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Abstract

Higher concentrations of air pollutants, such as nitrogen dioxide (NO,) and particulate matter (PM), are observed

in streets compared to the urban background. These concentrations could be predominantly attributed to road
traffic, which remains an important source despite relentless efforts. In this study, performed over the Paris area,

the impacts of the evolution of the fleet composition on urban air quality down to the street scale is assessed

with two scenarios assuming the introduction of very-low-emission vehicles. Exhaust emission factors for these vehi-
cles are based on the improvement of engine and after-treatment technologies, leading to factors lower than those
proposed for the European emission standard Euro 7. Using the year 2014 as the baseline, very-low-emission vehicles
are introduced up to the year 2030 for the Paris region. NO, emissions are thus reduced by 68 % in streets, and con-
centrations by 53 %. However, PM concentration reduction is limited to 18 % in streets as non-exhaust emissions
from tyre and brake wear and road abrasion are preponderant. PM emissions from non-exhaust sources represent

59 % of the total road-traffic emission of PM in 2014 and 89 % in 2030. Non-regulated pollutant concentrations are
also reduced, by 42 % for black carbon and 30 % for organic matter. Considering only very-low-emission and electric
vehicles in the fleet further reduce NO, emissions and concentrations by 99.5 % and 80 % respectively. PM concentra-
tions are only reduced by 22 %. This study highlights the high reduction potential of NO, concentrations with very-
low-emission and electric vehicles, because of reduction of exhaust emissions. However, difficulties remain to reduce
PM concentrations in urban areas, with the large majority of PM traffic emissions coming from non-exhaust sources.
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1 Introduction

Despite efforts by the authorities to mitigate air pollu-
tion, populations are still exposed to high concentrations
of pollutants, especially in urban areas. In 2020, among
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the 75 % of the European population living in urban
areas, 89 % were exposed to concentrations of nitrogen
dioxide (NOy) above the 2021 World Health Organiza-
tion (WHO) guidelines, reaching 96 % for particulate
matter (PM) with diameters smaller or equal to 2.5 pm
(PMy5) [11]. Exposure to high concentrations causes det-
rimental health effects, ranging from coughing and eye
irritation to chronic diseases, e.g. chronic bronchitis and
lung cancer [22]. PM is considered to be one of the most
harmful pollutants [21]. The chemical composition of the
particles also plays an important role in the impacts on
human health. Particles of black carbon (BC) and organic
matter (OM) are known to cause heart problems, lung
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cancer and the aggravation of preexisting heart and lung
disease [4, 7, 9, 10].

Numerous studies investigated the impacts of road
traffic on urban air pollution, and ways to reduce its
emissions [6, 16, 23, 27, 34-36]. Promoting alternative
transport (cycling and public transport) could reduce
concentrations of PMjy 5, by 25 % in Adelaide, South Aus-
tralia [35]. Although not justified in terms of road safety,
raising speed limits in urban areas from 30 km h~! to
50 km h~! could also reduce NO, and particulate mat-
ter with diameters smaller or equal to 10 pm (PMjo)
concentrations by 3 % and 2 % respectively [34]. The use
of recent vehicles appears to be an effective measure to
reduce NO; and BC concentrations. For example, mod-
ernizing the fleet in Warsaw, Poland, to the most recent
European emission standards would reduce the popula-
tion’s exposure to nitrogen oxides (NOy) by almost 50 %
[16]. Lugon et al. [23] modeled several scenarios of fleet
renewal and evolution (business as usual and promotion
of petrol and electric vehicles) from 2014 to 2024 over
Paris, France, and observed reductions in concentrations
of NO; and BC by up to 50 % and of PM;g and PMy 5 by
20 %. Despite these large reductions of concentrations
due to fleet renewal, more than 20 % of the Paris popu-
lation would still be exposed to NO; and PM; 5 concen-
trations exceeding the air quality guidelines. However,
the exposure estimated in 2024 by [23] may be overesti-
mated, because the decrease of emissions from sectors
other than traffic between 2014 and 2024 was not taken
into account.

The estimation of the population exposure to outdoor
concentrations is strongly linked to the modeling scale.
The high concentrations observed in streets are not rep-
resented by regional-scale modeling, which provides esti-
mation of the background concentrations. However, in
urban areas the people exposure to outdoor concentra-
tions corresponds to street-scale concentrations, which
are often more influenced by traffic than regional-scale
concentrations [23].

This study aims to assess the maximum impact on air
quality that can be expected from improvements in vehi-
cle pollutant emission technology. This impact is assessed
in terms of concentrations of NOy, PM; 5, BC, OM down
to the street scale in the Paris area. To that end, very-
low-emission vehicles are introduced in the traffic fleet,
and the evolution of emissions from all activity sectors
are taken into account. The exhaust emission factors of
these very-low-emission vehicles are even lower than
those proposed for the European emission standard Euro
7. The impact is estimated for the year 2030 on the Paris
region and in the streets of a district in the eastern sub-
urb of Paris. The concentrations are compared with those
simulated for the year 2014, and to regulatory standards.
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Section 2 introduces the emission factors related to the
very-low-emission vehicles, as well as the two prospec-
tive scenarios and their impacts on fleet composition.
The evolution of emissions related to the different activity
sectors and to the two scenarios are presented in Sect. 3.
Finally, the impacts of the scenarios on concentrations
are discussed in Sect. 4.

2 Evolution of vehicle technology and fleet
composition

The baseline simulation for year 2014, named 2014b, cor-
responds to the reference simulation, SCNO of [30]. 2014
is established as the baseline in this study due to the avail-
ability of observational data both at regional and local
scales, and also to the extensive evaluation of the models’
performances [18, 19, 24, 25, 29, 30]. It uses the COPERT
methodology, described in the European Monitoring and
Evaluation Programme/European Environment Agency
(EMEP/EEA) air pollutant emission inventory guidebook
[13] to calculate traffic emissions in streets. The emission
factors and fleet evolution are presented below, following
the nomenclature of the methodology for vehicles cate-
gories and European emission standards.

2.1 Emissions from very-low-emission vehicles

Table 1 presents the emission factors at exhaust for the
very-low-emission vehicles used in this study. For pas-
senger cars (PC) and light commercial vehicles (LCV),
the emission factors for carbon monoxide (CO), non-
methane volatile organic compounds (NMVOC) and
ammonia (NH3) are set to 50 % of the limit values pro-
posed for the European emission standard Euro 7 (see
Table 1). NOyx emission factors for PC are much lower
than those proposed for the Euro 7 norm: 10 mg km™1
against 60 mg km™1. These very low emission factors
could be obtained thanks to the improvement and addi-
tion of after-treatment devices, such as heaters, to reduce
cold-start emissions in particular [8, 15]. Note that these
emissions factors take into account both hot and cold
emissions.

Table 1 Emission factors at exhaust for very-low-emission

vehicles
PC LCV HDV Lcat
cOo 250 250 509% EuroVI 50 % Euro 5
mg km~'1a! mg km~lal
NOy 10mg km™! 20mg km™! 50% EuroVl 50 % Euro 5
NMVOCs 34 mg km~"lel 34 mgkm~'la]  509% EuroVI 50 % Euro 5
NH3 10 mg km~'al 10 mg km~"al  509% EuroVl 50 % Euro 5
PM 100 % Euro 6 100 % Euro 6 100 % Euro VI 100 % Euro 5

l2l50 96 of the European emission standard Euro 7 proposal



Sarica et al. European Transport Research Review (2024) 16:34

For heavy-duty vehicles (HDV) and two-wheelers
(Lcat), the emission factors of CO, NOy, NMVOCs and
NHj3 of the very-low-emission vehicles are set to 50 %
of the most recent European emission standards (Euro
VI for HDV and Euro 5 for Lcat). These values are also
based on the improvement and addition of after-treat-
ment devices. Concerning PM, emission factors for the
very-low-emission vehicles are identical to the emission
factors of the most recent emission standards for the cor-
responding vehicle category.

Emissions factors from non-exhaust sources (tyre and
brake wear, and road abrasion) are computed using the
values provided by the COPERT methodology. Despite
their high uncertainties [17, 20, 25, 30], non-exhaust
emissions are not expected to change much compared
to current emission levels, unless mobility changes. Con-
cerning the speciation of the emissions of NOy, NMVOC
and PM, in the absence of information specific to future
vehicles, information provided by the COPERT method-
ology for the most recent emission standards is used.

2.1.1 Prospective scenarios and fleet evolution

Two scenarios of the fleet evolution are considered, one
with a realistic evolution of the fleet (2030r with r for
“realistic fleet”) and one with a theoretical fleet made of
only very-low-emission and electric vehicles (2030t with
t for “theoretical fleet”). The second scenario is intro-
duced to assess the maximum emission and concentra-
tion reductions.

The 2030r scenario is representative of a gradual evo-
lution of the fleet, assuming a replacement of the old-
est vehicles by newer vehicles, also considering electric
vehicles. This fleet evolution is modeled using SIBYL
baseline [14]. It is a projection tool for estimating vehi-
cle fleet for 37 European countries based on historical
data. In this study, the penetration rates of new vehicles
are corrected for the years 2021 and 2022 using informa-
tion from the European automobile manufacturers’ asso-
ciation (ACEA) [1, 2]. In the 2030t scenario, the fleet is
only composed of the most recent vehicles with very low
emissions, and electric vehicles.

Table 2 presents the distribution of PC and LCV
according to European emission standards and electric
motorisation. For the other vehicle categories, the distri-
butions are available in Table S2. The fleet for the 2014b
baseline simulation is representative of the year 2014,
thus Euro 6 a/b/c is the most recent emission standard
for PC, but represents only 2 % of the category. More
than 4 % are pre-Euro and Euro 1, and the majority
falls into Euro 4 and Euro 5 standards, at 28 % and 42 %
respectively. Electric vehicles represent less than 1 % of
the PC. Concerning LCV, a similar trend is observed,
with about 4 % of the vehicles being pre-Euro and Euro
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Table 2 Distribution of PC and LCV in fleets according to
European emission standards and electric motorisation, in %

2014b 2030r 2030t
PC Pre-Euro 1.3 - -
Euro 1 29 - -
Euro 2 7.2 0.6 -
Euro 3 159 1.1 -
Euro 4 28.1 83 -
Euro 5 416 16.9 -
Euro 6 a/b/c 2.1 18.3 -
Euro 6 d-temp - 6.2 -
Euro6d - 230 -
VLEVEE] - 123 86.8
Electric 0.9 132 13.2
Total 100 100 100
Lcv Pre-Euro 2.1 21x107° -
Euro 1 2.1 47%1074
Euro 2 52 03 -
Euro 3 17.1 54 -
Euro 4 40.8 12.6 -
Euro 5 325 16.3 -
Euro 6 a/b/c - 19.3 -
Euro 6 d-temp - 5.0 -
Euro6d - 17.0 -
A - 120 87.9
Electric 03 12.1 12.1
Total 100 100 100

lalyLEv = Very-low-emission vehicles

1. The majority also falls into Euro 4 and Euro 5 stand-
ards, but with more Euro 4 than Euro 5, at 41 % and 33 %
respectively.

The fleet evolution modeled in the 2030r scenario leads
to the disappearance of pre-Euro and Euro 1 PC and
negligible percentage of LCV vehicles. The other emis-
sion standards already present in the 2014b fleet are less
represented, e.g. the percentage of Euro 5 vehicles drops
from 42 % to 17 % for PC. Euro 6 d standard becomes
preponderant for PC, at 23 %, while it is Euro 6 a/b/c
standard at 19 % for LCV. The very-low-emission vehicles
represent 12 % of the two categories and electric vehicles
a higher portion for PC, at 13 %. In the 2030t fleet, it is
considered that all non-electric vehicles are very-low-
emission vehicles, while keeping the portion of electric
vehicles similar to the 2030r scenario.

3 Evolution of emissions

At the regional scale, the domain is centered on the Ile-
de-France region, and a district in the eastern suburbs
of Paris is defined at the street scale [30]. The meteoro-
logical conditions and biogenic emissions are taken from
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[33]. They are assumed to be the same between 2014 and
2030. Anthropogenic emissions at the regional scale are
computed using the EMEP gridded emission inventory
for 2014 [12]. This section presents the evolution factors
by activity sectors that are used to estimate the evolution
of those emissions between 2014 and 2030, as well as the
impacts on total emissions.

3.1 Non-traffic sectors
In order to model background concentrations consist-
ent with year 2030, emission reductions of the non-traf-
fic sectors are also taken into account. Table 3 presents
the ratios applied to represent the emission evolution
between 2030 and 2014. The majority of the evolution
ratios are taken from [5] following the AME scenario
(“Avec Mesures Existentes’, i.e. with existing measures).
This scenario, developed in 2021, projects anthropo-
genic emissions by activity sector to 2030, taking into
account the regulations in place until December 31, 2019.
Because, for some sectors, the evolution ratios for CO
and NHj; are not available in [5], those are taken as the
average of the evolution ratios of NMVOC, PM and NOy.
For the emissions of NH3 and PM from the solvent indus-
try, ratios are extrapolated using information specific to
Tle-de-France region, provided by the Parisian air quality
monitoring association [3]. As no information was avail-
able for the emissions from the sector “Other Stationary
Combustion” (except sulfur dioxide, SO,), it was decided
to not modify these emissions.

Overall, emissions are reduced from 2014 to 2030,
except for NH3 emissions from the waste and public
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power sectors, which increase by 78 % and 69 % respec-
tively. In the case of the waste sector, it is related to the
quantity of waste entering the composting facilities
and the degradation of livestock manure. For the public
power sector, it is due to the incomplete combustion of
the different energies sources, coupled with an increase
in the combustion capacity. Offroad, shipping and avia-
tion transport sectors present large reductions in emis-
sions, especially for NOy (70 %) and PM (62 %). Emission
reductions for the agricultural sector are limited, with a
maximum reduction of -15 % for CO. For the other sec-
tors, mainly related to the industry, emissions of NOy are
PM are largely reduced, while emissions of NMVOC and
NH3 present a lower decrease.

3.2 Traffic sector

Traffic emissions and emission evolution ratios are first
calculated at the street scale. Then, the influence of the
prospective scenarios on reductions of traffic emissions
at the regional scale is defined, using the same emis-
sion evolution ratios. Emissions of NOy, VOCs and PM
are speciated similarly to the street scale, i.e., taking into
account the fraction of each vehicle type in the fleet.

At the street scale, emissions in the streets of the net-
work are computed for both prospective scenarios using
the software Pollemission [28], which estimates emis-
sions for a detailed vehicle fleet using the COPERT meth-
odology. The software was updated to take into account
emission factors of very-low-emission vehicles. In the
absence of a reliable method to estimate future traffic
conditions (vehicle speed and flow), these are identical

Table 3 Emission evolution ratios for the non-traffic sectors between 2030 and 2014

Sector CcO NOy
Offroad 0.520l 0.30
Shipping 0,521 030
Aviation 0.520l 0.30
Waste 0.83 0.94
Agri Livestock 0.85 0.94
Agri Other 0.85 0.94
Fugitive 0.68al 047
Other Stationary Combus- 1.00(bI 1.00(b]
tion

Solvents 0,590l 073
Industry 0.59 0.60
Public Power 091 0.38
Other 062 039

NMVOCs NH3 PM SO,
0.58 0.81 0.38 0.65
0.58 0.81 0.38 0.65
0.58 0.81 0.38 0.65
0.83 1.78 0.92 0.75
0.98 0.95 0.93 1.00
0.98 0.95 0.93 1.00
0.66 068! 091 043
1.00tb! 1.00(b! 1.00[b] 0.1
0.92 0.1l 0.541¢1 0.84
0.70 0.66 0.38 0.52
0.77 1.69 0.36 0.18
047 0.84 046 0.41

[aIAverage ratio of NMVOCs, PM and NOy
I°INo information found
[C]Extrapolated from data of the Parisian air quality monitoring association [3]

Other ratios are taken from the AME scenario of [5]
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Table 4 Emission evolution ratios for the traffic sector for the two prospective scenarios between 2030 and 2014

Scenario co NO, NMVOCs NH; PM SO,
2030r 048 0.35 040 0.77 0.66 0.65
2030t 033 0.03 033 0.04 0.61 0.65

Table 5 Reductions in total emissions for the two prospective
scenarios compared to the baseline simulation for the Paris
suburbs area. Average emissions are expressed in ng m=2s~, and
the relative differences is in %

Table 6 Reductions in traffic emissions for the two prospective
scenarios compared to the baseline simulation at the street
scale. Average emissions are expressed in ug s—', and the relative
differences are in %

Average Relative difference Average Relative difference

2014r 2030r 2030t 2014r 2030r 2030t
NO 380.1 -574 -87.1 NO 27277 -62.9 -96.5
NO; 184.9 -79.6 -96.2 NO; 2067.3 -67.7 -99.5
NOy 767.8 -62.7 -89.2 NOy 6249.8 -64.6 -97.5
BC 9.2 -58.3 -63.1 BC 90.1 -71.6 -79.0
1/SVOCsgas 53.1 -74.6 -82.2 1/SVOCsgas 1923 -62.3 <711

to the baseline simulation, which correspond to typical
urban fleet and flow for the Ile-de-France region for 2014
[6]. The evolution of the fleet composition between 2014
and 2030 and the impact of introducing low-emission
vehicles is detailed in Sect. 2.1.1. The emission evolution
ratios observed at the street scale over the simulation
period are averaged and presented in Table 4. Emissions
present large reductions for both scenarios. They are
particularly large for NOy and NH3, for which the 2030t
scenario induces emission decrease as large as 97 % and
96 % respectively. For PM, the decrease is limited to less
than 40 % as the majority of the emissions comes from
non-exhaust sources, left identical in this study. The SOy
emission is reduced by 35 % following the AME scenario
of [5].

3.3 Impacts on total emissions

A subset of the regional domain, corresponding to the
city of Paris and its outlying suburbs, where urbanization
and transportation are most prominent [30], is extracted
to study the prospective scenarios’ impacts on emissions
(hereafter referred to “Paris suburbs”).

Table 5 presents the reductions in total emissions
(emissions of all sectors) induced by the 2030r and 2030t
scenarios at the regional scale. The gas-phase interme-
diate and semi volatile organic compound species (I/
SVOCs) in the table are organic compounds with rela-
tively low vapor pressure that will lead to the formation
of lower-volatility compounds, partitioning more easily
to particles. Both scenarios lead to significant emission
reductions. In the 2030r scenario, emissions of nitric

oxide (NO) and BC are reduced by around 58 %, and
gas-phase I/SVOCs and NOj emissions by as much as
75 % and 80 % respectively. Emissions are even lower in
the 2030t scenario. NOy present the largest additional
reduction, by almost 30 % for NO and 20 % for NO,. The
total emissions are reduced by 87 % and 96 % for NO
and NO; respectively. Because PM emission factors are
not reduced for very-low-emission vehicles (Table 1) and
traffic is not the preponderant emitting sector, the addi-
tional reduction for BC is only 5 % and for I/SVOC:s, the
additional reduction is around 10 %.

Table 6 presents the reductions in traffic emis-
sions induced by the 2030r and 2030t scenarios at the
street scale, where only traffic emissions are taken into
account. As at the regional scale, both scenarios lead
to significant emission reductions. Overall, the reduc-
tions tend to be larger at the street scale, especially in
the 2030t scenario where only very-low emission and
electric vehicles are considered. In the 2030r scenario,
although the emission reduction is larger for NO at
the regional scale than at the street scale (-80 % against
-68 %), the opposite it observed for NO (-57 % against
-63 %), because of the different NO; fraction at regional
scale induced by the non-traffic sectors. At the street
scale, reductions observed in the 2030r scenario are
only due to the replacement of the oldest vehicles by
new ones, with lower emissions. The reductions from
the 2030t scenario are larger than the ones from the
2030r scenario. This is expected as only the most recent
vehicles, i.e. with the lowest emissions, are considered
in the 2030t scenario. This leads to large reduction of
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NOy emissions: the additional reductions are larger
than 30 %, with reductions of 97 %, 98 % to 99.5 % for
NO, NOy and NOy respectively compared to the 2014
baseline. For BC, the additional reductions induced by
the 2030t scenario are limited, as non-exhaust emis-
sions are not reduced.

The absolute differences in emissions of NO; and BC
over the whole simulation domain for the 2030r scenario
compared to the baseline are presented in Fig. 1. For
the 2030t scenario, absolute differences present similar
behaviors, with larger values (see Figure S1). The reduc-
tions are the largest where traffic is the most important:
in Paris city and its outlying suburbs (purple rectangle on
Fig. 1), with reductions up to 0.4 ug m—2 s~ and 0.015
g m—2 s~! for NO, and BC emissions. In the 2030t sce-
nario, emissions of NOy and BC are reduced by up to 0.45
pg m—2 s~ and 0.015 pg m—2 s~ ! respectively. Note that
absolute differences are used here instead of relative dif-
ferences because emissions in rural areas of the domain
are extremely low, resulting in meaningless relative dif-
ferences in these areas.

0.00
B
49.4°NHY
—0.08
49°NA
—0.167%
&
g
®
48.6°N —0.24.%
~0.32
48.2°NA
—0.40

LIE 18°E 2.2°E 2.6°E  3E  3.4°E

(a)
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Figure 2 presents the relative differences in emissions
of NO; and BC over the street network for the 2030r
scenario. For the 2030t scenario, relative differences
present similar behaviors, with larger values (see Figure
S3). Emissions in the streets with high traffic are greatly
reduced: by 70 % and 75 % for NO, and BC emissions
respectively. In the 2030t scenario, emissions of NO; and
BC are reduced up by to 90 % and 85 % respectively. On
the contrary, streets with no traffic are not affected. The
variability between trafficked streets is due to the vari-
ability of the vehicle types in the fleet.

Despite the different reductions applied to the emis-
sion sectors from 2014 to 2030 at the regional scale,
the fraction of PM emissions attributed to road traffic
remains relatively constant at 24 % between the 2014b
baseline scenario and the 2030r scenario. For the 2030t
scenario, it is reduced to 22 % of the total PM emissions.
Table 7 highlights the increasing importance of the non-
exhaust emissions compared to the exhaust ones. In the
2014b baseline scenario, non-exhaust sources are already
preponderant, contributing to 59 % of the traffic PM

0.000
N
149.4N5
~0.003
49°N-
—0.006 %
iy
B
>
48.6°NA ~0.009 %
~0.012
48.2°N-
o —0.015

LLE 18E 22°E 2.6°'E 3'E  3.4°E

(b)

Fig. 1 Absolute differences (in pg m—2 s~ in emissions of NO, (a) and BC (b) at the regional scale for the 2030r scenario compared to the baseline.
The annual mean emissions of the baseline simulation are available in Figure S2. The purple rectangle represents the most urbanised area

of the domain, Paris city and its suburbs

48.86°N-

—28

48.85°N-

48.84°N-

T T T T —170
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48.85°N-
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Fig. 2 Relative differences (in %) in emissions of NO; (a) and BC (b) at the street scale for the 2030r scenario. The annual mean emissions

of the baseline simulation are available in Figure S4
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Table 7 Distributions (in %) of the traffic emissions for the
baseline scenario and the two prospective scenarios at regional
and local scales

Traffic emission sources 2014b 2030r 2030t

Exhaust 41 1 3

Non-exhaust Brake wear 25 38 42
Tyre wear 18 27 28
Road abrasion 16 24 27

emissions. Brake-wear emissions are the most important,
25 %, followed by tyre-wear and road-abrasion emissions
at 18 % and 16 % respectively. 89 % and 97 % of the traf-
fic PM emissions are attributed to non-exhaust sources in
the 2030r and 2030t scenarios respectively. Brake-wear
source remain the main contributor, at 38 % and 42 %
respectively for both prospective scenarios, followed by
tyre-wear and road-abrasion sources.

4 Impacts on concentrations

This section presents the impacts of the scenarios on
concentrations at both the regional and street scales.
The evaluation of the multiscale modelling chain against
observations for the 2014b baseline simulation is avail-
able in [30]. As for emissions, the impacts at the regional
scale are studied on a subset of the domain correspond-
ing to Paris city and its suburbs (purple rectangle on
Fig. 1), and also to Paris city alone (green rectangle on
Fig. 4) for the impacts on dense traffic areas. The concen-
trations presented at the regional scale are surface con-
centrations, i.e., they correspond to those simulated in
the first vertical level of the domain (from 0 m to 30 m).

4.1 Modelling tools

Polair3D [26, 32] is used to simulate background con-
centrations at the regional scale with a horizontal res-
olution of 0.02°x0.02°. Concentrations in the streets
of the network are simulated with the street-network
MUNICH [18]. The simulation periods are from 8 Janu-
ary to 27 December 2014 for the regional scale, and 10
January to 27 December 2014 for the street scale. Both
models are coupled to the chemistry and aerosol model
SSH-aerosol [31] to represent gas-phase chemistry and
aerosol dynamics.

Boundary and initial conditions are taken from [33].
Meteorological conditions are modeled using the WRF
model (version 3.9.1.1), as detailed in [24]. Boundary,
initial conditions and meteorology are kept the same in
the reference and in the prospective scenarios.
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Table 8 Impacts of the prospective scenarios on NO, and PM;o
concentrations over the Paris suburbs and Paris city areas, and at
the street scale. Average concentrations are expressed inug m—3
and relative differences in %

NO, 2014b 2030r 2030t
Polair3D Average 282 143 7.7
Paris suburbs Relative difference - -49.8 -72.6
Polair3D Average 45.8 246 13.7
Paris city Relative difference -46.5 -70.2
MUNICH Average 499 234 9.6
Relative difference - -52.5 -794
PMig 2014b 2030r 2030t
Polair3D Average 16.6 14.6 14.3
Paris suburbs Relative difference - -114 -137
Polair3D Average 19.8 16.3 15.7
Paris city Relative difference -17.8 -20.5
MUNICH Average 20.1 163 15.7
Relative difference - -17.9 -20.9
PMy s 2014b 2030r 2030t
Polair3D Average 15.5 13.7 133
Paris suburbs Relative difference - -11.6 -14.0
Polair3D Average 18.1 14.8 14.2
Paris city Relative difference -184 -213
MUNICH Average 18.7 15.1 144
Relative difference - -186 -21.9

4.2 Regulated pollutants

This section presents the evolution of the concentra-
tions of NOy, PM;g and PMy 5 in the Paris area, which
are regulated by European air quality directives [11]. The
European air quality standards for the annual average
limits are 40 pg m~3 for NO, and PMjy, and 25 ng m3
for PMy 5. The air quality guidelines from the WHO are
more stringent, with annual average limits of 10 pug m—3
for NOy, 15 pg m~3 for PMjpand 5 ng m~3 for PMy 5.

Table 8 and Fig. 3 present the average concentrations
and relative differences for the two prospective scenarios
compared to the baseline simulation for NO;, PMjg and
PM, 5. The average concentrations are lower in the Paris
suburbs area than in the Paris city area and the street
scale. This is particularly true for NO; (28 pg m~3 against
46 ug m—3 and 50 jig m~3 respectively). This is because
the Paris suburbs area includes districts less urbanized
than the city.

In the two prospective scenarios, the concentrations
at both the regional and street scales decrease, because
of the decrease of emissions. For NOy, in the Paris sub-
urbs, the emission reductions of 80 % and 96 % for the
2030r and 2030t scenarios respectively lead to reduc-
tions in concentrations of 50 % and 73 %. In the Paris
city, the concentration reductions are slightly lower,
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at 47 % and 70 % respectively, but they correspond to
higher absolute concentrations, e.g. 25 g m~> versus
14 pg m~3 for the 2030r scenario. At the street scale,
the concentration reductions are more important
at 53 % and 79 % for the 2030r and 2030t scenarios
respectively, because of the predominance of the traffic
and large traffic emission reductions for both scenarios
(by 68 % and 99.5 %). Compared to the NO; level from
the air-quality guidelines, for both scenarios, both the
regional and street scale concentrations are lower than

the limit value of 40 pg m~2 imposed by the European
air quality directives. The WHO guideline of 10 pg m~3
for NO; is only met in the 2030t scenario on average
over the Paris suburb area (average concentration of 7.7
ng m~3) and the street network domain (average con-
centration of 9.6 ug m~3). However, the street network
studied is located in the Paris suburbs, but outside the
city of Paris itself. Over Paris city, the average NO, con-
centration is slightly larger than the WHO guideline
(13.7 ug m™3).
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As expected, since PM emissions are less reduced
than NOy, concentrations of PMjg and PMs5 are less
reduced than NO, concentrations. In the Paris suburbs,
PM;jp concentrations are reduced by 11 % and 14 % for
the 2030r and 2030t scenarios respectively, and by 18 %
and 21 % for the Paris city area and the street scale. The
decrease of PMjy 5 concentrations is slightly more impor-
tant than PMjg, reaching 19 % and 22 % at the street
scale. Concentrations of PMj at the street scale for both
scenarios are just above the WHO guideline of 15 p
g m~3, at 16 ng m~—3 for both scenarios. For PMy s, con-
centrations remain much larger than the WHO guideline
of 5 g m~3, at 15.1 ug m~3 and 14.4 jug m~? respectively.
When considering the limit values imposed by the Euro-
pean air quality directives for PMjg (40 pg m~3) and
PM, 5 (25 jig m~3), concentrations of the 2014b baseline
simulation are already in accordance, at 20 ug m~—> and
19 pg m~3 respectively. With exhaust emissions of PM
already well regulated and controlled, the focus should be
to better understand and reduce non-exhaust emissions
from tyre and brake wear, and road abrasion to respect
the more stringent WHO guidelines.

The impacts of the 2030r scenario on the concentra-
tions of NO; and PM;jg on the regional domain and the
street network are presented in Fig. 4. The impacts of the
2030t scenario are similar to the 2030r scenario but with
higher reductions (see Figure S5). At the regional scale,
although NO; concentrations are reduced throughout
the domain, the reductions are the highest in the most
urbanized areas of the Paris area. This is due to the larger
traffic emissions in the most urbanized areas, and to the
assumption of keeping the same boundary conditions
in the 2014 and 2030 simulations. For PM;g, concentra-
tion reductions are limited outside the city of Paris and
its suburbs. The reductions are lower than for NO,, with
maximum reduction of 55 % and 16 % for NO; and PM;
respectively. At the street scale, concentrations reduc-
tions are larger than at the regional scale, particularly for
streets with high traffic. These reductions reach 58 % and
30 % for NO; and PM;g respectively.

The 2030r scenario can be compared to the 2-BAU
(“business-as-usual”) scenario of [23]. The 2-BAU sce-
nario simulates concentrations for 2024 with a fleet evo-
lution from 2014 to 2024 promoting Euro 5 and Euro 6
petrol vehicles. The evolution of NOy, PM;g and PMy 5 is
similar in 2-BAU and the 2030r scenario. The 6 years dif-
ference between 2024 and 2030 and the introduction of
the very-low-emission vehicles in the fleet in the 2030r
scenario induce slightly larger reductions of the concen-
trations of NO, compared to the 2-BAU scenario: 53 %
against 38 %. For PMjo, the reduction is slightly more
important in the 2-BAU scenario than in the 2030r sce-
nario: 22 % against 18 %. For PMy 5, reductions are very
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similar, at 19 %, in both scenarios. These differences on
PM;g could be due to the different street networks con-
sidered in the two studies. In the 2-BAU scenario of [23],
MUNICH represents the concentrations over the city of
Paris, while, in this study, it represents a district in the
eastern suburbs of Paris. The city of Paris is much more
urbanized and the influence of traffic is thus greater.

4.3 Non-regulated pollutants
BC and OM are compounds of particles that are known
to have negative effects on the human health, and that
are emitted by traffic. The impacts of the prospective sce-
narios on BC and OM concentrations are thus presented
in Table 9. The reductions for these two pollutants are
larger than the ones for PM;o and PMy 5. The BC emis-
sion reduction of 58 % at the regional scale for the 2030r
scenario induces reductions of BC concentrations by
30 % and 35 % for the Paris suburbs and Paris city. For the
2030t scenario, the emission reduction of 63 % induces
slightly larger concentration reductions, by 32 % and 38 %
respectively. At the street scale, reductions in BC concen-
trations reach 42 % and 45 % for the 2030r and 2030t sce-
narios respectively. Concerning the OM concentrations,
the differences in reduction between the two scenarios
are limited to 2 % maximum. For the Paris suburbs area,
reductions are around 17.5 %, while they almost double
for Paris city, around 31 %. At the street scale, concentra-
tion and reductions are very similar to Paris city, with 4
g m~2 and around 31 % of reduction.

The impacts of the 2030r scenario on the concentra-
tions of BC and OM on the regional domain and the
street network are presented in Fig. 5. The impacts of

Table 9 Impacts of the prospective scenarios on BC and OM
concentrations over the Paris suburbs and Paris city, and at the
street scale. Average concentrations are expressed in pg m=—3 and
relative differences are in %

BC 2014b 2030r 2030t
Polair3D Average 0.7 0.5 0.5
Paris suburbs Relative difference - -299 -32.1
Polair3D Average 1.1 0.7 0.7
Paris city Relative difference - -35.0 -37.7
MUNICH Average 1.5 0.8 0.7
Relative difference - -415 -45.2
OM 2014b 2030r 2030t
Polair3D Average 4.6 38 38
Paris suburbs Relative difference - -17.1 -17.7
Polair3D Average 59 4.1 4.0
Paris city Relative difference - -30.1 -31.5
MUNICH Average 59 4.1 39
Relative difference - -30.1 -32.1
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for the baseline simulation are available in Figures S9 and S10

the 2030t scenario are similar to the 2030r scenario, but
with higher reductions (see Figure S6). The distributions
of BC and OM concentrations at the regional scale are
similar to that of BC emissions (Fig. 2). The most signifi-
cant reductions take place in the most urbanized areas
of the Paris area while rural areas are less impacted. As
for NO», this may be due to the low influence of traffic in
rural areas and to the setup of the boundary conditions.
The reductions reach 35 % and 25 % for BC and OM
respectively. At the street scale, the concentration reduc-
tions are overall larger than at the regional scale, except
for streets with low to no traffic. On the opposite, streets
with high traffic present the highest reductions, up to
60 % for BC and 40 % for OM.

Compared to the 2-BAU scenario of [23], the reduction
of the BC concentrations in the 2030r scenario is slightly
lower, at 42 % against 48 %. As for PM, this difference
can be linked to the different street networks and greater
influence of traffic in the 2-BAU scenario, but also to the
higher tyre-wear emission factors considered in [23]. For
OM concentrations, the influence of the background
concentrations, with emission reductions from all the
activity sectors in this study, leads to a larger reduction
in the 2030r scenario than in the 2-BAU scenario, at 30 %
against 24 %.

5 Conclusions
Air quality for the emissions levels of the year 2030 has
been simulated over the Paris area with two prospective
scenarios, taking into account the introduction of very-
low-emission vehicles in the fleet. Emission factors for
these vehicles were defined based on the development of
technologies, such as heaters, to reduce cold-start emis-
sions in particular, and they are lower than those postu-
lated for the forthcoming European emission standard
Euro 7. The evolution of the fleet composition was mod-
eled to replace the older vehicles by more recent, and
less emitting, vehicles. Reductions of the emissions for
all activity sectors were considered to simulate regional-
scale concentrations consistent with the simulated year.
In the first scenario, representative of a gradual evo-
lution of the fleet, NO;y emissions are reduced by 80 %
and 68 % at the regional and street scales respectively.
However, the impacts on the concentrations are limited
to 53 % at the street scale. Concentrations of PM;o and
PMy 5 are reduced by only 18 % at both scales, as traf-
fic exhaust emissions are not the main source of PM.
When looking into the concentrations of BC and OM,
reductions are larger, up to 42 % and 30 % respectively
on average at the street scale. Despite these reductions,
concentration are still superior to the WHO guidelines,
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particularly for PMy 5, while satisfying the less stringent
European air quality directives.

The second scenario, composed only of very-low-emis-
sion and electric vehicles, presents larger reductions than
the first scenario for all pollutants. NO, and BC emis-
sions are reduced by up to 99.5 % and 79 %. The NOy
concentrations at the street scale thus decrease by almost
80 %, allowing the WHO guidelines to be met over most
of the Paris region and in the studied street network.
NO; concentrations in Paris city are still slightly higher
than the WHO guidelines (13.7 jug m~ for 10 pug m—3).
Concentrations of PM;g and PMj 5 are less impacted than
NO; (-22 % at the street scale) and do not meet the WHO
guidelines, while being close to for the PM;¢. The Euro-
pean air quality directives are met for NOy and PM. BC
and OM concentrations are slightly more impacted than
PM, with a reduction of 45 % and 32 % respectively.

This study shows that the development of new vehicles,
with more efficient technologies to reduce exhaust emis-
sions, is important for improving air quality in cities and
streets. Considering only the evolution of the exhaust emis-
sions in this study induced large reductions of the con-
centrations of NO; while having a limited impact on PM
concentrations. The focus should now be to study the impor-
tance of the non-exhaust emissions (tyre and brake wear, and
road abrasion) to reduce PM emissions from traffic.
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