortality, with an estimated 4.5 million

deaths every year. Its effects are amplified in urban areas where the global population concentrates at an

increasing pace. Asphalt-covered surfaces dominate urban areas. Although pollutant emissions from

asphalt have been investigated at temperatures above 120 °C during laying, data on emissions at service

temperatures are lacking. In the present work, we characterize and quantify in the laboratory volatile

organic compound (VOC) emissions by fresh and old asphalt mixtures with gas chromatography – mass

spectrometry/flame ionization detector (GC-MS/FID) and proton transfer reaction – time of flight mass

spectrometry (PTR-ToFMS) under simulated atmospheric conditions at service temperatures (23–60 °C).

The impact of asphalt aging on VOC emissions is assessed. We show that asphalt pavements contribute

significantly to urban pollution and therefore need to be included to emission inventories and taken into

account by air quality models. VOC emissions from these extended surfaces are shown to be important

contributors to ozone and secondary organic aerosol formed in urban areas. This study reveals a large

background source of VOCs, precursors of ozone and particulate matter in cities. Specifically, we

estimate that in Paris (France), asphalt pavements at service temperatures are responsible for the

emission of 0.148 Gg NMVOC per year, corresponding to 21.3% of emissions from road transportation,

and 2.9% of total NMVOC emissions in 2019. The corresponding mass of formed Secondary Organic

Aerosol (SOA) is estimated as 1.60–4.12 tonnes per year, accounting for 1.5–3.8% of PM1 emitted by

road transportation. It suggests that “net zero emissions” targets, such as the zero pollution action plan

of the European Green Deal, cannot be met until this new challenge from asphalt pavements is

acknowledged and tackled. Reducing emissions from asphalt pavements during service is a major

challenge for sustainable cities and needs to be addressed by the scientific community, policy makers

and industrial partners.
Environmental signicance

The world's urban population grows at an increasing pace. Urban atmospheric pollution is a prime concern for health and environmental sustainability.
Inventories of pollution sources are necessary to account for observations, and to set relevant mitigation targets. Our study provides for the rst time the
speciation and quantication of volatile organic compound (VOC) emissions from an uncharacterized and widespread urban surface, asphalt pavements, at
service temperatures. We determine ozone and secondary organic aerosol (SOA) formation potentials in Paris, France. Our work shows that asphalt pavements
signicantly contribute to VOC emissions and SOA formation, andmight become a dominant urban pollution source in the future. It has strong implications for
urban atmospheric chemistry, with the characterization of an extended pollution source.
m, Univ. Lille, Centre for Energy and

mail: jerome.lasne@imt-nord-europe.fr;

, Univ. Lille, Centre for Materials and

, UK

tion (ESI) available. See DOI:

the Royal Society of Chemistry
1. Introduction

The global death toll of ambient air pollution is estimated at 8.8
million deaths per year, with an average life expectancy loss of 3
years.1 Recent estimates suggest that outdoor air pollution
accounts for 4.5 million deaths every year.2 Outdoor air pollu-
tion is exacerbated in cities, where many pollution sources are
concentrated together in the same area. Moreover, the propor-
tion of the global population living in urban areas is growing,
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from around 50% today to a projected 70% by 2050.3 Air quality,
especially in urban areas, and its impact on health are therefore
major challenges faced by our society, with their importance
expected to grow in a future threatened by climate change.

Air pollution can affect human health and the environment
in several ways. Greenhouse gases, such as methane and carbon
dioxide increase Earth's surface temperature. Oxidants, such as
ozone (O3), and their precursors, nitrogen oxides (NOx) and
volatile organic compounds (VOCs), are irritant and toxic
species, causing airway inammation and increased respiratory
symptoms in people suffering from asthma. Additionally,
secondary organic aerosols (SOA) represent up to 90% of
organic aerosols which contribute to about 20 to 90% of the
particulate matter (PM) mass in ambient air.4 SOA form by
condensation of photo-oxidized atmospheric VOCs, and
increase cardio-respiratory disease mortality.5 VOCs therefore
play a central role in air pollution as precursors of ozone and
SOA.

The main anthropogenic VOC sources have been identied
as road transport, solvent use, extraction and distribution of
fossil fuels, production and combustion processes, agriculture,
and wastes.6 Consequently, policies have been implemented at
national and international levels to reduce VOC emissions from
these sources. As a result of the decrease of VOC emissions from
road transport, the relative contribution of non-combustion
sources has increased, and now represents a major contribu-
tion to SOA and ozone precursors.7 Emerging sources, such as
volatile chemical products (VCP) and as-yet unidentied sour-
ces, have not been fully assessed at present, and are therefore
missing from inventories.8 Unknown sources represent a major
knowledge gap in urban atmospheric chemistry models.8 New
undocumented sources of VCPs could represent 50% of VOC
emissions in industrialized cities;9 these sources are ubiqui-
tous, and scale with population density,10 pointing to urban
environments. Field measurements in urban environments
show that the oxygenated VOCs (OVOC) to non-methane VOCs
(NMVOC) ux ratio is two to four times higher than current
inventories suggest.11 One or several major OVOC sources are
therefore missing in urban environments. These missing
sources need to be identied and quantied to make emission
inventories and hence air quality models more accurate,
helping the assessment of the polluting character of urban
materials and assisting policy makers.

Paved surfaces represent about 40% of urban areas.12 The
role of asphalt pavement in the urban heat island (UHI)
phenomenon and as an impervious surface hindering rainfall
inltration is well-established13 and technical solutions are
being developed in order to minimize the UHI.14 Numerous
laboratory studies have investigated the impact on the physical
properties, chemical composition and chemical structure of the
oxidation of hot asphalt mixtures and their aging at deposition
temperature (i.e., T > 120–140 °C).15–17 These studies highlight
the strong inuence of UV radiation, humidity and temperature
on asphalt binder aging.17 These factors likely also inuence the
chemistry occurring at the surface of asphalt mixtures, and
hence, emissions by asphalt mixtures are also expected to be
sensitive to these parameters.
1602 | Environ. Sci.: Atmos., 2023, 3, 1601–1619
Temperatures lower than 70 °C are relevant for road surfaces
during most of their lifetime under typical weather conditions
experienced at mid- and low-latitude regions, where asphalt
surfaces can reach 60 °C under sunlight during a hot day.18–21 In
the context of global warming associated with climate change,
asphalt temperatures as high as 50–60 °C will become common
in summer-times in the future.

The emission of atmospheric pollutants by hot asphalt
mixtures at deposition temperatures above 120 °C is well con-
strained at least regarding polycyclic aromatic hydrocarbons
(PAHs),22–25 and volatile organic compounds.26–28 It is therefore
striking that VOC emissions by asphalt mixtures at service
temperatures, i.e. below 70 °C, had never been investigated
before the year 2020.29 Emissions from asphalt surfaces may
account for part of the gap identied in VOC inventories of
urban areas, due to the large surface they provide for atmo-
spheric exchange of trace gases and the petroleum-based nature
of the materials constituting the binder of asphalt mixtures.
Their contribution to urban air quality needs to be assessed as it
may contribute to the background levels of VOCs and of other
key pollutants considered in atmospheric models.

The pioneering study of Khare et al. has shown that bitu-
minous materials could emit VOCs at ambient temperatures,
not only at deposition temperatures, making them important
contributors to SOA formation.29 Despite the importance of
their results, some key features of their work suggest that their
results are not representative of the real-world environment.

� Firstly, asphalt samples studied in Khare et al., have been
collected prior to, or shortly aer (28 hours), application.29 They
are therefore hardly relevant to real asphalt-covered surfaces
because roads, for example, are usually resurfaced every 10 to 50
years. Investigations need to be directed to old asphalt
mixtures, which are globally muchmore representative of paved
surfaces.

� Secondly, temperatures investigated by Khare et al., range
from 40 °C to 200 °C, with 20 °C steps.29 Relevant asphalt
temperatures rarely go above 60–70 °C and are most of the time
lower than 40 °C.29 In-use asphalt materials are addressed by
two temperatures (40 °C and 60 °C) in Khare et al.;29 in the
present work, we extend the temperature range investigated
towards lower and more relevant temperatures.

The aim of our work is to investigate how and to what extent
asphalt-covered surfaces contribute to urban VOC emissions.
From real-world samples, we quantify the emissions of 65 VOCs,
from fresh and old asphalt mixtures under temperature
conditions relevant for spring/summer/autumn atmid-latitudes
(23–60 °C). Our results will be key for modelers to improve
atmospheric simulations of O3 and SOA concentrations in
urban environments and reveal a major but previously over-
looked pollutant source in urban areas. This source needs to be
considered in environmental policies and its identication
should drive research on innovative zero-emission road-paving
materials. Asphalt-covered surfaces may represent one of the
major urban sources of anthropogenic SOA in the future,
precluding reaching the net zero emissions goal set to tackle
climate change.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and methods
2.1. Asphalt mixture samples

2.1.1. Origin of the samples. In this work, we investigate
asphalt mixture samples used for road pavement in Douai, a city
located in the north of France (50°22′17′′N, 3°04′48′′E) in the
metropolitan area of Lille, a densely urbanized area of 7200
km2, populated by 3.8 million inhabitants. Three fresh samples
(STA3, STA4, STA5) of very thin asphalt concrete (French BBTM
0/10, according to NF EN 13-108-2, a type of mixture widely used
for surface layers in France and in several neighboring coun-
tries) made with porphyritic aggregate and 35/50 penetration
grade bitumen (according to EN 12591) were collected on-site
during deposition in Douai in 2018. They have therefore not
experienced weathering, but only short-term aging (STA) during
asphalt production.15 These samples have been subsequently
stored in the laboratory at room temperature under clean
conditions before use in experiments. Even if the type of
mixture (binder content, process and origin, aggregate origin
and particle size) is different from the samples used in Khare
et al.,29 their emissions may in principle be compared with long
time emissions from the samples of Khare et al. that were used
shortly aer collection.29 Three old asphalt mixture samples
(LTA2, LTA3, LTA4) were collected during road resurfacing
works in a street in the center of Douai (rue de Bellain), in
March 2021. The asphalt pavement layer was deposited in 1992
and has therefore been in service for almost 30 years. It is
a semi-dense asphalt concrete (French BBSG, corresponding to
Asphalt Concrete (AC) following European standard EN 13108-
1; it is the most widespread asphalt mix used in Europe [see the
fourth table “Use of different types of asphalt mixes in surface
courses (in %)” of https://eapa.org/asphalt-in-gures-2021/])
made with 35/50 penetration grade bitumen. The traffic on
this road carried close to 5000 vehicles per day, of which 5% of
heavy vehicles, with a low average speed which did not change
much during the service of the pavement. Moreover, it has been
weathered under real-life conditions (summer/winter tempera-
ture cycles, day/night light cycles, rainfall, gas exhaust of auto-
motive vehicles), resulting in long-term aging (LTA).15 The mass
and geometric emitting area of these samples are available in
Table 1. These two types of “real-world” samples provide real-
istic fresh and old road pavements and are therefore appro-
priate to evaluate experimentally the emissions from asphalt
mixtures in a typical urban area. Still, more work would be
needed in order to assess how mixture design (binder origin
and content, aggregate gradation and nature, compacity, addi-
tives, etc.) affects pollutant emissions.
Table 1 Mass and geometric emitting area of the asphalt samplesa

Sample reference STA3 STA

Mass (g) 326.0 357
Geometric emitting area Sasphalt, top and
sides (cm2)

128.3 137

a The geometric emitting area represents the area of the top and side surfa
can therefore contribute to the emissions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Before their use in experiments, STA samples were shaped
into disks of roughly 13 cm diameter and 1.5–1.7 cm thickness,
pictured on Fig. S1 of ESI.† STA asphalt mixtures were not
subjected to any treatment prior to their use in the atmospheric
chamber. Aer collection, LTA asphalt mixture samples were
cut into rectangular fragments with a thickness of 1.3–1.7 cm
ensuring that a large majority of the emissions come from the
oxidized surface layer. LTA asphalt samples are pictured on
Fig. S1 of ESI.† These samples were ushed with dry air and
gently washed with water to remove dust before use. The
geometric surface of the samples was calculated based on their
measured dimensions. The total STA asphalt surface respon-
sible for the measured emissions range between 128.3 and 175
cm2; the surface of LTA asphalt samples range from 63.5 and
266.7 cm2, as shown in Table 1. Note that only results obtained
with samples STA3 and LTA2 are presented here; other samples
have been used to test repeatability of the results, as described
in Section 3 of ESI.†

2.1.2. Characterization of the bituminous binders extrac-
ted from the samples. The two bituminous binders have been
extracted from the STA and LTA asphalt mixes. Details of this
extraction process are given in Section 1.1 of ESI.† Fresh and old
binders obtained from STA and LTA mixes were analyzed using
infrared spectroscopy in ATR (Attenuated Total Reection)
mode. The results, presented in Section 1.2 of ESI,† show the
impact of aging on the infrared bands of bitumen, conrming
that the LTA binder contains more oxidation products (carbonyl
and sulfoxides functions) than the STA bitumen.

The extracted binders were also characterized by simulated
distillation to assess their volatile fractions. Details of the
method and results are available in Section 1.3 of ESI.† The
chromatograms obtained by the simulated distillation process
(see Fig. S3 of ESI†) demonstrated the evolution of the mass of
evaporated product as a function of retention time in the
column. Briey, the light (carbon number < C35) and heavy
(carbon number > C35) fractions were not the same in fresh and
old bitumens. This observation may account for part of the
differences observed between the emissions from the different
types of asphalt mixtures.

2.1.3. Environmental conditions experienced by road
asphalt mixtures. We have measured asphalt surface tempera-
tures on the road and parking lot facing our laboratory with an
infrared thermometer under different weather conditions
determined by a station located on top of the building hosting
our laboratory; the data are presented in Lasne et al.30 On
a typical summer day in Douai, asphalt maximum temperatures
can reach 37.2 °C to 52.2 °C under the sun, with air temperature
4 STA5 LTA2 LTA3 LTA4

.8 373.7 743.2 729.4 425.6

.4 175.0 266.7 102.6 63.5

ces of the sample which are in contact with air in these experiments and

Environ. Sci.: Atmos., 2023, 3, 1601–1619 | 1603
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between 19.0 °C and 32.8 °C, relative humidity between 32%
and 51%, and wind speed between 0 and 14.4 km h−1. The solar
ux was not measured but its impact on asphalt temperature is
likely important.
2.2. Experimental setup

2.2.1. Atmospheric simulation chamber. To record emis-
sions, the asphalt mixture samples were placed in a custom-
made Teon atmospheric simulation chamber with a 20 L
(0.020 m3) volume. The Teon chamber sat in a Memmert
UF110 thermoregulated chamber; a schematic representation
of the setup is given in Fig. 1. Zero air supplied by a Claind AZ
2020 generator was regulated by a mass ow controller (MFC;
MKS Mass-Flo© controller, 2000 sccm, standard cubic centi-
meter per minute). In the series of experiments presented here,
only dry air was used. The MFC is controlled by a four-channel
MKS type 247 readout unit. The relative humidity (RH) of the
dry air ow was monitored with a Kimo KT 220 – O RH probe,
and was constant at 0.1% at 23 °C. The total ow through the
chamber via a Teon tube was 999 ± 2 sccm. The PTR-ToFMS
and GC-MS instruments, when they both operate, sampled
330 sccm of the total ow, with the remainder of the ow
evacuated through a vent, leaving the chamber at atmospheric
pressure. The Reynolds number of the ow in the chamber was
Re z 10 617, ensuring that the ow was turbulent; hence,
emissions of the asphalt mixtures were well mixed in the
chamber, and the air sample composition was not biased by
a concentration gradient effect. Moreover, this value is similar
to the critical Re (z11 000) required for reduced-scale and full-
scale experiments in street canyons with a high-to-width # 1.0
to match.31 Our “reduced-scale” experiments are therefore
relevant to full-scale systems with this geometry. All the exper-
iments presented here were performed in the dark.

Emissions of the asphalt mixture samples were mixed with
the air ow and exit the chamber through a Silcosteel tube.
Silcosteel is used to prevent VOCs adsorption in the lines. The
air ow was then directed downstream of the chamber for
analysis with online and offline techniques described in the
next section.
Fig. 1 Schematic representation of the experimental setup. The dry zero
sitting in a thermoregulated chamber. The gas injected in the chamber car
are analyzed online by PTR-ToFMS and offline by GC-MS/FID after a sam

1604 | Environ. Sci.: Atmos., 2023, 3, 1601–1619
2.2.2. Analytical techniques for VOC emissions measure-
ment. VOC emissions by asphalt mixtures are monitored
online in real time by proton transfer reaction – time of ight
mass spectrometry (PTR-ToFMS) and offline by gas chroma-
tography – mass spectrometry/ame ionization detector (GC-
MS/FID). The instruments are calibrated following the
guidelines of ACTRIS (Aerosol, Clouds and Trace gases
Research InfraStructure).32,33

2.2.2.1. Real-time online analysis: PTR-ToFMS. PTR-ToFMS is
widely used for real-time online characterization and quanti-
cation of VOCs in air.34 In our setup, a PTR-ToFMS (series 2,
Kore Technology) was directly connected to the exit line of the
chamber with a Silcosteel tube.

In the PTR-ToFMS instrument, H3O
+ reagent ions transfer

a proton to the trace species sampled and mass spectrometry
is used to detect the reaction products at massM + 1, whereM
is the mass of the parent molecule. This technique causes low
fragmentation of the parent ions, has a high sensitivity
(detection limit < 10 ppt, ppt = part per trillion), and a high
time resolution (z100 ms), so that it can be used for online
monitoring of concentrations. H3O

+ reagent ions do not react
with major species in ambient air (N2, O2, CO2, Ar, etc.), giving
this technique a decisive advantage for the study of trace
species, such as VOCs. Nonetheless, molecular species with
a proton affinity lower than that of H2O (691 kJ mol−1), such
as most alkanes, remain neutral and therefore are not
detected with this technique.35 Identication of unknown
species at elevated masses was difficult because all isobaric
species were detected at the same exact mass. The measured
mass resolutionM/dM was in the 3700–5500 range. During the
experiments presented in this paper, conducted under dry
conditions (RH < 0.1%) in the air ow, concentrations of the
major impurities were respectively lower than 2.6% (O2

+),
1.3% (NO+), and 2.3% (NO2

+). Overall, impurities in the PTR-
ToFMS systematically account for less than 10% of the reac-
tant ion concentration, meaning than more than 90% of
ionization is achieved by H3O

+.
The sampling ow rate of the instrument was 180 sccm. The

voltage applied to the dri tube was 400 V, and the pressure 1.39
mbar, leading to an electric eld to gas density ratio (E/N) of 136
air flow rate is controlled with a MFC and flowed in the Teflon chamber
ries the emissions of the asphalt sample out of the chamber where they
ple is taken in a Carbotrap 202 tube.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Concentration profile determined with the PTR-ToFMS signal
recorded at mass 71 during a typical experiment: sample STA3 was
annealed from 23 °C to 35 °C, 50 °C, and 60 °C, under dry (RH = 0.1%)
and dark conditions.
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Townsend (1 Td = 10−17 V cm−2). The number of counts given by
the mass spectrometer at all masses recorded (15–225 Da) was
accumulated over 2 minutes, then normalized by the H3O

+ signal
measured at mass 21, corresponding to H3

18O+, andmultiplied by
500 to account for the isotopic abundance of 18O with respect to
16O. The result was then multiplied by 150 000 to account for
instrumental sensitivity to H3O

+. The blank spectrum of the
experimental chamber on the day of the experiment was sub-
tracted from all acquisitions. Finally, the signal recorded for
individual masses was divided by the sensitivity of the instrument
determined by the calibration to obtain a concentration in ppb
(part per billion in volume). For an unknown compound, X,
absent from the calibration mixture, the sensitivity of the instru-
ment, SX, was determined based on the sensitivity factors of the
nearest species A and B present in the calibration gas, SA and SB,
and considering a proton transfer reaction constant kX of 3× 10−9

cm3 s−1, according to (1):

SX ¼
�
SA

kA
þ SB

kB

�
� kX (1)

Factors inuencing the response of the PTR-ToFMS, like
isotopic abundances (75.76% 35Cl and 24.24% 37Cl in chloro-
benzene and dichlorobenzene), or fragmentation probability
upon reaction with H3O

+ (e.g., 50% for a-pinene), were
accounted for to determine the sensitivity of the instrument.

The response of the PTR-ToFMS was calibrated following the
ACTRIS guidelines.33 Calibration was conducted once to twice
a week with a custom-made standard (Messer: methanol
0.95 ppm, acetonitrile 1.24 ppm, acetaldehyde 1.19 ppm,
acetone 1.20 ppm, isoprene 1.14 ppm, crotonaldehyde
1.18 ppm, butanone 1.17 ppm, benzene 1.15 ppm, toluene
1.19 ppm, o-xylene 1.22 ppm, chlorobenzene 1.18 ppm, a-
pinene 1.19 ppm, and 1,2-dichlorobenzene 1.40 ppm). The gas
standard was subjected to several dilution ratios, allowing
determination of the sensitivity factors for the compounds of
the calibration using the gradient of the response vs. concen-
tration plots.

The acquisition soware of the PTR-ToFMS did not allow
deconvolution of the peaks observed at the same unit mass. We
have therefore gathered the peaks for each unit mass and
integrated them to obtain the total VOC concentrations at each
unit mass.

During the experiments, aer the temperature of the ther-
moregulated chamber was raised, 30 to 60 minutes were le for
the sample to thermalize at the temperature of the chamber, as
conrmed by direct measurements of the surface temperature
of the asphalt mixture with an infrared thermometer. Aer one
hour spent at a xed temperature, VOC concentrations were
stable as observed by PTR-ToFMS. A typical signal recorded atM
+ 1 = 71 Da during a step-by-step annealing of the STA3 asphalt
mixture is shown on Fig. 2. The signal was considered constant
in the second hour of each temperature step. Hence, emissions
were determined from data recorded during the second hour of
each temperature step. This raises the question of the exhaus-
tion of the emissions from each sample by the temperature
cycles in the experimental chamber. Firstly, note that old
© 2023 The Author(s). Published by the Royal Society of Chemistry
asphalt pavements have been exposed to the atmosphere for
years and yet VOC emissions were still detectable in the labo-
ratory. Hence, these samples were not exhausted and their
emissions were at steady-state. Regarding fresh asphalt
mixtures, their emissions were monitored over longer time-
scales and were found constant within experimental
uncertainty.

2.2.2.2. Offline analysis: GC-MS/FID. GC-MS/FID was used
offline to characterize and quantify VOCs. Air samples were
taken with a SYPAC V2 sampler (Tera Environment),36,37 con-
nected with Silcosteel tubing to the chamber. The sampler is
based on a pump andMFCs controlled with a soware to set the
ow, time and duration of sampling. Any potential leak where
the sorbent tubes are connected to the sampler, is assessed, as
well as any possible contamination. Aer these regular checks,
the sampling can be performed through Carbotrap 202 tubes
(Sigma-Aldrich) at 150 sccm for 1 hour. Carbotrap 202 tubes are
composed of stainless steel, lled with multibed Carbopack B
and C and were used to trap C5 to C20 species in air.32,38 These
species were expected to be widely present in asphalt binder and
emitted by asphalt mixtures. We assume that loss of low-
volatility species is minimum in our experimental setup based
on the chamber design, the Teon walls of the chamber, the
regular checks of the chamber's blank and the analytical
systems, and the Silcosteel tubing connecting the chamber to
the instruments.

As discussed in Section 2.2.2.1, real-time monitoring with
PTR-ToFMS showed that emissions were constant in the second
hour following a temperature increase; therefore, samples were
taken for GC-MS/FID analysis during the second hour of each
temperature step. Aer exposure to the asphalt mixture emis-
sions, the Carbotrap tubes were analyzed with a 7890A GC
system (Agilent Technologies equipped with an Agilent 5975C
Inert MSD mass spectrometer and FID detector). Species
Environ. Sci.: Atmos., 2023, 3, 1601–1619 | 1605
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adsorbed in the Carbotrap 202 tube were thermally desorbed
with a Gerstel TDS-G thermodesorber from room temperature
to 250 °C, with a 50 °C per minute ramp. The desorbed species
were separated in a CP-Sil 8Cb column (standard polysiloxane,
Agilent; 60 m length, 0.32 mm inner diameter, 1 mm lm
thickness) under a helium ux (4 mLmin−1). The ux at the end
of the column was split in two; one part was sent to the mass
spectrometer, where the molecular components were charac-
terized, while the other part was sent to the FID, where they are
quantied.

The calibration process of the GC-MS/FID is described in
Section 2 of ESI.† Briey, Carbotrap 202 tubes were doped with 1
mL of solutions containing known concentrations of toluene,
octanal, decanal, dodecane, tridecane, tetradecane, pentade-
cane, 2-ethyl-1-hexanol, and 1-octene (see Table S2 of ESI†). The
response of unexposed Carbotrap tubes and of the empty
experimental chamber under all experimental conditions
investigated were measured and subtracted from the experi-
mental measurements. The main contaminants observed in the
empty experimental chamber and tubes were decanoic, dodec-
anoic, tridecanoic, and tetradecanoic acids.

2.2.2.3. Experimental protocol. Aer the asphalt mixtures
were laid down in the atmospheric simulation chamber, the
chamber was sealed. At least two hours were le for the
chamber to be evacuated (air exchange rate n = 3 h−1). Every
experiment started with the PTR-ToFMS recording the spectrum
of zero air for 20 minutes. Then, the PTR-ToFMS instrument
was connected to the exit port of the atmospheric chamber. The
concentrations were recorded at the lowest temperature inves-
tigated (23 °C) to start and two 1 hour samplings were con-
ducted successively. The temperature of the chamber was then
raised to 35 °C. Once the temperature of the chamber was
stable, we waited 30 minutes for the temperature of the asphalt
sample to stabilize at the value set for the chamber. Two 1 hour
samplings were then recorded. The same protocol was repeated
at 50 and 60 °C.
2.3. Determination of the emission factors (EF)

Emission Factors (EFs, in mg m−2 h−1) were obtained by con-
verting the measured concentrations, C (ppb, part per billion),
of a species of molar massM (g mol−1), into mass emissions per
unit area of asphalt mixture and per unit of time. EFs were
normalized by the area (Sasphalt, in m2) and temperature (T, in °
C) of the sample and account was taken for the air ow rate in
the Teon chamber, Qe (in m3 h−1), following eqn (2),
commonly used in calculations of emissions from materials.39

EF ¼ C � 12:187�
�

M

273:15þ T

�
� Qe

Sasphalt

(2)

Normalization of EFs in eqn (2) by the surface of each sample
investigated, together with the presence of a turbulent ow
limiting the depth of the layer where diffusion in the gas phase
drives VOC emissions, allowed comparison of experiments
involving different samples and conducted under different
environmental conditions (T, RH, UV, etc.).
1606 | Environ. Sci.: Atmos., 2023, 3, 1601–1619
It is important to stress that VOC concentrations determined
in the atmospheric simulation chamber may not be directly
applicable as VOC emission source terms in atmospheric
models. These source terms can be provided by laboratory
studies in the form of VOC emission factors (EF) if account is
taken of the different environmental parameters dictating
outdoor emissions and those in simulation chambers. As dis-
cussed in Section 2.2.1, the Reynolds number of the air ow in
our experimental chamber required matching with full scale
street canyons, with high-to-width ratios below or equal to
unity.
3. Results and discussion

In this paper, we present VOC emissions of STA2 and LTA3
samples at 23 °C, 35 °C, 50 °C and 60 °C under dry (RH = 0.1%)
and dark conditions. A discussion of the repeatability of the
VOC emission factors measured for different STA and LTA
samples is given in Section 3 of the ESI;† briey, the results
presented below are conservative lower values of the EFs
measured on three samples of each type.
3.1. Emission factors derived from PTR-ToFMS
measurements

PTR-ToFMS was used to monitor online and in real time VOC
emissions of STA and LTA asphalt mixtures. It is complemen-
tary with GC-MS/FID which cannot track the concentrations
online in real time, but provided a better identication of the
molecular species detected. When a STA or LTA asphalt mixture
was inserted in the atmospheric chamber, concentrations were
measured with the PTR-ToFMS, and then converted into EFs
using eqn (2). Peaks observed on mass spectra at M + 1 were
tentatively assigned using molecular formulae of VOCs (of
molar massM) observed by other groups;35,40–43 a comprehensive
assignment of PTR-ToFMS masses can be found in Yañez-
Serrano et al.44 102 masses have thus been followed (see Table
S3 in ESI†), from mass 15 to 225. VOC emission factors were
calculated based on 78 masses, aer inorganic ions, reagent
ions, fragments (M + 1 < 40 Da), and M + 1 > 200 Da have been
excluded (lines shaded in orange in Table S3†). In the latter case
(M + 1 > 200 Da), the uncertainty on the determination of the
sensitivity of the instrument was high, hence the calculation of
the emission factors was not reliable and has been excluded.

The total EF of VOCs detected with PTR-ToFMS, emitted by
STA and LTA asphalt mixtures annealed from 23 °C to 35 °C,
50 °C, and 60 °C, under dry (RH = 0.1%) and dark conditions,
are displayed in Table 2. These values show that fresh and old
asphalt mixtures emit more VOCs when the temperature
increases, conrming the results of Khare et al.29 VOC EFs of
three different STA and LTA samples have been monitored at
50 °C with PTR-ToFMS to estimate the variability of our
measurements (see Section 3 of ESI† for a discussion); they vary
by a factor of roughly 3. The values displayed here for STA3 and
LTA2 asphalt mixtures represent conservative lower values of
VOC emissions by the three samples of each type.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Total VOC EFs measured with PTR-ToFMS (EFPTR) for STA3 and LTA2 asphalt mixtures in the 23–60 °C range, under dry (RH= 0.1%) and
dark conditionsa

T
(°C) Total VOC EFPTR STA (mg m−2 h−1) Total VOC EFPTR LTA (mg m−2 h−1)

23 2 � 2 223 � 49
35 64 � 29 314 � 66
50 413 � 110 466 � 81
60 1033 � 194 989 � 134

a Values of the uncertainty (±1s) are calculated as shown in Section 4 of ESI.
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The evolution of EFPTR values for total VOCs as a function of
temperature in the 23–60 °C range can be accurately tted with
simple exponential functions given in eqn (3), for both STA and
LTA asphalt:

EFPTR(T) = EF(0 ˚C) + A × exp(aT) (3)

where EF(0 °C), A and a are constants determined by the tting
procedure. This type of relationship is useful to assess the
contribution of these emissions to the missing OH reactivity.45

The data and ts are plotted in Fig. 3. The adjusted R2 is >
0.95 for both ts of STA and LTA total VOC EF, showing the
excellent agreement of the ts with the data. The growth coef-
cient, a, is similar for both types of asphalt mixtures: a= 0.095
± 0.007 K−1 for STA, a = 0.105 ± 0.029 K−1 for LTA, meaning
that the total VOC EFs of STA and LTA specimens grow roughly
by a factor of 2.7 for every 10 °C-increase of the samples'
temperature. This is a much faster increase of VOC emissions
with temperature than observed by Khare et al.:29 in their work,
the total VOC EF doubles between 40 °C and 60 °C, whereas our
experiments suggest that it would be multiplied by more than 7
over the same temperature range. An explanation for this is that
we also measure the VOC fraction < C10 that Khare et al.
Fig. 3 Evolution of the total EF of VOCs measured by PTR-ToFMS, as
a function of temperature, under dry (RH = 0.1%) and dark conditions,
for STA3 (black squares) and LTA2 (red circles) asphalt mixtures. Fits of
the data are shown with dashed lines.

© 2023 The Author(s). Published by the Royal Society of Chemistry
considered negligible based on their experiments.29 Most of the
emissions they observe come from VOCs > C10, and from sulfur-
bearing species, the former being mostly undetected in our
work. Moreover, Khare et al.29 used asphalt samples “collected
during paving operations”, i.e. what we dene as STA asphalt
mixtures. LTA asphalt produces stronger total VOC emissions
than STA asphalt, except at 50 °C and 60 °C, where they are
similar. Atmospheric oxidation of asphalt binders, and depo-
sition of VOCs by various sources in the urban environmentmay
account for the larger VOC emissions seen for old asphalt
pavements. Generally, in the real world, road pavements have
aged and have been weathered and are not freshly deposited,
therefore bearing more similarities with LTA than with STA
asphalt. Estimates of emissions based on the VOC emissions
from STA asphalt mixtures therefore largely underestimate
emissions from road asphalt at relevant atmospheric tempera-
tures of 23 °C and 35 °C.

Protonated VOCs corresponding to the 13 compounds used
for calibration of the PTR-ToFMS have been tracked. Their EFs
are displayed in Table 3 for STA and LTA asphalt mixtures in the
23–60 °C range. Although these compounds contribute to
emissions at their respective mass, EFs measured at a specic
mass generally cannot be uniquely assigned to the corre-
sponding calibration species because of the contributions from
other species (or fragments). This, however, does not hold forM
+ 1 = 33, and 42 which, to the best of our knowledge, can be
assigned solely to methanol and acetonitrile, respectively.
When a signal was detected above the limit of detection (LOD),
masses in Table 3 behaved like the total VOC emissions, i.e.,
they increase with temperature for both STA and LTA asphalt
mixtures. The only exception is mass 59, which decreased
slightly between 23 °C and 35 °C for LTA asphalt, but this
decrease was small compared to the increase observed for other
masses and was therefore not considered signicant.

The 20 most important contributors to the total emissions
shown in Table S3 of ESI† (>75% overall, and up to 99% in
individual experiments) have been tracked. It is important to
note that Table S3† provides only tentative assignments for
masses observed by PTR-ToFMS in terms of molecular
formulae, without giving a quantitative proportion of the
species and fragments, as reported in the literature.

These 20 masses (M + 1) are, in Da units: 57, 71, 85, 111, 125,
127, 129, 139, 141, 143, 151, 155, 157, 166, 169, 178, 179, 182,
183, 195, and the sum of the 58 other masses. Their individual
EFs are >22 mg m−2 h−1 for STA and LTA asphalt mixtures at 60 °
Environ. Sci.: Atmos., 2023, 3, 1601–1619 | 1607
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Table 3 Emission Factors (EF) of the masses (M + 1) corresponding to the 13 compounds present in the PTR-ToFMS calibration standard, for
STA3 and LTA2 asphalt samples at 23 °C, 35 °C, 50 °C, and 60 °C, under dry (RH = 0.1%) and dark conditions. When no signal is detected above
noise for a specific mass, the LOD (1s) is calculated with equation (S3), then converted into EF with eqn (2) (see ESI)

STA3 EF (mg m−2 h−1) LTA2 EF (mg m−2 h−1)

T (°C) 23 35 50 60 23 35 50 60

Mass detected with
PTR-ToFMS M + 1 (Da)

33 <13.5 <6.7
42 <1.8 <0.8
45 <12.3 <2.3 4.05 � 1.25 18.31 � 2.02
59 <3.1 3.43 � 0.42 12.80 � 1.34 2.93 � 0.38 1.97 � 0.27 3.59 � 0.39 9.80 � 0.91
69 <2.5 <1.1
71 <1.6 3.03 � 0.73 9.09 � 1.29 22.52 � 2.37 7.29 � 0.94 11.51 � 1.31 15.09 � 1.43 30.05 � 2.33
73 <2.5 5.33 � 1.19 <1.1 2.63 � 0.60
79 <22.5 <9.4
93 <1.5 <0.6 0.92 � 0.49
107 <2.1 <0.9 1.36 � 0.65
113 <4.4 6.18 � 1.98 14.19 � 3.37 <2.6 2.64 � 0.75
137 <1.7 8.01 � 3.18 15.77 � 4.70 3.86 � 1.69 4.31 � 1.77 6.11 � 1.95 13.72 � 3.09
147 0.69 � 0.88 0.51 � 0.55 2.88 � 1.70 4.29 � 2.30 <2.1 2.35 � 1.22 8.54 � 2.62
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C. The EF of each mass increased with temperature for both
fresh and old asphalt mixtures, conrming the general trend
observed on Fig. 3 with the total EF of all VOCs.

Fig. 4 presents the relative proportion of the emissions of
STA asphalt mixtures, aer total emissions were normalized to
100% at each temperature. This gure shows that the contri-
bution of “other” masses dominates the emissions from STA
asphalt at all temperatures, except at 35 °C, and represent 100%
of emissions at 23 °C. At 35 °C, twelve of the main masses
Fig. 4 Evolution of VOC emission composition in % for the 20 masses
exhibiting the strongest contributions (EF > 22 mg m−2 h−1 at 60 °C) as
a function of temperature, as measured by PTR-ToFMS under dry (RH
= 0.1%) and dark conditions, for the STA3 fresh asphalt sample.

1608 | Environ. Sci.: Atmos., 2023, 3, 1601–1619
contribute to the emissions; all masses contributed to emis-
sions at 50 °C and 60 °C, except mass 157 which was not
detected at 50 °C. Emissions were dominated by masses 183,
155, 179, and 169. The othermajor masses measured were lower
than the four dominant masses by a factor of 2 or more at 60 °C.

Fig. 5 focuses on emissions by LTA (old) asphalt mixtures. It
shows that the relative contribution of “other” masses domi-
nates LTA asphalt emissions at all temperatures. Besides
“other” masses, LTA asphalt emissions are dominated by
masses 169, 155, and 183, masses also observed to dominate
emissions of STA asphalt mixtures. However, at 60 °C, emis-
sions at mass 179 are a factor of three lower than those at
masses 169, 155 and 183. Overall, the composition of the
emissions of LTA asphalt remains roughly stable between 23 °C
and 60 °C, with all masses contributing at all temperatures
investigated. Masses 166, 178, 182 and 195 have increasing
relative contributions with growing temperature.

Besides dominant masses, emissions of other individual
masses were generally similar in STA and LTA asphalt mixtures'
emissions at 50 °C and 60 °C. The larger individual emissions of
LTA asphalt at 23 °C and 35 °C pointed again to old asphalt
mixtures being stronger emitters of individual VOCs at service
temperatures than STA asphalt mixtures. We also note that
potential contributors to masses 155, 169, 179, and 183 (see
Table S3 in ESI†) more oen bear a heteroatom (N or S) than
contributors to other major masses. It suggests important
emissions of nitrogen- and sulfur-bearing species, besides the
importance of oxygenated compounds described here that may
follow atmospheric aging of old asphalt pavements. The emis-
sion patterns of STA and LTA asphalts were therefore different
qualitatively, especially at 23 °C and 35 °C.

These results suggest that old asphalt pavements emit more
VOCs than fresh ones in the temperature range investigated. It
seems in contradiction with the results of simulated distillation
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Evolution of VOC emission composition in % for the 20 masses
exhibiting the strongest contributions (EF > 22 mg m−2 h−1 at 60 °C) as
a function of temperature, as measured by PTR-ToFMS under dry (RH
= 0.1%) and dark conditions, for the LTA2 old asphalt sample.
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(Section 1.3 of ESI†), that show that fresh binders contain
a higher fraction of low carbon, and hence high-volatility,
compounds. However, since the materials, in particular the
binders, may not be the same in STA and LTA mixtures, this
hypothesis needs to be further investigated by comparing
emissions from asphalt mixtures from the same material, fresh
and aer aging on site for several years. At all events, given that
asphalt layers can remain in service more than 20 years, emis-
sions from old asphalt mixtures should be more representative
of the global contribution to atmospheric chemistry. In addi-
tion, it is unclear at this point whether the emitted VOCs come
from the binder and its oxidation products, or if they accumu-
late at the surface aer being released by traffic-related sources.
Clearly, more work is needed to fully understand the origin of
VOCs emitted by asphalt mixtures.
3.2. Emission factors derived from GC-MS/FID
measurements

GC-MS/FID was used offline to identify and quantify emitted
VOCs, with 65 compounds being identied; they are listed in
Table S4 of ESI.† They consist of 25 alkanes, from octane
(C8H18) to 2,6,10,14-tetramethylhexadecane (C20H42); 7 alkenes,
from 2-ethyl-1-hexene (C8H16) to 1-tetradecene (C14H28); 12
aromatics, from o/p-xylene (C8H10) to x,y,z-trimethylnaphata-
lene (C13H14); 6 alcohols, from 2-ethyl-1-hexanol (C8H18O) to 4-
methyl-1-(1-methylethyl)-3-cyclohexene-1-ol (C10H18O); 13
carbonyls, divided into 9 aldehydes from pentanal (C5H10O) to
tetradecanal (C14H28O), and 4 ketones, from 3-heptanone
(C7H14O) to 2-dodecanone (C12H24O); and 2 other compounds,
dibenzofuran (C12H8O) and 1,1′-oxybis-octane (C16H34O). We
© 2023 The Author(s). Published by the Royal Society of Chemistry
note that emissions of toluene and 1-octene were below detec-
tion limits at all temperatures investigated. Few species with
a heteroatom (besides oxygen) were detected, due to the selec-
tive Carbotrap surface preferentially trapping hydrocarbons.
EFs of individual species are given in Table S4†, for STA and LTA
asphalt mixtures, at 23 °C, 35 °C, 50 °C, and 60 °C, under dry
(RH = 0.1%) and dark conditions. The trend for total VOC
emissions, shown in Table 4, is for EFs to increase with
temperature, both for STA and LTA asphalts. The numbers are
broadly consistent with the values found with PTR-ToFMS
(Table 2); the differences observed can be accounted for by
the inherent limitations and selectivity of both techniques.

VOC EFs for three different STA and LTA samples have been
monitored with GC-MS/FID at 50 °C to estimate the repeat-
ability of our measurements (see Section 3 of ESI† for a discus-
sion). The values are displayed here for STA3 and LTA2 asphalt
mixtures, and represent conservative lower values of VOC
emissions among the three samples of each type tested.

The total VOC EFs obtained with GC-MS/FID shown in Table
4 were tted to eqn (3), as performed for the PTR-ToFMS data.
The good agreement of the ts with the data was conrmed by
the values of the adjusted R2: it is z0.91 for STA, and >0.74 for
LTA. The growth coefficient, a, is also similar within error for
both types of asphalt: a= 0.107± 0.019 K−1 for STA, a= 0.086±
0.062 K−1 for LTA. These values are in line with those obtained
with PTR-ToFMS data, which conrms the agreement of the
measurements of total VOCs with both techniques.

A discussion of VOC emissions by chemical family (i.e.,
alkanes, aromatics, alkenes, carbonyls, alcohols, and other
species) can be found in Section 8 of ESI.† In the following, we
focus on emissions of individual VOCs. The major contributors
are dened, as for PTR-ToFMS results, as species whose added
contributions represent more than 75% of the total EF
measured by GC-MS/FID at all temperatures.

VOC emissions from STA (fresh) asphalt mixtures are shown
on Fig. 6; it displays the fractions of the total emissions at each
temperature investigated. The major compounds in emissions
from STA asphalt mixtures are, from the most to the least
abundant at 60 °C: 2-ethyl-1-hexanol, acenaphthene, x,y-dime-
thylnaphthalene, nonanal, decanal, 5,6-dipropyldecane, tetra-
decane, hexanal, pentadecane, x-methylnaphthalene, 2-
ethylhexanal, hexadecane, x,y,z-trimethylnaphthalene, octanal,
tridecane, tridecanal, 2-dodecanone, 1-ethylnaphthalene, and
undecane. These compounds accounted for more than 75% of
VOC emissions by STA asphalt mixtures, whereas they only
represented 17.6–35.1% of old (LTA) asphalt emissions,
depending on temperature.

At temperatures of 40–60 °C, Khare et al. observed dominant
emissions from STA asphalt of C10–C32 alkanes, followed by x,y-
dimethylnaphthalene.29 This is in agreement with our obser-
vations; 5,6-dipropyldecane, tetradecane, pentadecane, hex-
adecane, tridecane, undecane, and x-methyldodecane, are C10–

C32 alkanes, and the sum of their EFs is higher than that of x,y-
dimethylnaphthalene at all temperatures investigated. Khare
et al. measured EF(x,y-dimethylnaphthalene) z 0.08 mg min−1

kg−1 at 40 °C, andz0.2 mg min−1 kg−1 at 60 °C.29 Our EF values
for STA asphalt give EF(x,y-dimethylnaphthalene) z 2.2 × 10−4
Environ. Sci.: Atmos., 2023, 3, 1601–1619 | 1609
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Table 4 Total VOC EFs measured with GC-MS/FID (EFGC) for STA3 and LTA2 asphalt mixtures in the 23–60 °C range, under dry (RH = 0.1%) and
dark conditions. The exact values may be found in Section 7 of ESI; uncertainties (±1s) are calculated as shown in Section 4 of ESI

T
(°C) Total VOC EFGC STA (mg m−2 h−1) Total VOC EFGC LTA (mg m−2 h−1)

23 3 � 1 53 � 18
35 14 � 4 51 � 18
50 109 � 34 129 � 44
60 222 � 70 186 � 63

Fig. 6 Evolution of VOC emission composition in % for the species
accounting for more than 75% of VOC emissions (EF > 3.49 mgm−2 h−1

for STA asphalt mixtures) as a function of temperature, as measured by
GC-MS/FID under dry (RH = 0.1%) and dark conditions, for the STA3
fresh asphalt sample.
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mg min−1 kg−1 at 35 °C, andz0.01 mg min−1 kg−1 at 60 °C; this
is a factor of 360 lower than Khare et al. at 35 °C, and a factor of
20 lower at 60 °C. Total n-alkanes emissions may also be
compared. Khare et al., measure the C10–C32 alkane fraction:
EF(C10–C32 alkanes) z 3 mg min−1 kg−1 at 40 °C, and z10
mg min−1 kg−1 at 60 °C.29 Our measurements of the C8–C16

alkane fraction give: EF(C8–C16 alkane) z 0.003 mg min−1 kg−1

at 35 °C, andz0.04 mg min−1 kg−1 at 60 °C. These values differ
by a factor of 1000 at 35 °C, and of 250 at 60 °C, with those of
Khare et al. for C10–C32 alkanes.29 We note however that the
alkane fractions measured in emissions are not the same in our
work and in Khare et al.29 Although we anticipate a lower
emission of higher mass alkanes due to their lower volatility,
these species generally contribute more to mass emissions as
the number of carbon atoms increases (see Table S4†).
1610 | Environ. Sci.: Atmos., 2023, 3, 1601–1619
Extrapolation of this trend suggests that the C16–C32 alkane
fraction, measured by Khare et al.,29 but not in the present work,
could explain part of the difference with our results. Moreover,
we note that the asphalt samples used in our work are different
from those used by Khare et al.,29 who studied fresh asphalt
mixtures shortly aer deposition, whereas our fresh samples
were studied a longer time aer deposition. The kinetics of VOC
emissions in Khare et al., suggest that they measure peak
values, whereas we measure steady-state emissions that take
place aer longer times.29 Also, the custom-made adsorbent
tubes46 used in Khare et al. to sample VOCs in air allow detec-
tion of many species, including sulfur-bearing compounds, at
sub-ppt levels, and may perform differently than our Carbotrap
tubes that target specically C5 to C20 species in air, leading to
quantitatively different results. Also, the bitumens used in the
asphalt mixtures probably have different compositions, from
which different emission proles certainly arise. Lastly, emis-
sions were recorded in experimental setups exhibiting different
characteristics, especially in terms of air exchange rate and
charge ratio of the samples; it certainly creates another differ-
ence in the emission factors measured.

VOC emissions of LTA (old) asphalt mixtures are shown on
Fig. 7; the top panel reports EF values, whereas the bottom
panel displays emissions as fractions of the total emissions at
each temperature investigated. The major compounds in
emissions of STA asphalt mixtures were, from the most to the
least abundant at 60 °C: dodecane, undecane, x-methyldecane,
decane, tridecane, x-methylundecane, x,y-dimethylnaph-
thalene, 2,6-dimethylundecane, benzaldehyde, nonane, x-
methyldodecane, decanal, x,y,z-trimethylnaphthalene, x-meth-
ylnaphthalene, and 2-methylnonane. These compounds
accounted for more than 75% of VOC emissions by LTA asphalt
mixtures, whereas they only represent 13.6–57.9% of fresh (STA)
asphalts emissions, depending on temperature.

To the best of our knowledge, VOC emissions by old
asphalt mixtures have never been studied before; this
precludes comparison of our results with relevant data on LTA
asphalt mixtures. At all temperatures, LTA asphalt emits
mostly alkanes (75–80%), in contrast with emissions of STA
asphalt, to which alkanes contribute for z30% (see Section 8
of ESI†). Methyl-, dimethyl-, and trimethyl-naphthalene are
major contributors both in old and fresh asphalt mixtures
emissions. Nonetheless, their relative contributions follow
opposite trends with temperature. Taking the emissions from
old asphalt, the contribution of these species to total VOC
emissions represent 2.4% at 23 °C, growing continuously to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Evolution of VOC emission composition in % for the species
accounting for more than 75% of VOC emissions (EF > 3.63 mg m−2 h−1

for LTA asphalt mixtures) as a function of temperature, as measured by
GC-MS/FID under dry (RH = 0.1%) and dark conditions, for the LTA2
old asphalt sample.
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reach 8.8% at 60 °C. Whereas in the emissions from fresh
asphalt, their contribution decreases from 31.9% at 23 °C, to
12.9% at 60 °C. The total EF of methylated naphthalenes was
higher in LTA asphalts' emissions than in STA's at 23 °C and
35 °C, by a factor of roughly two; it is the opposite at 50 °C and
60 °C, with emissions of methylated naphthalenes in STA
asphalt being stronger by a factor of two. Emissions of fresh
asphalt are also abundant in carbonyl compounds (14–28%),
especially aldehydes, which are less abundant in old asphalt
emissions (5–7%).
3.3. Complementarity of GC-MS/FID and PTR-ToFMS results

Several compounds detected with GC-MS/FID haveM + 1 values
corresponding to major masses observed with PTR-ToFMS.
However, several of them are alkanes whose proton affinities
(PA) are lower than that of water, precluding their detection
with PTR-ToFMS. Four of these species have PAs higher than
PA(H2O): acenaphthene,47 menthol,48 x-methylnaphthalene47,49

and x-methyl(1,1′)biphenyl.47 Therefore, these compounds are
likely major contributors to the PTR-ToFMS signal at their
respective mass. Note that x-methylnaphthalene corresponds to
a major mass in PTR-ToFMS spectra and is identied as a major
emitter by GC-MS/FID for both STA and LTA asphalt mixtures;
this is also true for acenaphthene in STA asphalt. Therefore,
these two compounds can be condently identied as major
contributors both to PTR-ToFMS and GC-MS/FID data.
© 2023 The Author(s). Published by the Royal Society of Chemistry
We focus here on the quantitative comparison of PTR-ToFMS
and GC-MS/FID techniques, having already discussed the
qualitative aspects. We have seen that the quantitative trends
drawn by both techniques are consistent although these tech-
niques do not give access to the same information, and do not
monitor the same VOC species.

We have developed two comparative methods to get the most
exhaustive view of VOC EFs of asphalt mixtures. In a rst
method (I), we add the total EF of VOCs identied with GC-MS/
FID, to the EFs determined with PTR-ToFMS from which we
subtract the masses of compounds observed with GC-MS/FID,
to prevent double-counting. The result is shown on Fig. 8 (le
column) for STA (A) and LTA (B) asphalt mixtures. In a second
method (II), we add the total EF determined with PTR-ToFMS to
the EFs of alkanes determined with GC-MS/FID, this type of
compounds not being detected with PTR-ToFMS. Adding EFs in
such manner leads to Fig. 8 (right column) for STA (C) and LTA
(D) asphalts.

Comparison of A with C (STA) on the one hand, and of B with
D (LTA) on the other hand, shows that both methods agree on
the trend of increasing VOC emissions with temperature.
However, method (II) systematically leads to higher values than
method (I). For STA asphalt, the difference is, at 50 °C and 60 °
C, close to 25%; total EFs are too small at 23 °C and 35 °C for the
relative difference to be statistically signicant. For LTA asphalt,
the difference varies between 31.3% at 50 °C and 42.3%; aver-
aged over all temperatures investigated, it is 36.4%. It means
that masses subtracted from the PTR-ToFMS data in method (I)
actually include many species that are not seen with GC-MS/
FID. Method (II) therefore quanties more realistically VOC
emissions than method (I). At all events, it points to species
missing from urban emission inventories and advocates for
a search for these species with adapted and selective tech-
niques. Sulfur-bearing species are important contributors to
fresh asphalt emissions andmay contribute to bridge this gap.29
4. Implications for urban atmospheric
chemistry

We set out to evaluate the impact of VOC emissions from
asphalt mixtures in Paris, France. Old asphalt mixtures are
assumed to be the most representative asphalt surfaces,
because asphalt-covered surfaces are renewed aer years to
decades of service. The city of Paris covers an area of 105.4 km2.
Based on the fraction of paved surfaces (roads, parking lots,
sidewalks) determined in Sacramento, USA12 we estimate that
40% of Paris downtown area, i.e., 42.16 km2, is covered with
asphalt pavements. Emissions determined in this work are
compared with the EMEP (EuropeanMonitoring and Evaluation
Program) emission inventory [https://www.ceip.at/the-emep-
grid/gridded-emissions]. EMEP emissions are determined with
a 0.1° spatial resolution. The 0.1° × 0.1° minimum area
resolved represents 82.14 km2 at Paris latitude, close to the
actual area of Paris (105.4 km2). In the following, emissions
for the city of Paris are therefore taken as EMEP emissions of
a 0.1° × 0.1° area at longitude 2.35°E, and latitude 48.85°N,
Environ. Sci.: Atmos., 2023, 3, 1601–1619 | 1611
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Fig. 8 EFs determined in this work by PTR-ToFMS and GC-MS/FID for STA (A and C) and LTA (B and D) asphalt mixtures. In the left column (A and
B), the total EF determined by GC-MS/FID is added to the EF determined with PTR-ToFMS, from which masses of the species detected with GC-
MS/FID are subtracted (method I). In the right column (C and D), EFs of alkanes determined with GC-MS/FID are added to the total EF determined
with PTR-ToFMS (method II).
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the available coordinates nearest to the actual position of Paris.
Since the grid cell is smaller than Paris and its center (2.35°E;
48.85°N) is close to the center of Paris, we consider that the
emissions in this grid cell are representative of those of Paris
itself.

Climate models suggest that average temperatures may
increase by, on average, +2 °C by 2050, and by +3 °C by 2100,
relative to temperatures in 1850–1900.50 Heatwaves will become
stronger and more frequent, making temperatures of asphalt
pavements in cities higher over extended periods. Based on this,
we put forward a scenario for temperatures experienced by
asphalt mixtures in Paris in the future. The temperatures over
a year are approximated with those studied in this work (23 °C,
35 °C, 50 °C, 60 °C) for convenience. We note that a quantitative
extrapolation of total VOC emissions is possible based on the
ts to our data shown on Fig. 3. However, in our opinion, it is
unlikely that the composition of the emissions remains the
same at different temperatures, based on our results in the 23–
60 °C range. Hence, dedicated experiments at lower and higher
temperatures would be more reliable but in the calculations
below, we stay with the temperatures investigated in this work
1612 | Environ. Sci.: Atmos., 2023, 3, 1601–1619
(23–60 °C). Asphalt temperatures of 60 °C (or higher) may be
experienced during 4 months in summer (June to September),
for 12 hours per day. During two months (April and May),
asphalt temperature could reach 50 °C for half of the day.
During another twomonths (March and October), it could reach
35 °C during 12 hours per day. During the coldest months of the
year (November to February), we use the lowest temperature
studied in this work, 23 °C. Nighttime temperatures are also
approximated with 23 °C throughout the year. Results based on
this scenario are given below.

Lastly, we point out that the experiments presented in this
paper are conducted under dry and dark conditions to focus on
the effect of temperature on VOC emissions. However, realistic
conditions of relative humidity and solar irradiation increase
the VOC emission of asphalt-covered surfaces and modify them
qualitatively. The quantitative values determined here and used
for atmospheric implications, are therefore lower limits to real-
world VOC emissions and hence to ozone and SOA formation.
Actual values for these parameters are certainly much higher
than calculated here.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.1. Total VOC emissions in Paris

Firstly, we compare EMEP VOC emissions in Paris, with emis-
sions of a source missing from inventories, asphalt-covered
surfaces. Based on the annual asphalt temperature scenario
described above and using the total VOC EF determined in
Section 3.3 with method (II) (see Fig. 8), we estimate VOC
emissions from asphalt-covered surfaces for the city of Paris
over a year as 0.148 Gg. The total yearly NMVOC EMEP emis-
sions of Paris for 2019 are 5.058 Gg, with themain contributions
from solvents (3.906 Gg), road transportation (0.694 Gg), fugi-
tive emissions (0.129 Gg), and industry (0.099 Gg). Our work
shows that, for Paris in 2019, emissions from asphalt-covered
surfaces represent 21.3% of NMVOC emissions from road
transportation, and 2.9% of total NMVOC emissions. These
values demonstrate that asphalt surfaces will represent
a signicant fraction of future total NMVOC emissions. This
source needs consideration in the context of reducing urban
pollution, especially from the road transportation sector
through extending the use of electric vehicles.

Moreover, these VOC emissions, missing from current
inventories, could signicantly participate to the missing OH
reactivity in urban areas, which can reach 75% in Paris (54% on
average over the entire MEGAPOLI campaign)51 and 50% in Los
Angeles.52 The extent of this contribution from asphalt-covered
surfaces needs to be evaluated with model simulations of VOC
concentrations, but is beyond the scope of this paper.
4.2. Ozone formation potential

The ozone formation potential (OFP) is a useful concept to gain
an understanding of how much ozone may be formed from
different molecular species and from different emission sour-
ces. The Maximum Incremental Reactivity (MIR) scale was
developed to estimate the maximum amount of ozone (D[O3])
that may be formed by an increment of VOC concentration (D
[VOC]) in high-NOx urban environments,53 as the ratio D[O3]/D
[VOC]. It is based on “model calculations of effects of additions
of the VOCs on ozone formation in one-day box model scenarios
representing conditions where ambient ozone is most sensitive
to changes in VOC emissions”.54 MIR values therefore depend
on the location and atmospheric parameters for which they are
calculated, and on models determining the prole concentra-
tion of VOCs.55 The MIR scale has been applied mostly to US
urban conditions.

With a different approach, the POCP (Photochemical Ozone
Creation Potential) scale was developed56 to assess the impact of
VOCs on ozone formation over longer timescales (up to 5 days)
using a photochemical trajectory model. The POCPi index is
dened, here for VOCi, as the ratio of the additional mass of
ozone formed in the presence of a xed amount of VOC, D
[O3]with VOCi

, to the additional mass of ozone formed in the
presence of the same amount of ethene, and multiplied by 100
(POCPethene is set as 100), as shown in eqn (4). The POCP scale is
mostly applied to north-west European conditions and is
therefore relevant to this work. Note that MIR and POCP scales
are in very good general agreement.57–59
© 2023 The Author(s). Published by the Royal Society of Chemistry
POCPi ¼
D½O3�with VOCi

D½O3�with ethene

� 100 (4)

To allow comparison with other sources, the POCP index of
asphalt-covered surfaces is estimated by weighting the POCPi
values of individual compounds, with their relative contribu-
tions to the total VOC emissions as measured with GC-MS/FID
in the present work and summing over all detected species for
which POCP values are available, as shown with eqn (5).

POCP ¼
X
i

POCPi � EFi

EFtot

(5)

Our estimation of the POCP index of asphalt-covered
surfaces was based only on the data of the current study, and
particularly the GC-MS/FID results from which the speciation of
the emitted compounds is known. We were able to extract or
infer POCP values for 58 compounds59,60 out of the 65 species
identied with GC-MS/FID (see Table S5 in ESI†). It also means
that compounds detected with PTR-ToFMS, but not identied
with GC-MS/FID, are not taken into account in these values,
making the latter lower estimates. The values obtained for STA
and LTA asphalt mixtures between 23 °C and 60 °C and for the
temperature scenario dened above, are shown in Table 5.
Another approach to estimate the POCP index of asphalt pave-
ments would be to combine the GC-MS/FID results of the
current study with those reported by Khare et al.29 However, the
samples considered in the study of Khare et al.,29 were taken
from North American asphalt pavements, and are therefore of
a different nature to those used in the current study (the
samples are relevant to Europe, particularly to France), which is
likely to result in different emission proles. In addition, Khare
et al.,29 did not provide a detailed speciation analysis of the
emissions from the asphalt pavements in their study, which
precludes assigning POCP coefficients specic to each chemical
compound, as opposed to what is made possible by our GC-MS/
FID results. In conclusion, the estimation of the POCP index of
asphalt pavements is based on the results of the current study
and should be considered as a lower limit, because other
species which were not identied and quantied with our
sampling method could also contribute to ozone formation.

The POCP index of LTA asphalt mixtures increases gradually
with temperature. Therefore, with increasing surface tempera-
tures, emissions from asphalt mixtures participate more in
ozone formation in urban environments. This suggests that
asphalt emissions may contribute to the increasing trend of
urban ozone concentration with air temperature.61 The POCP
index of fresh asphalt mixtures is higher than that of old asphalt
at all temperatures investigated; it increases between 23 °C and
35 °C, but decreases above. POCP indexes determined for
a realistic annual asphalt temperature scenario are mostly
relevant for LTA asphalt because STA asphalt mixtures would
age over a year, shiing from STA to LTA surfaces, as time
passes.

To the best of our knowledge, POCP indexes have not been
evaluated for VOC emitting sectors in Paris, nor in France.
Environ. Sci.: Atmos., 2023, 3, 1601–1619 | 1613
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Table 5 POCP indexes of STA and LTA asphalt mixtures in the 23–60 °C range, under dry (RH = 0.1%) and dark conditions, and determined for
the annual temperature scenario for Paris (see text)

T (°C)
POCP index STA
(fresh) asphalt

POCP index LTA
(old) asphalt

23 62.0 38.9
35 64.3 39.1
50 60.7 40.9
60 53.6 42.7
Annual temperature scenario (see text) 60.7 39.7
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Therefore, we compare our results to the most comprehensive
POCP inventory made for a neighboring country, the United
Kingdom. The POCP indexes are:6 Road transport – exhaust: 69;
agriculture: 56; road transport – petrol evaporation: 50;
combustion: 48; wastes: 47; off-road: 46; solvent: 44. LTA
asphalt mixtures have a POCP index of 39.7 for our annual
temperature scenario, a value lower than the other ozone
precursor sources listed above. The ozone concentration even-
tually formed by VOC emissions of asphalt-covered surfaces
remains to be precisely estimated by air quality models.
4.3. Secondary organic aerosol formation potential

The Secondary Organic Aerosol formation Potential (SOAP)
concept is analogous to the POCP concept and allows the
assessment of the propensities of VOCs to form secondary
organic aerosol (SOA).62 The SOAP index is dened as the ratio
of the additional mass of SOA formed in the presence of a xed
amount of VOC, D[SOA]with VOCi

, to the additional mass of SOA
formed in the presence of the same amount of toluene and
multiplied by 100 (SOAPtoluene is set as 100), as shown in eqn (6).

SOAPi ¼
D½SOA�with VOCi

D½SOA�with toluene

� 100 (6)

Similarly to the calculation of the POCP index, only the data
of the current study were used to estimate the SOAP indices of
asphalt pavements. In particular, the SOAP indices of 32 VOCs
detected in this work in emissions of asphalt mixtures have
been retrieved from the literature,62,63 or are presented for the
rst time in the present work (see Table S5 in ESI†). This set of
SOAP indices gives no value for 12 of the 28 major compounds
identied in emissions of STA and LTA asphalt mixtures, for
which estimates have been attempted when possible; none-
theless, it allows estimation of a conservative lower value of
potential SOA formation. To determine the total mass of SOA
potentially formed, each VOC's EF determined in this work with
GC-MS/FID is multiplied with its SOAP index divided by 100 (so
that it is normalized to 1 for toluene), and multiplied with the
SOA yield of toluene, Ytoluene(SOA). Contributions of each VOC
are then summed to get the total EF(SOA), as described in eqn
(7).

EFðSOAÞ ¼
X
i

�
EFðVOCiÞ � SOAPi

100

�
� YtolueneðSOAÞ (7)
1614 | Environ. Sci.: Atmos., 2023, 3, 1601–1619
Values of Ytoluene(SOA) are in the 0.15–0.25 range;64 we
choose the average value of 0.2 for our calculations. The
resulting EF(SOA) value is multiplied by the asphalt-covered
area in Paris (42.16 km2) to give the annual potential produc-
tion of SOA for the city of Paris. It leads to a potential SOA mass
formed by VOC emissions of asphalt mixtures in Paris over
a year of 1.04 tonnes at 23 °C, 0.93 tonnes at 35 °C, 2.47 tonnes
at 50 °C, and 3.76 tonnes at 60 °C, where the temperature is that
of the surface of the asphalt mixture. Our annual temperature
scenario elaborated for Paris gives a value of 1.60 tonnes of SOA
emitted for a year.

These values are conservative lower values based only on
VOCs identied with GC-MS/FID, and do not include emissions
measured by PTR-ToFMS. Here, we set out to determine values
of SOA formed by VOCs emitted by old asphalt mixtures by
including, when possible, measurements with PTR-ToFMS. In
Table S6†, we tentatively assign the major masses measured in
emissions by old asphalt mixtures with PTR-ToFMS. To do so,
we limit our investigation to VOCs with C, H and O atoms,
which have been identied in previous works (listed in Table S3
of ESI†) and whose SOAP indices have been calculated. Then, we
added the EFs measured for masses (M + 1) 57, 71, 85, and 111;
mass 129 may be attributed to naphthalene, in line with the
identication of several substituted naphthalenes with GC-MS/
FID. However, in our setup, naphthalene may be co-eluted with
decanal. For old asphalt mixtures, emission factors at mass 129
are similar to those of decanal/naphthalene measured with GC-
MS/FID at all temperatures investigated. Hence, we did not
count mass 129 in our calculation, but used the SOAP value of
naphthalene (=106) for the EF of decanal/naphthalene
measured with GC-MS/FID. This leads to potential SOA mass
formed by VOC emissions of asphalt mixtures in Paris over
a year of 2.17 tonnes at 23 °C, 3.12 tonnes at 35 °C, 6.31 tonnes
at 50 °C, and 11.3 tonnes at 60 °C. Our annual temperature
scenario gives a value of 4.12 tonnes of SOA emitted for a year in
Paris.

Particulate matter can form following oxidation of VOCs in
the gas-phase. The PM1 fraction is the most hazardous for
human health, because it can penetrate the respiratory track
down to pulmonary alveoli, due to its small size. In urban
environments, PM1 is the most abundant, typically representing
60–90% of the mass of PM2.5 aerosols.65,66 Consequently, we
multiply emissions of anthropogenic PM2.5 by the average value
of 0.75 to estimate PM1 emissions. According to the EMEP
inventory for Paris in 2019, annual PM2.5 emissions represent
© 2023 The Author(s). Published by the Royal Society of Chemistry
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670 tonnes; hence, annual PM1 emissions represent 502.5
tonnes. The major contributing sectors to PM1 emissions are:
waste with 160.5 tonnes, industry with 127.5 tonnes, and road
transportation with 108 tonnes. SOA formed by VOCs emitted
by asphalt-covered surfaces therefore represent 1.5–3.8% of
PM1 emitted by road transportation, and 0.32–0.82% of total
PM1 emissions. This suggests that the contribution of asphalt-
covered surfaces to SOA-forming VOC emissions in urban
environments is modest but should be taken into account in
inventories and in models as a source of ne atmospheric
particles. Note that, as mentioned previously, these values
correspond to a lower limit, for three major reasons: (i) we do
not detect all VOCs or SVOCs, but only a fraction of them; (ii) the
SOAP values are not available for many measured compounds;
and (iii), VOC emissions of asphalt pavements are signicantly
higher under humid and light-irradiation conditions, i.e., closer
to environmental conditions prevailing in the atmosphere (this
work will be the subject of another publication). An estimate of
SOA formation by chemistry transport models is necessary to
get a clearer view of the contribution of VOC emissions by
asphalt pavements to urban particulate matter concentrations.

Interestingly, the SOA mass concentration bias in models
with respect to observations can be as high as −75%, as
deduced from observations in California in 2010.67 The corre-
lation between the SOA concentration bias and temperature
could link the former to missing IVOC and SVOC emitters, such
as asphalt-covered surfaces.67 Our results support this, the SOA
potentially formed by VOCs emitted by LTA asphalt mixtures
increasing with temperature between 23 °C and 60 °C. Our
results also suggest that during summertime or heatwaves, the
contribution of asphalt pavements to the total SOA formation
will become more important and may therefore contribute to
bridge the gap between models and observations of SOA in
urban environments.

The European Green Deal targets to reduce the number of
premature deaths caused by air pollution in 2030 by more than
55% with respect to 2005 levels, through a reduction in PM2.5

emissions.68 Moreover, the United Nations advocate “net zero
emissions” by 2050. Even if the current decrease in PM1 emis-
sions holds, they would be precluded from reaching zero by
asphalt-covered surfaces which are expected to play a more
dominant role as source of VOCs, and therefore of SOA in the
future. For example, if the target of the European Green Deal is
met by 2030, assuming constant VOC emissions by asphalt
mixtures in Paris and that the reduction in premature deaths is
directly proportional to PM emissions, this would suggest
annual total PM1 emissions of 226 tonnes per year in Paris, of
which 49 tonnes would be caused by road transportation.
Asphalt pavements would then represent 3.3–8.4% of road
transportation PM1 emissions, and 0.7–1.8% of total PM1

emissions.
Therefore, for net zero anthropogenic PM1 emissions to be

reached, new strategies need to be elaborated and new inven-
tories of pollution sources need to be completed. Previously
overlooked VOC sources, like asphalt-covered surfaces, could
represent in the future one of the main SOA precursors in urban
environments. More work is therefore urgently needed to assess
© 2023 The Author(s). Published by the Royal Society of Chemistry
the environmental impact of urban surfaces and to nd alter-
native and innovative materials with lower emission levels.
5. Conclusion

This work provides a comprehensive laboratory study of VOC
emissions by fresh (STA) and old (LTA) asphalt mixtures, under
dark and dry conditions, at relevant atmospheric temperatures.
Two complementary techniques have been used, PTR-ToFMS
and GC-MS/FID. PTR-ToFMS allows real-time quantication of
the emissions by mass; GC-MS/FID allows identication and
quantication of specic VOCs. This work has revealed some
salient features of the emissions of asphalt-covered surfaces,
which we summarize below:

� Under dry and dark conditions, VOC emissions of STA and
LTA asphalt mixtures exhibit an exponential increase with
temperature in the 23–60 °C range;

� Old asphalt is a stronger VOC emitter than fresh asphalt at
23 °C and 35 °C. The difference could be due to atmospheric
aging, and oxidation of surface organics leading to more volatile
species. VOC emissions of both types of surface are similar at
50 °C and 60 °C;

� STA and LTA asphalt emissions are mostly composed of
alkanes and aromatics at all temperatures. Old asphalt emis-
sions are dominated by alkanes (>75%). Carbonyl compounds
and alcohols represent a non-negligible fraction of emissions,
especially for fresh asphalt (20–45%). Substituted naphthalenes
are important contributors to the emissions: they account for 5–
32% of total emissions of fresh asphalt and for 2–9% of total
emissions of old asphalt;

� The nature of dominant compounds in old asphalt emis-
sions are different from fresh asphalt, suggesting an impact of
aging and of atmospheric oxidation on asphalt mixture
emissions;

� The atmospheric implications of this work have been
assessed for the city of Paris, France. Yearly VOC emissions
from asphalt-covered surfaces are equivalent to 21.3% of
NMVOC emissions from road transportation and to 2.9% of
total NMVOC emissions;

� The ozone formation potential determined through the
POCP index of fresh asphalt mixtures, is higher than that of
petrol evaporation, but lower than that of motor vehicle
exhausts. The POCP index of old asphalt mixtures is lower than
inventoried sources but is not negligible. Models are needed to
evaluate the impact of asphalt-covered surfaces on O3 concen-
trations and on the missing OH reactivity in cities;

� The estimated amount of SOA formed by asphalt-covered
surfaces in Paris represents 1.5% to 3.8% of the estimated
PM1 mass emitted by road transportation and 0.32% to 0.82%
of the total PM1 emissions from inventoried sources. These
numbers will likely increase signicantly aer studies are con-
ducted under relevant conditions of relative humidity and solar
irradiation;

� Lastly, SOA formed from the VOCs emitted asphalt-covered
surfaces will preclude PM from reaching net zero emissions, by
providing a non-negligible urban background source.
Environ. Sci.: Atmos., 2023, 3, 1601–1619 | 1615
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Most importantly, the results of this work should be
considered lower limits, and future works should focus on VOC
emissions in a humid atmosphere and under UV-light, to
evaluate how environmental conditions impact emissions from
asphalt mixtures. VOC emissions from asphalt-covered surfaces
need to be included in inventories of urban pollutants because
they represent a major missing source, mostly due to the large
area covered with asphalt products in cities. This work calls for
more studies of the emissions from asphalt mixtures at service
temperatures, a study area that has been overlooked so far.
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