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1 Introduction

Air pollution is an increasingly pressing issue, with multiple causes leading to significant impacts on
human society. In this introductory Section, the context that shapes the objectives of this master’s
thesis will be explored. Several topics will be addressed, including the impacts of air pollution on the
environment and human health (Section 1.1), European limits and World Health Organization (WHO)
recommendations (Section 1.2), and pollution trends in Brussels (Section 1.3). The nitrogen oxides
(NOx) air pollutants will then be explored in detail (Section 1.4), examining nitrogen dioxide (NO;)
concentrations (Section 1.5) and NOx emissions (Section 1.6), with a focus on their trends, sources,

and the legal framework in the Brussels-Capital Region (BCR).

1.1 Impacts of air pollution

Air pollution stems from elevated concentrations of various pollutants, which are broadly defined as
“ any substance present in ambient air and likely to have harmful effects on human health and/or the
environment as a whole ” [21]. This critical issue for society implicates health, environmental and

economic concerns.

Air pollution is increasingly linked to numerous health issues, including respiratory and nervous sys-
tem complications, cardiovascular diseases, cancer, birth defects, and neurodegenerative conditions
[22, 23, 24, 25]. Beyond its effects on morbidity, air pollution significantly impacts mortality. It is
ranked as the primary environmental risk factor contributing to premature mortality, not only globally
but also in Belgium, rivaling smoking and poor dietary practices [26]. In 2019, outdoor air pollution
was estimated to be responsible for approximately 4.2 million premature deaths worldwide [27]. The
situation is alarming; as of 2019, 99% of the global population resided in regions where air quality
failed to meet the WHO guidelines [27].

Air pollution also adversely affects the environment, causing acid deposits that degrades water quality,
disrupts ecosystems, and directly impacts fauna and flora [28]. Furthermore, these acid deposits affect
crops and degrade buildings and cultural architecture. All these consequences come with substan-
tial economic burdens. More stringent air quality regulations could be justified purely on economic
grounds, as the direct economic benefits of air pollution control far exceed the abatement costs, even

without considering the significant health benefits [29].

1.2 EU limits and WHO recommendations for air pollution

To mitigate these consequences, efforts are underway to tackle air pollution through regulatory mea-
sures. European directives 2004/107/CE [30] and 2008/50/CE [21] have established distinct legal
thresholds for major pollutants, including nitrogen dioxide (NO;), particulate matter less than 10 um
in diameter (PM10) and particulate matter less than 2.5 um in diameter (PM2.5), ozone (O3), carbon
monoxide (CO), sulfur dioxide (SO,), lead, and benzene. These directives also prescribe specific

measurement methods for those pollutants’ concentration [21, 30]. Initially, these legal limit values
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were formulated based on the WHO’s 2005 health recommendations, while taking socioeconomic
conditions into account. In 2021, the WHO revised its recommendation values downward due to

recent studies indicating health impacts at levels below the previous recommendations [31].

While the current air quality standards in the EU do not align with the stricter recommendations
of the WHO, there are ongoing efforts to review and potentially strengthen these standards. The
European Green Deal, as outlined in its zero-pollution action plan by the European Commission in
2022, proposes a revision of the ambient air quality directives [32]. Under this initiative, the EU plans
to implement stringent air quality standards by 2030, aiming notably to decrease the premature deaths
caused by air pollution by more than 55% [33]. Consequently, pollutants that currently comply with
the EU values may still face challenges meeting the future and generally stricter EU standards for
2030.

Furthermore, there is a long-term perspective beyond 2030 aimed at aligning EU air quality standards
with the WHO’s 2021 guidelines, contributing to the "zero pollution" vision by 2050 [33].

1.3 Air pollution trends

While air quality remains a critical issue in the EU, there is a positive trend across Europe globally
since 2005 [23]. According to Brussels Environment [1], this improvement is primarily attributed to
the implementation of emission reduction measures and the adoption of advanced technologies. No-
tably, the transition from diesel to gasoline-powered vehicles is believed to have played a significant

role in this positive trend (Section 1.6.3).

Focusing on the BCR, as of 2020, the region has consistently met the current EU limit values for all
regulated air pollutants. SO,, CO, lead, and benzene have even respected the stricter WHO recom-
mendations. As a result, these specific pollutants are considered non-problematic in terms of their
compliance with both EU and WHO standards [1].

However, challenges persist in Brussels regarding PM2.5, PM 10, O3, and NO,, as they meet current
EU thresholds but do not fully comply with WHO health recommendations. PM10 and PM2.5 con-
centrations have demonstrated a declining trend in BCR, Belgium, and across northwestern Europe.
Despite this positive trend, particulate matter, covering PM2.5 and PM10 (PM) remains a significant

concern due to its important impact on air quality and human health [1].

Ozone levels remained stable until 2016 but have since shown a slight increase in BCR. This rise
is attributed to the transport of ozone precursors at the hemispheric level [1]. However, peak ozone
levels have decreased thanks to local emissions reduction efforts in BCR, Belgium, and northwestern

Europe [1].

NO,, which is the primary focus of this master’s thesis, presents a multifaceted challenge. Firstly,
NO, acts as a precursor to ozone formation, as detailed in Section 1.4.3, and has the potential to
contribute to the formation of PM. Thus, NO, exacerbates the air quality issues associated with the

two other problematic pollutants, ozone, and PM. Secondly, NO, concentrations partially fail to align
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with WHO recommendations.

1.4 Presentation of NOx

It is important to understand the dual nature of nitrogen oxides when examining their characteristics.
While NOx plays a crucial role in atmospheric chemistry and ecological cycles, it also poses signifi-
cant challenges due to its impact on air quality and human health. The following sections will explore

the chemical identity, sources, and implications of these potent atmospheric constituents.

1.4.1 Definition of NOx

Nitrogen oxides, commonly known as NOx, are a group of chemical compounds consisting mainly
of nitrogen monoxide (NO) and NO,. The emission of nitrogen oxides results from the reaction of
atmospheric nitrogen with oxygen during combustion processes through high-temperature oxidation.
NOx present in the atmosphere originate from various sources, including natural ones (wildfires,
lightning, volcanic eruptions, etc.) but predominantly from human activities, presented in Section 1.5
[34].

The emission ratio between NO and NO; is about 90/10, indicating that the majority of emissions are
in the form of NO [35]. However, NO has a relatively short lifespan in the atmosphere (ranging from
one to five seconds), being rapidly oxidized into a thermodynamically more stable compound, NO,

[36]. This stability allows NO; to be transported by air over long distances.

1.4.2 Physical and chemical properties

In its physical state, NO exists as a colorless and odorless gas with a linear chemical structure and a
molecular weight of 30 g/mol. NO, possessing one unpaired electron, falls into the category of free
radicals, sometimes denoted in chemical notation as "NO [37]. In biological systems, NO serves as a
signaling molecule across various functions, including those within the nervous, cardiac, and immune

systems.

NO; manifests as a gas with a brownish to reddish hue and is characterized by its sharp, pungent odor
[38]. With a bent chemical structure, NO;, possesses a molecular weight of 46 g/mol. The distinc-
tive color of NO; stems from its absorption of light within the visible region of the electromagnetic

spectrum, particularly at wavelengths of 400-500 nm.

1.4.3 Reactions and conditions of NOx formation

The primary reaction showed in is the formation equation of NO, involving the interaction between O,
and N, two common components of the atmosphere [39]. The reaction occurs during the combustion
process and is temperature-dependent, increasing drastically at higher temperatures.

1
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In eq. (2), NO rapidly transforms into NO; in the presence of O3. From this point, in an environment
with low levels of volatile organic compounds, a photostationary state is established where the three
reactions below are in equilibrium. In the atmosphere, solar irradiation triggers (4v) the formation of
oxygen radicals from NO,, as depicted in eq. (3). This oxygen radical reacts with the present oxygen
to form ozone (eq. (4)), completing the cycle [39]. Nitrogen oxides are recognized as precursors to

stratospheric ozone.

NO+0O3 - NOy+ 0, 2)
NO>+hv —NO+O' 3)
O +0, — 03 “)

In metropolitan areas, the increase in NO concentration, attributable to various human activities,
accelerates the decomposition of ozone in accordance with eq. (2). This effect is such that rural
areas often exhibit ozone pollution levels higher than those observed in urban zones due to the lower

emissions of NO in rural areas.

1.4.4 Health and environmental impacts of NOx

The impacts of NOx on human health are primarily manifested through harmful effects on the respi-
ratory system. Although the levels of NO in the air are generally too low to be considered toxic [40],
NO,, the other major component of NOx, acts as a potent oxidant and is particularly irritating to the

respiratory tract [40].

During acute exposure to NO,, individuals may experience eye and throat irritation, as well as a
deterioration in lung function. Over the long term, continuous exposure to NO, can cause irreversible
damage to the bronchioles, leading to their deformation and obstruction [41]. The segments of the
population most vulnerable to the adverse effects of NOx include children, individuals suffering from
chronic respiratory disorders such as asthma, cardiovascular diseases, diabetes, lung cancer, as well
as the elderly. Inhalation of NO; is associated with an increased risk of lung infections, attributable to
a decreased response capability of the immune system [42][43]. In 2018, 54,000 premature deaths in
the EU were attributable to NO; [44]. Moreover, NO, can lead to acid rain through eq. 5, degrading
soil and water [45] and disturbing fauna and flora [46].

2NO> +H>,O — HNO3+HNO; )

1.5 NO, concentrations in the BCR

Due to the serious health risks from short-term and long-term exposure to NO,, international orga-
nizations have set concentrations limits. For the purposes of this master’s thesis, it is important to
examine how the BCR fits within these limits now and in the future, looking at the trends in NO;

levels and comparing them to other locations.
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1.5.1 Legal framework, monitoring and trends

Given the negative consequences of both acute and long-term exposure to NO,, both the EU and
the WHO have established legal frameworks and guidelines — as discussed in Section 1.2 — for the
maximum concentration of NO,, setting hourly, daily (WHO only), and annual limits. Furthermore,
the EU has recently revised its air quality standards, aiming to tighten current limits that need to
be respected starting in 2030, as explained in Section 1.5.1!. These standards are listed in Table 1.
Considering both WHO guidelines and current EU regulations, an hourly maximum NO; value of
200 pg/m?3 has been set by both entities, with the EU permitting up to 18 exceedances per year. This
limit is consistently adhered to in BCR. However, the WHQO’s daily average value of 25 ug/m3, which
permits 4 exceedances per year, is frequently exceeded at all monitoring stations. Some stations have
exceeded this limit for more than 300 days in a year [1]. This could also raise concerns for the future

EU daily limit value for NO,, which needs to be respected starting in 2030.

Table 1: Comparison of NO,; Maximum Limit Values set by the EU (legally binding) currently and by
2030, and by the WHO (recommendation), for one hour, one day, and for the annual average. The
number of authorized overruns is also specified where applicable. Source: [15].

Current EU Limit New EU Limit WHO Values
Values values (by 2030) (defined in 2021)
Hour 200 pg/m3, 200 pg/m3, 200 pg/m?
(18 exceedances/year) | (3 exceedances/year)
Day ) 50 pg/m3, 25 pg/m3,
(18 exceedances/year) | (4 exceedances/year)
Year 40 pg/m3 20 pg/m3 10 pg/m3

Turning to the average annual limit value, the EU mandates a threshold of 40 pg/m3 for NO,, whereas
the WHO recommends a more stringent limit of 10 ug/m3. The EU limit values have been in force
since 2010, and in 2013 many locations of BCR still consistently exceeded the EU annual average
limit value for NO,, as shown in Figure 1. However, concentrations have steadily decreased, paral-
leling trends observed in northwestern Europe. Since 2020, BCR has been consistently adhering to
the EU limit everywhere in the region. Notably, from 2018 to 2022, NO; concentrations decreased
by an average of 10% annually. It should be noted that there was an abnormal decline of 25% in NO;
concentrations in 2020, attributed to COVID-related confinement measures. Subsequently, in 2021,

the concentrations logically increased, but still ended up lower than in 2019, the pre-COVID period.

In 2022, all monitoring stations in the BCR met the EU average annual NO, norm, although just
barely for one of the 12 measurement stations. However, none of the monitoring stations recorded
an annual concentration below 10 ug/m3, not even in the least polluted areas of Brussels. Achieving
this stringent recommendation is challenging, given that even rural stations estimating background

European concentrations already report a mean concentration of 5 ug/m3. Additionally, the upcoming

I'The legislation was approved by both the Parliament and the Council. The final step, a formal signature from the
Council, is still pending but is expected to be a procedural formality.
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revised EU directive on ambient air quality will likely set the annual NO, concentration limit at 20
pg/m3, which must be met across all areas in Brussels by 2030 [15], as shown in Table 1. In 2022, 9
of the 12 monitoring stations failed to meet the proposed stricter limit, as seen in Appendix A. Brus-
sels will therefore face significant challenges in meeting these more stringent air quality objectives.

Section 5.7 will assess whether or not it will meet these targets, based on projections.
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Figure 1: Average annual NO, concentrations from all stations for the Brussels-Capital Region over
the last ten years [ug/m?3]. The red dotted line indicates the currently required European annual limit
value of 40 pug/m3, the green dotted line indicates the coming required European annual limit value of
20 pg/m3 and the WHO’s recommended annual value of 10 ug/m3 is indicated by the blue dotted line.
Source: [1]

1.5.2 Comparison to other locations

Compared to four other Belgian urban areas—Antwerp, Charleroi, Ghent, and Liege—Brussels ranks
above the average, in second place of the most air polluted town following Antwerp, yet all cities

exhibit a similar downward trend [35].

Additionally, Brussels exhibits a similar average annual concentration range compared to other West
European capitals including Madrid, Lisbon, Paris, Berlin, Amsterdam, and Rome. In 2018, approx-
imately 40% of the measuring points in these cities registered levels between 10 to 25 pg/m3, while
over 50% reported concentrations within the range of 25 to 40 ug/m3 [47]. This data underscores the

shared challenge among these capitals in adhering to potential stricter air quality standards.

Transitioning to a global perspective, the adverse health effects of NO, pollution exhibit a sharp
contrast between urban and rural areas, with urban centers, particularly in high-income countries,
facing significantly higher impacts. In 2019, an estimated 1.85 million new pediatric asthma cases
globally were linked to NO, exposure, with two-thirds occurring in urban areas, where NO, levels
are over twice those in rural settings [43]. Despite comprising only 14% of the global urban pediatric
population, high-income countries’ cities 2 accounted for 28% of these urban asthma cases. This
disparity highlights the concentrated impact of NO; in urban areas, particularly within high-income

regions.

2 Australia, High-income Asia Pacific, High-income North America, Southern Latin America, and Western Europe.
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1.5.3 Sources and contributions

Given that this problem affects a large number of European cities, it is worth examining the sources
that contribute to NO; concentrations in Brussels. On an annual average basis, 43% of the mea-
sured NO; concentration is attributable to the city’s traffic emissions, while 10% of the concentration
corresponds to urban background pollution (measured in the city, far from direct emissions) [48].
Furthermore, 35% of the concentration is associated with external contributions to the BCR, encom-
passing transregional contributions. As discussed in Section 1.4.1, NO; molecules are characterized
by their stability, enabling them to be transported over long distances. Consequently, to reduce the
concentration of NO; in Brussels and align more closely with the WHO’s recommendations, it is
necessary to implement measures at the local level within Brussels as well as to undertake actions
at both national and European levels. Some of these regional and European measures are detailed in
Section 3.1.

1.6 NOx emissions in the BCR

As NO; concentrations originate from NOx emissions, it is important to analyze the legal framework

and emission sources of NOx within BCR.

1.6.1 Legal framework

While European legislation focuses only on NO; levels in terms of concentrations, the European legal
framework governing emissions, detailed below, addresses NOx (both NO;, and NO) as a whole. The
National Emissions Ceilings Directive (NECD) (2001/81/EC) mandated member states to achieve
maximum national emission ceilings for specific atmospheric pollutants, with targets set to begin
from 2010. Belgium failed to meet the prescribed NOx emission ceiling (176 kt/year [49]) until
2015. However, it was able to obtain an adjustment for NOx emissions within the road transport
sector, since non-compliance was attributed to unforeseen changes in the emission inventory [50].
These changes include the underperformance of certain Euro vehicle emission standards, notably for
diesel vehicles, discussed in Section 3.1.1. Subsequently, the revised NECD (2016/2284) introduced
more stringent national emission ceilings requirements for atmospheric pollutants, with new targets
set in 2020 and further reductions by 2030, based on the total emissions from the reference year of
2005. In alignment with this directive, Belgium has commited to reduce its NOx emissions by 41%
by 2020 and by 59% by 2030, relative to the 2005 emission levels [51].

Furthermore, an ordinance divides these emission reductions into absolute targets (in kt/year) for the
three regions. The BCR has thus committed to reducing its emissions to not exceed 4.4 kt by 2020
and 3.4 kt by 2030 for NOx. The region successfully met the NOx emission targets for 2020, with a
recorded emission of 3.4 kt [52].
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1.6.2 Sources and contributions

In terms of NOx emissions in BCR, in 2021, road transport was the leading source, contributing 54%,
with over half stemming from passenger cars, light duty vehicles (LDV) and heavy duty vehicles
(HDV) and buses each accounting for a quarter of the sector’s emissions. Combustion in residential
and tertiary buildings is the next significant source, comprising 32% of emissions (18% from residen-
tial and 13% from tertiary buildings). Public energy production (electricity and heat) was responsible
for 9%, industry for 4%, and railways for 1% of emissions [53]. This distribution is illustrated in

Figure 2.
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Figure 2: Source of NOx emissions in the BCR in 2021. Data source: Inventaire des émissions de
polluants air LRTAP de la Région de Bruxelles-Capitale (1990-2021, soumission 2023).

Emissions of NOx in the Brussels region have significantly and consistently decreased over the past
few decades. Between 1990 and 2021, NOx emissions experienced a significant reduction of 67%
[35]. The reduction in NOx emissions can be attributed to various influencing factors. In the road
transport sector in particular, the progress made in engine efficiency thanks to the specific direc-
tives imposed by the EU concerning emission standards for various categories of vehicle (known as
Euro standards, as explained in Section 3.1.1), and the widespread adoption of catalytic converters in
new vehicles since 1993, have played a decisive role [35]. Furthermore, improvements in building
insulation and heating system performance, as well as the introduction of a "DeNOx" system at the
Neder-Over-Heembeek waste incineration plant in 2006, have collectively contributed to the observed

drop in NOx emissions [35].

Over time, the sources of emissions have shifted as well, as illustrated in Figure 3. In the building
sector, a reduction in emissions related to the consumption of heating oil was observed: it accounted
for 31% of NOx emissions in the building sector in 2005, decreasing to 13% by 2021 (Figure 3a).
Conversely, natural gas accounted for 84% of the sector’s emissions in 2021. For the transport sector,
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the relative contributions remained stable, with 89% attributed to diesel and 11% to gasoline (Figure
3b) [52].

1,81 kt 4,74 kt
12%
31%
1,04 kt
13%
o 35% 1,79 kt
67% 11%
84%
89%
2005 2021 2005 2021
Natural gas Heating oil m Others Diesel Gasoline ® Others

(a) NOx emissions in the building sector  (b) NOx emissions in the transport sector

Figure 3: Sectoral trends in NOx emissions in BCR (2005-2021)
Data source: Bruxelles Environnement

1.6.3 Traffic composition in Brussels

With road transport responsible for 54% of regional NOx emissions, the composition of Brussels’

traffic represents an important lever of action for reducing emissions.
In terms of vehicle categories, the traffic composition in 2022 is as follows [2]:

» Passenger cars: 87%

Vans: 10.5%

* Heavy duty vehicles: 1%

* Buses and coaches: 0.4%

* Two-wheelers, tricycles, and quadricycles: 0.4%

In terms of fuel type, there is a trend of transitioning from diesel to gasoline or hybrid engines, as well
as to electric vehicles. Regarding cars (Figure 4): since the establishment of the LEZ (cfr. Section
3.1.2) in 2018, the proportion of diesel vehicles has nearly halved (from 62.4% to 34.6%). Gasoline
engines have seen a reverse trend (from 37.3% to 62.9%). The share of electric vehicles is experienc-
ing growth, although they still constitute a small fraction of vehicles on the road (1.3% in early 2022
to 2.4% in mid-2023). In 2022, hybrid vehicles on average accounted for 9.4% of the total number of
passenger cars (with 7.8% being petrol hybrids and 1.6% diesel hybrids). Regarding vans, the pro-
portion of diesel is still predominantly high, with petrol or Compressed Natural Gas (CNG)/Liquefied
Petroleum Gas (LPG) vans only making up 6% of the fleet. Electric vans are emerging in the market

but represent less than 1% of the fleet.
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Figure 4: Evolution of the composition of passenger cars in Brussels by fuel type from 2018 to 2023.
Adjusted from: [2]

1.6.4 Link between NOx emissions and NO, concentrations

While the EU sets legal limits for NOx emissions (see Section 1.6), it only sets concentration lim-
its for NO; (see Section 1.5.1). However, reducing NOx emissions does not necessarily lead to a
proportional reduction in NO; concentrations. Firstly, Section 1.4.1 highlights that NO, can travel
long distances, resulting in about 35% of NO; levels in the BCR stemming from external sources.
Therefore, meeting NO, concentration limits in the BCR also depends on controlling emissions from

other regions and continents.

Secondly, the concentration of NO, is primarily influenced by total NOx emissions, but it is also
secondarily affected by the ratio of directly emitted NO, (as a primary pollutant) to the total NOx
emitted. This ratio, which is known as the NO,/NOx emissions ratio, increased until 2009 (not only
in BCR, but in all Belgian agglomerations, as well as in Germany, the Netherlands and London)
[35]. The ratio is due firstly to the proportion of diesel in the fleet, diesel emitting relatively more
NO,, secondly to oxidizing catalysts from vehicles, and thirdly to particulate filters on trucks, which

indirectly increase NO, emissions [35].
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2 Objectives

This master’s thesis investigates the effectiveness of two major transport policy interventions on re-

ducing NO, concentrations in Brussels between 2022 and 2035. The interventions are:

1. The Low Emission Zone (LEZ): Progressively restricting access to the most polluting vehicles
in a phased approach, implemented from 2018 to 2035. Further details are provided in Section
3.1.2.

2. The regional mobility plan Good Move: This master’s thesis focuses only on a specific am-
bition of Good Move, which aims for a 24% reduction in passenger car kilometers by 2030,
alongside a shift in traffic from local roads to major roadways. Details of Good Move are

explained in Section 3.1.3.

For this purpose, the SIRANE dispersion model is used to assess spatially distributed NO, concentra-
tions, using traffic NOx emissions projections as inputs for the model. Three scenarios are analyzed:
BASE (historical trend), WEM (With Existing Measures) , and WAM (With Additional Measures).
The BASE scenario represents a baseline where no policy measures are implemented. The WEM
scenario involves the enactment of the LEZ, while the WAM scenario combines both the LEZ and the

Good Move plan.
This master’s thesis will follow several lines of research to meet specific objectives:

— Assess the overall reduction and temporal evolution of NO, concentrations from 2022 to 2035
of each policy measure, identifying pivotal years where policy measures exert the most signif-
icant effects. This analysis includes both absolute and relative reductions due to each policy

measure.

— Examine the impact of each policy measure on NO, concentrations specifically by road hierar-

chy, detailing which road types are most affected.

— Identify the types of vehicles banned under the LEZ that contribute most significantly to reduc-

ing NO; concentrations.

— Determine whether the implemented strategies will enable Brussels to meet the EU’s future

regulatory annual, daily and hourly, NO; concentration standards by 2030.
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3 State of the art

This Section will first examine the policy measures implemented to reduce NOx emissions in the
BCR, thereby decreasing NO; concentrations (Section 3.1). Next, it will outline the methods used
to measure NO; levels and describe the monitoring infrastructure in place in the BCR (Section 3.2).
Finally, the Section will discuss various air pollution dispersion models, which offer detailed spatial
representation and forecasts pollutant dispersion, highlighting their characteristics and application

scales (Section 3.3).

3.1 Political measures aiming to impact NO; concentrations in the BCR

Several policy measures have been implemented to enhance air quality, particularly to comply with
the NECD directive on NOx emissions (refer to Section 1.6.1) and the EU thresholds for NO, concen-
tration as outlined in the Ambient Air Quality Directive (refer to Section 1.5.1). Among these various
policy measures, the most significant ones are highlighted in this Section. At the European level,
the focus is on the European Emission Standards for vehicles. At regional level, the most notable
plans are the LEZ, the Good Move regional mobility plan and the Brussels Air Climate Energy Plan
(PACE), detailed hereafter.

3.1.1 European emission standards and testing flaws

The European Emission Standards establish exhaust NOx emission limits for new vehicles sold within
the EU to mitigate air pollution. Initiated with Euro 1 in 1992, which mandated the adoption of three-
way catalysts to notably convert NOX into nitrogen, these standards have progressively tightened

emission rules for manufacturers up to Euro 6d in 2020 [54].

Despite the intent to decrease air pollution, the reduction in NOx emissions has not met NECD legal
ceiling in Belgium until 2015, as discussed in Section 1.6.1. This discrepancy was partly due to the
testing procedure, particularly for diesel vehicles, and in urban environments. This testing procedure,
called New European Driving Cycle (NEDC), was created in the 1970s and adjusted in the 1990s,
when vehicles were lighter and less powerful than contemporary models. Nowadays, this test fails
to accurately simulate real driving conditions, leading to vehicles surpassing emission limits in real-
world conditions [54]. In addition, both diesel and gasoline vehicles emit more NOx emissions in
urban areas compared to highways, posing a significant public health concern due to increased expo-
sure in densely populated areas [55]. Furthermore, diesel vehicles, which already have less stringent
emission standards, are the ones exceeding them the most [55]. In Europe, a significant portion of the
vehicle fleet comprises diesel cars >, a trend largely driven by the efforts of national governments to
reduce carbon emissions from the transportation sector. Diesel vehicles, known for their greater fuel
efficiency compared to gasoline-powered cars, are associated with lower carbon dioxide emissions.
Consequently, EU countries have promoted the acquisition of diesel cars through fiscal incentives,

including tax reductions on diesel fuel, aligning with broader environmental objectives [57].

342% for passenger cars and over 90% for buses and light, medium and heavy commercial vehicles in EU, 2021 [56]
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3.1 POLITICAL MEASURES AIMING TO IMPACT NO; CONCENTRATIONS IN THE BCR

To address the underestimation of the NEDC testing procedure, a new laboratory test, the Worldwide
Harmonized Light Vehicles Test Procedure (WLTP), 4 has been replacing the NEDC for all new ve-
hicles since 2019 (Euro 6c¢), offering a more accurate representation of real-world driving conditions
[54]. Complementing the WLTP, the Real Driving Emissions test (RDE) has been implemented for
light vehicles (Euro 6d-TEMP and Euro 6d). Unlike the WLTP, which is conducted in a controlled
laboratory setting, the RDE is an on-road test that captures emissions under actual driving conditions,
though it does not yet cover all highly polluting driving scenarios. As shown in Figure 5, vehicles
which were not evaluated using RDE testing have been recorded emitting NOx at levels exceeding
several times the regulatory limits (especially diesel vehicles meeting Euro 4, 5 and 6 standards).
Conversely, vehicles that fulfill the more recent Euro 6d-TEMP and Euro 6d standards, and therefore
undergo RDE testing, exhibit NOx emissions that are substantially lower [3]. Furthermore, the new
Euro 7 standard, entered into force in May 2024 [58], maintains the same NOx emission standards as
Euro 6d, with the exception of buses and trucks. These vehicles must reduce their emissions by 2028

to comply with Euro 7 requirements.
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Figure 5: Average NOx emissions per distance unit from passenger vehicles observed across four
European cities (Brussels, Krakow, London, and Paris) during the period 2017-2020. The thresholds for
laboratory type-approval emission standards are marked in red. Source: [3]

3.1.2 LEZ

The LEZ aims at progressively banning the most polluting vehicles based on their fuel type and Euro
standard. Its objective is to accelerate the renewal of the vehicle fleet, thereby achieving a reduction in
emissions sooner than would have been possible without such measures. Thus, while fleet emissions
will eventually align with levels that would have been reached without the LEZ, the policy ensures
that emission reductions are realized earlier, contributing to improve air quality in the short or medium

term, and simultaneously meet the EU’s new NO; limit by 2030.

“For passenger cars and LCV only. For heavier vehicles, the new test procedures are World Harmonized Stationary
Cycle (WHSC) and the World Harmonized Transient Cycle (WHTC) since Euro VI
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Initiated in 2018, the Brussels LEZ encompasses all 19 municipalities within the region, covering an
area of 161 km2. Enforcement of the driving bans is facilitated through the use of automatic number

plate recognition cameras, which operate continuously throughout the year [59].

In 2024, diesel and hybrid diesel light vehicles and buses up to Euro 4/IV standard, as well as
petrol/hybrid/LPG/CNG vehicles up to Euro 1/I standard, are prohibited. Access is currently per-
mitted for all heavy vehicles, as they typically experience delays regarding bans compared to lighter
vehicles. The 2025-2036 timetable, as illustrated in Appendix B, includes important milestones such
as a ban on diesel/hybrid diesel vehicles by 2030, and a ban on all thermal vehicles (including petrol,
LPG, CNG, hybrid) by 2035 (with the exception of coaches and heavy-duty vehicles) [2].

Assessing the LEZ’s effect on air quality is challenging due to various confounding factors. These
include meteorological conditions, the number of vehicle kilometers, the evolving composition of the
vehicle fleet, especially near the monitoring stations, economic factors and the other policy measures
[16]. Although over 250 cities in Europe have implemented LEZ policies, there is a scarcity of high-
quality studies that quantify their impact on air quality. A review on the effectiveness of LEZ’s in
improving urban air quality across European cities was conducted in 2015 [16]. Impact evaluations
based on modeling studies are not considered as they have been overly optimistic. This is primarily
due to uncertainties in the emission factors, which failed to accurately represent real driving con-
ditions, particularly for NOx as seen in Section 3.1.1. Monitoring studies, on the other hand, have
generally not accounted sufficiently for confounding factors, especially meteorological conditions,

but are still reported in Table 2.

Table 2 summarizes the studies included in the literature review of [16] and their results on the effects
of LEZ’s on NOx and/or NO; levels. No significant impact of LEZ’s on NO, or NOx concentrations
has been observed, with the exception of Germany, where a slight impact was noted. [16] argue that
little or no effect from the past LEZ’s is not so surprising, given the evidence that actual NOx emis-
sions per vehicle-kilometer have not decreased substantially for diesel vehicles with the introduction
of Euro emission standards up to Euro 5 (see Figure 5), and the Euro 6 was not introduced at that
time. Unfortunately, there are very few recent studies that evaluate LEZs enforcing the Euro 6 stan-
dard. Further supporting this, a more recent literature review ([60]) concurs with [16]’s conclusions.
A notable exception is a study of a LEZ in central London, enforced since 2019, which includes Euro
6/VI standards for all diesel vehicles [61]. This study is not included in Table 2 because it was not
covered by the literature review conducted by [16]. This scenario, similar to what is anticipated for
Brussels by 2025, showed that after three years, the mean roadside NO, concentrations in central
London were 35 pg/m3 or 44% lower than what would have been expected without the LEZ. This im-
provement was also observed beyond the LEZ’s boundaries, indicating that when LEZs incorporate
strict standards such as Euro 6, they can significantly enhance urban air quality. The findings of this
study are discussed and compared with the results of this master’s thesis in Section 6.5.

In addition, the effectiveness of LEZ’s varies significantly based on several factors, including the size
of the area covered, the level of policy stringency and the exemptions allowed. Most LEZ’s in the

study did not encompass entire cities but were limited to city centers, unlike Brussels. Furthermore,
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Germany stood out as the only country that included passenger cars in its LEZ’s and where a mea-
surable reduction in NOx and NO; emissions was reported. Brussels, which was not included in this

study, also includes passenger cars in its LEZ.

Table 2: Summary of the reduction in long-term concentrations of NOx and NO attributable to LEZ’s,
as identified from monitoring data in the literature review of [16].

City NOx NO, Notes Reference

Amsterdam, | No effect No effect Comparison before and after LEZ Boogaard

The Hague, et al., 2012

Den Bosch, [62]

Tilburg,

Utrecht

Copenhagen | No effect Comparison before and after LEZ Jensen et
al., 2011
[63]

London No effect Simple comparison of data from sites | Ellison et

in and outside LEZ. al., 2013

[64]

London 3-7% from | No effect Detailed filtering of data to remove | Barrett,

traffic con- confounding factors 2014 [16]
tribution

17 German Up to 4% Matched quadruplets for before and | Morfeld et

cities with after LEZ and within LEZ and at ref- | al., 2014

LEZ’s erence stations (Stage 1 of LEZ) [65]

Berlin 8% Comparison between 2007 (no LEZ) | Lutz, 2013

and 2012 [16]

In Brussels, a theoretical assessment of the LEZ impact was conducted prior to its implementation in
the BCR in 2018 > [66]. It was estimated that the NOx emissions from road transport would decrease
by ~ 32% by 2020 with the LEZ (compared to 30% without the LEZ) and 66% by 2025 (as opposed
to 47% without), relative to the emission levels of 2015 [66].

When modeling the potential impact of the LEZ, it is important to consider that some parameters
can mitigate the effects of the LEZ. There are some vehicles in breach of the LEZ, those that have
paid a daypass, or those benefiting from derogations . However, these cases represent only a minor
fraction of overall traffic. In 2023, only 0.8% of vehicles were in violation, 0.1% of traffic was made
up of vehicles benefiting from an exemption, and an even smaller percentage represented daypasses,

although their number is increasing [2].

Six years after the implementation of the LEZ, the first results are starting to appear. Assuming
constant mileage, the total NOx emissions from the circulating fleet have experienced an almost
linear reduction from 2018 to 2022 since the implementation of the LEZ. Specifically, there was a

reduction of 31% in NOx emissions between 2018 to 2022, while this reduction was estimated to be

>This estimation operates under the assumption that the mobility choices of Brussels’ inhabitants remain unchanged,
and that 25% of the vehicles that would be banned under the LEZ regulations continue to operate within the region due to
exemptions, day passes, and violations.

%including priority vehicles, oldtimer cars over 30 years old, vehicles for people with reduced mobility (PMR)
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achieved by 2020 for the theoretical assessment, which was therefore too optimistic [2]. In addition,
between 2018 and 2022, NOx emissions from passenger cars were reduced by 44%, compared to
only 10% for vans. This disparity could be attributed to the slower transition from diesel to petrol or
electric vehicles for vans compared to cars. As of 2022, diesel vans still constituted 93% of the total
vans in circulation. However it remains challenging to isolate the impact of the LEZ from various

confounding factors.

In 2023, a simulation using the SIRANE model (explained in Section 4.1) was conducted as part
of a project by the Université Catholique de Louvain to compare NO, concentrations in 2018 with
those in 2022, exclusively by modifying the vehicle fleet composition to isolate the impact of the LEZ
[2]. Results are presented in Figure 6. Particularly on major high-traffic roads, NO, concentrations

decreased by up to approximately 30% between June 2018 and October 2022.

June 2018 October 2022

0 1 2 3km
[ ——1

Figure 6: Evolution of average NO, concentration in BCR (2018-2022). Source: [2]

Furthermore, the reduction in NOx emissions related to traffic through the LEZ is likely to continue
until 2035, according to Figure 7. This Figure illustrates the estimated share of total NOx emissions
for passenger cars operating in Brussels during Autumn 2020, categorized by emission standards and
fuel type [4]. It shows that diesel vehicles under the Euro 4, 5, and 6 standards, permitted within
the LEZ in 2020 yet not subjected to pre-RDE testing, accounted for over three-quarters of NOx
emissions. Meanwhile, as of October 2020, these vehicles constituted only 49% of the passenger car
fleet in Brussels [67]. Diesel Euro 4 cars accounted for only 12% of the passenger vehicles surveyed
in the study. However, they were estimated to produce 26% of the total NOx emissions. Euro 5
diesel vehicles also exhibit a similar overrepresentation in NOx emissions, as they share the same
emission factor as Euro 4 diesel, as shown in Figure 5. This clarifies why the positive impact of the
LEZ is anticipated to increase from 2020 to 2025. In Autumn 2020, Euro 6d vehicles constituted
a minor fraction of the emissions since they had only recently been introduced. Their prevalence in
Brussels’ vehicle fleet and their contribution to total emissions are expected to increase gradually until
the introduction of Euro 7 [4]. However, significant changes in NOx emissions are not anticipated
compared to Euro 6d, as detailed in Section 3.1.1, where it is explained that Euro 7 and Euro 6d have

similar NOx emissions standards, except for buses and trucks.
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Essence Euro 6d-TEMP
Essence Euro 6 —‘

Essence Euro 5

Essence Euro 4 ——
Diesel Euro 6d-TEMP —

Diesel Euro 6 ‘e

Essence Euro 3 —

—— Diesel Euro 4

N~ Diesel Euro 5

Figure 7: Estimated share of total NOx emissions from passenger cars operating in Brussels in the
autumn of 2020 by emissions standard and fuel type. The inner ring breaks down total emissions by the
year in which vehicle groups will be subject to LEZ restrictions. Source: [4].

3.1.3 Good Move : regional mobility plan

The “Good Move Plan” is a regional mobility plan for Brussels, covering the years 2020-2030 [68].
It began in 2016 as a collaborative process involving a wide range of stakeholders from Brussels
and Belgium, both public and private, as well as associations. The plan aims to transform mobility
in Brussels. Given that NO; is primarily emitted by road transport, the plan is expected to have an
impact on the pollutant’s concentration and spatial distribution. The goal is to create a safer, more
pleasant city, improving the living environment for the citizens of Brussels notably thanks to a better
air quality, while supporting the socio-economic growth of the city. A key goal is to eliminate fatal
accidents on the roads. To this end, one significant achievement under the Good Move plan is the
designation of Brussels as a *City 30’ starting in 2021, which sets a general speed limit of 30 km/h
throughout the city’s streets.

Another key ambition of Good Move is to create “Low Traffic Neighborhoods” in the capital, priori-
tizing quality of life. This involves more public and green spaces and fewer personal motor vehicles,
by promoting alternative transport modes. To achieve this, the city’s traffic plan needs to change, as
illustrated in Figure 8. The road network for motor vehicles is categorized in three levels: PLUS,
CONFORT, and QUARTIER [68]. PLUS roads are major metropolitan routes, CONFORT roads sup-
plement the network, and QUARTIER roads are within calm neighborhoods. The circulation plan
is based on a “cascading diversion” principle, directing motor traffic towards PLUS and CONFORT
roads, while QUARTIER roads are reserved for local traffic. There is also a specific network for

heavy vehicles, based on the same categories, to manage supply routes in Brussels.
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No move

Figure 8: Comparative visualization of a Brussels neighborhood traffic flow: On the left, the "No
Move" scenario depicts the neighborhood as permeable to traffic with challenging accessibility for all.
On the right, the implementation of the Good Move strategy portrays a tranquil neighborhood where
transit traffic is redirected to main axes, and alternative modes of transportation are promoted. Source:

[5]

The updated regional mobility plan marks an 85% increase in roads classified as ’local’ compared
to its predecessor, signifying a substantial portion of the network is now categorized as QUARTIER.
These are streets with limited through traffic, potentially leading to congestion on PLUS and CON-
FORT roads. To alleviate potential congestion on these major roads, the Good Move plan emphasizes
a simultaneous push towards a modal shift, reducing the total number of kilometers traveled by pas-
senger cars by 24%. [68]. It intends to reduce the reliance on personal cars and to make alternative
modes of transport (like walking, cycling, and public transport) more attractive. The plan encourages

parking outside public roads and promotes shared and electric cars as well.

Brussels Mobility has identified 50 potential Low Traffic Neighborhood zones (1 to 2.5 km? each)
to be established by 2030, with five new zones each year at the suggestion of municipalities [69].
After a neighborhood is chosen to become a Low Traffic Neighborhood, a detailed assessment leads
to new traffic plans, which kick-start public space improvements and traffic changes. Although the
plan envisioned the creation of five new Low Traffic Neighborhood per year, aiming for 20 by 2024,
there are currently only 18 [70]. Of these, six are fully developed neighborhoods, while two are on
hold due to protests from local residents. In addition, only two projects were proposed in 2023 and

2024 respectively, far from the five annual projects planned.

3.14 PACE

The PACE [71] is a regional plan containing a set of actions, with objectives extending through 2045
which find their legal basis in Brussels Air Climate Energy Code. In addition, the content of this
PACE feeds into the Brussels contribution to the national plan, the National Climate Energy Plan,
the new version of which will be updated in mid-2024. Some of the actions and objectives relate

more specifically to air quality, climate or energy, but several are cross-cutting, as the three issues are
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interlinked. The plan gives priority to the two main sources of NOx emissions in the region, transport

and combustion in residential and tertiary buildings.

In the transport and mobility sector, the PACE supports the acceleration of the Good Move plan and
the implementation of the "Low Emission Mobility" roadmap, aiming to phase out thermal vehicles
in the BCR by 2035. Additional measures include expanding electric vehicle charging infrastruc-
ture in alignment with the "Electrify.brussels" plan and enhancing the Regional Sustainable Develop-
ment Plan (PRDD) efforts to promote a "short-distance city" concept, thereby reducing transportation

needs.

In the framework of the PACE, efforts to reduce NOx emissions in the buildings sector include the
gradual phase-out of coal and oil heating, along with reductions in wood heating. However, there are
no concrete actions yet for phasing out natural gas, which accounted for 84% of NOx emissions in
this sector, as discussed in Section 1.6.2. Moreover, due to considerable inertia within the buildings
sector, the effects of these actions will take longer to materialize compared to those in the transport
sector [12].

An ambitious and important objectives of PACE in terms of air quality is to bring the concentration
thresholds for all atmospheric pollutants in line with WHO recommendations. To achieve this, one
of the actions is to advocate at national and European level the alignment of European standards
with the WHO’s recommended guide values. This objective is necessary to target the 35% of NO;

concentration attributable to an external contribution, as seen in Section 1.5.3.

Finally, a pivotal ambition of the PACE that aligns with the scope of this master’s thesis is the en-
hancement of the air quality modeling and mapping tool, and its accessibility to both the public and
European authorities. This initiative is critical as it enables the ex ante evaluation of the alignment
between PACE’s measures and objectives with the European and regional concentrations and emis-
sions of air pollutants. In an era where ambitious emissions reductions and air quality improvements
are increasingly sought, accurately assessing the impact of measures is essential. Every potential in-
cremental gain in this context can contribute significantly to the objectives. Such enhanced modeling
tools are necessary for policymakers and the EU, facilitating the verification of whether set objectives

are on track to meet expectations.

3.2 NOx concentration measurement methods

As described in Section 1.5.1, the EU has set hourly and annual ceilings for NO, concentrations. To
facilitate the collection of comparable data among member states, standard measurement methods
have been implemented. For the measurement of NO;, and NOx, the European standard EN 14211

from 2005 identifies chemiluminescence as the reference method [72].

3.2.1 Chemiluminescence

Chemiluminescence, a measurement method specific to NO, involves a chemical process where the

energy released during a reaction is emitted as light. For NOx, the initial chemical reaction involves

19



3.2 NOX CONCENTRATION MEASUREMENT METHODS

an excess of ozone reacting with NO, leading to the formation of electrically excited NO, (eq. 6). As
NO, returns to its ground state, radiation (hV) is emitted (eq. 7). The intensity of this light is directly

proportional to the concentration of NO in the sample [73].

To determine the concentration of NO», it must first be reduced to NO, making the chemiluminescence
method an indirect measurement approach. The concentration of NO; is then deduced by calculating
the difference between the total concentrations of NOx and NO. The concentration range of this

method extends from 1 to 500 ppm.
NO+ 03 — NO; + 0, (6)

NOj — NO, + hv 7

The chemiluminescence method has numerous advantages, including excellent selectivity and sensi-
tivity, making it particularly suited for continuous environmental monitoring. This technique demon-
strates remarkable sensitivity, with a detection limit close to one ug/m?, and enables the acquisition of
almost instantaneous data, thanks to a temporal resolution of less than an hour. This ability to quickly
provide crucial information to the public is a significant benefit. However, its deployment is con-
strained by economic considerations, such as high initial costs and significant operational expenses,

which are potential obstacles to its widespread adoption [74].

It is also important to note that the presence of certain nitrogen compounds in the atmosphere (HNOs,
organic nitrates, Polyacrylonitrile (PAN), etc.) can cause interference by reacting through reduction
with the molybdenum oxide catalyst, leading to an overestimation of NO, concentrations [75]. This
interaction can lead to significant errors in the quantification of NO,, particularly in rural or remote
areas [76][77].

In the BCR, a telemetry measurement network is operational and managed by Brussels Environment
[6]. This network consists of 12 measurement stations where various pollutants are assessed. The

location of the various stations in Brussels is depicted in Figure 9.
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el 418008
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Figure 9: Map of telemetry network measurement stations in BCR. Stations 41B006 and 41B00S,
highlighted in blue, are not managed by Brussels Environment. Source : [6]

In addition, there are two stations (41B006 and 41B008) managed by a private company working
for the European Parliament. The locations of the different stations have been strategically chosen
to cover various urban environments. Table 3 categorizes the stations according to their respective

environments.

Table 3: Environment surrounding air quality monitoring stations in Brussels. Source: [6]

Station environment Stations
Urban with very low traffic influence 41R012 - Uccle
41B011 - Berchem-Sainte-Agathe

Urban with low traffic influence 41MEUI1 - Neder-Over-Heembeek
41B006 - European Parliament

Urban with moderate traffic influence 41R001 - Molenbeek-Saint-Jean
41B004 - Sainte-Catherine

Urban with high traffic influence 41R002 - Ixelles

41CHATI - Ganshoren
41B008 - Belliard
41B001 - Arts-Loi
Urban with very high traffic influence 41REGI - Regent
Industrial with moderate traffic influence | 41N043 - Avant-Port

Since 2020, there have been changes in the number and location of stations. Following the relocation
of the Brussels Environment Air Laboratory, the Woluwe-Saint-Lambert station, which was situated

in an environment with moderate traffic influence, was removed. However, in 2021 and 2022, two
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new stations were added in environments with high traffic influence, named Ganshoren and Regent.
The locations of the different stations have been strategically chosen to ensure adequate coverage as
required under the European Directive 2008/50/EC (Ambient Air Quality Directive).

3.3 NO; concentration modeling: approaches and methods

Modeling of NO, concentrations is essential in atmospheric science, playing a crucial role in envi-
ronmental assessments and public health policy. While measurement stations provide precise NO>
concentrations, modeling offers detailed spatial representation and forecasts pollutant dispersion. In
this master’s thesis, the SIRANE model will be used, detailed in Section 4.1. For comprehensive
understanding, this section explores other atmospheric dispersion models. A classification of these
models based on structural design and application scale is presented. The operating principles of box
models, Gaussian models, and Lagrangian models will be reviewed in Section 4.1 of the SIRANE
model.

3.3.1 Atmospheric dispersion model

Atmospheric dispersion models serve as essential tools for predicting pollutant concentrations from
emission sources. These models facilitate the analysis of pollutants’ movement and their physical
and chemical transformations within the atmosphere [78]. Models can be classified based on their
application scale or structural design, with the application scale related to the model’s resolution. The
geographical interest area’s size dictates the resolution’s specificity. Table 4 outlines an ascending

scale hierarchy of models [17].

Table 4: Classification of atmospheric chemical transport models by spatial scale and typical
resolution. Source : [17]

Model Typical domain scale Typical resolution
Microscale 200 x 200 x 100 m Sm
Mesoscale (urban) 100 x 100 x 5 km 2 km
Regional 1000 x 1000 x 10 km 36 km
Synoptic (continental) 3000 x 3000 x 20 km 80 km
Global 65,000 x 65,000 x 2000 km 4°x 5°

The accuracy of the results is highly dependent on the model selection. Over recent decades, a
variety of atmospheric models have emerged, with distinct operational frameworks. The subsequent
discussion in this Section will focus on five types of atmospheric model structures as proposed by J.B.

Johnson [79], highlighting their respective advantages and limitations.

3.3.1.1 Box models [ Scale ~ <1km]

In the early stages of pollutant modeling, box models emerged as the simplest and initial approach, as
represented in Figure 10. These models are founded on the principle that emission sources distribute

pollutants uniformly across a defined volume or "box," with the atmosphere itself acting as this box
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and allowing for the calculation of an average concentration [80]. The simplicity of box models facil-
itates the inclusion of more complex chemical processes within the simulation [79]. Moreover, they

require relatively minimal computational resources, enabling the rapid completion of simulations.

Figure 10: Fixed box model of a rectangular city with "W’ L’ and "H’ denoting Width, Length and
Height dimensions. Source : [7]

However, the basic nature of box models often leads to a compromise in precision, as they tend to
overestimate pollutant concentrations [80] [81]. Due to these limitations, box models have largely

fallen out of common usage, except in specific scenarios such as indoor environment simulations.

3.3.1.2 Eulerian models [ Scale ~ 10-1000 km]

Eulerian models operate by segmenting the study area into a fixed grid of cells, both horizontally
and vertically. Atmospheric variables such as wind speed, wind direction, turbulence, and pollution
sources are defined within this grid and assumed to remain constant over time for each grid point.
Concentrations of various pollutants are computed at each time step within each cell by solving the
advection-reaction-diffusion equation in a fixed coordinate space. This equation encapsulates three

pivotal processes:
(i) advection, the wind-driven transport of pollutants
(i) reaction, the chemical transformations pollutants undergo
(ii1) diffusion, the spread of pollutants from areas of higher to lower concentration,
mirroring atmospheric mixing

One of the key advantages of Eulerian models is their straightforward applicability in 3D simulations.
They tend to deliver superior performance compared to other types of models, such as box models or
Lagrangian models, due to their comprehensive incorporation of chemical and physical processes and
pollutant transport mechanisms [79]. However, they can quickly become computationally demanding,

leading to prolonged simulation times.
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3.3.1.3 Gaussian models [ Scale ~ 1-100 km]

Gaussian models assume that plume dispersion arises from pollutant diffusion, as shown in Figure 11.
These models hypothesize that pollutant concentrations follow a Gaussian distribution both horizon-
tally and vertically. Pollutants are emitted continuously, forming an ongoing plume along the wind
direction (x-axis), and spreading over time across the y and z axes. The x-axis represents the plume’s
downstream advancement from the source, with pollutant concentration decreasing with distance due
to atmospheric dispersion. Gaussian models assume constant emission rates and meteorological con-
ditions, no chemical transformations, and wind speeds of at least 1 m/s [79].

Wind speed U
>

Figure 11: Representation of a gaussian plume model emanating from a stack. The diagram illustrates
the plume centerline with wind speed U’ influencing the plume’s dispersion. The stack height is
denoted by ’h’, while Ah represents the effective plume rise above the stack height, resulting in a total
height "H’. Source : [8]

The appeal of this model type lies in its calculation method. Instead of solving differential equations
at each receptor point, Gaussian models aim to compute the plume’s Gaussian distribution equa-
tion. This approach results in significantly rapid and computationally light calculations [9]. However,
Gaussian models tend to underperform in conditions of low wind speed or when three-dimensional
diffusion is significant—scenarios often linked with stable stratified atmospheres or low-level inver-

sions, which are critical in real-world atmospheric dispersion issues.

3.3.1.4 Lagrangian models [ Scale ~ 1-1000 km]

In the field of atmospheric pollutant dispersion modeling, Lagrangian models present a sophisticated
approach that diverges from traditional Eulerian methodologies. Unlike the latter, which employs
deterministic partial differential equations to simulate concentration fields, Lagrangian models utilize
stochastic ordinary differential equations [82]. This methodology approximates the solution to the
dispersion equation by focusing on the positional vectors of pollutants, which are conceptualized as
either "particles" or "puffs." This shift in perspective enables a more dynamic and accurate represen-

tation of how pollutants disperse in the atmosphere [83].

"Puff" models are a specific subtype of Lagrangian models, simulating pollutant dispersion through
the periodic emission of pollutant "puffs" from a source, as depicted in Figure 12. The Gaussian
puff model is especially illustrative of this category, assuming that each "puff" follows a Gaussian
distribution as it moves and expands under the influence of wind. These three-dimensional elements

expand in all directions (x, y, and z) over time, moving away from their source of emission [79].
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Figure 12: Schematic depiction of gaussian plume and puff models. While puff models also predict
gaussian dispersion, they incorporate the ability to account for spatial and temporal variations in wind
conditions. Source : [9]

Trajectory models, another subset of Lagrangian models, focus on the stochastic simulation of indi-
vidual pollution particle trajectories. Unlike "puff" models, which conceptualize pollutants as col-
lective bursts, trajectory models track each particle independently [9]. This method allows for a
more detailed examination of the combined effects of advection, buoyancy, and turbulence on particle

movement.

3.3.1.5 Computational fluid dynamics models (CFD) [ Scale ~ <1-10 km]

Computational Fluid Dynamics (CFD) models are grounded in solving the Navier-Stokes equations,
which articulate the movement of fluids through the principles of mass, momentum, and energy con-
servation. CFD models are particularly suited for high-resolution simulations within complex urban
environments, featuring intricate building geometries. This fine-scale resolution is a significant ad-
vantage over Lagrangian/Eulerian models, which may provide too coarse a resolution for detailed
pollutant transport analysis. CFD applications have predominantly been implemented for industrial
sites and urban street canyons, where unique air circulation patterns exist [84] [85]. However, two
primary drawbacks of CFD models can be identified. Firstly, the application scale is constrained by
the significant computational power required. Secondly, the reliability and relevance of CFD results

tend to decrease as the scale of application widens [9].

3.3.2 Model selection based on application scale

In the multifaceted arena of atmospheric dispersion modeling, the optimal selection of a model is con-
tingent upon the application’s spatial scale and specific needs. The matrix provided by [9], depicted in
the accompanying Table 5, succinctly encapsulates recommended modeling strategies across a range
of scales and practical scenarios. CFD models, renowned for their detailed flow and dispersion sim-
ulations, are favored for complex terrains and urban microenvironments, especially where intricate
interactions with structures or topographical features are critical. Within the proximity of the source

less than one kilometer, CFD models are indispensable for short-term, high-resolution studies in street
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canyons and areas where the landscape’s nuances dominate dispersion patterns.

Table 5: Recommended strategies for assorted scales and applications in atmospheric dispersion

analysis. Source : [9]

Application <1 km 1-10 km 10-100 km 100-1000 km
Online risk management (short runtime is important) — Gaussian Puff Eulerian
Complex terrain CFD Lagrangian Lagrangian Eulerian
Reactive materials CFD Eulerian Eulerian Eulerian
Source-receptor sensitivity CFD Lagrangian Lagrangian Lagrangian
Long-term average loads - Gaussian Gaussian Eulerian
Free atmosphere dispersion (volcanoes) - Lagrangian Lagrangian Lagrangian
Convective boundary layer (CFD) Lagrangian Eulerian Eulerian
Stable boundary layer CFD Lagrangian Eulerian Eulerian
Urban areas, street canyon CFD CFD Eulerian Eulertan

As the scale expands from one to ten kilometers, Gaussian models are deemed appropriate for on-

line risk management due to their swift computational performance, whereas Lagrangian models are

preferred for their detailed particle-tracking capabilities in scenarios like complex terrains and source-

receptor sensitivity analyses. For even broader scales, ranging from ten to one hundred kilometers,

puff models are employed to capture the episodic release of pollutants, providing a balance between

computational demand and the need to address temporal and spatial variations in wind fields. At the

grandest scales of one hundred to one thousand kilometers, Eulerian models reign supreme, offering

a more generalized and computationally manageable approach suitable for long-term and regional-

scale assessments, thus highlighting the pragmatic approach that model selection is less about seeking

an elusive perfect model and more about matching the model to the task’s specific demands.
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4 Materials and methods

In order to achieve the objectives of this master’s thesis several steps are required. First, a description
and analysis of the pollutant dispersion model SIRANE will be conducted (Section 4.1, 4.2, 4.3).
Next, before running simulation projections, a road refinement process will be carried out to more
accurately allocate traffic emissions among different types of roads (Section 4.4). Calibration will
then be conducted to align the modeled NO; concentrations, derived from the 2022 NOx inventory
emissions data, with NO, concentration measurements from monitoring stations (Section 4.5). After
this preparatory work, simulations will be launched using emission projections from Brussels Envi-
ronment as input for SIRANE, in order to produce NO; concentration projections up to 2035 (Section
4.6). Then, the methodology for accounting for future meteorological variability and its influence on
concentrations will be explained (Section 4.7). Finally, the process of converting SIRANE outputs
into concentration data for each street segment will be detailed (Section 4.8). Figure 13 summarizes

the work conducted in this master’s thesis.

The various code used in this master’s thesis were written in Spyder 5.2.2 with Python 3.9. It is
available on GitHub: Click here to access the GitHub.

( Initial )
NOx emissions across roads

Highway (A0) Emissions distribution
Rural (A1) regardless of road
Urban (A2-A5) hierarchy T”"’.‘EI_NOX
Emissions
(raffic NOx Emissions )~ ———————————————————————————————————f————— i
| [ Update ] |
| -
‘ 2022 (inventory) ‘ | Highway (A0) :
| Emissions Refined I
Rural (A1) distribution within ~ —  NOxroad ~——— |
Projections from ' each road hierarchy emissions L I
| Calibration |
2022 to 2035 | Urban (A2-AS) |
| [ |
' |
=== — = ! Calibrated NOx |
——— road and tunnel :
QOZ concentrations in 2022 (inventorD emissions |
_________________ I

S
|
R
A [
@z concentrations projections 2022-2@ N | Other inputs unchanged
E (meteo, linear emissions,

l | background concentrations)

Figure 13: Methodology of this master’s thesis. The dashed red line indicates the scope covered,
separating it from external data that were provided. The blue text zones are the road refinement process,
the green zones are the calibration process, and NO; concentrations are obtained from NOx emissions
data using SIRANE.

4.1 SIRANE : street network and transport mechanisms

Among the various scales of pollution dispersion models described in the Section 3.3, it is the dis-
trict scale (scale ~ 1-10 km) that has received comparatively minimal attention in research to date.
Modeling at the district scale presents significant challenges, primarily due to urban structures that

alter atmospheric flow—such as the creation of intense shear layers above the urban canopy—and
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4.1 SIRANE : STREET NETWORK AND TRANSPORT MECHANISMS

the variable and intermittent nature of emission sources, including those from traffic, heating, and
industrial activities. Despite these challenges, it is precisely the district scale that is the most suitable

for the creation of pollutant maps in urban areas, and helping decision makers [11].

Within the district scale, CFD models are available, as discussed in Section 3.3.1.5, but they require
too high a computational cost for operational purposes for the size of Brussels. Among models
that use a more simplified approach to urban geometry and pollutant transfer processes, ADMS-
Urban, a Gaussian model which is explained in Section 3.3.1.3, and SIRANE are notable. What
sets SIRANE apart is its innovative approach that incorporates the street box model, explained in
Section 3.3.1.1, and divides the flow into two distinct components: the external atmospheric flow and
the urban canopy sub-flow, explained below. By employing this methodology, SIRANE can map the
average concentrations of a range of pollutants (NO, NO,, PM10, PM2.5, O3) for each street segment,

providing updates on an hourly basis.

Unless otherwise noted, Sections 4.1.1 to 4.2.1 are entirely based on [11], the only research paper
by the author that thoroughly explains the functioning of SIRANE. SIRANE employs a box model
approach for the urban canopy, conceptualizing the street network as interconnected segments, as
shown in Figure 15. Each segment is treated as a discrete "box" within which a balance of pollutant
fluxes is computed. This calculation encompasses the influx, efflux, and emission of pollutants. Each
box is conceptualized as a cavity with a defined length (L), width (W), and height (H), alongside an

aerodynamic roughness parameter, and a distributed release of pollutants denoted by the mass rate

(Qs).

4.1.1 Transport mechanisms

In order to model pollutant dispersion, SIRANE accounts for three transport mechanisms within the

canopy, illustrated in Figure 15:

1. Convective mass transfer along the street: The flow along a street is three-dimensional,
characterized by helicoidal streamlines [86]. However, for SIRANE, only the mean advective
flux at the upstream and downstream edges of the street is significant, as illustrated in Figure
15b. This is because the model averages concentrations along street segments. This transport
is characterized by the spatially averaged velocity parallel to the street axis, Uggeet, Which is
proportional to the component of the external wind parallel to the street axis, as well as the
length, width, and height of the street [87].

2. Convective transport at street intersections: This transport mechanism is essential in redis-
tributing pollutants between streets and in exchanges with the atmosphere. It is a complex
process influenced by multiple parameters. First, an initial estimate of the horizontal airflow re-
sponsible for air transfer between streets is required, as illustrated in Figure 14, accounting for
the influence of wind and the non-uniformity of incoming concentration profiles [10]. Then, a
vertical airflow is added, which emerges due to pressure differences or flow volume imbalances

between downstream and upstream streets, showed in Figure 15a.
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4.1 SIRANE : STREET NETWORK AND TRANSPORT MECHANISMS

E

(a) Wind direction of 15° (b) Wind direction of 45°

Figure 14: Velocity field at z = H /2 within a street intersection, depending on the wind direction. The
wind direction is indicated by the arrow in the lower-left corner. Source: [10]

3. Turbulent transfer across the interface between the street and the overlying atmospheric
boundary layer: This will be examined in Section 4.1.4, and is illustrated in Figure 15d.
4.1.2 Concentration fluxes for each street

The average concentration of each street segment is calculated at each hourly time step, taking into

account several pollutant fluxes for the mass balance of each box, described in Figure 16 as follows :

Qs + QI + Qpart7H = QH ,turb +H WUstreetCstreet + Qpart,gr + Qwash (8)
Flu;gs in Flux‘e,s out

where Q [g-s~'] represents the flux of pollutants, with each component defined as follows:
* Qg [g-s~']: Emission within the street.

* Qs [g-s~']: Flux by the mean flow along the street axis, entering at the upwind intersection.
This flux accounts for wind direction and its standard deviation to include effects of turbulent

mixing.

* OpartH (8- s~ 1]: Sedimentation of solid particles from the street-atmosphere interface. This flux

is neglected in the model.

* HWUgeetCstreet [€ s~ 11: Flux by the mean flow leaving at the downstream edge, where H [m]
is the street height, W [m] is the street width, Ugeer [m s~ 11is the averaged wind velocity along

the street axis, and Ceet [ m~3] is the spatially averaged concentration in street canyons.
* On b [g- s~ 1 Exchange through turbulent diffusion at the street-atmosphere interface.

* Opart,gr [g- s Deposition flux of solid particles towards the ground (re-suspension is included

in Qg).

* Quwash [g-5~!1: Removal of air pollutants by wet deposition, depending on precipitation and

pollutant type.
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Q QH‘mrh
'wash
HWUslreetCstrae!

Qpart,gr

D Q, l{ Q,

Figure 15: The different components of the
SIRANE model, where the big green and blue
arrows are fluxes inside the urban canopy and

between the urban canopy and atmosphere,
respectively. (a) Fluxes at a street intersection.
(b) Box model for each street, with the overall represented by the yellow arrow, small black

flux balance. (c) Network of streets used by arr.ows, grey arrow, and green ax"row
SIRANE. (d) Gaussian plume model for respectively, are the only fluxes that introduce
air pollutants into the street. Source: [11]

Figure 16: Air fluxes balance within a street
canyon. The different terms are explained in eq.

4. 0y, QOs, QpamH and sometimes QH,turb,

roof-level transport. The blue arrows represent
the vertical profile of the wind. Source: [11]

4.1.3 Chemical reactions modeling

Most chemical transformations in the atmosphere take place over longer periods than the typical
district-scale dispersion of pollutants, which often lasts only tens of minutes. Nevertheless, the chem-
ical reactions involving NOx and ozone (see Section 1.4.3) occur rapidly enough to significantly alter

pollutant concentrations within an hour.

In the first step, SIRANE simulates the dispersion of NOx as if they were passive pollutants. In a
second step, SIRANE’s chemical model estimates NO, NO, and O3 concentrations based on the re-
sulting NOx concentration field and on the background concentrations of NO, NO; and O3, following

equation :
Ivo, _ [NOJ[O3]

k — [NOy

€))

where Ino, [h~1] is the rate of NO, photolysis (explained in eq. 3), k [ug/m¥h] is the rate of NO
reaction with O3 (eq. 2), and [NO], [O3] and [NO;] are the concentrations of NO, O3 and NO,
respectively [ug/m3]. Consequently, SIRANE assumes that pollutants reach a photostationary state
(constant concentration) at each hourly time step.

4.1.4 Flow and dispersion above the roof level

The ’external flow module’ uses simplified data on urban geometry compared to the urban canopy
module, modeling the collective impact of the urban canopy on the atmospheric boundary layer’s
flow, as shown in Figure 17. It only uses an aerodynamic roughness length and a displacement height
representative of the district, derived from empirical models, used to simulate the mean velocity and

temperature profiles.
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This methodology is particularly effective for g Streat
ree

b canopy-atmosphere interface

modeling districts characterized by high build-

Court
yard

Street
ing density, where these parameters are uniform.

However, it is not suitable for application in ar-

eas with sparse building density, where the urban

geometry significantly differs.

Pollutants within the urban atmospheric bound-

ary layer originate from elevated sources, such as c Idealised canopy-atmosphere interface
stacks, or are released within the urban canopy. / modelled as a fictive rough surface

The latter are modeled as a collection of point

sources at the roof level, with their intensity de-
noted as Qp b in €q. 8. O wurb can be positive,

indicating a pollutant flux from the streets to the  Figure 17: Description of the urban geometry in the
SIRANE model. a) Real geometry.

b) Geometry within the urban canopy. Yellow-shaded
regions represent areas modeled as a street network,
The exchange of pollutants between the street while grey-shaded regions are not included in the street
network model.

c) Geometry for dispersion in the overlying
atmosphere, where the entire city is seen as a surface
tration within and above the street, the street di-  with a roughness parameter. Interactions with streets
are limited to canyon streets shown in yellow. Source:
[11]

atmosphere, or negative, reflecting a downward

flux from the atmosphere to the street canyons.

and atmosphere through turbulence is dynamic

and intermittent, described by the mean concen-

mensions, and an exchange velocity (u;), pro-
portional to the standard deviation of vertical ve-

locity at the roof level.

Above roof level, the dispersion of pollutants is captured using a Gaussian plume model, described in
Section 3.3.1.3. This approach enables the calculation of pollutant distribution and concentration as

influenced by wind movement, either within the urban canopy or above it.
4.1.5 Computational approach

Given that the concentration of pollutants within a street is influenced by conditions in adjacent streets,
it becomes imperative to address this interdependency by solving a system of linear equations. The
unknowns in this system are the spatially averaged concentrations in each street within the computa-
tional domain. To this end, an iterative method is used within the computational domain. Furthermore,
SIRANE has addressed the computational challenges of simulating air pollutant dispersion in areas
with dense street networks in its new version (SIRANE 2.0) by adopting a new algorithm [88]. This
algorithm differentiates the pollutant sources based on their proximity to receptors, treating nearby
emissions individually with Gaussian puffs within a 1.5 km x 1.5 km buffer zone. Emissions from
sources outside this buffer are aggregated into larger surface sources measuring 300 m x 300 m. This
approach reduces the computational load by simplifying the calculations for distant sources while
maintaining detailed modeling for those closer to the receptor, striking a balance between computa-

tional efficiency and accuracy in air quality simulation.
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4.2 SIRANE : analysis

4.2.1 Simplifications and limitations

SIRANE’s simplified approach towards urban geometry and pollutant transfer processes is a trade-off

aimed at balancing the computational efficiency. Given this context, several key simplifications and

their implications for the model’s performance and applicability are highlighted:

* Topography scale: SIRANE assumes an external flow over a flat surface, with uniformly dis-
tributed buildings parameters. This assumption restricts the model’s domain application pri-
marily to districts situated on flat or nearly flat terrain. Furthermore, SIRANE disregards the
presence of a roughness sub-layer above the roof level, applying vertical velocity and tempera-

ture profiles across the entire boundary layer down to the roof level.

Building geometry details: SIRANE does not consider detailed building features such as
doors, chimneys, and balconies. Instead, their effects are represented through uniformly dis-
tributed wall roughness at the building scale within the urban canopy module. While these
details impact local-scale dynamics, compiling such detailed information is impractical. Con-
sequently, pollutants are assumed to be uniformly mixed within the street volume, and SIRANE
outputs an average pollutant concentration for the entire street canyon volume and for street in-

tersections, treated as nodes.

Low-wind conditions: SIRANE assumes steady conditions for each hour, striking a balance
between the timescales of atmospheric turbulence (ranging from a few seconds to minutes) and
the changes in weather conditions (lasting up to days). In the previous version of SIRANE, the
model estimated concentrations independently of the previous timestep, thus not accounting
for pollutants emitted earlier. This method revealed its limitations under calm wind conditions
lasting several hours, potentially leading to significant pollutant accumulation in urban areas,
which SIRANE fails to capture. To improve this simplification, SIRANE 2.0 now uses a Gaus-
sian puff model, as explained in Section 3.3.1.4. The model integrates emissions from previous

hours into large grid cells (1 km by 1 km) [88].

Sparse density of buildings: The SIRANE model is well-suited for districts with high building
density but is less applicable to areas with sparse building density, such as squares, parks, and
rivers. In such regions, where flow patterns are more complex, the flow is treated as part of the
atmospheric flow. In Brussels, a notably green city, this limitation could raise concerns for the
various forests and parks. However, pollution levels are generally not as concerning in these

arcas.

4.2.2 Parameterization and validation

Parametrization studies ([89, 90, 91, 92, 93] as cited in [93]) have been conducted using wind tunnel

experiments to investigate the three primary mechanisms of transport: the advection of pollutants

along street axes, the exchange at street intersections, and the exchange of pollutants at roof level.
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Furthermore, two field measurement validation studies of the model were conducted in Lyon, pro-
viding empirical support for the model’s efficacy in real-world conditions. Both studies conducted
the validation of the model with statistical performance criteria, as proposed by Chang and Hanna,

discussed in Section 4.5.2.

The first validation took place within a distinct district of Lyon, France, over a period of two weeks
[94]. The findings indicated that the overall performance of the model is satisfactory, with the ex-
ception of NO concentrations. It was recommended that the SIRANE model should incorporate new
photochemical models to enhance the prediction accuracy for NO concentrations. Among the six
pollutants analyzed, the model exhibited the highest performance accuracy in predicting NO, con-

centrations.

A wider validation study [88] spanned a year (2008) and encompassed the entire urban area of Lyon,
focusing on NO; concentrations. The study concluded that the model’s performance in capturing
both the temporal and spatial variability of NO, concentrations was generally good. Nevertheless, a
consistent tendency for SIRANE to underestimate pollutant concentrations was noted, particularly at
monitoring stations situated near heavily congested traffic routes. The study stated that a possible ex-
planation could be the underestimation of emission factors by the software "COPERT", as discussed
in Section 3.1.1, because COPERT is linked to European emission standards (see Section 4.3.5.1).
SIRANE also exhibited reduced accuracy where measurement stations are positioned in areas char-

acterized by complex air flows, displaying a systematic bias influenced by wind direction [88].

A comparative analysis assessed the predictive accuracy of SIRANE against a large-eddy simula-
tion model known for its high-resolution capabilities [95]. This analysis corroborated the findings
of the first validation study: SIRANE effectively identifies the main trends in street level average
NOx concentrations. Nonetheless, it demonstrates systematic biases dependent on the assumption of

photostationarity for chemical reactions.

4.2.3 Sensitivity analysis

A sensitivity analysis was carried out to identify the influence of input parameters on SIRANE out-
puts [94]. It also assesses the impact of uncertainties in these parameters on model performance.
Changes were recorded across three outputs: modifications in direct NOx concentrations (Cno, ;)
overall NOx concentrations (Cnox, incorporating both direct emissions and background concentra-
tions), and overall NO, concentrations (Cno,). The alterations in Cyox were consistently and signifi-
cantly smaller compared to Cno, ., underscoring the critical role of background concentration which,
within the context of this study, contributed on average 56% to NOx (leaving Cno, 4, responsible for
the remaining 44%). The changes in Cno, were smaller than those in NOX, reflective of its nature as

mostly a secondary pollutant, largely due to chemical transformations seen in Section 1.4.3.

The analysis highlighted emission rates and wind velocity as the parameters with the greatest impact.
Concerning emission rates, factors that influence these emissions—including traffic fluxes, vehicular
fleet composition, and to a lesser extent, the NO, emission rate factor— consequently also affect

significantly the model’s output. It is interesting to notice that a 50% adjustment in traffic flows
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resulted in a more than 50% modification in Cnox gir- This phenomenon is attributed to the fact that

variations in traffic flow also alter the speed of vehicles.

The study also highlighted the substantial influence of the month on concentration levels: for instance,
compared to July, January exhibited an increase in Cnox gir Of 43%. This variation is notably due to
meteorological conditions. Unstable atmospheric conditions, common in summer due to intense solar
heating, promote vertical mixing, which effectively disperses pollutants, potentially leading to lower
ground-level concentrations. Conversely, stable conditions, typical of colder months, limit vertical
movement, resulting in diminished dispersion and, consequently, potentially higher ground-level pol-
lutant concentrations. This dynamic illustrates how temperature differences influence atmospheric

stability and, by extension, pollutant dispersion.

4.3 SIRANE : required data and data sources

An overview of the essential input data and models required for calculating pollutant concentrations
in the SIRANE framework is provided in Figure 18.

First, the street network of Brussels, as detailed in Section 4.3.1, provides information on the circula-
tion of pollutants, such as whether the circulation is open or in canyon mode. The background NO,
concentration is applied across the entire area, calculated at the Uccle station (see Section 4.3.2).
This is important as it provides information on areas not influenced by traffic. Additionally, mete-
orological data, discussed in Section 4.3.3, are essential for understanding pollutant dispersion and
reaction rates. General parameters used for the SIRANE model are briefly discussed in Section 4.3.4.
Lastly, SIRANE accounts for various types of emissions—Ilinear, point source, and surface—detailed
in Section 4.3.5, including traffic emissions from the MuSti and COPERT models.

Background
pollution

Street network
Traffic emissions
(streets)
Heating-related
emissions

Meteorological
data

Five-yearly
counts

NO2, NO, O,
concentrations

SIRANE

COPERT

Figure 18: Integrated data input framework for MuSti, COPERT and SIRANE models: This diagram
represents the complete structure of input data required by the MuSti, COPERT and SIRANE models to
assess and simulate air quality and traffic emissions. The models are represented by rectangles and the
data by ovals.
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4.3.1 Street network input

The building-scale characteristics, specifically buildings’ size, spacing, and orientation, crucially in-
fluence dispersion patterns at the district scale. Users must provide SIRANE with a street network
adapted to its requirements. The street network is divided into segments, not necessarily the entire
street if it is not straight, as SIRANE conceptualizes segments as a series of boxes. Since SIR-
ANE is designed for street canyons, building-scale characteristics are necessary to distinguish street
canyon environments from open terrains. The street aspect ratio (Width/Height) differentiates open
terrain (Width/Height > 3) from street canyons (Width/Height < 3). Geographic Information System
(GIS) data, combined with numerical methods, provides this building-scale information to SIRANE.
Additionally, to address discrepancies between street and traffic networks—important for emissions
estimates—a numerical tool maps traffic emissions to the nearest SIRANE street segment. For Brus-
sels, the street network was provided as part of a project to model black carbon concentrations and
was adapted by Axel Briffault [96].

4.3.2 Background concentrations data

Background pollution refers to levels typical for a region, unaffected by local traffic. The Uccle
station is considered to provide these background concentrations, as it is located away from local

traffic emissions, and primarily upwind of the BCR.

4.3.3 Meteorological data

Meteorological data are provided by the Royal Meteorological Institute (IRM) for the Uccle station.
This data includes wind speed, wind direction relative to North, air temperature, precipitation, and
solar radiation. During the 2022 simulation runs, errors were reported in the "Meteo" file containing
this information. After investigation, a lack of data for certain hours of the year 2022 was detected. To
address this shortfall, for each missing hour it was decided to calculate the difference in value between
the same hour of the previous day and the hour before that of the previous day. This value difference
was then applied to the missing hours to maintain proportionality among the meteorological measures.
This methodology was chosen because the variability in the difference between two consecutive hours
across two different days is assumed to be less than the variability in temperature at the same hour

across two different consecutive days.

4.3.4 General parameters

The following parameters, characteristic of the study site (in this case Brussels), are also required as
input data for SIRANE:

a) Aerodynamic roughness: This parameter measures how buildings slow airflow, influencing the

vertical profile of mean velocity.

b) Displacement height: This is the height above ground level at which buildings displace the main

flow of air, modifying the vertical velocity profiles of the urban atmosphere.
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c) Albedo: This indicates the amount of sunlight reflected by surfaces, influencing air and ground
heat.

d) Emissivity: This indicates the extent to which surfaces release heat.
e) Priestley-Taylor coefficient: This measures the moisture available for evaporation.

All these parameters must be entered both for the study site (the BCR) and for the meteorological
measurement site. For the study site, the parameters were set to the default values used in the SIRANE
model. For the meteorological measurements, the data were provided by the IRM. For information,

their values are shown in Appendix D.
4.3.5 Emissions
For pollutant emissions, SIRANE categorizes them into three distinct types:

* Linear emissions: This category includes emissions from local, urban streets, and highways.
The variability of these emissions depends on vehicle speeds, fuel types, and vehicle emission

standards.

* Point Source Emissions: This category is used to represent highly localized sources of pollution
such as industrial chimneys, incinerators, and, most notably, numerous tunnels in the capital

city. The primary source of emissions from these tunnels is vehicular traffic.

* Surface emissions: This category encompasses emissions not originating from vehicular traffic,
excluding those from the previous categories. In order of importance by sector, these emissions
include combustion processes mainly related to heating in residential and tertiary sectors. This

is followed by electricity generation and various industrial combustion processes.

For the calculation of traffic emissions on roads and in tunnels, traffic counting campaigns are or-
ganized every five years. In addition, two models (MuSti and COPERT) are used to complete the

emission calculations, which are detailed in the following two sub-sections.

4.3.5.1 COPERT and MuSti

COPERT, or the COmputer Programme to calculate Emissions from Road Transport, is essential for
generating precise emissions inventories prior to usage. This software is internationally recognized
and predominantly utilized within European methodology to prepare emissions inventories for trans-
port at local, regional (like Brussels), and national scales [97]. Notably, it is employed by 22 out of
the 27 EU countries. During the integration of SIRANE for Brussels in 2018, version 5.4 of COPERT
was employed. The software has been updated to version 5.7.3, which will be used for subsequent cal-
culations. This version includes modifications in various areas such as updates to the emission factors
for different pollutants, including NOx, alongside resolutions of software bugs and recalibrated coeffi-
cients for different driving phases. These different versions further extend the vehicle categories, with
a focus on Euro 6 standards and the introduction of a specific category for battery-electric passenger
cars [98].
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COPERT’s operation is based on a database of emission factors specific to automobile traffic, enabling
traffic data to be transformed into estimated quantities of pollutants. This process is summarized in

the following equation:

E=AXEF (10)
where :

» E [g] is the pollutant quantity expressed in mass over a given period. The time period generally

used is the year.
* A [vehicle.km] is the activity of vehicles, indicated by the distance traveled per vehicle category.

* EF [g/km] is the unit emission factor, expressed in grams per kilometer.

COPERT consequently uses an extensive set of emission factors, with a unique emission factor as-
signed to each pollutant type and vehicle category. Various input parameters are required, including
fleet composition, current emission standards, variety of fuel types used and total vehicle mileage
[99] [100]. The MuSti traffic model was used to provide the mileage covered by the different vehicles
represented by A in the eq. 10.

Moreover, the model incorporates data on fuel evaporation informed by fuel specifications and current
meteorological conditions. Traffic activity also plays a significant role in the inputs, categorized by
the classification of roadways, the level of vehicular congestion, traffic flow volume, and observed

travel speeds.

In the emissions calculation process, COPERT further distinguishes emissions into three distinct

types:
* Hot emissions : emissions released by vehicles when operating at optimal temperatures.

* Cold Start emissions : emissions discharged when vehicles start up and have not yet reached

optimal operating temperatures. COPERT applies a higher emission factor during this phase.

* Non-Exhaust emissions : These account for fuel evaporation, tire wear, and brake wear and are

primarily considered in the calculation of PM.

The results display annual emissions of various pollutants (NO, NO,, PM10, PM2.5) for each vehicle
type, categorized into five groups:"Urban Off Peak", "Urban Peak", "Rural", "Highway", and "Total,"

with the latter representing the aggregate of the previous categories.

4.4 Road refinement

Although COPERT provides annual NOx emissions data for a wide range of vehicle types, fuels, Euro
norms, and vehicle sizes, a systematic method to allocate these emissions to specific road segments is
needed. MuSti software has been designed for this attribution process. Its function is to model traffic

patterns in the Brussels region, calculating the annual distance traveled on each road segment. In
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MuSti, vehicles are classified into five categories: "Light vehicles", "Utility vehicles", "Construction
truck”, “Transport truck and “Buses”. Given the large number of vehicle categories in COPERT, the

many classes were consolidated into the five categories used in MuSti, as shown in Table 6.

Table 6: Association between MuSti classes and COPERT vehicle categories

Classes type in MuSti | Category in COPERT
Light vehicle Passenger cars

L-category'
Utility vehicle Light commercial vehicles
Construction truck Heavy duty trucks? (Rigid)
Transport truck Heavy duty trucks® (Articulated)
Buses Buses

With MusSti providing mileage for the 5 classes of vehicules and COPERT providing annual emis-
sion data for pollutants including NO, NO,, PM10, and PM25 for each vehicle type, these annual
emissions can now be distributed among all street segments. This data can then be used as input by
SIRANE. To achieve this, up until now, emissions assigned to a segment were solely based on its

mileage given by MusSti, as indicated by the following equation:

10 Eveh,poll " M veh

| _ ‘ 11
el’veh7p011 365 X 24 X 3600 Myeh ( )

where:
® @i veh,poll [2/s] is the emission rate for road segment i, vehicle type veh, and pollutant poll.

* Evenpon [t/year] represents total annual emissions for the region by vehicle type and pollutant
given by COPERT.

* m; yen and myep [veh.km] are the vehicle-kilometers on segment i and across the region for the

year, respectively, given by MuSti.

However, the distribution of emissions is not solely dependent on mileage; it also varies with the type
of road, which affects driving style and speed, and thus influences emissions. To refine the segment
emissions based on not only their mileage but also road type, both MuSti and COPERT provide certain
data. MusSti has classified different segments into road hierarchies: Highway (A0), Metropolitan road
(A1), Main road (A2), Inter-district road (A3), District collector (A4) ans District road (AS).

Regarding COPERT, annual emissions per vehicle category are provided for two distinct road types:

"Highway" (corresponding to AOQ) and "Rural" (corresponding to A1l). Subsequently, emissions from

IL-Category : motorcycles, mopeds, micro-car, Quad & ATVs
?Heavy Duty Trucks (Rigid) : > 3.5 t, Rigid <= 7.5 t, Rigid 7.5 - 12, ..., Rigid > 32 t
3Heavy Duty Trucks (Articulated) : Articulated 14-20 t, Articulated 20-28, ..., Articulated 50-60 t
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these two categories were deducted from the total calculations, leaving only the emissions attributed
to road types A2 to AS. Thus, the equation becomes:
106 Eroad type,veh,poll * " veh

| _ . 12
€i veh,poll 365 % 24 x 3600 Nlyeh .

where i € road type corresponding to Eroad type,veh,poll (€-g., A0, Al, or A2-A5).

The remaining emissions must now be allocated for the hierarchies from A2 to AS. A distribution
coefficient is recalculated for each vehicle class to determine the usage level among the road hierar-
chies, presented in Table 7. These proportions for each vehicle class from A2 to AS will be used by

simple multiplication to allocate the remainder of COPERT emissions.

Table 7: Proportion of different vehicle classes according to the number of vehicle.kilometers travelled
in segments A2 to A5

Distribution by vehicle class [%]

Light vehicle | Utility vehicle | Construction truck | Transport truck | Buses
A2 0.23 0.22 0.23 0.24 0.25
A3 0.38 0.35 0.4 0.39 0.40
A4 0.10 0.12 0.12 0.11 0.11
AS 0.29 0.32 0.25 0.26 0.25

During the implementation of the emission distribution changes between COPERT and MusSti, the
file containing the road network hierarchy was found to be invalid for 662 out of 19,508 segments.
Due to the small number of affected segments and the fact that the overwhelming majority of these
segments did not belong to either AO or A1l categories, these 662 road segments were classified under
hierarchy A5 for simplification, following a visual verification using ArcGIS software. The Figure
E.1 provides a spatial representation of the different hierarchies used, illustrating that a significant

majority of the road segments are classified under hierarchy AS.

4.5 Calibration of SIRANE for the year 2022

To operate SIRANE, a significant amount of input data is required. Each of these necessary data sets
carries varying degrees of uncertainty, sometimes substantial, particularly the MuSti and COPERT
traffic models. Quantifying the model’s uncertainty is, therefore, quite challenging. Hence, calibra-
tion is essential, relying on recorded measurements for various pollutants at the 12 stations comprising

the telemetry network.

4.5.1 Calibration methodology

In this context, calibrating the model for the year 2022 involves applying one coefficient to NO traffic
emissions and a different coefficient to NO, traffic emissions, so that the resulting NO, concentra-
tions are closer to those observed at monitoring stations. These two coefficients are constant in time
and space and are applied to both linear traffic emissions and point source emissions (the tunnels),

while surface emissions remain unchanged. The calibration is performed by trial and error. For each
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simulation of SIRANE, the coefficients for NO and NO, emissions are adjusted, and the resulting
hourly NO; concentrations are compared with measurements from monitoring stations. While SIR-
ANE also provides modeled NO concentrations, and measurement stations record these as well, the
variability is high and SIRANE is not as effective at predicting NO concentrations, as explained in
Section 4.2.2. Therefore, this variability and lack of accuracy make it unsuitable to use SIRANE’s
NO concentration data in addition to NO, concentrations for calibration purposes. The simulations

continue until the statistical indicator values meet the acceptance criteria presented in Section 4.5.2.

In the first step, to avoid excessive computational costs, the calibration is performed only for January.
This month experiences the highest and most variable emissions throughout the day due to very low
temperatures affecting NO; dispersion and the time required for vehicles to reach full efficiency (see
Section 4.2.3). Specifically, COPERT categorizes emissions by operating conditions between "Cold"
and "Hot" start, leading to a longer duration of "Cold" start emissions in January, resulting in higher

emissions during this period.

In the second step, once the modeled concentrations were sufficiently close to reality, the same pro-
cedure was applied to June, a month with less variation in concentrations due to more stable meteoro-
logical conditions (temperature, rainfall, etc.). Finally, a simulation of 2022 was conducted to validate

the calibration over the entire year.

4.5.2 Validation of SIRANE calibration

In air quality modeling, achieving a perfect model is unattainable because of the influence of unpre-
dictable atmospheric processes. However, it is crucial to closely approximate reality by comparing
the model’s results with actual observations to determine when the calibration coefficients make the
model acceptable. This comparison ensures the model’s predictions are reliable. Chang & Hanna
[101] suggest a two-step process for evaluating models. First, they recommend looking at the data
in visual ways, like using scatter plots, plots comparing predictions with observations over time or
space, and others, to get a qualitative understanding. Then, for a quantitative analysis, they advise

using specific statistical measures. These include:

Fractional bias (FB)

-Gy

0.5(Co+Cp)
— Normalized mean square error (NMSE)
_ 2
NMSE = M (14)
— Geometric mean bias (MG) MG = exp (lnCTo _ lnC_p) (15)
— Geometric variance (VG)
VG = exp <[lnC0—lnCp]2> (16)
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— Normalized absolute difference (NAD)

Cc,—C

NAD = M a7
Co+Cp

— Fraction of predictions within a factor of two of observations (FAC2)

c
FAC2 = fraction of data that satisfy: 0.5 < C—p <2.0 (18)

o

An ideal model would be characterized by values of MG, VG, and FAC2 equaling 1, and FB, NMSE,
and NAD equaling O.

Chang et al. have established realistic acceptance criteria for these statistical indicators dedicated
to dispersion models in rural environments [101]. These criteria were then adapted to urban envi-
ronments as shown in Table 8 [18]. Taking into account the reduced performance of urban models
compared with rural models, due among other things to building-induced variability, the criteria are

less stringent in urban environments.

Table 8: Acceptance criteria for rural and urban dispersion models. Data source: [18]

Indicator Rural Urban

IFB| <03 <0.67
NMSE <3 <6

FAC2 >05 >03
NAD <03 <05

To consider a model acceptable, it must meet at least half of the performance criteria at a minimum of
half the measurement stations. It is crucial to use various measures to evaluate a model, as no single
metric can cover all aspects. FB and MG focus on systematic errors, meaning that a model can be out
of phase with observations but still achieve good results if the errors cancel out. On the other hand,
NMSE and VG consider both systematic and random errors, with NMSE and VG being more sensitive
to extreme values. FAC2 is probably the more robust measure, as it is less affected by outliers, offering
a balanced approach to model evaluation. If concentrations vary by several orders of magnitude, it is
advisable to use MG and VG because of their logarithmic scale, which makes it possible to handle
large variations. However, these measurements can be distorted by very low values and do not work
for zero values. For concentrations whose orders of magnitude do not vary considerably, FB and
NMSE are more suitable, since they are linear measurements [101]. In Brussels in 2022, the NO,
concentrations recorded by the monitoring station did not vary significantly in magnitude, reaching
up to 143 pg/m3. Therefore, FB and NMSE will be used for evaluation, rather than MG and VG.

Chang and Hanna acknowledged that the acceptance criteria for the proposed rural and urban models

are somewhat arbitrary, but that a more valid and widely recognized set has yet to emerge.

In the context of European Air Quality Directives, the Forum for Air Quality Modelling in Europe

(FAIRMODE) community proposes a minimum level of quality that a model needs to achieve for
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policy use [19]. This level is called the Modeling Quality Objective (MQO). The MQO is based on
a statistical indicator: the Modeling Quality Indicator (MQI,), as mathematically described in eq. 20.
The MQI quantifies the discrepancy between measurements and modeling results, normalized by the
measurement uncertainty (eq. 19) and a scaling factor. For each of the twelve measurement stations
involved, one MQI value is computed. To meet the MQO, 90% of these stations must have an MQI of
one or less. Given that there are twelve MQI values, the 90th percentile of all MQI values is obtained
by interpolating between them, as shown in eq. 21. The values of various parameters utilized in the

calculation of MQI,, are presented in Table 9.

(1—0a2)0>  o2RV?

+

U(0) =Ur<RV>\/ (19)
Where U(O) [ug/m?] is the measurement uncertainty of the annual average observed concentration
of the pollutant O [ug/m?], U.(RV) [-] is the relative uncertainty associated with a reference value
RV [ug/m3], a [-]is the fraction of the uncertainty that is independent of the measured concentration
O, and N, [-] and N, [-] are coefficients that account for the compensation of errors due to random

noise and other factors.

<|

[0-
BU(

MOI, = (20)

S

Where MQI, is the Modeling Quality Indicator [-], M [ug/m?] is the annual average modeled con-
centration of the pollutant, and B is the scaling factor set arbitrarily at 2, implying that the allowed

deviation between modeled and measured concentrations is twice the measurement uncertainty.
M Qoo = MQI(Sop) + [MQI(Soo+ 1) —MQI(Sgp)] - dist and MQO is fulfilled when MQlyg,, < 1
2D

where Sop = integer(N - 0.9) [-] and dist = N - 0.9 — integer(N - 0.9) [-]. This method interpolates
between sorted MQI values, where Sqq is the index at the 90th percentile and dist accounts for the

fractional part of the index, and N [-] is the number of measuring stations,.

Table 9: Values of the parameters proposed for the calculation of MQI,, for NO,. Source: [19]

Parameter | B [-] | U.(RV) [-] | RV [ug/m’] [ ot [-] | N, [-] [ Nup []
Value 2 0.24 200 0.2 52 5.5

While egs. 19 and 20 apply to yearly averages, MQO can also be validated for hourly time steps using
different equations where MQI, becomes MQI;, (detailed in Appendix F). Fulfilling MQO for yearly
averages does not guarantee compliance on an hourly basis, and vice versa. Although this master’s
thesis focuses on yearly averages, calibration has been performed for both durations since it will also

support Lucas Petit’s master’s thesis, which involves hourly data.
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4.6 Projection of emissions

To estimate NO, concentration projections based on selected policies over the years, this master’s
thesis uses NOx emission projections from Brussels Environment, specifically traffic emissions. This
section first contextualizes traffic emissions within other sectors 4.6.1, then describes the method-
ology behind the traffic emission projections 4.6.2. This helps in understanding and discussing the

concentration results in relation to the emissions and their assumptions.

4.6.1 Projection of emissions from all sectors

Bruxelles Environnement has developed projections based on three primary scenarios regarding the
evolution of NOx emissions [12]. These include the "Historical trends", withoout regional policy
measures (BASE) scenario, based on historical trends, the "With existing measures": in the traffic
sector, covers BASE scenario and the Low Emission Zone (WEM) scenario incorporating policies
adopted before 2020, and the "With additional measures": in the traffic sector, covers BASE sce-
nario, the Low Emission Zone, and the Good Move plan (WAM) scenario, which includes policies
introduced post-2020. These three scenarios receive particular attention in the traffic sector within
this master’s thesis and will all be explained in Section 4.6.2. Figure 19 shows the WEM projections
by NOx emission source '°. The same projections for WAM can be found on Appendix G, showing

similar trends.
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Figure 19: NOx emissions projection by sector for the WEM scenario. Source: [12]

The transport sector, the predominant source of emissions in the baseline year of 2019, shows the
most significant and consistent reductions—96% under the WEM scenario and 97% under the WAM
scenario by the year 2040. In contrast, the other major sectors—heat and power production, commer-

cial, residential, and industrial combustion—show more moderate changes. As explained in Section

10No data have been provided for the BASE scenario

43



4.6 PROJECTION OF EMISSIONS

3.1.4, these changes take longer due to the inertia in the buildings sector. In some years, all four
sectors even show slight emission increases under the WEM scenario, with the heat and power and

industrial sectors also rising in the WAM scenario.

For the purposes of this master’s thesis, projections of spatial NO, concentrations consider only pro-
jections in NO and NO, emissions from the traffic sector. Furthermore, all other projection inputs
for SIRANE, including meteorological data, linear emissions (all other sectors than road transporta-
tion outlined in Figure 19) and background pollution levels, are identical to those taken for 2022.
This consistency ensures reliable comparisons across different years and scenarios and helps isolate
the impact of traffic policy measures. However, another objective of this master’s thesis is to assess
whether Brussels will meet the EU’s 2030 standards for NO, concentrations. A limitation of these

projections is their exclusion of emissions from sectors other than traffic.

However, as previously mentioned, the decrease projected for other sectors are relatively minor com-
pared to those for the transport sector. Moreover, when combined, emissions from these sectors
show a consistent decrease from the 2022 projections—which serve as the baseline for concentration
projections. This approach of keeping other emissions constant instead of recognizing their overall
decline effectively assumes a worst-case scenario. Therefore, if the projections conclude that Brussels
will comply with the EU’s 2030 NO, standards, the actual concentrations could potentially be even

lower when considering the decreasing emissions from these sectors.

It is also worth noting that no uncertainty analysis has been conducted for any of these projections

due to the complexity of the task. However, the margin of uncertainty is likely to be large [12].

4.6.2 Methodology for projecting traffic emissions

Below, and detailed in Table 10, a summary of the characteristics of the three scenarios concerning
the traffic sector is presented:

* Projection BASE (= Historical trend): This scenario assumes a continuation of the current
trend in the evolution of the vehicle fleet, based on historical trends in the vehicle fleet’s compo-
sition. This does not take into account any additional NOx reduction policy measures, therefore
excluding LEZ and Good Move.

* Projection WEM (= with existing measures): This scenario builds on the BASE scenario,
incorporating changes in the fleet composition based on the LEZ schedule, explained in Section
3.1.2.

* Projection WAM (= with additional measures): Building on the WEM scenario, this scenario
integrates the impact of Good Move transport’s demand ambitions. Unlike the BASE and WEM
scenarios, which follow a "No Move" evolution—presuming trends in vehicle kilometers until
2030 and a subsequent trend toward 2035—the WAM scenario anticipates a 24% reduction in
kilometers traveled by light-duty vehicles and a 10% reduction in freight transport by 2030.
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Table 10: Summary of the differences between BASE, WEM, and WAM scenarios for the traffic
sector. Source: [20]

BASE WEM WAM

Vehicle fleet

composition

Historical trend | BASE + LEZ calendar | BASE + LEZ calendar

Transport demand
(see Table 11)

Historical trend Historical trend Good Move ambitions

Concerning methodology, traffic emissions were calculated based on projections of the vehicle fleet
and transport demand. Subsequently, NOx emissions were computed using COPERT 5.6.1. The
methodology for these projections is based on the following two formulas for each vehicle category

[20]:
Transport Demand,

Stock; = (22)

Average Annual Mileage,

Stock; = Stock;_1 — Scrappage, + New Vehicles; 23)

Where:
* Stock,[veh] is the total number of vehicles in the fleet at year 7.

* Transport Demand, [veh-km/year] is the total distance traveled by all vehicles in the fleet during

year t.

* Average Annual Mileage, [km/year] is the average distance that a vehicle travels in one year,

calculated based on the data from the baseline year 2019, assumed constant.
* Scrappage, [veh] is the number of vehicles removed from the fleet in year ¢.
* New Vehicles; [veh] is the number of vehicles added to the fleet in year 7.

In the WEM scenario, the implementation of the LEZ results in increased scrappage, due to the
removal of vehicles that do not conform to LEZ standards as well as older vehicles. This has an
impact on both the influx of new vehicles and the overall vehicle stock. The WAM scenario, in
addition to incorporating the LEZ, anticipates a reduced transport demand, as triggered by the Good
Move plan. Using COPERT, which incorporates the composition of the vehicle fleet and the number
of vehicle kilometers for each category (along with other parameters needed to operate COPERT),

the annual NO and NO; emission projections can then be calculated.
To implement these formulas, various inputs are necessary, presented below [20, 12].

Starting point: Stock and mileage from the year 2019 are used as baselines, based on the emission
inventory and MuSti data. The stock accounts for commuter and foreign vehicles, and it is assumed

that mileage remains constant over time and across all scenarios.

Transport demand projections: For the BASE and WEM scenarios, projections are based on histor-

ical data compiled by the Federal Planning Bureau and MuSti. For the WAM scenario, the ambitions
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of the Good Move policy aim to reduce transport demand by 24% for cars and 10% for freight trans-
port. Changes in transport demand for various vehicle types during key years are presented in Table

11. For intervening years, linear regression is used to estimate values.

Table 11: Changes in vehicle-kilometers from 2018 to 2040 by vehicle type and scenario. Source: [20]

) 2018-2030 2018-2030 2030-2040
Vehicle type
BASE & WEM WAM BASE & WEM & WAM
Car -3.8% -24.0% 0%
Coach 0% 0% 0%
HDV 2.1% -5.6% 0%
LDV -3.5% -10.8% 0%

Survival curves: The survival curves determine the historical scrappage rate for each vehicle age
[20].

Redistribution of remaining vehicle kilometers (veh-km): The remaining veh-km from the trans-
port demand that surviving vehicles do not cover is replaced by pre-owned vehicles, and by new
vehicles '! [20, 12]. For pre-owned vehicles, the redistribution of veh-km is based on the distribution
of vehicles in circulation for the respective year. Regarding new vehicles that replace those scrapped,
the replacement is modeled using the newest vehicle model from the latest Euro standard included
in COPERT. Consequently, this methodology adopts a conservative approach by not accounting for
future standards not yet included in the used version of COPERT. Therefore, the most recent Euro
norm considered for light vehicles is Euro 6d; Euro 7 is not included. This progressive change in the
vehicle fleet aligns with a study [13] that details fuel usage projections, ensuring that the proportions

of different fuel types match those outlined in the study.

Projections of fuel types: The fuel projections incorporate various scenarios, elaborated step-by-step,
in which the anticipated effect of each measure is cumulatively added to the preceding scenario [13,
102]. These are represented for passenger cars in Figure 20 and for other vehicle types in Appendix
H.

The initial scenario, corresponding to the BASE scenario (Figure 20a), is a theoretical forecast based
on current figures and relies on the Bass model—a scientific forecasting model for the S-curve evolu-
tion typical of new technology adoption. In this case, it includes an S-curve for electric vehicles and
areversed S-curve for diesel and gasoline vehicles. Subsequently, the price parity effect is considered
(Figure 20b). This is the effect of the cost of electric vehicles falling to the cost of combustion engine
vehicles. This influences consumers’ purchasing decisions. Further, the impact of the 2030 ban of
LEZ on diesel cars (Figure 20c) and the subsequent 2035 ban on all combustion engine cars (Figure
20d) are included. For company cars, the study also considers the annual reduction in tax benefits for
non-electric vehicles. The WEM and WAM scenarios incorporate all cumulative effects for the fuel

types projections, represented for passenger cars in Figure 20d.

"'"The repartition between pre-owned and new vehicles has not been provided
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Figure 20: Share of fuels in passenger cars across various scenarios. The light green curve represents
outcomes from the preceding scenario, while the green arrow indicates the impact introduced by the
additional measure of the described scenario. The dark grey area is historical data, and the light grey

area represents projections. Source : [13]

Effects of the LEZ: For the WEM and WAM scenarios, the impact of LEZ vehicle bans is accounted
for, including people’s anticipation of changing their cars prior to the ban [12]. The fuel type projec-
tions mentioned above, which incorporate the diesel and gasoline bans, are used, while the remainder
of the methodology remains unchanged. Moreover, not all vehicles comply with LEZ regulations
due to day-passes, exemptions, or non-conformity; the latter accounting for 0.8% of vehicles in 2022

[103]. It is hypothesized that non-compliance affects constantly 5% of the fleet [12].

Using the vehicle fleet composition and the number of veh-km per category (along with additional
parameters such as speed limits), annual NO and NO, emission projections can then be calculated.

The results of these projected emissions are presented and illustrated in Section 5.4.

4.7 Impact of meteorological variability on EU NO, threshold compliance

The choice to calibrate the year 2022 was based on the availability of the most recent data, and the
meteorological conditions from 2022 were used for all simulations to enable comparisons. In 2022,
Belgium recorded its second warmest and driest year, following 2020, based on the IRM. Despite

these extreme conditions, wind speeds remained consistent with the historical average.

In addition to comparison between scenarios and years, it is pertinent to consider meteorological
variability when assessing the likelihood of exceeding the EU’s annual average NO; concentration

threshold of 20 pg/m3 by 2030. The threshold must be respected, taking into account these fluctua-
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tions. Studies focusing on the Netherlands [104] and Europe [105] indicate that deviations in NO;

concentrations due to meteorological variability are normally distributed with a standard deviation of

5%. Employing eq. 24 representing a normal distribution, the derived values are presented in Table

12. X —

z—2"H 24)
o

where Z [-] is the Z-score; X is the annual threshold not to be exceeded [ug/m3], u is the mean annual

NO, concentration in the distribution [ug/m3], and o is its standard deviation [ug/m3].

Table 12: Probability that EU 2030 threshold of 20 pg/m3 annual NO; concentration will not be
exceeded, for various target NO; concentrations and taking into account meteorological variability

NO; concentration [ug/m3] | Probability
20 (limit value) 50%
19.5 69%
19 85%
18 99%

Thus, the Table 12 shows that it is "likely" (> 66% chance according to IPCC terminology) to meet
the EU 2030 annual NO, threshold of 20 pug/m3 by targeting a concentration of 19.5 ug/m3, taking
meteorological fluctuations into account. Therefore, Brussels should target a 19.5 ug/m3 NO; annual

concentration.

Furthermore, meteorological conditions are evolving due to climate change. Projections indicate
increases in temperatures, precipitation levels, westerly winds during winter and early spring (which
transport relatively cleaner air from the Atlantic), and sunlight during spring and summer [106].
Climate change is also expected to lead to more frequent occurrences of heavy precipitation and
drought episodes. However, historical data up to 2007 have not shown significant effects of climate

change on the annual average concentrations of NO, [104].

Therefore, to account for meteorological variability, locations where future air quality standards may
be exceeded are now identified by recording exceedances at 19.5 pg/m3 instead of the 2030 EU annual

average threshold of 20 pg/m3.

4.8 Processing SIRANE outputs

The simulations for the three scenarios were conducted for the years 2022, 2025, 2027, 2028, 2030,
2033, and 2035, with most of these years marking key phases of the LEZ banning process. Moreover,
the year 2030 is interesting because it marks the point when the EU thresholds come into force.
Analysis beyond 2035 will not be conducted, as there is negligible change in NOx emissions between
2035 and 2040. After the simulation, SIRANE produces raster maps as outputs. These maps are used
for visualization and must be processed to obtain concentration data in a tabular format, providing

insights into the concentration levels for each street.
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Buffer application and zonal statistics

A 2-meter buffer was applied to a vector dataset containing the street segments, creating a buffered
zone of 2 meters on either side of each street’s axis, resulting in a 4-meter-wide buffer zone. The
Zonal Statistics tool was then applied to calculate the mean concentration of the raster pixels within

the buffered zones corresponding to the streets.

The 2-meter buffer distance was chosen arbitrarily but ensures that most street segments, which are
more than 4 meters wide, are adequately represented. If, for example, the median width of the street
segments (18 meters) was used, it would mean that half of the street segments are narrower, and the
mean concentration of these segments would be greatly underestimated. This underestimation would
occur because the calculation would include raster pixels at rooftop levels, which generally have lower
pollution levels than street level, to meet the 18-meter width requirement. In this context, segments
narrower than 4 meters account for only 0.35% of all segments. Conversely, for the 99.65% of street
segments that are wider than 4 meters, the raster pixels at the street’s edges are excluded from the
calculations. This exclusion leads to a possible overestimation of the average concentration for these

street segments, as only the central part of the street is considered.

Tunnel correction

When visualizing the different maps, it became clear that concentrations near the point sources (the
tunnels) were excessively high. In the preparatory work by Axel Briffault, the tunnel concentrations
were estimated on the basis of theoretical concepts only. Empirically, this tends to overestimate the
concentration, and this overestimation is too significant for the various projections made. Therefore,
all roads intersecting the plume at the tunnel exits were removed from the tabular data as they were
considered irrelevant. This removal may lead to an underestimation in the calculation of the total

concentration for Brussels.

After this adjustment, the overall concentration of the Region for each scenario and year was calcu-
lated. This was done by averaging the mean concentration of each street segment and weighting it
by their length. The overall concentration for each road hierarchy was also calculated similarly, as
there might be discrepancies between them that need to be highlighted. To analyze how the future
norm will be respected, the lengths of street segments exceeding a mean annual concentration of 19.5
ug/m3 (accounting for meteorological variability as discussed in Section 4.7) were summed. This total
length of exceedance of the future EU annual concentration threshold was also categorized by road

hierarchy.

49



5 Results

The following section presents the results obtained to address the various objectives of this master’s
thesis. Initially, variations in emissions and concentrations across different road hierarchies due to
road refinement are presented (Section 5.1). After the calibration, the modelled NO; concentrations
for 2022 are compared with measurements from various stations, and the model’s validity is assessed
(Section 5.2). A comparison of 2022 NO, concentrations derived from NOx emission scenarios and
inventory emissions is then conducted to evaluate the relevance of the projections (Section 5.3). The
estimated NO, concentrations for the BASE, WEM and WAM scenarios up to 2035 are presented
next, quantifying the impacts of the LEZ and Good Move policies (Section 5.4). These impacts are
further analyzed and broken down by road hierarchy (Section 5.5). The maps of Brussels for 2028,
a year with significant impacts from the LEZ and Good Move policies, will be presented in Section
5.6. Finally, compliance with the EU 2030 NO; thresholds is assessed for the three scenarios (Section
5.7).

To quantify the impacts of the LEZ and Good Move scenarios, the effects are measured in terms of
absolute concentration differences in pg/m3 between the BASE and WEM scenarios, and between
the WAM and WEM scenarios, as well as in relative differences compared to the BASE scenario, in
percentage. To accurately calculate the relative differences, the background concentration of 10.80
pg/m?3 is subtracted from the simulation results. This subtraction isolates the portion of NO, concen-
tration that can be directly influenced by local policy measures affecting the Brussels region, since the
background concentration remains unchanged over the years. This approach ensures that the analysis
specifically accounts for the impact of local measures, highlighting the concentration changes di-
rectly attributable to the city’s policies. For clarity in the Results and Discussion sections, terms such
as "relative reduction" or "relative change" will refer to this subtraction of the regional background

concentration.

5.1 Road refining

As explained in Section 4.4, various changes in the distribution of emissions across road hierarchies

between COPERT and MuSti have been implemented, and their impacts are presented below.
5.1.1 Changes of the distribution of NOx emissions among road hierarchies

The changes in the distribution of emissions across road hierarchies after the modifications between
COPERT and MusSti in 2022 are presented in Figure 21. The direct linkage of the "Highway" and
"Rural" emission categories to AO and A1 respectively resulted in a significant decrease in emissions.
The proportion of emissions for AO decreased from 24.8% to 9%, while Al decreased from 28.2%
to 15%. In contrast, urban roads experienced an increase in emissions due to the reassignment of
urban emissions from COPERT. For information, the new distribution of the NOx emissions by road
hierarchy is shown in Appendix I. A3 now holds the leading position, rising significantly to 30% of
the total emissions. It is followed by A2 and AS, each contributing 19% to the total emissions, then
Al, AO, and A4.
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Figure 21: Impact of road refinement on NOx emissions distribution across the road hierarchy of
MusSti in 2022.
AO: Highway = Al :Rural = A2-AS5: Urban road

Distribution of NOx emissions [%]

o

The Figure 22 presents the contribution of each vehicle type to the emissions within each road hi-
erarchy. In terms of proportion, all road hierarchies exhibit the highest NOx emissions from light
vehicles, with AO having the highest contribution. The A1l hierarchy shows the largest proportion of
emissions from utility vehicles. For the bus category, the A2-AS5 hierarchies have the greatest share
of their emissions from this vehicle type. Finally, when combining the two types of heavy trucks, A0
shows the highest emission contribution from this category of vehicles.
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Figure 22: Distribution of NOx emissions by vehicle type in the different road hierarchies in 2022

5.1.2 Changes of the distribution of NO, concentrations among road hierarchies

Using the output data provided by SIRANE at the end of a simulation, it is possible to spatially project
the annual average NO; concentration in Brussels, as illustrated in Figure 23. This map is the result of
road data refinement and calibration performed for 2022. Outside the urban center, concentrations are
lower, approaching background levels, particularly visible in the south within the Soignes Forest. The
average concentrations in 2022 for each road type are presented in Table 13, along with a comparison

without road refinement. Concentrations for highways (A0O) and rural (A1) roads have lowered by
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18.38 and 2.55 ug/m3, respectively. Inversely, A2-AS5 hierarchies have increased overall, in ascending
order: A5 < A4 < A2 < A3.

Table 13: Impact of refinement changes on the average NO, concentration for each type of road in
2022. The "Relative change" category calculates the percentage change by first subtracting the
background concentration

A0 Al A2 A3 A4 AS

Without refinement [ug/m3] | 48.35 24.01 21.69 19.73 19.07 16.40

With refinement [pg/m3] 2997 2146 2476 2254 21.02 1698

Relative change [%] -48.94 -19.28 28.15 31.44 2355 10.35

The ’Relative change’ category summarizes the average impact of these changes, while Figure 24
visually represents these changes spatially. The decrease in concentration for highways was particu-
larly significant, shown in dark blue, while A1 experienced a lighter decrease, depicted in light gray
and light blue. However, road refinement increased the NO, concentration of A2-AS roads. Changes
due to road refinement are therefore similar for NOx emissions and NO; concentrations. Classifying
the hierarchies based on the relative changes in emissions distribution, the order from most to least
impacted is A0, A3, A2, A4, Al, and AS.

In summary, the road refinement resulted in a significant decrease in NOx emissions for AO and Al
roads in 2022. In contrast, urban roads, experienced an increase in NOx emissions, particularly A3
now holding the leading position, followed by A2 and AS. Similarly, concerning NO; concentrations,
the road refinement led to a marked decrease for AQ (very significantly) and Al. Conversely, the
other roads (A2-AS5) experienced an increase in NO, concentrations, with AQ maintaining its leading
position, followed by A2 and A3.

5.2 Validation of model calibration

As detailed in Section 4.5.1, a calibration of NOx emissions was carried out for the 2022 NOx emis-
sions inventory. Through this process, coefficients of 1 for NO, emissions and 0.75 for NO emissions
were determined. Therefore, all NO emissions from traffic and tunnels, both from the 2022 inventory
and projection emissions, will be multiplied by 0.75 to account for traffic emission biases. Here, a

qualitative and quantitative analysis of this calibration is presented.

5.2.1 Qualitative analysis

Figure 25 compares the NO;, concentrations, after road refinement and calibration, from the model
with the measurements obtained at all 12 stations, presenting the average weekly profile for the year.
Additionally, for more information on the calibration results, see Figure J.1 for a density histogram
and Figure J.2 for a comparison of the ratio of modeled to measured values against a perfect model.

Figure J.4 presents a comparison of measured concentrations with modeled concentrations for each
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Figure 23: Annual NO; concentration of 2022 calibrated and with refined NOx emissions among road
hierarchies

NQO- relative concentration difference [%]

Figure 24: Changes in annual NO; concentrations due to road refinement between MuSti and COPERT
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station. Figure J.3 contains box plots for the different stations, offering a visual representation of the

distribution of predictions relative to actual measurements.
Influence of hour and day on concentrations

In Figure 25, the stations are arranged according to traffic influence, gradually increasing from the top
to the bottom of the figure for simplicity. At the top of the graph, stations such as Uccle and Berchem-
Sainte-Agathe show the lowest NO, concentrations, while the last station at the bottom right, Regent,

represents a very high traffic influence.

Uccle (41R012) Berchem-Ste-Agathe (41B011) Park Meder-Over-Heembeek (4 1MEU1)

R VoV VN VAN VN O N AANAPAAANA e VN N YN YN P

Parliament UE (41B006) Avant-Port (41N043) Molenbeek (41R001)

2

]
o

ftamimonc s MMM PAAAAA AN

Ste-Catherine (41B004) Ixelles (41R002) Ganshoren (41CHA1)
MM M M M
SN VN VN OV VN VS S I R VA VAR VAR VR VWS BN AV AV Y SV S
Belliard {41B008) Arts-Loi (41B001) Regent (41REG1)

NO; concentration [pg/m?]
g

2

ded\uwﬂuﬁj\v/\/\ JM\JM\JM\I*‘”\JM\/'V\ MMMMPMEAA

[*]
L]

SIS R S Y RN, G o B P @ B P~ S R - N
& P & & F & S P F & P P
R OQ‘.'J 4&\ <& 09@ ¥ KU OQ‘.'J @Q\ <& 09@ ¥ K ‘&oqa 4\\‘) <& o?@ o
Day of the Week
— Model Measure

Figure 25: Average weekly profiles of NO, concentrations measured and modelled at the 12 stations in
the measurement network in 2022
Traffic influence — Very low : Uccle, Berchem-Ste-Agathe Low : Park Neder-Over-Heembeek,
Parliament UE Moderate : Avant-Port, Molenbeek, Ste-Catherine High : Ixelles, Ganshoren,
Belliard, Arts-Loi Very High : Regent

This weekly average representation helps avoid the influence of random parameters such as weather
conditions, construction work affecting traffic flow, etc. In the profile, two peaks in concentration are
visible for each day, representing morning and afternoon rush hours. Similarly, concentrations are
lower on Saturdays and Sundays compared to other weekdays due to the decrease in the number of

vehicles on the road.

Overall, Figure 25 shows that after the road refinement and calibration, the modeled concentrations
generally align well with measured concentrations, particularly for low traffic stations. Low-traffic
stations like Uccle and Berchem-Ste-Agathe, as well as all the other stations at concentrations between
0 to 20 ug/m3, follow the measurement curve particularly well, although Uccle tends to slightly over-
estimate. However, as traffic influence increases, the discrepancy between the two curves becomes

more pronounced. For Regent and Ganshoren, the model consistently underestimates concentrations
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in the weekly profile, while for Belliard and Ixelles, the model overestimates during high traffic pe-
riods. Arts-Loi is the high-traffic station where the peak concentrations modeled align most closely

with measurements, while its lower concentrations are underestimated.

5.2.2 Quantitative analysis

The Table 14 presents the various statistical indicators used to validate modeled emissions compared
to the monitoring stations measurements, as explained in Section 4.5.2. Overall, the model is assessed
acceptable both for Hanna & Chang criteria and for European Commission criteria (FAIRMODE)
[107] [108].

Table 14: Statistical Indicators for NO, Measurement Stations: FB, NMSE, FAC2, NAD, MQI;,, and
MQI,. Values not meeting the criteria are highlighted in bold red.

Stations FB | NMSE | FAC2 | NAD | MQI, | MQI,
Molenbeek -0.09 | 0.36 0.74 | 023 | 066 | 0.23
Ixelles -0.11 | 0.27 0.79 | 037 | 0.60 | 0.34
Arts-Loi 0.08 | 0.29 0.79 | 021 | 0.70 | 0.25
Ste-Catherine 022 | 0.33 0.83 | 0.20 | 0.51 0.49
Berchem-Ste-Agathe | -0.09 | 0.35 0.62 | 033 | 040 | 0O.16
Uccle -0.43 | 0.26 0.56 | 037 | 033 | 0.65
Avant-Port 0.13 | 0.33 0.79 | 021 | 0.57 | 0.33

Neder-Over-Heembeek | 0.08 0.39 0.70 0.27 0.49 0.15

Parliament UE 0.25 | 0.36 0.87 | 0.19 | 056 | 0.58
Belliard -0.22 | 046 0.73 | 024 | 0.89 | 0.72
Ganshoren 042 | 0.76 0.57 | 031 | 0.83 1.05
Regent 0.54 | 0.73 0.59 | 0.300 | 0.90 | 1.46

According to the Hanna & Chang criteria, all of these indicators are within the acceptance thresholds
for an urban dispersion model. For the stricter rural acceptance criteria, eight indicators do not meet
the specified limits, in red in FB and NAD columns. For the NMSE and FAC2 indicators, the rural
criteria are met, with all stations having NMSE values below three and FAC2 values above 0.5. The
FB and particularly the NAD indicators are the least adhered to.

Concerning the European Commission (FAIRMODE) indicators, MQI;, and MQI,, the indicators
show significant variations between stations. Despite two stations exceeding the limit for MQI,, in
red in MQI, column from Table 14, the model is accepted under FAIRMODE criteria as the overall
MQO is met since more than 90% of the MQI values are below 1, with an average of 0.83 for MQI},
and 0.72 for MQI, The Regent and Ganshoren stations account for the majority of limit exceedances,

with six of the ten exceedances.
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5.3 COMPARISON OF 2022 NO, CONCENTRATIONS FROM NOX EMISSIONS SCENARIOS AND
INVENTORY EMISSIONS

In summary, the modeled concentrations—after road refinement and calibration—generally align
well with the measured concentrations in areas and times of low traffic. However, they exhibit greater
deviations in high-traffic areas. Additionally, the model is deemed acceptable according to both Hanna
& Chang and the European Commission’s statistical criteria (FAIRMODE).

5.3 Comparison of 2022 NO, concentrations from NOx emissions scenarios

and inventory emissions

Before examining the projected concentrations for future years such as 2030 or 2035, a comparison
of the baseline concentration levels of the three scenarios (BASE, WEM, WAM) against the actual
concentrations recorded in 2022 was conducted. The objective of this step is to determine which
scenario the year 2022 most closely resembles. Additionally, the purpose of this comparison is to
observe whether the projections of NO; concentrations derived from NOX emissions projections that
are based on the 2019 inventory data remain relevant or have become outdated. Figure 26 presents
the difference between the three projection scenarios and the NO; concentrations measured in 2022.
Table 15 shows the percentage of areas occupied by different concentration intervals for the three
maps in Figure 26.
Table 15: Percentage of surface area within different concentration intervals for the three scenarios

shown in Figure 26, representing the absolute difference in NO, concentrations between the three
scenarios in 2022 and the 2022 concentrations based on inventory data.

Surface area [%]
Concentration interval [ug/m3] | BASE WEM WAM
< -0.5 0 274 381
-0.5--0.1 0 9.53 16.72
-0.1-0.1 9.08 69.30 77.56
0.1-0.5 56.80 18.20 1.89
> 0.5 3412 022 0.02

For the BASE scenario, the entire map shows predominantly positive differences, with concentrations
predominantly ranging between 0.1 and 0.5 pg/m3. This indicates more NO;, concentration for the
BASE scenario compared to the 2022 situation, specifically in the city center, while highways and

rural roads have similar concentrations compared to 2022.

Similarly, comparisons to 2022 real data were made for the WEM and WAM scenarios. Overall,
the concentration differences are smaller and exhibit less variation, and the WAM map is closer to
reality, but with a tendency of less NO; concentration than the reality. In addition, there is lesser NO;
concentration in the main roads compared to 2022 for WEM and even more for WAM, as shown in
green in Figure 26. In contrary, in some A2-AS5 roads, WEM particularly and WAM as well are more
polluted than the reality.

In terms of surface area (Table 15), approximately 70% of the concentrations are between -0.1 and 0.1
pg/ms3 for WEM and around 77% for WAM. Appendix K shows a box plot of the NO, concentrations
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in road segments for 2022 for the BASE, WEM and WAM scenarios compared to the simulation with
the real data, also supporting these results.

In summary, the BASE scenario shows higher NO, concentrations compared to the 2022 situation,
particularly in the city center, while concentrations on highways and rural roads are similar to those in
2022. However, the concentration differences are smaller for the WEM and WAM scenarios, with the
latter being even closer to reality, albeit with a tendency towards lower NO; concentrations than actual
measurements. Additionally, NO;, concentrations on main roads are lower in the WEM scenario and

even lower in the WAM scenario compared to 2022.

5.4 Projected NOx traffic emissions and NO; average concentration

Based on the methodology described in Section 4.6.2, Francois Goor working at Bruxelles Envi-
ronnment has provided emission projections for NO and NO; from the traffic sector under BASE,
WEM and WAM scenarios [12]. Furthermore, the emissions projections have also been broken down
by vehicle type, fuel type, Euro Standard, and vehicle size and are shown in Appendix L. Using
these emissions, projections of average annual NO; concentrations—a key result of this master’s the-
sis—were made following the methodology described in Section 4.8, for the years 2022, 2025, 2027,
2028, 2030, 2033 and 2035. These NO, concentration projections can thus be analyzed and com-
pared with the NOx emissions. Then, the specific impacts of the LEZ 5.4.2 and Good Move 5.4.3 are
quantified.
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Figure 26: Difference between the various projections (BASE, WEM, WAM)
and the NO; concentrations based on inventory data for the year 2022
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5.4 PROJECTED NOX TRAFFIC EMISSIONS AND NO> AVERAGE CONCENTRATION

5.4.1 Emissions and concentration projections and overall trends

Figure 27 shows NO; and NO emissions projections from 2019 to 2040. Line graphs in Figure 28
project spatially averaged annual NO; concentrations from 2022 to 2035, derived from these emis-
sions. Bar graphs depict the relative difference of WEM compared to BASE and the additional relative
difference of WAM compared to BASE, excluding the background concentration set at 10.8 pg/m3.
Raw and detailed data on emissions and concentrations are also available in Appendix M.

Despite differences in magnitude and units, the trends across the Figures 27 and 28 are very similar.
In these three Figures, the BASE scenario shows a steady decrease in NOx emissions and NO; con-
centration. In contrast, under the WEM and WAM scenarios, emissions and concentration trajectories
show abrupt decreases, particularly before the years 2025, 2028, 2030 and 2035.

From 2022 to 2035, NO emissions in the BASE, WEM and WAM scenarios will fall by 72%, 93%
and 96% respectively, while NO, emissions will drop by 90%, 98% and 98% respectively. Over the
same period, NO, concentrations are reduced by 26% for BASE and 30% for both WEM and WAM.
The correspondence between NOx emissions and NO; concentration is clearly illustrated in Appendix
N, where the curves of emissions and concentrations are plotted on the same graph. The relationship
between emissions and concentrations, as derived from the emission projections data and simulations,

can be quantitatively described by the following empirical model (eq. 25):

Cav = 12.693 +0.0037 x Enox (25)
where C,y represents the average NO; concentration in pg/m3, and Exox represents the NOx emissions
in tons. Although this is not a real equation since the units do not directly correspond, this empirical
relationship provides a highly accurate fit to the data, with an R> value of 0.999. This relationship

holds under the assumption that all other variables introduced in this master’s thesis remain constant.
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Figure 27: Annual NOx Emissions Projections in Brussels. Data source : [12]
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Figure 28: Projections of annual NO, concentrations in Brussels (2022-2035). The lines represent the
projected evolution of annual NO, concentrations in Brussels from 2022 to 2035 for the BASE, WEM,
and WAM scenarios. The red bars show the yearly relative difference in concentration between the
WEM and BASE scenarios, excluding background concentration. The green bars on top represent the
additional relative difference for the WAM scenario compared to BASE, also excluding background
concentration.

5.4.2 LEZ effects on NO; concentration

Evaluating the effectiveness of policies is crucial not only at the end of their implementation but
throughout their duration. The LEZ measures (covered in WEM and not in BASE scenario) aim
to accelerate improvements in the vehicle fleet, achieving air quality benefits earlier than the BASE
scenario. Therefore, assessing air quality improvements before 2035 and identifying key moments of
policy impact is essential.

As shows Figure 28, in the BASE scenario, the decrease in NO; concentration slows over the years,
ranging from -0.65 to -0.14 ug/m3 per year. The WEM scenario follows a similar trend but shows
stronger and abrupt decreases before 2025, 2028, 2030 and 2035. Its absolute reductions range from
-0.073 pg/m3 in 2034 to -1.29 pg/m3 in 2025. These abrupt decreases diminish over time, and the
reductions in the intervening years are less significant than in the BASE scenario.

From 2022 to 2035, the NO, concentration in the WEM scenario is on average 1.18 pg/m3 lower
than in the BASE scenario, ranging from 0.57 pg/m3 to 1.58 pg/m3. The smallest differences are
experienced in the early years, while the largest differences occur between 2025 and 2030, particularly
in 2025, 2028, and 2030. The difference then decreases, with a notable peak still observed in 2035.

The relative difference of WEM compared to BASE, excluding background concentration (referred
to as the "relative difference"), is shown in the red bars in Figure 28. It shows that the WEM scenario
helps reduce NO; concentration, by 6.82% to 37.48%, with the highest effectiveness observed in
2035. Overall, this relative difference tends to increase over time. Looking at the years with the
biggest jumps in relative difference compared to the previous years, 2025 shows the greatest increase
with a 13% jump compared to 2024, followed by notable increases in 2035, 2028, and 2030 (in
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descending order).

5.4.3 Additional Good Move mileage ambition effects on NO; concentration

What is noticeable when looking at the emissions and concentrations graphs in Figures 27 and 28 is
the small difference between the WEM and WAM (which includes Good Move measures not covered
in WEM) scenarios. On average, from 2022 to 2035, the reduction in NOx emissions from BASE
to WEM is 7.9 times greater compared to the reductions from WEM to WAM. While for NO, con-
centrations, this difference is even greater, with BASE to WEM reductions being 8.6 times greater
than those from WEM to WAM. Annually, the LEZ contributes to an average reduction of 1.18 ug/m3
(a 24.2% relative reduction) in NO; concentrations compared to the BASE scenario, while the Good
Move policy adds an additional 0.15 pg/m3 (an additional 2.93% relative reduction) reduction per year
on average. Annually, the LEZ reduces the concentration of NO) by an average of 1.18 pug/m3, which
is a relative decrease of 24.2% compared to the BASE scenario. Additionally, the Good Move policy
further lowers the NO, concentration by an average of 0.15 pg/m3 annually, amounting to an extra
2.93% reduction. Due to this small difference, the overall trends of decreases and differences with the
BASE scenario are similar to WEM.

The absolute difference in NO; concentrations between WAM and WEM gradually increases, peaking
at 0.22 pg/m3 in 2028, then slightly decreases. Relative to WEM, WAM shows a 1.54% reduction in
concentration in 2028. The additional relative difference of WAM compared to BASE, excluding
background concentration, is shown in the green bars in Figure 28. This illustrates the effectiveness
of the Good Move policy, ranging from 0.63% to 4.21%, with the highest value in 2028. From 2022
to 2035, the WEM scenario consistently achieves higher effectiveness percentages compared to the

WAM scenario, being 8.2 times higher on average.

In summary, the trends of NOx projected emissions and NO; projected concentrations are very sim-
ilar. The BASE scenario shows a steady decrease. In contrast, under the WEM and WAM scenarios,
emissions and concentration trajectories show abrupt decreases in 2025, 2028, 2030 and 2035. These
abrupt decreases diminish over time. From 2022 to 2035, the LEZ is projected to reduce NO; concen-
trations by 1.18 pug/m3 on average compared to BASE (24.2% excluding background concentrations).
Good Move’s additional impact is eight times smaller than LEZ’s impact, contributing a further re-
duction of 0.15 pug/m3 on average (amounting to an extra 2.93% reduction), with a maximum decrease
in 2028.

5.5 Difference in concentration between road hierarchies

As SIRANE provides spatialised data, it is possible to analyze both the differences in NO, concen-
tration and how these concentrations change over time among different road categories. Figure 29
presents the projected mean concentrations for the different road hierarchies from 2022 to 2035 under
the WEM scenario. Similar graphs for the BASE and WAM scenarios can be found in Appendix O.
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5.5.1 Overall trends

All road hierarchies from all three scenarios show similar trends, as discussed in Section 5.4.1: a
steady decrease in concentrations over time, with the rate of decrease gradually slowing, and sharp
reductions specifically for the WEM and WAM scenarios. However, the differences between road

hierarchy in terms of decrease over the years and comparison with the BASE scenario can still be
analyzed.
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Figure 29: Projections of annual NO, concentrations in Brussels by road hierarchy under the WEM
scenario (2022-2035).

There is a gradient in concentration across the road hierarchy from highways (A0O) to local roads
(A5) in 2022, the base year. Concentrations are highest on A0 roads, ranging from 28.3 to 30.1
pg/m3 depending on the scenario. Following this gradient, the lowest concentrations in 2022 are
found on A5 roads, with levels between 16.9 and 17.4 pg/m3. It is worth noting that A1 roads are an
exception to this pattern, with lower concentrations than A4 roads. Additionally, for all scenarios, the
regional average is close to and slightly above the A5 concentrations, the hierarchy with the lowest
concentration, following a similar curve throughout the years.

5.5.2 BASE scenario

In the BASE scenario, showed in Appendix O, the mean concentrations for all road hierarchies de-
crease and converge to between 13.7 and 16.2 ug/m3 by 2035, maintaining the same ranking of con-
centrations among the road types over the years. AQ roads exhibit the steepest overall decline in
concentrations, with an average decrease of -1.07 ug/m?3 per year. This is followed by A2, A3, and Al
roads, all of which have similar slopes with an average decrease of -0.65 pg/m3 per year. A4 and AS
roads show the least steep declines. The differences in the rates of decrease are more pronounced in
the early years compared to the later years.
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5.5.3 WEM scenario

The absolute and relative differences of WEM compared to BASE, excluding background concentra-
tion, averaged between 2022 and 2035, can be found by road hierarchy in Table 16. Overall, roads
classified as AQO are the most impacted by the policy, with an average absolute difference of -3.18
pg/m3/year and a relative difference averaging 32.9% compared to BASE. Roads classified as A4 and
AS have the least impact in terms of both absolute and relative differences. Roads classified as Al,
A2, and A3 fall between AO and A4/AS, with their rankings varying based on absolute or relative
differences.

However, there are variations over the years between the road hierarchies. From 2022 to around
2028-2029, the trends reflect the overall pattern: AO roads show the most significant differences, with
reductions approximately twice as much as other hierarchies, while A5 roads decrease by about half
as much. Notably, in 2027, A0 roads become less polluted than A2 roads. After 2028-2029, roads
classified as A2 to AS continue to experience significant differences, especially in 2030 and 2035,
aligning with the regional averages shown in Figure 28 (red bars). In contrast, the reduction for AO
roads diminishes significantly after 2028-2029, unlike A2 to AS. Roads classified as A1 show trends
between those of A0 and A2 to AS, with a relatively consistent decrease. By 2031, A2 roads become
less polluted than A0, and by 2032, A3 roads become less polluted than A4.

Table 16: Absolute and relative differences in concentration due to LEZ (WEM scenario compared to

BASE scenario) and the additional absolute and relative differences due to Good Move (WAM scenario

compared to BASE scenario, excluding the LEZ impact) by road hierarchy per year, averaged between
2022 and 2035.

A0 Al A2 A3 A4 A5 | Region

LEZ absolute
-3.18 -1.85 -2.61 -225 -1.83 -0.97 -1.18

impact [pg/m3]
Good Move absolute

-0.18 -0.16 -0.32 -0.29 -0.23 -0.12 -0.15
additional impact [ug/m?]

LEZ-induced reduction
(Excl. Background) [ %]

329 319 30.6 325 289 236 242

Good Move reduction

(Excl. Background) [ %]

196 256 3.64 385 343 277 293

5.5.4 WAM scenario

Since the WAM scenario is very similar to the WEM scenario, the concentration decrease over the
years follows a similar pattern, primarily driven by LEZ. The difference in concentration between
WEM and WAM follows the same trend for all road hierarchies as the average concentration discussed
in Section 5.4.1, slightly increasing, peaking in 2028, and then slightly decreasing.

The absolute difference of WAM compared to BASE, excluding LEZ impact per year, averaged over
the time period to assess Good Move impact, is shown in Table 16. This difference is greatest for
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A2, following the gradient: A2 > A3 > A4 > A0 > Al > A5, with the maximum difference in 2028
ranging from 0.46 pg/m3 for A2 to 0.18 ug/m3 for AS.

The additional relative difference of WAM compared to BASE, averaged per year between 2022 and
20335, is also shown in Table 16 to evaluate policy effectiveness. Each road hierarchy follows the same
trend as the average concentration, with additional reductions ranging from 1.96% for A0 to 3.85%
for A3, following the gradient A3 > A2 > A4 > A5 > Al > A0O. Comparing this additional relative
difference of Good Move to the relative difference of the LEZ for each road hierarchy shows that the
impact of LEZ is 8 times larger than the impact of Good Move for A2 to A5, 12 times larger for Al,
and 18 times larger for AO.

In summary, all road hierarchies exhibit similar trends over time for each scenario: a consistent
decrease in NO; concentrations, with the rate of reduction slowing over time and more pronounced
decreases observed in the WEM and WAM scenarios. In 2022, the baseline year, there is a gradient
in concentration across the road hierarchy, with highways (A0) recording the highest and local roads
(A5) the lowest concentrations. The reduction in concentrations over time is proportional to this
gradient, both for the BASE scenario and the overall impact of the LEZ. Specifically, the LEZ has
the most significant impact on A0 roads, particularly between 2022 and 2030. Additionally, the Good
Move plan predominantly affects A2 and A3 roads.

5.6 Difference in NO, concentration between the three scenarios for 2028

In the Section 5.4, Figure 28 illustrated the evolution of NO, concentrations over the years, with the
percentage relative reductions achieved by WEM and WAM over time. Notably, 2028 showed the
highest absolute reduction both for the LEZ and for Good Move.

To quantify the spatial impact of WEM and WAM for this year, Figures 30 and 31 were created,
representing the relative reduction. Again, the background concentration was subtracted before mak-
ing the difference between the projections. Visually, the smallest reductions are observed on the city
periphery, with increasing reductions towards the center. Mostly, the reduction is significantly more
important for WEM (the LEZ) than the additional reduction of WAM (Good Move), as illustrated in
Table 17, which provide data on the surface area affected by different ranges of reductions. WEM is
primarily focused on the main roads, as can be seen from the maps highlighting the main arteries of

Brussels, while the additional impact of WAM is more widely distributed across the region.

For WEM, reductions are mainly concentrated between 5% and 30%, impacting 90% of the surface
area compared to BASE. Regarding WAM, the additional reductions are mostly between 1% and
4%, impacting more than 80% of the area. Higher reduction intervals cover a smaller proportion of
the surface area, primarily corresponding to highways and tunnels. The locations of all tunnels are
detailed in Figure E.3.

In summary, 2028 exhibited the most substantial absolute reduction in NO; concentrations for both
the LEZ and Good Move initiatives. However, the reduction was significantly greater for WEM (the
LEZ), particularly on the main arteries, while the additional reduction from WAM (Good Move) was
smaller and more dispersed across Brussels.
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Table 17: Distribution of the area occupied by different relative reduction intervals in 2028

Difference between WEM and BASE

Difference between WEM and WAM

Reduction interval [%] | Surface area [%] —
Reduction interval [%] | Surface area [%]

0-5 0.98
0-0.5 0.00

5-10 10.95
05-1 5.67

10-15 12.38
1-2 14.41

15-20 23.66
2-3 29.34

20-25 27.00
3-4 35.43

25-30 16.62
4-5 12.56

30 - 40 7.89
5-75 2.60

40 - 50 0.51

5.7 EU 2030 compliance

In this section, compliance with the EU 2030 NO, concentration thresholds is evaluated for each
scenario in 2030, covering annual, daily, and hourly thresholds (Section 5.7.1). To illustrate where
exceedances occur, maps of NO; concentrations for each scenario in 2030 are presented (Section
5.7.2). The evolution of these exceedances from 2022 to 2035 by scenario is analyzed in Section
5.7.3, examining patterns across different road hierarchies and providing a detailed follow-up in Sec-
tion 5.7.4. Analyzing the exceedances for the 2030 threshold in years prior to its enforcement is
insightful. This approach allows to consider the possibility that the model might be overly optimistic
(or pessimistic), projecting overly significant reductions in concentrations. Consequently, the actual
conditions in 2030 might more closely resemble the modeled scenarios for earlier years (or later
years), rather than the overly optimistic (or pessimistic) projections for 2030 itself. It is important to
note that to take account of meteorological variability, the length exceeding 19.5 ug/m3 was consid-

ered to exceed the threshold as explained in Section 4.7.

5.7.1 Compliance of EU annual, daily and hourly thresholds in 2030

The Table 18 shows the proportion of street length projected to exceed the EU annual threshold in
2030, broken down by road hierarchy and scenario. In 2030, 13.3% of the street length exceeds the
threshold in the BASE scenario, which decreases to 1.74% with WEM and further to 0.74% with
WAM. While A0 and A2 have a higher proportion of streets exceeding the threshold in the BASE
scenario, A2 and A3 dominate in the WEM and WAM scenarios. The 2022 exceedance of the current
threshold of 40 pg/m3 (based on real data) is comparable to the projected overall compliance with a 20
pg/m3 threshold in the WAM scenario for 2030. The exceedance in 2022 is greater than the projected
exceedance for 2030 under both WEM and WAM scenarios for AO and A1l roads, but lower for the

other hierarchies.
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Figure 30: Percentage relative difference in NO, concentration between WEM and BASE scenarios for
the year 2028
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Figure 31: Relative additional impact of WAM compared with WEM using the BASE scenario as a
reference for the year 2028
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Table 18: Portion of street length and corresponding distances exceeding the EU annual threshold of
20 pg/m3 for BASE, WEM, WAM by road hierarchy in 2030, and 40 ug/m?3 in 2022.

Portion of street length exceeding A0 Al A2 A3 A4 A5 Total Distance
20 pg/m3 [%] [km]
BASE 452 11.7 413 313 246 32 133 403
WEM 0.08 0.11 6.15 8.11 1.73 0.06 1.71 52
WAM 0.08 0.00 244 373 057 0.03 0.74 23

Portion of street length exceeding
40 pg/m? [%]
2022 real data

-
A0 Al A2 A3 A4 A5 Tota Jmstance
[km]

210 0.69 225 338 046 0.02 0.93 28

Analysis can also be conducted regarding the hourly and daily limits; however, no spatialized data

are provided by SIRANE for these limits, only data from the 12 station measurement locations. The
hourly limit value of 200 pg/m3 set by WHO and the EU for 2030'? was respected at all stations in
2022 and is projected to be respected for all three scenarios through 2035. Regarding average daily
limits, the EU will set a concentration of 50 ug/m?3 in 2030'3, and the WHO sets 25 pg/m3!4. Figure
32 shows the trend in the number of exceedance days for these values at the monitoring stations.
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—— VEM
—— ViaM

A A N M
= Bl ] 5] =
2 = =] B =

Number of days exceeding 25 ug/m? [days]

=

2022 2025 2028 2030
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Limits of exceedance days
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-8 WEM
—— WAM
Limits of exceedance days
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Number of days exceeding 50 pg/m? [days]
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Figure 32: Evolution of the number of exceedance days for WHO and 2030 EU limits for the different
scenarios over the years. a) WHO regulations B) EU regulations

For the EU limit, all three scenarios comply, with the BASE scenario showing 4 exceedances com-
pared to 2 exceedances for both WEM and WAM. Notably, by 2025, both WEM and WAM already

comply with EU regulations.

12with a maximum of 3 exceedances/year for the EU by 2030
Bwith a maximum of 18 exceedances/year for the EU by 2030

l4with a maximum of 4 exceedances/year
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Regarding WHO regulations, none of the scenarios meet the limit in 2030 despite a significant reduc-
tion in exceedance days. The BASE scenario shows 178 exceedance days, while WEM and WAM

have 58 and 53 days, respectively, far from the four exceedances permitted.

5.7.2 Map assessment of NO; trends in 2030

Figure 33 illustrates the NO, concentration landscape in Brussels for the three projections. The
concentration intervals are consistent across the maps to facilitate comparison. Visually, the WEM
and WAM scenarios show similar distributions with a comparable reduction in NO, levels, while
the BASE scenario maintains higher concentrations, still highlighting major roadways such as the
pentagon.

This observation is corroborated by Table 19, which presents the percentages of areas occupied by
NO; concentration intervals. The trend in the WEM and WAM scenarios indicates that more than
90-95% of the area would have concentrations below 16 ug/m3, with less than 1% exceeding 20
pg/m3. In contrast, the BASE scenario shows less favorable outcomes, with only 69% of the area
below 16 ug/m3 and more than 3.42% exceeding the regulatory limit of 20 ug/m3. Overall, the same
conclusions can be drawn as in the previous sections, with a greater adherence to the EU thresholds
for 2030 observed in the WEM scenario, and an even higher compliance noted in the WAM scenario.
The percentage exceeding 20 pug/m3 is lower than that shown in Section 5.7.1, Table 18, because this
analysis considers the entire map of the region, including open spaces. In contrast, the percentage in

Section 5.7.1 represents the percentage among streets.

Table 19: Surface representation for the 3 scenarios for each of the concentration ranges used in Figure
33. The term “Max” represents the maximum value of the maps.

Surface area [%]
Concentration range [ug/m3] | BASE | WEM | WAM
13- 14 13.59 | 31.69 | 37.78
14-16 55.03 | 62.68 | 58.19
16-18 2277 | 4.18 | 3.05
18 -20 5.19 | 0.99 0.7
Max - 20 342 | 046 | 0.28

Additionally, it is noteworthy that the highest values are primarily due to tunnels, which form a cone

of high concentration values, particularly visible on the WEM and WAM maps.

For additional information, the spatial evolutions of concentration maps for the three scenarios during
key LEZ years (2022, 2025, 2028, 2030, 2035) aree available in Figures P.2, P.3, and P.4 for BASE,
WEM and WAM respectively.
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Figure 33: Average annual NO; concentration for the different scenarios for the year 2030
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5.7.3 Opverall trends and comparisons between scenarios

Figure 34 shows the total street length (km) and the percentage of the total street length in Brussels
that exceeds the EU 2030 threshold of 20 pg/m3 annually from 2022 to 2035. This graph is broken
down by scenario and by road hierarchy. Note that the time steps are irregular, as the data come
from the specific years when the simulations were conducted. Out of 3029 km of roads, in 2022, the
percentages of roads exceeding the threshold are 48.4% for BASE, 43.7% for WEM, and 42.8% for
WAM. The simulation with the inventory data from 2022, calibrated, indicates that 43.4% of roads
exceed the future standard of 20 pug/m3, which is closer to what the WEM scenario predicted. All
scenarios consistently decrease the length of roads exceeding the threshold over the years, reach-
ing 13.3% (403 km), 1.71% (52 km), and 0.74% (22.5 km) by 2030 for BASE, WEM and WAM

50%

BASE . .
S Road hierarchies
1400 WEI\\;IVAM [ AO - Highway

E [ A1l - Metropolitan Road

L O/, r—
= 1200 =1 A2 - Main Road 40% g
mg [ A3 - Interdistrict Road =
§ 1000 NN A4 - District Collector "é\
o Il AS - District Road 309 2
< T
2 800 2
E 5
¢ 600 120% &,
) 8
(O] c
S 400{ L O
) @
o m 110% o
2 0] MMM H

0 ' , , -0%
2022 2025 2027 2028 2030 2033 2035

Year

Figure 34: Street length distance and percentage of total distance exceeding the future EU threshold of
20 pg/m3 (effective from 2030), for the years simulated in SIRANE. For each year, the left bar
represents the BASE scenario, the middle bar represents the WEM scenario, and the right bar represents
the WAM scenario. Each bar is further broken down by the contributions of different road hierarchies.

Overall, WEM decreases much faster than BASE between 2022 and 2025 (9% per year compared
to 5% per year), and then decreases less rapidly, as it has already quickly achieved low levels of ex-
ceedance. When considering the total percent of street length that exceeds the threshold in BASE and
comparing it to the levels reached by WEM, the number of years by which BASE lags behind WEM
increases over time. Initially, BASE is one year behind WEM. By 2030, the 13% exceedance level
reached by BASE is four years behind WEM, which is expected to achieve in 2026. By 2035, BASE
is six years behind, as the 4% exceedance level was attained by WEM in 2029. Therefore, the levels
achieved by WEM starting in 2030 are not reached by BASE within this period. Concerning WAM,
it decreases approximately at the same rate as WEM but has fewer exceedances mostly because it
started with fewer exceedances in 2022. From 2026 to 2029, WAM has the greatest impact compared
to WEM regarding the length of exceedance. During that period, the difference in exceedance length

70



5.7 EU 2030 COMPLIANCE

between WEM and WAM is 47 km, which is 1.6% of the total street length.

5.7.4 Breakdown per road hierarchy

In 2022, the total road kilometers exceeding the threshold are primarily from AS (37% for both
WEM and WAM), followed by A3 (23% for both WEM and WAM), with the other hierarchies each
representing about 10% of the total, as shown in Figure 34. Initially, AS and A3 have the greatest
share of kilometers exceeding the threshold. However, over the years, the relative proportion of A3
exceeding the threshold increases significantly, while the relative proportion of A2 also increases,
but to a lesser extent. However, when analyzing the percentage of total kilometers within each road
hierarchy that exceed the threshold in 2022, as illustrated in Figure 35, it can be observed that 26% of
AS kilometers exceed the threshold. This is considerably lower compared to other hierarchies, where
the percentage is above 60%, reaching up to 96% for A0, as shown in Figure 35. This difference can
be explained by the fact that A5 comprises the largest share of total road kilometers at 62%, followed
by A3 at 14%, with AO, A1, A2, and A4 each contributing between 4% and 9%.
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Figure 35: Proportion of street length exceeding the future EU threshold of 20 ug/m?3 within each road
hierarchy. The vertical line marks 2030, the year when the threshold will take effect.
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For WEM and WAM, all hierarchies except AQ experience the greatest decrease between 2022 and
2025. A2, A3, and A4 also show significant decreases between 2028 and 2030. AO has the most
substantial decrease, with 67% of its roads transitioning from exceeding to not exceeding between
2025 and 2027. Between 2022 and 2025, A1 shows the greatest difference compared to BASE, with
32% of its kilometers exceeding in BASE but not in WEM. Overall, AO shows the most significant
difference between BASE and WEM, particularly between 2026 and 2030, with 40% to 88% of its
kilometers exceeding in BASE but not in WEM by 2028. The gradient of the annual difference in
percentage excess kilometres between BASE and WEM is the same as the gradient of the absolute
difference: A0 > A2 > A3 > Al > A4 > AS. A significantly low level of exceedance (<5%) within
their road hierarchy is achieved the quickest by AS (2025), followed by A0 (2027), Al (2028), A4
(2029), and A2 and A3 (2030) for WEM.

Concerning WAM, the reductions in exceedances are greatest for A2, with an average between 2022
and 2035 showing that 3% of the kilometers belonging to A2 that exceed in WEM do not exceed in
WAM. The gradient of reduction compared to WEM is A2 > A3 > A4 > A1 > A5/A0, with AS and
AO both at 0.4%.

In summary, the adherence to the future EU annual NO, threshold of 20 pg/m3 in 2030 is generally
observed in the WEM scenario, with only 1.74% exceedance, and even better in the WAM scenario,
which shows a 0.74% exceedance. In contrast, the BASE scenario presents a less favorable outcome,
with a 13.3% exceedance. However, none of the scenarios can meet the annual WHO limit in 2030, as
the background concentration—unchanged from 2022—already exceeds this threshold. Exceedances
in 2030 are predominantly observed on A3 roads across all scenarios. Analyzing the percentage of
kilometers exceeded within each road hierarchy, A3 roads show the highest exceedances for both the
WEM and WAM scenarios. For the BASE scenario, A0 records the greatest exceedance. A2 roads
rank second in terms of exceedances for all scenarios. For average daily limits, all scenarios comply
with the EU’s 2030 threshold before 2030, but none meets the WHO daily limit in that year. The
hourly limit value set by both WHO and the EU for 2030 is respected at all monitoring stations in
2022 and is projected to be maintained through 2035 under all three scenarios.
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6 Discussion

6.1 Impact of road refining

In Section 5.1, the shift in NOx emission attribution from COPERT to MusSti significantly impacted
NO, concentrations across different road hierarchies. Highways (A0O) and rural roads (A1) saw de-
creases in NO, concentrations of 50% and 20%, respectively, while urban roads (A2 to AS5) experi-
enced a 23% increase. This change reflects the road refinement process’s aim to accurately assign
real emission factors to corresponding road types, indicating lower emission factors for AQ and Al

and higher ones for urban roads.

Figure 36 illustrates that NOx emissions increase at low speeds, typical of urban driving, and at high
speeds, common on highways. This explains the higher emission factors assigned to the A2-A5 urban
roads, which operate at 30 km/h. Additionally, the Cold Start’ mode, which leads to higher emissions
due to cooler engine temperatures, was exclusively assigned to A2-AS roads by COPERT, under the
assumption that vehicles on AO and A1 roads maintain optimal temperatures. The emission factors
for A1 roads, typically set at speeds of 50-70 km/h, can also be explained by the speed-dependent
emissions factor using Figure 36. However, contrary to theoretical expectations of higher emissions
on highways (A0), COPERT data shows unexpectedly lower emission factors for AO compared to Al
for most vehicle types, a discrepancy that remains unexplained. Figure 36 also shows that the emission
factor for Euro 6 vehicles remains more constant across different vehicle speeds. This suggests that
as the share of Euro 6 vehicles increases in the fleet, the variability in emission factors between road

hierarchies could decrease, if COPERT accounts for it.
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Figure 36: Evolution of the NOx emission factor as a function of speed for different Euro standards.
Source : [14]

6.2 Impact of calibration

In the calibration process described in Section 4.5.1, it was determined that 2022 NO emissions from

traffic and tunnels need to be adjusted by a factor of 0.75 to align with data from measurement sta-
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tions, while NO; calibration coefficient remains unchanged. This contrasts with the previous 2018
calibration by Axel Briffault, following the same methodology, where NO and NO; emissions re-
quired coefficients of 2.6 and 1.4, respectively, to substantially increase the modeled NOx emissions.
Therefore, while the 2018 calibration significantly elevated the emissions estimates, the 2022 adjust-
ments moderately reduce them. Several hypotheses could explain this change, all of which are not

mutually exclusive, with three main ones being considered:

* Hypothesis 1: Between 2018 and 2022, the version of COPERT used underwent significant
updates, correcting bugs and emission factors, to improve its known underestimation [109]
[110] (explained in Section 3.1.1), which therefore likely had a smaller impact in 2022, or it

may have even led to an overestimation of emissions.

* Hypothesis 2: The calibration coefficient of 0.75, being close to 1, could simply be an ad-
justment to address model inaccuracies which don’t perfectly reflect 2022 conditions, notably

within MuSti and COPERT, rather than revealing any significant new trends or discrepancies.

* Hypothesis 3: In 2018, no road refinement was performed prior to calibration, unlike in 2022.
Without road refinement, AO and A1 roads received more NOx emissions, and A2 to A5 roads
received less NOx emissions than estimated by COPERT. The model required a high adjust-
ment coefficient due to more A2-AS5 stations (8) underestimating due to no road refinement
and fewer Al stations (3) in 2018. This hypothesis only explains why the 2018 coefficient is
high and therefore different from the 2022 coefficient, but it does not directly explain the 2022
coefficient.

6.2.1 Qualitative analysis

Asnoted in Section 5.2.1, the modeled NO, concentrations are closer to the measured NO, concentra-
tions in areas and times of low traffic, whereas they deviate more in high-traffic areas. This could be
because traffic emissions introduce greater uncertainty compared to background concentrations, par-
ticularly due to MuSti and COPERT. The validation study in Lyon discussed in Section 4.2.2 noted
the same observation, with a tendency of underestimation of the model however, and made the same
hypothesis about COPERT uncertainty [88]. This is likely the case for the Ixelles station, which is
located in a "perfect" street canyon. This type of environment has been shown to be well modeled by
SIRANE [95]. Therefore, the suspected reason for its overestimation compared to the measurements
would likely be an error in quantifying emissions by MuSti and COPERT. As mentioned earlier,

perhaps COPERT’s corrections to address previous underestimations were overdone.

Moreover, additional different specific types of discrepancies between modeled and measured con-
centrations, discussed in Section 5.2.1 and showed in Figure 25, were observed for the high-traffic
stations Regent, Ganshoren, Arts-Loi and Belliard, as well as the Uccle background concentration sta-
tion. The hypotheses to explain these variations could go beyond the uncertainties of traffic emissions
attributed to COPERT and MuSti.

The two new stations implemented in 2022, Regent and Ganshoren, show a significant underestima-

tion by the model compared to the measured concentrations, contrary to other high-traffic stations.
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The primary suspected reason is the incorrect initial positioning of the coordinates of the two stations
in the SIRANE street network. The station locations, as initially set up in Axel Briffault’s preparatory
work, were inadvertently positioned in the model, a few meters away from the sidewalks where the
monitoring stations are located. This placement put them in the middle of buildings, causing the SIR-
ANE model to calculate concentrations as if the stations were on rooftops. This led to a significant

underestimation of concentrations compared to their true positions on the sidewalks.

For the Arts-Loi station, there is an underestimation of the model for low concentrations, likely due
to its complex position in terms of pollutant dispersion. The receiver is situated between the inner
ring road (a wide street) and Rue de la Loi (a street canyon). Additionally, a very large building near
the intersection affects air flow. All these conditions suggest that the station is an area with complex
air flow, which is problematic as SIRANE has been shown to model these spaces less accurately [95]

as discussed in Section 4.2.2.

For the Belliard station, the minimum concentrations modeled are similar to the measurement curve,
but the daytime peaks are significantly higher. This is also likely due to the complex location of
the monitoring station. It is positioned in a canyon street that opens into an open area a hundred
meters further southeast, with a forest to the south and a shopping center featuring its own tunnels
and complex geometry. Considering all these effects, this station can also be considered as being in a

semi-open space, similar to the Arts-Loi station as discussed in Section 4.2.2.

Lastly, the model tends to overestimate concentrations at Uccle station. The main reason would be
that the background concentration used for the region was calculated at the same location, leading to
an overestimation because SIRANE accounts for both the concentration due to local emissions and

the background concentration.

6.2.2 Quantitative analysis

Considering the explanation in the previous Section 6.2.1 regarding the two high-traffic stations Gan-
shoren and Regent, the decision was made to exclude them from further analysis. As a result of
excluding these two stations, out of the exceedances of the Hanna and Chang statistical acceptance
criteria and MQI from Section 5.2.2, only four exceedances remain across the ten exceedances ob-
tained in Table 14. Furthermore, regarding the EU FAIRMODE criteria, none of the 10 MQIh and 10

MQIy values exceed one. The model is therefore consider ed acceptable for both statistical criteria.

For statistical evaluation, FB and NAD are interesting indicators because they are complementary.
While FB accounts for systematic biases indicating the tendency of overestimation or underestima-
tion, NAD addresses random biases that occur due to unpredictable factors in measurement and mod-

eling processes.

For the Ixelles and Berchem-Ste-Agathe stations, the NAD does not meet the rural criteria (NAD >
0.3), indicating that predictions vary significantly from actual values at certain times, despite these
errors balancing out over the long term—as reflected by their FB being close to 0, which shows no
strong systematic bias. On the other hand, the Uccle station exhibits a systematic bias with a tendency
to overestimate, as indicated by |FB| < 0.3, and a significant random bias (NAD > 0.3), likely due
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to the impact of very low values and minimal changes. However, these stations’ statistical indicators
still conform to the urban criteria and could be considered close to other stations’ results, which could

explain why these differences are not apparent in various graphs.

6.3 Comparison between scenarios and real data in 2022

As discussed in Section 5.3, the three scenarios for 2022 show similarities with the simulation based
on inventory data. This suggests that the emission projections remain relevant up to 2022. Secondly,
the BASE scenario shows higher NO; concentrations than the simulation with inventory data. This
latter simulation is positioned between the WEM and WAM scenarios, with a closer alignment to the
WAM scenario. This observation could indicate that traffic policy measures, notably the LEZ bans
on Euro 0 to Euro 4 diesel vehicles and Euro O to Euro 1 petrol vehicles up to 2022, and the Good
Move’s goals, may have achieved their projected impact.

If the WEM and WAM 2022 scenarios align well with the majority of the simulation using inventory
data, a small portion of the roads, namely all the AO and A1 roads, do not. On highways (A0O) and
rural roads (A1), both WEM and WAM scenarios project lower concentrations than those observed
in the inventory data simulation. In contrast, the BASE scenario tends to more closely reflect reality
on those roads, despite still reporting higher average concentrations than the actual data. This could
be due to the projections in NOx emissions. Table 20 presents the difference in NOx emissions be-
tween the scenarios and the 2022 inventory. The WEM and WAM scenarios predict similar emissions
as assessed in the inventory data for urban roads (A2-AS5), but have lower emissions for highways
(A0O) and rural (A1) roads. This suggests that the impacts of the LEZ on these specific roads were

overestimated, and an adjustment of the projections emissions may be necessary in the future.

Table 20: Percentage difference in NOx emissions between the 2022 inventory and the BASE, WEM,
WAM scenarios for highway (A0), rural (A1) and urban (A2-A5) roads

BASE [%] | WEM [%] | WAM [%]
Highway 0.15 -11.22 -11.66
Rural 0.16 -12.60 -13.01
Urban 11.75 2.20 0.25

Although the three scenarios closely match the simulation with inventory emissions from 2022, this
correspondence does not guarantee their continued accuracy in the coming years. As projections
extend into the future, the scenarios could diverge further due to the uncertainty accumulating over
the years.

6.4 Overall NO, concentration decrease due to change in fleet composition

(particularly diesel)

Overall, all three scenarios show a consistent decrease in the average NO; concentration in Brussels,
decreasing between 4.9 ug/m3 to 5.6 ug/m3 between 2022 to 2035, with the rate of decrease slowing
over the years, as showed in Figure 28.
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In the BASE and WEM scenarios, the veh-km for each vehicle category remain almost unchanged
(see Table 11), although the decrease in concentration is consistent. Therefore, the reduction in con-
centration is primarily due to changes in the fleet composition, either through the replacement of
vehicles with electric cars, which do not emit NOx, and/or by upgrading to the latest Euro standards:
Euro 6d for light vehicles and Euro VI D/E for heavy trucks and buses.

The decrease in NO, concentration is greatly impacted by the renewal of diesel vehicles. As seen in
Figures L.6 and L.5, in 2022, diesel vehicles were responsible for about 90% of NO and almost 100%
of NO, emissions, making diesel engines the greatest lever for action. While the Euro 6d standard
does not change for gasoline engines compared to Euro 5 (except for new testing procedures discussed
in Section 3.1.1), it significantly reduces emissions for diesel light vehicles (by more than half) and
diesel heavy trucks and buses (by a factor of five) [111]. Additionally, only 7% of diesel engines met
the latest Euro 6d/Euro VI D/E standards in 2022.

Thus, not only are diesel vehicles the largest source of NOx emissions, but a large portion of these
vehicles have not yet been upgraded, presenting a significant potential for emissions reduction. Up-
grading these vehicles will have a major impact on reducing NOx emissions. As the vehicle fleet
becomes less polluting, achieving further reductions becomes progressively harder, explaining why
the rate of decrease slows over time.

6.5 LEZ: the key years with the most impact on NO, concentration

Significant decreases of NO; concentration occur abruptly in the WEM scenario due to LEZ bans in
2025, 2028, 2030, and 2035, as shown in Figure 28.

However, as seen in Section 5.4.2, the years in which Brussels sees the biggest absolute difference
in NO; concentration between the LEZ (WEM) and the BASE scenario do not necessarily align
precisely with these ban periods. The years with the most significant absolute difference in NO, con-
centration between the BASE and WEM scenarios are each year between 2025 and 2030, including
the years with no LEZ bans. This highlights the impact of LEZ ban years (2025, 2028, 2030) on NO,
concentrations in years without bans (2026, 2027, 2029).

As the effect of the LEZ is to speed up the renewal of the vehicle fleet, WEM initially decreases NO;
emissions rapidly. Consequently, there are the greatest differences between 2025 and 2030. After
this fast decrease, it becomes harder to achieve further reductions compared to the BASE scenario,
which still has more potential for reduction. Therefore, it is highly unlikely that the effect of the LEZ
on NO, pollution will last forever, as the BASE scenario catches up at a later stage, negating the
benefits of the LEZ. From this it can be concluded that delaying the implementation of the same LEZ
restriction would result in a diminished positive impact. However, stricter and further restrictions
could still be put in place to try reducing the last ug/m3 of NO, to achieve the WHO target of 10
pg/m3, as with ambitious target of very low concentration, even the smaller reduction count since
background pollution will change less easily. Decreasing the background concentration also depends
on the reduction of NO, levels at interregional and international levels, and therefore on the policy

measures implemented at these scales.

7



6.5 LEZ: THE KEY YEARS WITH THE MOST IMPACT ON NOj; CONCENTRATION

Regarding relative reduction, on average, the LEZ removed 24% of the BASE concentration between
2022 and 2035, excluding background concentration. To identify the key years of policy effective-
ness of the LEZ, the relative difference in NO, concentrations for each year from 2022 to 2035 was
compared to the previous year. The years with the highest impact were 2025 > 2035 > 2028 > 2030,
marking all years of LEZ bans. In 2025, the LEZ reduced an additional 13.5% of the BASE NO; con-
centration compared to 2024. The substantial decrease between 2022 and 2025 seems to be largely
attributed to the ban of Euro 5/V diesel passenger cars, light commercial vehicles, and buses, where
the portion of emissions is shown in Figures 7 for the year 2020 and in Figures L.3, L.4 for the pro-
jections up to 2040. Again, this mark the profound difference in emissions between Euro 5 and Euro
6 diesel vehicles. Finally, Table 21 shows the absolute and relative differences of NO; concentration
compared to the previous year during the LEZ ban years, as well as the top three vehicle categories

that reduced NOx emissions the most during these years.

In summary, while the most noticeable impact on NO;, concentration compared to BASE is seen
between 2025 and 2030, the LEZ achieved the greatest reductions in NO; concentration during each
ban period, particularly in 2025 (13.52% reduction) with the ban on Euro 5/V diesel passenger cars,
light commercial vehicles, and buses.

Table 21: Impact of LEZ bans on NO; concentration and vehicle categories reducing the most NOx
emissions between the previous year and these years, written in descending order. PC stands for
passenger cars, LCV for light commercial vehicles.

Year NO; [ug/m3] NO; [%] Vehicle category banned

2025 1.57 13.52 Diesel Euro 5/V: PC, Buses, LCV

2028 1.58 7.22 Diesel Euro 6 a/b/c: PC, LCV; Diesel Euro 6d: PC
2030 1.52 5.23 Diesel Euro 6d: PC, LCV; Petrol Euro 6 a/b/c: PC
2035 1.28 10.44 Petrol Euro 6d: PC, LCV; Diesel Euro VI A/B/C: Buses

Comparison of estimated LEZ impacts with London and Paris

The results found on the impact of LEZ can be compared with studies conducted in London [61]
(ex-post) and Paris [112](ex-ante), explained in Section 3.1.2. The London study is one of the few
LEZ studies banning up to Euro 5, while Paris is a projection study of NO; concentrations, using
a similar methodology as this master’s thesis. London’s LEZ from the study is similar to Brussels’
2025 WEM scenario. Three years post-implementation, London observed a 44% decrease in NO,
levels (35 ug/m3), a stark contrast to the 9% reduction (1.6 ug/m3) forecasted for Brussels, including
background concentration. Paris’ LEZ, similar to Brussels’ 2022 WEM scenario, anticipated a 12-
17% drop (5-7 pg/m3), also significantly exceeding the overall reduction of 3% or 0.6 pg/m3 forecast
for Brussels, also including background concentration. Factors contributing to the estimated lower

impact of the LEZ in Brussels than in London and Paris include the following:

* Initial NO; levels: London and Paris had initial NO, levels 4.5 and 2-3 times higher than

Brussels, respectively.

* Timing of bans: London and Paris implemented bans 6 and 2 years earlier, respectively.
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* Size of traffic-dense LEZs: London’s and Paris’ LEZs areas are smaller—six times and two
times, respectively, than Brussels, focusing efforts in densely trafficked areas, while Brussels

covers high and low traffic areas.

* Background concentration measurements and models: While London directly measures
background concentration evolution and Paris models it, this master’s thesis assumes a con-
stant background concentration for Brussels. However, it is very likely that the background
concentration will decrease over time due to reductions in NOx emissions from other regions,
other sectors, and the impact of reductions in NOx emissions from traffic on the background
concentration. As discussed in Section 4.2.3, background concentration plays a critical role in
determining overall NO; concentration. Excluding background concentration, Brussels shows
significant reductions due to the LEZ, with a 24% reduction in 2025 (the year matching London
LEZ bans) and a 7% reduction in 2022 (the year matching Paris LEZ bans).

* Methodological variations in BASE scenarios: London’s method may overestimate BASE
scenario concentrations, exaggerating LEZ effectiveness; methodological differences also vary

results.

In Brussels, the impact of the LEZ on driving behavior has not been accounted for, which could
potentially lead to an underestimation of its overall effectiveness on NO, concentration. Indeed, some
individuals might prefer to change their mode of transport rather than purchase a new vehicle when
their current one is banned due to LEZ regulations. A study conducted in Paris [113] suggests that
approximately 1.4% of total trips might transition from vehicle use to alternative modes of transport
due to the LEZ, a phenomenon particularly notable in large-scale LEZs. Parisian projections account
for this behavioral shift, and in London, such changes are directly measured. Moreover, LEZs can
influence the areas around their boundaries both positively and negatively. For example, in the short
term, some drivers might change their itinerary to avoid entering the LEZ, which could increase the
concentration of pollutants on the periphery [113]. However, the London study observed a decrease in
NO, concentrations at the LEZ boundaries, which they attributed to reductions in traffic, changes in
fleet composition in response to the LEZ, and atmospheric convection of pollutants [61]. In Brussels,
the northeastern region could benefit most from the LEZ, as prevailing wind directions tend to carry
pollution in that direction.

6.6 LEZ: concentrations by road hierarchy and their evolution

As shown in Section 5.5.1, and in Figure 29, there is a gradient in NO, concentrations across the
road hierarchy in 2022, ranging from highways (AO) to local roads (AS5). The concentration decreases
from the BASE scenario, and the additional decrease due to the LEZ follows the same pattern, with
the highest reduction on AQO and the lowest on AS. The initial concentrations and subsequent reduc-
tions due to changes in fleet composition, either from the BASE or the WEM scenario, are closely
linked to traffic density. This density also follows a gradient, being highest on AQ and lowest on AS.
Therefore, roads with higher traffic volumes exhibit higher initial NO, concentrations, and changes

in fleet composition most significantly affect these roads.
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A1l roads are an exception to this gradient as they have the second highest traffic density but exhibit the
second lowest initial average NO, concentration. This could be partially attributed to the emissions
density (emissions per road km) on Al roads being lower than on A2 roads, as illustrated in Figure
37, likely because the emission factor for Al is significantly lower than that for urban roads (A2-AS),
as discussed in Section 6.1. However, A1 roads still have a higher emission density than A3 and A4,
while their average concentrations remain lower than those on A3 and A4. This could be explained
by the higher proportion of street canyons in urban areas (A2-AS), which trap pollutants and lead
to higher concentrations. In contrast, rural roads like A1, which are more open, allow pollutants to
disperse more effectively. This effect is detailed in Figure E.2, listing street canyon percentages by
road hierarchy. Therefore, factors such as traffic density, emission factors, and the presence of street

canyons could all play significant roles in determining NO; concentrations.
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Figure 37: Total NOx emissions per kilometer between road hierarchies in 2022

Moreover, the greatest reductions occur between 2022 and 2028 for the WEM curves, especially. For
A0 and A1, with a 71% and 66% relative decrease respectively, compared to an average of 58% for
urban roads, along with the discussion above on the gradient in high-traffic density. This could be
explained by the ratio between diesel and petrol emissions. Figure 38 presents the evolution of the
diesel-to-petrol ratio for both the BASE and WEM scenarios from 2022 to 2035, separating highways,
rural roads, and urban roads (A2-A5).
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Figure 38: Evolution of the NOx emissions ratio between diesel and petrol for the WEM and BASE
scenarios between 2022 and 2035

As discussed in Section 1.6.2, diesel vehicles are the most significant source of NOx emissions and are
also reducing their emissions the most, especially in the early years. In both scenarios, the diesel-to-
petrol ratio is much higher for highways and rural roads compared to urban roads in 2022. Therefore,
the impact of reducing diesel vehicle emissions will be much more effective on highways and rural
roads. After 2030, the various WEM ratios increase because diesel emissions from buses and trucks
remain almost constant, while petrol emissions continue to decrease until the petrol ban in 2035. With
regards to diesel buses and trucks, they will continue to be allowed after 2030, and even in 2036 for
some categories, as illustrated in Appendix B. This is illustrated in Figures L..5 and L.6. The greater
increase in the diesel/petrol ratio on AO could be attributed to a higher proportion of diesel vehicles,
particularly heavy trucks and buses, compared to other roads. This also explains the relatively smaller
decrease in diesel use after 2030 compared to urban roads.

6.7 Good Move impacts - WAM scenario

The results in Section 5.4.3 show that Good Move’s impact on NO, concentrations is eight times
less than that of the LEZ, despite that the Good Move ambition of reducing by 24% the veh-km in
passenger car is estimated very optimistic [12]. Nevertheless, this study evaluates only one of several
ambitions of Good Move—the reduction of traffic. Various other Good Move ambitions partially
explained in 3.1.3 could also contribute to reduce NO; concentrations. The most substantial impact
of the WAM scenario is observed in 2028. In the initial years, the reduction in veh-km is too minor
to make a significant difference, as Good Move was only initiated in 2020. Although this reduction
grows over time, in later years the vehicle fleet becomes less polluting, diminishing the effect of re-
duced veh-km. Thus, 2028 emerges as the year most impacted by Good Move, likely due to a balance
between these factors. Additionally, the LEZ policy has a proactive effect; it encourages people to
purchase less polluting vehicles ahead of the ban, resulting in an earlier reduction in emissions. Con-
versely, citizens tend to maintain their usual driving habits until the measures imposed by Good Move
forcefully restrict vehicular use. Therefore, the impact of Good Move is diminished as the vehicle
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fleet becomes less emissive more rapidly.

Good Move restructuring Plan

As seen in Figure 31, Good Move has the smallest relative impact on AO and A1 roads, in contrast
to the LEZ. This outcome aligns with Good Move strategy to establish Low Traffic Neighborhoods,
as detailed in Section 3.1.3. The plan involves redirecting veh-km from local roads to main roads, a
shift considered in the NOx emissions calculations using COPERT. While veh-km traveled by pas-
senger cars overall show a decrease between 2020 and 2030 in WAM scenario, the reduction is less
pronounced on larger roads compared to local roads. Furthermore, the other vehicle categories expe-

rience a reduction in veh-km on local roads but an increase on AQ and A1 roads.

However, Good Move’s restructuring ambition introduces a road hierarchy that slightly differs from
the one used in this master’s thesis [114]. In these projections, emission distribution across street
segments still relies on the 2018 MuSti data, which is likely outdated for all scenarios, but particularly
for the WAM scenario.

The planned restructuring by Good Move offers benefits but also potential drawbacks. Positively, lo-
cal roads from A2 to AS, constituting 90% of all streets, experience reduced pollution. This decrease
could benefit public health in Brussels for a large part of the bcr population, by lowering average
pollution levels; however, the maximum reduction would be only 0.48 ug/m3. On the downside, chan-
neling more traffic onto main roads could increase pollution and risk exceeding EU 2030 thresholds
on these roads. These roads already bear heavy traffic; without strict adherence to Good Move’s ob-
jective to cut overall veh-km, emissions may increase. Additionally, congestion might become more
frequent along these axes, reducing speed and raising emission factors—as shown in Figure 36—thus
further increasing the likelihood of exceeding EU limits, as explained in Section 4.2.3. Nevertheless,
a key advantage of these main roads is their openness, as most are not canyon streets, which allows
for quicker pollutant dispersal, as shown in Figure E.2. Furthermore, a study on low-traffic neighbor-
hoods has demonstrated reductions in traffic volume and NO; levels, even on these major roads [115].
However, as mentioned in Section 3.1.3, the full implementation of Good Move remains uncertain,
due for example to political pressure particularly against Low Traffic Neighborhood zones [116]. Al-
though the plan envisioned the creation of five new Low Traffic Neighborhood each year, aiming for
20 by 2024, there are currently only 18 [70]. Of these, six are fully developed neighborhoods, while
two are on hold due to protests from local residents. In addition, only two projects were proposed in

2023 and 2024 respectively, far from the five annual projects planned.

Moreover, Good Move has other ambitions that were not assessed in this master’s thesis that could
have positive or negative impacts. First, for the LEZ to gain acceptance and compliance from the
public, a series of supportive measures are necessary [117]. These include improvements in public
transport availability and connectivity between different modes of transport, as well as promoting
shared mobility approaches. Such measures are integral components of the Good Move initiative’s
ambitions. Therefore, if these ambitions are realized effectively, they will support the acceptance of
the LEZ. However, the Good Move measure of reducing the default speed limit from 50 km/h to 30
km/h might increase NO;, concentrations on A2-AS5 roads due to higher emission factors, as shown

in Figure 36. For instance, a study in Dublin predicted that increased mortality from higher NO,

82



6.8 ASSESSING EU 2030 NO, COMPLIANCE: HOURLY, DAILY, AND ANNUAL LIMITS

levels due to reducing speed limits from 50 km/h to 30 km/h would outweigh the reduction in fatal
accidents resulting from this measure [118]. However, a vehicle fleet with fewer pollutants, notably
due to LEZ, could lead to reduced mortality from NO, pollution while still benefiting from lower
accident mortality rates.

6.8 Assessing EU 2030 NO, compliance: hourly, daily, and annual limits

One of the objectives of this master’s thesis is to determine whether the 2030 EU NO; concentration
limits per hour, per day, and per year would be met by 2030, and under which scenario. Regarding
the annual limit, the LEZ and Good Move policies demonstrate their efficacy, with only 1.71% for
WEM and 0.74% for WAM of Brussels street length exceeding the limit, compared to 13.3% for the
BASE scenario (see Section 5.7.1). EU regulations theoretically require the norm to be respected
everywhere. However, as seen in 2022, 0.93% of street length exceeds the current threshold despite
being considered compliant. This will therefore depend on the placement and number of measurement
stations in the future and the strict enforcement of the regulation. It is also challenging to assess if
the Good Move policy tips the balance between compliance or non-compliance: the WAM scenario
is likely considered compliant as fewer streets exceed the limit than in 2022, considered respecting
the current threshold, but the WEM scenario, with twice the percentage, remains low but uncertain to
be compliant. Regarding the WHO annual threshold, non of the scenarios can meet it in 2030, as the
background concentration—unchanged from 2022- already exceeds this threshold.

The EU currently has no daily limit, but the 2030 EU daily limit is not respected in 2022. However,
it would be met by 2030 even without policy interventions. Regarding the WHO daily limit, while
significant improvements are expected from 2022 to 2035, it will still fall short of the limit, with the
LEZ helping to get closer compared to the BASE scenario.

Regarding the hourly limit, Brussels is already compliant with both the EU 2030 threshold and the
stricter limit set by WHO and is projected to remain compliant under any scenario. Therefore, it is not

a concern at the moment and is unlikely to become one in the future, regardless of policy measures.

In conclusion, by 2030, the LEZ combined with the Good Move plan (WAM), and possibly even
the LEZ alone (WEM), will likely meet the annual EU 2030 threshold. Furthermore, the LEZ will
approach the WHO daily recommendation, highlighting the significance of these measures. The EU
2030 hourly and daily thresholds will be met even without these policies.

For the annual limit, there might be larger exceedances on AO and Al roads, as WEM and WAM
underestimated NO, concentrations on these roads, and Good Move would transfer traffic to them.

Therefore, special attention is needed for these roads.

6.9 Limitations and improvements of the model

The availability of data to project a system as complex as a city’s transport system is limited, which
likely represents the main source of uncertainty in projecting NO, concentrations. These projections
rely on assumptions about transport demand and changes in vehicle composition, as explained in

Section 4.6.2. These factors significantly impact the results. It would be advisable to conduct periodic
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reviews in future years to ensure the projections align with reality. A recent review of the VUB study,
which projects fuel shares, suggests that the current assumptions regarding the rate of vehicle fleet
electrification are overly optimistic [119]. This affects all three scenarios, potentially resulting in
actual exceedances in 2030 that could mirror those modeled in earlier years. Firstly, if the scenarios
are actually too optimistic, this suggests that even with the implementation of the WEM and WAM
scenarios, Brussels may not achieve compliance with the established norms by 2030, indicating the
need for additional reduction measures. Secondly, the significance and impact of the LEZ would
be even more pronounced if the scenarios are deemed too optimistic. In such cases, the modeled
scenarios for earlier years might align more closely with the actual conditions expected in 2030. As
shown in Figure 34, these earlier years notably 2028, are projected to have more substantial impacts

compared to than those modeled for 2030.

To reallocate traffic NOx emissions projections both temporally (throughout the year) and spatially
(between the streets), traffic count data from 2017 and MuSti data from 2018 were used. These
datasets are likely becoming outdated, particularly with the introduction of new mobility plans like
the current Good Move Regional Mobility Plan. More recent datasets could be obtained from LEZ
scan data or real-time data; however, access is currently restricted due to privacy concerns and high
costs, respectively. Moreover, tunnel exit concentrations are estimated based on theoretical concepts,
but these should be reviewed. Given the lower NO, concentrations expected in the future, these
estimations likely significantly overestimate concentrations compared to other areas on the maps (see

Appendix P).

Regarding the 2022 calibration, it appears that June and January responded differently to the cali-
bration factor during the process of calibrating these months before the entire year, as explained in
Section 4.5.1. Therefore, the model could be improved by applying a different calibration coeffi-
cient for each month. This would make sense considering that a monthly factor has been applied in
the preparatory work of SIRANE by Axel Briffault and may therefore require adjustments through
different monthly calibration coefficients.

Finally, due to constraints in computational time, simulations were only conducted for specific years
between 2022 and 2035. Carrying out simulations for intermediate years would improve the accuracy
of the projections. Despite these various uncertainties, the projections of NOx emissions used as
an input appears robust as of 2022, as discussed in Section 6.3. It would be prudent to continue to
compare these projections in future years to see if they have become outdated and to recalibrate them

if necessary.

6.10 Further research

For future research beyond the model, it would be beneficial to develop a model for projecting back-
ground concentrations using a larger-scale model like CHIMERE (explained in Section C.2), inte-
grated with urban background diminution calculations for each street, similar to the projections used
in Paris [120].

Moreover, a main goal of this master’s thesis was to evaluate the impact of traffic policies on NOx
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emissions. However, incorporating projections of NOx emissions from other sectors could enhance
the accuracy of projected NO; concentrations, despite these sectors showing smaller reductions com-
pared to traffic (see Section 4.6.1). This would also be interesting as the relationship between NOx
emissions and NO, concentrations is non-linear. Direct summation of emissions reductions across
different sectors does not necessarily equate to a proportional decrease in NO, concentrations. There-
fore, solely analyzing the impact of isolated policies may overestimate their effectiveness when com-
bined together, suggesting a need for a more integrated approach to accurately assess policy impacts

on air quality.

Further studies should consider conducting a health impact assessment and a cost-benefit analysis
of LEZ implementations. Although the LEZ’s impact on pollution reduction decreases over time,
the health benefits continue to accumulate [112]. There are very few long-term studies of LEZs,
but a recent study [121] has shown significant health benefits for newborns in LEZs compared with
non-LEZs. This improvement in health for this specific age group alone offsets around a quarter of
the cost of retrofitting older diesel vehicles initially affected by LEZs. However, accurate health im-
pact estimation would require more comprehensive data, including spatialized health data, exposure

modeling, and correlations between air pollutants and health outcomes.

The socio-economic implications of LEZs also warrant attention. Typically, lower-income individu-
als, who often own older vehicles affected by LEZ bans, may struggle to afford compliant new vehi-
cles [122]. On the other hand, deprived people from Brussels generally live in areas with higher NO,
concentrations [123, 124] and are more vulnerable to its health effects [123], so low-income people
could benefit more from the LEZ. The socio-economic impact can be assessed using the spatialized

results presented in this master’s thesis, along with supplementary data.

To gain a more comprehensive understanding of the impacts of the LEZ and the Good Move plan
on air quality, it is important to assess additional air pollutants, specifically O3 and PM (PM2.5
and PM10), since these pollutants are concerns for Brussels, as detailed in Section 1.3. The SIRANE
model, which also accounts for the dispersion of these pollutants, can be used for this purpose. Among
these pollutants, the objectives described in this master’s thesis could be more readily extended to
PM2.5, as emission projections have been made by Bruxelles Environnement, unlike for the other
pollutants. This extension is especially relevant for understanding the nuances of the LEZ’s impacts
on air pollution, given that PM is also emitted by electric vehicles [125]. However, it should be noted
that only a few monitoring stations currently measure PM2.5, so the calibration process would be less
robust [126].

Regarding the Good Move plan, a more holistic approach should be adopted. While this master’s
thesis covers only a portion of the 50 different ambitions outlined in the plan, it is important to note
that unlike the LEZ, the Good Move plan aims for a more systematic change by altering the modal
share of users. Therefore, effectiveness should be measured using indicators that include health and
socio-economic impacts, as recommended for LEZ, but also other metrics such as congestion levels,
public transport use and improved accessibility for pedestrians and cyclists.

Although SIRANE was used following the policies decision process, it could also serve as a valuable
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tool during the decision-making process. For instance, in planning urban development projects or
Low Traffic Neighborhoods, various scenarios could be simulated using SIRANE. These simulations

could then be analyzed with stakeholders to determine which scenario offers the most benefits.
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7 Conclusion

The aim of this master’s thesis was to assess the effectiveness of the LEZ and Good Move’s ambition
to reduce passenger car veh-km by 24% by 2030, in Brussels between 2022 and 2035 on NO, con-
centration. Firstly, as part of the efforts to model NO, concentrations more accurately, refinements
have been made to the attribution of emissions across different road types. For urban roads, NOx
emissions have been increased due to elevated emission factors associated with lower speeds and spe-
cific driving styles. Conversely, emissions on rural roads and highways have been lower, attributed to
lower emission factors than average. After refinement and calibration, the SIRANE model has been
validated for 2022 using statistical indicators, showing alignment with measured NO; concentrations,
particularly in low traffic conditions. These results affirm the model’s reliability and its utility for
projecting NO; concentrations, despite discrepancies in high-traffic areas. Those are likely due to
uncertainties in the COPERT and MuSti data and complex airflow locations, highlighting areas for

improvement.

Three of the four objectives of this master’s thesis were to assess the overall impact of policy measures
over time, analyze the impact by road hierarchy, and identify the vehicle types banned by the LEZ

that significantly reduce NO; concentrations.

The results demonstrate that while the BASE scenario predicts a gradual reduction in NO, concen-
tration over the years, the LEZ significantly accelerates this decrease. From 2022 to 2035, the LEZ
contributes to an average additional reduction of 1.18 pg/m3, or 24.2%, excluding background con-
centrations. The most notable reductions are seen between 2025 and 2030, with 2025 being the peak
year of LEZ effectiveness due to the largest relative difference. This peak is primarily attributed to the
ban on Euro 5/V diesel vehicles—particularly passenger cars, followed by buses, and light vehicles—
which have significantly higher NOx emission factors than their upgraded Euro 6 counterparts. Diesel
vehicles are the main contributors to the LEZ’s impact, with the most substantial effects observed on

road types that have high traffic density and a high presence of diesel vehicles.

Regarding the Good Move strategy, its impact is 8 times less than that of the LEZ, achieving an
additional average NO, reduction of 0.15 pg/m3, or 2.93%, excluding background concentrations. Its
effects are most pronounced in 2028, a year in which there are significant reductions in passenger car
veh-km and sufficient NOx emissions from the car fleet to make a noticeable impact. While Good
Move’s approach of rerouting traffic from urban roads to main roads (A0 and A1) may risk exceeding
NO, thresholds on these high-traffic routes by 2030, it is expected to slightly benefit the vast majority
(90%) of the region’s urban streets (A2-AS).

The final objective of this master’s thesis is to evaluate whether Brussels will meet the EU’s NO,
concentration thresholds by 2030. The results indicate that without policy measures, 13.3% of street
lengths in Brussels will exceed the annual NO, limit. Implementations of the LEZ and Good Move
significantly enhance compliance, reducing exceedances to 1.71% and 0.74% respectively. It remains
uncertain whether the LEZ alone is sufficient for compliance by 2030, or if Good Move is necessary
to tip the scales. While all scenarios meet the EU’s hourly and daily limits, and the hourly WHO
recommendation by 2030, the WHO’s annual and daily targets are not met, with the LEZ significantly
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helping in approaching these targets.

The projected NO, concentrations for WEM and WAM in 2022 generally align well with the NO,
concentration from the 2022 inventory data. This suggests that the projections are still applicable
through 2022. Additionally, this data suggests that policy measures are partially having their antic-
ipated effects. However, the WEM and WAM projections for NO; concentrations along main roads

are overly optimistic.

To improve accuracy, updating traffic data from MuSti to more recent and precise datasets is recom-
mended, along with using a monthly calibration coefficient instead of an annual one. Additionally,
incorporating larger-scale models of background concentrations and other sector emissions will en-
hance compliance assessments with 2030 EU thresholds. The findings from this master’s thesis offer
valuable insights for policymakers and can serve as a foundation for conducting health and socio-
economic impact assessments, aiding future urban and traffic management planning. Extending as-
sessments to include other pollutants like PM and O3 would provide a more comprehensive view of

air quality and policy effectiveness.
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8 Appendices

A Annual NO; concentration in 2022 in the measurement stations

50

= EU annual limit
value for 2030

NO, Annual Concentrations [pg/m?]

Stations

Figure A.1: Average annual NO; concentrations at the 12 measurement stations in BCR. The solid red
line represents the current EU annual concentration threshold of 40 ug/m3, which must be met
universally. The solid green line indicates the EU’s 2030 target concentration of 20 pug/m3. The dashed
blue line shows the WHO’s recommended limit of 10 ug/m3. Source: [1]
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B LEZ Calendar
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Figure B.1: LEZ future years calendar in Brussels, by vehicle type and fuel. The corresponding Euro

standard for a given year and vehicle type indicates the oldest Euro standard still permitted; all newer

Euro standards are also accepted. A red cross indicates that no vehicles of that fuel type are allowed to
operate in the region.

C Pollution dispersion models

C.1 Assessment model

As indicated above, atmospheric dispersion models are used to predict how pollutants spread and in-
teract in the atmosphere after emission. These models simulate the transport, diffusion, and chemical
transformation of pollutants, taking into account varying meteorological conditions and terrain. They

are critical for forecasting air quality and guiding environmental planning.

Assessment models, on the other hand, are used to evaluate pollution levels based on actual data col-
lected from monitoring stations. They focus on analyzing the distribution of pollutants over time and

space, helping to understand exposure levels and inform public health decisions. Unlike dispersion

102



C POLLUTION DISPERSION MODELS

models, assessment models do not predict future states but provide an analysis of current or past air
quality [127].

In Belgium, the entity responsible for disseminating information on outdoor air quality is known as the
Interregional Environment Cell (CELINE). A network of automatic measurement stations, dispersed

throughout the national territory, is established for tracking the concentrations of various pollutants.

CELINE has developed two evaluation models, the first being an interpolation model named RIO. The
purpose of interpolation is to compensate for the lack of data in areas without direct measurements.
The RIO interpolation is able to adapt its approach according to the localized or widespread nature
of atmospheric pollution. Unlike conventional interpolation methods (inverse distance weighting, or-
dinary kriging) that assume uniform spatial representativeness for all measurements, the RIO method
is specifically designed to address variations in spatial representativeness regarding pollutant concen-
trations. After performing the interpolation based on measurement points, the local character of each
interpolated data is carefully considered. This acknowledgment of local specifics associated with
measured concentrations assigns a particular value to each point. Notably, concentrations recorded in

rural areas typically provide a more accurate representation for broader regions [127].

The second model, IFDM, combined with the first to form the RIO-IFDM model, assesses the impact
of atmospheric pollutant emissions from point and linear sources on air quality in their immediate
neighborhood. In contrast to the RIO interpolation method, the IFDM model does not rely on di-
rect measurements but evaluates atmospheric pollutant concentrations based on emission data and
meteorological information such as wind speed, wind direction, and temperature. The IFDM model
computations cover over 1.3 million points across Belgium, including traffic routes and areas near

industrial sources, offering a superior spatial resolution assessment of air quality.

One notable drawback of the model lies in its ’open-street’ design, which overlooks the presence of
physical barriers (e.q.,trees and buildings alongside roadways) as well as the roadways’ topograph-
ical features, in its traffic impact assessments. Consequently, in urban environments where narrow
passages and heavy traffic predominate, known as "street canyons", there is a propensity for the RIO-

IFDM model to deliver lower estimates of pollutant levels.

"To address inaccuracies in modeling ’street canyons,” the OSPM, which accounts for the specific
layout of streets, has been integrated into the RIO-IFDM framework—now dubbed ATMO-Street
(RIO-IFDM-OSPM). This enhancement allows for more precise calculations by the OSPM for each
identified street canyon, taking into account the restricted dispersion of air pollutants in these narrow

urban spaces."

C.2 Forecasting model

Forecasting models play a pivotal role in predicting air quality and identifying potential pollution
events. These models leverage meteorological data, emissions inventories, and chemical transforma-
tion processes to forecast the concentrations of various pollutants across different spatial and temporal
scales. In Belgium, the forefront of operational air quality forecasting is marked by the utilization of
the CHIMERE model.
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CHIMERE, an Eulerian chemistry-transport model is instrumental in operational air quality predic-
tions managed by CELINE, described in Section C.1. Since 2005, CHIMERE has been generating
daily forecast maps available on the CELINE website, covering a continuous monitoring array of
pollutants such as O3, PM10, NO,, and SO2. This model is integral to predicting pollution scenarios
and, consequently, informs the decision-making process for implementing regional action plans. De-
scribed by irCELINE as a deterministic model, CHIMERE simulates the physico-chemical processes
in the atmosphere, incorporating meteorological forecasts, ambient air pollutant emissions, and land
use data. The model operates with a spatial resolution of approximately 50x50 km?, a scale that em-
phasizes the importance of CHIMERE in assessing air quality over large areas, despite the potential

for significant local variations near traffic and industrial sources.
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D Meteorological and dispersion site parameters used for SIRANE

Table 22: Meteorological and dispersion site parameters used for SIRANE

Parameters Dispersion site (BCR) Meteorological measurement site
Aerodynamic roughness [m] 09 1.5

Displacement height [m] 13.0 15.0

Albedo [-] 0.275 0.275

Emissivity [-] 0.980 0.980
Priestley-Taylor coefficient [-] 1.00 1.12

Latitude [deg] 50.833 /

Wind measurement height [m] / 27.0

E SIRANE inputs

: | 0 125 25 5
”‘x\j e e Kilometers

Figure E.1: Representation of the road hierarchies used in MuSti on the street network.
AO: Red Al: Black A2: Purple A3: Orange A4: Blue AS5: Grey
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Figure E.2: Percentage of canyon street length compared to the total length within each road hierarchy
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Figure E.3: Representation of tunnels (black dots) used as a point source of emissions by SIRANE.
Streets in orange are overestimated by the pollution plume at the tunnel exit.
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F MQI;, equations

The Root Mean Squared Error (RMSE) [g/m?] is calculated as follows (eq. 26):

— 1 - 2
RMSE = \/ N i;(oi —M;) (26)

where O; [ug/m’] and M; [ug/m?], represent the observed (measured) and modeled concentrations,
respectively, at the i-th hour, and N [-] is the total number of hours.

The uncertainty of measurement at each hour, U(0;) [g/m?], is calculated as follows (eq. 27):

U(0) = Un(RV)y/ (1~ a2)02 + a2RV? 27)

where U,(RV) [—] is the relative uncertainty associated with a reference value RV [ug/m?], and a [—]

is the fraction of the uncertainty that is independent of the measured concentration O.

The Root Mean Squared Uncertainty (RMS,,) [g/m?’] is given by (eq. 28):

N U(0;)?

RMSy = N

(28)

The Model Quality Indicator for hourly data (M QI}) [-] is calculated using the equation (eq. 29):

RMSE

MOI, = ———
Ol B-RMSy

(29)

Where f is the scaling factor set arbitrarily at 2, implying that the allowed deviation between modeled

and measured concentrations is twice the measurement uncertainty.

The 90th percentile of the Model Quality Indicator (MQlg,,) is calculated as specified in eq. 21, using
the same parameters as for MQI,,. The Model Quality Objective (MQO) is met when M Qlgo;;, < 1.
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G PROJECTION OF EMISSIONS FOR ALL THE SECTORS - WAM SCENARIO

NOx emissions [kt]

Projection of emissions for all the sectors - WAM scenario
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Figure G.1: NOx emissions for the WAM Projection. Data source: [12]
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H Fuel Type Projections
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100% 100%
90% 90%
80% 80%
70% 70%

60% 0% ‘
50% 50%
40% 40%
30% 30%
20% 20%
10% 10%
0% 0%

FETTTSTIETIEITISEEFTSEELESSTEEES FETITSTETIEITITEFSEELESETETES
B e e i A 2 e e A A A A A A A A B2 e A A A A 2 e e A A A A A A A A
«==Gasoline (incl. hybrides) + LPG + CNG Diesel (incl. hybrides) ~ ====Electric ===Gasoline (incl. hybrides) + LPG + CNG Diesel (incl. hybrides) ~ ===Electric

(a) BASE (b) BASE + Price Parity

BASE + Price parity + Diesel Ban BASE + Price parity + Diesel Ban + Gasoline Ban

YYD 0N DO O NNYH TN AN DO O NNDH N H AN 0O

NP A I\ P TP AV A VA VA VA VIR AV A VRN A VA VRN AV TN Y e, ICee e MO M M L I S YYD OAN DO O NNV L AN DO O0ONANDH N H OAN DO O

(SIS S IS M MRS MR SIS SIS M M MRS S SRS M MRS MRS RS (RS SIS NS SIS JIS S [ s SO s | NP A S S S S A\ 2 AP A A AV A VR A A VAV o e M ML S e S I M e A

S R A A A FETTFTTITTIITIIIIIIISTIISSSSSSS
——Gasoline (incl. hybrides) + LPG + CNG Diesel (incl. hybrides) ~ ===Electric ——Gasoline (incl. hybrides) + LPG + CNG Diesel (incl. hybrides) ~ ===Electric

(c) BASE + Price Parity + Diesel Ban (d) BASE + Price Parity + Diesel Ban + Petrol Ban

Figure H.1: Share of fuels in light and heavy duty vehicles across various scenarios. The light green

curve represents outcomes from the preceding scenario, while the green arrow indicates the additional

impact introduced by the subsequent scenario. The dark grey area is historical data, and the light grey
area represents projections. Source: [13]
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Figure H.2: Share of fuels in company vehicles across various scenarios. The light green curve
represents outcomes from the preceding scenario, while the green arrow indicates the additional impact
introduced by the subsequent scenario. The dark grey area is historical data, and the light grey area
represents projections. Source : [13]
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J

Road refinement
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Figure 1.1: Distribution of NOx emissions by type of road hierarchy after road refinement in 2022

Calibration

Figure J.1 displays the density of modeled and measured NO2 concentrations in 2022. The concen-
tration with the highest peak for each station represents the value most frequently recorded (yellow)

or modeled by SIRANE (blue) throughout the year. Figure J.2 compares the average concentration

modeled by SIRANE for hours when specific concentrations were measured. This does not reflect the

density of concentrations; moreover, as the measured concentrations reach up to 100 pg/m3, there are

relatively few hours corresponding to this range.
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Figure J.2: Comparison of modeled vs. measured NO; concentrations in 2022. The dotted red line
represents a perfect match between actual measurements and model prediction.
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K BOX PLOT OF STREET SEGMENT CONCENTRATIONS FOR 2022, COMPARING BASE, WEM,
AND WAM SCENARIOS WITH REAL DATA

K Box plot of street segment concentrations for 2022, comparing BASE, WEM,

and WAM scenarios with real data

17
ol I
15 —
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Figure K.1: Box plot of street segment concentrations for 2022, comparing BASE, WEM, and WAM
scenarios with real data

Although the plot does not show the actual average concentrations (as the length of the segments
varies), it aims to compare the different scenarios with real data. The BASE scenario shows the great-
est deviation from the real data, generally overestimating concentrations. The differences between
the WEM and WAM scenarios and the real data are minimal.
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L  PROJECTED EMISSIONS OF NO AND NO, AND THEIR BREAK DOWN IN DIFFERENT
CATEGORIES

L Projected emissions of NO and NO, and their break down in different cat-
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Figure L.1: NO, emissions projections in Brussels by vehicle type
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Figure L.6: NO emissions projections in Brussels by fuel type
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N COMPARISON OF NOX EMISSIONS AND NO; CONCENTRATIONS PROJECTIONS

N Comparison of NOx emissions and NO; concentrations projections
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Figure N.1: NOx emissions vs NO, concentration comparisons between 2022 and 2035.
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O AVERAGE CONCENTRATION BY ROAD HIERARCHY

O Average concentration by road hierarchy
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Figure O.1: Projections of annual NO, concentrations in Brussels by road hierarchy under BASE,

WEM and WAM scenarios (2022-2035).
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P NO,; CONCENTRATION TRENDS OVER TIME ACCORDING TO DIFFERENT PROJECTIONS

P NGO, concentration trends over time according to different projections
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(b) Annual NO; concentration with change in emission distribution between MusTi and Copert

Figure P.1: Impact of the change in the distribution of emissions on the average annual NO,
concentration based on the 2022 emissions inventory for Brussels.
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Figure P.2: NO; concentration trends according to the BASE scenario for 2022, 2025, 2028, 2030,
2033 and 2035
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Figure P.2: Continued
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Figure P.2: Continued
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Figure P.3: NO; concentration trends according to the WEM scenario for 2022, 2025, 2028, 2030,
2033 and 2035
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Figure P.3: Continued
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Evaluating traffic policies on NO, pollution in Brussels:
Impact of the Low Emission Zone and the Good Move Plan, 2022-2035

Thiry Clément & Mégane Pourtois

Even though air quality has improved over the past two decades in European cities, it
remains a significant concern as a primary environmental factor contributing to mortality
and morbidity. In Brussels, NOy pollution, mainly emitted from thermal vehicles—poses a

major threat. Although the current annual EU threshold for NOy concentration is set at 40

ng/m? and is being adhered to in Brussels, the EU plans to lower its threshold to 20 pg/m?

by 2030, a target not yet met as of 2022.

In this context, Brussels has implemented several policy measures, including a Low
Emission Zone (LEZ) that progressively bans the most polluting vehicles. Additionally, the
Good Move plan covers many objectives that could have an impact on NOg concentration
in Brussels. However, this master’s thesis focuses specifically on its goal to reduce the
kilometers traveled by passenger cars and reroute traffic from local roads to the main

arteries.

This master’s thesis evaluates the impact of the LEZ and the additional effects of Good
Move on annual NOy concentrations in Brussels from 2022 to 2035. It also assesses how
these policies will help adhere to the forthcoming EU threshold.

The study uses SIRANE, a pollutant dispersion model, to assess spatialized NOq
concentrations, with traffic NOx emissions projections as input, which has been refined to
more accurately map road emissions to corresponding road hierarchies. Then, the model
has been calibrated for 2022 to fit the measured concentrations. With these two
enhancements, the STRANE model for 2022 is estimated robust and validated through

statistical indicators.

On average, from 2022 to 2035, the LEZ is projected to reduce NOy concentrations by 1.18
ng/m? (24% excluding background concentrations), with the most significant impact on
high-traffic roads and a peak reduction in 2025 following the ban of Euro 5 diesel light
vehicles. Good Move’s additional impact is eight times smaller than LEZ’s impact,
contributing a further average reduction of 0.15 pg/m? (2.9%), primarily affecting urban
roads and mostly in 2028. Without any policy measures, the annual EU threshold in 2030
would be exceeded, but it would likely be respected with the LEZ and Good Move. Further
research on the health and socio-economic impacts of LEZ and Good Move using the

obtained NOg concentration maps is advised.
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