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Abstract

Air pollution is a major global challenge, with urban areas disproportion-
ately affected due to high population densities and elevated pollutant con-
centrations. Despite advances in vehicle technology and stringent emissions
legislation, road transport remains a significant source of urban air pollution.
This thesis explores road transport emissions using individual vehicle mea-
surements made with fast-response techniques to improve understanding
of the complex relationship between these emissions and urban air qual-
ity. Analysis of over 600,000 remote sensing measurements from across the
United Kingdom (UK) revealed decade-long trends in vehicular emissions
of carbon monoxide, hydrocarbons, ammonia (NH3), and nitrogen oxides
(NO4 = NO + NO,). The impact of national policies promoting diesel fuel
use on air quality was evaluated, revealing that these policies led to an ex-
cess of 721 kt of NO, emissions in the UK. Rising NH3; emissions from an
increasing number of gasoline and hybrid vehicles were also highlighted
as a growing concern. Point sampling measurements demonstrated that
vehicle exhaust location and aerodynamic properties influence near-road
pollutant dispersion and concentrations, which suggests that targeting fac-
tors beyond direct emissions reduction could improve urban air quality. For
example, relocating passenger car exhausts could reduce roadside pollutant
concentrations by up to a third. Electric vehicles were found to disperse
pollutants from fossil-fuelled vehicles, reducing near-road pollutant concen-
trations. Mobile monitoring in London, UK, showed that diesel and gasoline
particulate filters effectively reduce particulate matter (PM) emissions, even
under highly congested conditions. However, high-emitting vehicles and
construction sites were identified as key sources of urban PM, indicating that
non-vehicular sources are becoming increasingly important contributors to

urban air pollution amidst a broader reduction in vehicle emissions.
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Chapter 1

Introduction



Chapter 1. Introduction

1.1 Urban Air Pollution

Air pollution is the contamination of the environment by substances that
alter the natural composition and characteristics of the atmosphere.!!l In
addition to its wide-ranging environmental impacts, air pollution poses
significant risks to human health, with both short- and long-term exposure
linked to serious adverse effects.[>-6] In 2021, air pollution was attributed to
8.1 million deaths globally, a statistic that is dependent on a combination of
pollutant concentrations and individual exposure levels.[”] Due to its largely
anthropogenic origin, air pollution is present at the highest concentrations
in densely populated urban areas, where the potential for human exposure is
also highest. In 2022, 55% of the world’s population resided in urban areas,
with this value expected to rise to 70% by 2050.18] As such, understanding
and mitigating urban air pollution remains one of the most important global

research priorities.

1.1.1 Pollutant Sources

Urban air pollution is a complex and dynamic problem shaped by the inter-
actions between various pollutants, sources, and atmospheric processes. Air
pollutants are classified as primary or secondary depending on their origin.
Primary pollutants are emitted directly into the atmosphere from sources
such as combustion and industrial processes. In contrast, secondary pollu-
tants form in the atmosphere through chemical reactions involving primary
pollutants and other atmospheric components. Research and mitigation
efforts over the past few decades have primarily focused on a smaller num-
ber of major pollutants, which originate from both primary and secondary
sources.[®11] The following text describes these pollutants, their formation,

and their anthropogenic sources.
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Nitrogen Oxides (NO,)

Nitrogen oxides (NOy) refer collectively to nitrogen monoxide (NO) and nitro-
gen dioxide (NO,). NO is a primary pollutant formed via high-temperature
combustion, during which molecular nitrogen (N) in the air is oxidised.
[12-14] The resulting NO molecule can then be further oxidised to NO,, which
may occur during combustion, producing primary NO,, or later in the atmo-
sphere, resulting in secondary NO,.[15] This thermal NO, formation pathway
is dependent on combustion temperature and air-fuel ratio, giving different
combustion sources varying NO, emission rates.!14]

In urban areas, the primary sources of NO, include internal combus-
tion engines in road and other transport vehicles (Section 1.2.1), industrial
combustion processes, and combustion for the generation of domestic and
commercial energy, such as electricity and heat. Figure 1.1 illustrates how the
total annual emissions of different NO, sources in the United Kingdom (UK)

have evolved over the past three decades using data from the UK National

Atmospheric Emissions Inventory (NAEI).[16]
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Figure 1.1: Annual UK NO, emissions by source 1990 — 2022. The bar shows
apportionment (%) for 2022. Data from the UK NAEL[¢],
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Sulfur Dioxide (SO,)

Sulfur dioxide (SO,) is a primary pollutant produced during combustion
from sulfur-containing compounds in fossil fuels. Many fuels, such as diesel,
contain elemental sulfur (S) as an impurity, while others, such as coal or
crude oil, contain sulfur in the form of compounds like pyrite (FeS;) or
sulfur-containing hydrocarbons (R — SH).[!”]

Energy production and industrial combustion have historically been the
most prevalent sources of SO, emissions in urban areas, with road and other

transport making minor but significant contributions, as shown in Figure 1.2.
(18]
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Figure 1.2: Annual UK SO, emissions by source 1990 — 2022. The bar shows
apportionment (%) for 2022. Data from the UK NAEL[18]

Carbon Monoxide (CO)

Carbon monoxide (CO) is a primary pollutant produced during incomplete
combustion of fossil fuels. It forms when there is insufficient oxygen to fully
oxidise carbon to carbon dioxide (CO,). Given their mutual combustion

origin, the major sources of CO in urban areas are similar to those of NO,
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and SO,. Historically, road transport vehicles have been the dominant source
of urban CO emissions. However, in the past two decades, as emissions from
road transport have declined, combustion for energy generation has emerged
as a significant contributor, shown in Figure 1.3.'°] Additional sources of

CO include industrial combustion and biomass burning.[?’]
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Figure 1.3: Annual UK CO emissions by source 1990 — 2022. The bar shows
apportionment (%) for 2022. Data from the UK NAEL[°]

Volatile Organic Compounds (VOCs)

Volatile organic compounds (VOCs) are a group of carbon-containing species
(excluding CO, and methane) with high vapour pressures at room tempera-
ture, enabling them to evaporate into the atmosphere quickly. VOCs can be
emitted as primary pollutants from a variety of anthropogenic and natural
sources, with the former, shown in Figure 1.4, being particularly prominent
in urban areas.[?!" 2?]

Industrial processes are the dominant source of VOC emissions in the
UK. However, road transport and other internal combustion engine vehicles

contribute significantly by releasing VOCs as unburnt hydrocarbons from
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combustion and evaporative emissions from the fuel, screenwash, and de-icer

liquids.[22-24]
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Figure 1.4: Annual UK VOC emissions by source 1990 — 2022. The bar shows
apportionment (%) for 2022. Data from the UK NAEL[??]

The diverse range of VOCs emitted in urban areas exhibit varying chem-
ical reactivities. These reactions not only contribute to the formation of
additional VOCs but also result in the production of other harmful sec-
ondary air pollutants. An important pathway for VOCs in the atmosphere is
oxidation by the hydroxyl (OH) radical, which is produced from ozone in
ultraviolet (UV) sunlight and reacts to form peroxy radicals (RO,). In the
presence of NO,, this process can lead to net ozone production as discussed

later in Section 1.2.3.[2526]

Ozone (O3)

Tropospheric (ground-level) ozone (O3), which is different to the strato-
spheric O3 commonly referred to as the ozone layer, is a secondary air
pollutant formed through photochemical reactions involving precursors

such as NO, and VOCs.[?> 26] The radical chain reaction process that results
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in O3 production is explored in detail later in this chapter (Section 1.2.3).
Urban concentrations of O3 strongly depend on the relative balance of
VOCs and NOj in the local environment; two regimes can describe this
balance. A NO,-limited regime is one in which the rate of O3 production
increases with increasing NO, concentrations, so the prevalent sources in
Figure 1.1 are most important for Oz. In contrast, a VOC-limited regime
is one in which the rate of O; production increases with increasing VOC

concentrations, so the sources in Figure 1.4 are most important.

Ammonia (NHj3)

Ammonia (NHj) emissions primarily originate from agricultural activities, as
shown in Figure 1.5. In rural areas, NH3 emissions result from the microbial
decomposition of urea and manure, as well as volatilisation from ammonium-

based fertilisers.[27> 28]

In urban areas, road transport is an increasingly
important source of NHj3, which is formed as an unintended by-product of
the catalyst systems designed to reduce the emission of other pollutants,
including NO,, CO, and VOCs (Section 1.2.2).[29:30] Non-vehicular sources
of NHj in urban areas include industrial combustion catalysis, wastewater
treatment plants, and waste decomposition from landfill.[3!]

Although road transport is a relatively minor contributor to total UK
NHj emissions compared to agriculture and is not reported separately in
the UK NAE], its significance is growing in urban areas. This is because
NHj can readily react with other atmospheric species — often co-emitted
from vehicle exhausts — to form particulate matter (Section 1.2.3).[32-34]
Additionally, recent studies have highlighted the underestimation of NHj3
emissions in national inventories, particularly within urban environments.
(35, 36] Emissions of NH; from road transport vehicles are explored in detail

later in this chapter (Section 1.2.2).
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Figure 1.5: Annual UK NHj emissions by source 1990 — 2022. The bar shows
apportionment (%) for 2022. Data from the UK NAEL[?7]

Particulate Matter (PM)

Atmospheric particulate matter (PM), also referred to as aerosol particles,
consists of solid or liquid particles suspended in air. PM is typically classified
based on particle diameter, with the most common size fractions being
PM;, (particles with a diameter less than 10 pm) and PM, 5 (particles with a
diameter less than 2.5 pym). Urban PM emissions originate from both primary
and secondary sources.

Primary PM is emitted directly from combustion processes, industrial
activities, and construction work.137] In urban environments, major sources
include vehicle exhaust, tyre and brake wear, road dust resuspension, and
emissions from domestic heating and industrial combustion.[33-4] Indoor
activities, such as cooking, have also been identified as significant contribu-
tors to primary urban PM.[4!' 42l Figure 1.6 shows how the total emissions of
primary PM sources in the UK have evolved over the past three decades.

Secondary PM is produced in the atmosphere when gaseous precursors
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Figure 1.6: Annual UK PM, 5 (a) and PM; (b) emissions by source 1990 — 2022.
The bar shows apportionment (%) for 2022. Data from the UK NAEL[38 3°]

undergo chemical reactions, generating low-volatility compounds that form
particles. Secondary organic aerosol (SOA) is produced through the multi-
generational oxidation of VOCs. These oxidation products either nucleate to

create new particles or integrate into existing ones.[4!

Secondary inorganic
aerosol (SIA) consists primarily of ammonium sulfate ((NHy),SO4) and
ammonium nitrate (NH4NO3), which are formed from reactions involving

NO,, SO,, and NH; (Section 1.2.3).144]
Summary

The diverse range of primary sources and chemical interactions between
major air pollutants and other atmospheric species make urban air pollution
challenging to quantify and understand. Figure 1.7 provides an overview
of the sources and interactions between these pollutants, highlighting their

complexity. Over the past three decades, targeted research and effective
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policy measures have significantly reduced the total annual emissions of
major air pollutants in the UK. However, as society and technology evolve,
further research on all sources of urban air pollution is essential to improve
air quality.

Road transport [Jjj

Other transport [Ji
Energy combustion [Jii

Industrial combustion [l
Industrial processes .
Agriculture [Ji

Other

mall

Figure 1.7: Diagram showing the three greatest sources of each major urban air

pollutant in 2022 and their interactions in the atmosphere.

While the sources of urban air pollution play a significant role in deter-
mining ambient pollutant concentrations and exposure, meteorological and
environmental conditions also heavily influence the dispersion and chemical
transformation of pollutants in the atmosphere. Wind, temperature, humid-

ity, and atmospheric stability can amplify or reduce pollutant emissions’

10
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[45-47]  However, as these variables remain outside human

consequences.
control, the most effective strategy for improving air quality and mitigating
the associated negative human health consequences is to target emissions

reductions directly at their source.

1.1.2 Health and Environmental Importance

Air pollution primarily enters the body through inhalation. Once inside,
the pollutant species can trigger various mechanisms that contribute to
dysfunction and disease, including inflammation, oxidative stress, immuno-
suppression, and cellular mutagenicity.[48-53]

Many air pollutants act as irritants, affecting the eyes, upper airways, and
respiratory tract. NO, is a potent respiratory irritant that can penetrate the
lungs, triggering coughing and wheezing.[>¥] Although NO is less directly
damaging, it reacts with O3 in the atmosphere to form secondary NO,. Some
VOCs, such as benzene and isoprene, can cause serious eye and respiratory

[55]

irritation.!>>! Similarly, O3, NH3; and SO, irritate the eyes and the upper

airways, increasing airway resistance.[>0-58]

Long-term air pollution exposure (NO,, SO,, VOC, O3, NHj3) is associ-
ated with reduced lung function, an increased risk of asthma development,
and chronic obstructive pulmonary disease (COPD).[>% 0] PM, particularly
PM; 5 and PM; (ultra-fine particles with a diameter less than 0.1 pm), can
penetrate deep into the lungs, causing inflammation and contributing to the
progression of these conditions.[61 ¢2]

CO exposure uniquely causes hypoxia by binding to haemoglobin with a
higher affinity than oxygen (O,), reducing O, transport in the blood. Even
at low concentrations, CO exposure can cause headaches due to reduced

O, supply to the brain.[63]

Long-term CO exposure is linked to cognitive
decline and an increased risk of neurological diseases such as dementia and

Alzheimer’s disease.l% 93] Other air pollutants also have implications for

11
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neurological health; for example, NO,, O3, and PM, 5 are associated with
central nervous system dysfunction and increased incidence and progression
of dementia, Alzheimer’s disease and Parkinson’s disease.[3 % 53 65] Short-
term exposure to PM, 5 and NO, has also been associated with a reduction
in executive cognitive function.[6¢ 67]

Air pollutants (NO,, SO,, VOCs, O3, PM) significantly impact the car-
diovascular system, with long-term exposure increasing the risk of cardio-
vascular disease through oxidative stress and inflammation.[60 68-70] Ajr
pollution exposure has been linked to diseases affecting nearly every organ
system, including the liver, kidneys, pancreas, gastrointestinal system, and

[61]

bones.!°*! Figure 1.8 highlights a selection of medical conditions associated

with air pollution exposure, as well as presenting the specific pollutants

61,71]

linked to each condition.! PM is linked to conditions across multiple

organ systems, largely due to its diverse chemical composition, which varies
depending on its source and formation pathway.[”?]

The conditions presented in Figure 1.8 are all correlated with an increase
in all-cause mortality and directly affect society by decreasing life expectancy,
reducing population productivity, and increasing healthcare costs. In the
UK, it is estimated that outdoor air pollution is responsible for up to 43,000
annual deaths, with an associated health cost of £1.6 billion between 2017
and 2025.173] Worldwide, these values rise to 4.1 million annual deaths and
an associated health cost of £5.0 trillion in 2019, equivalent to 4.8% of the
global gross domestic product (GDP).[”> 74]

Moreover, new evidence of the relationship and mechanisms by which
air pollution is harmful to human health is consistently being reported.
Recent research has shown that air pollution was associated with increased
transmission rates of the SARS-CoV-2 virus during the COVID-19 global
pandemic and that NO,, O3, and PM, 5 are linked to the dysregulation of the

human immune response to the virus.”> 7] In other work, PM, 5 has been

12
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Figure 1.8: Medical conditions for different body systems associated with air

pollution exposure. The coloured boxes indicate the organ systems reported to be

affected by each air pollutant.

identified as a mechanism for the spread of antibiotic-resistant bacteria and

genes, contributing to global antibiotic resistance.””]

In addition to human health consequences, air pollution is responsible

for a range of adverse environmental effects. NO, and SO, can react with

water vapour and other atmospheric species to form nitric acid (HNO3) and

sulfuric acid (H,SO,4), major contributors to acid rain which causes ecosys-

tem damage.[”8] NO, and NH; deposition in the environment, particularly

in aquatic ecosystems, leads to nutrient imbalances and nitrogen enrich-
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79, 80]

ment that can trigger eutrophication.! O3 directly inhibits plant growth

by causing oxidative stress and damaging chloroplasts.[8! 82] This leads to
vegetation damage, reducing diversity and lowering crop yields.[8]

Urban air pollution also has important implications for climate change,
with many air pollutants sharing sources with greenhouse gases (GHGs)
and either directly or indirectly influencing atmospheric heat retention.
84, 85] However, while climate change is a significant global challenge, the
focus of this thesis is on the local air quality consequences of pollutant
emissions. Understanding and addressing these localised effects is essential
for protecting public health and preventing environmental harm.

The local air quality health and environmental impacts of air pollution
are directly dependent on exposure, with sources that lead to higher con-
centrations or prolonged exposure posing the most significant risk. While
advancing our understanding of the health effects of urban air pollution re-
mains essential, it is equally important to continue to investigate the sources
and interactions that ultimately determine human and environmental ex-
posure. Research focusing on sources that contribute disproportionately
to high-exposure scenarios offers the most effective pathway for immediate

mitigation, particularly in urban environments where the majority of the

world’s population resides.

1.1.3 Current Trends

In the UK and many other regions worldwide, total annual emissions of many
air pollutants have steadily declined over the past three decades.[8-8°] This
trend is reflected in ambient urban air pollution concentrations, which are
measured through extensive global networks of monitoring sites.[°* These
sites provide the most reliable indication of urban population exposure to
air pollution. Figure 1.9 shows the annual mean urban background concen-

trations of six pollutants monitored by 140 sites in the UK’s Ambient Urban

14
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and Rural Network (AURN).[°1] A decline in urban ambient concentrations
of all pollutants except O3 has been observed in the UK; O3 is more difficult

to mitigate due to its complex secondary formation (Section 1.2.3).
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Figure 1.9: Mean annual concentrations of NO,, SO,, CO, O3, PM; 5, and PM; at
UK AURN urban background sites for the years 2000 — 2024.1°1]

The decreasing ambient concentrations of many pollutants are a direct
result of air pollution research, which has shaped policies and driven emis-
sions reductions. However, no ‘safe’ air pollution level has been identified,
and an ageing, growing population continues to amplify health impacts
even as concentrations decline. The health benefits of further reductions in
air pollution are therefore expected to increase more rapidly in the future,
emphasising the need for continued research and policy advancements.[°?]

The World Health Organization (WHO) published updated Air Quality
Guidelines (AQGs) in 2021 for short-term (24-hour) and long-term (annual)
exposure to six air pollutants: NO,, SO,, CO, O3, PM, 5, and PM;,. These
guidelines, presented in Table 1.1, exclude VOCs and NHj because their

health impacts are primarily indirect, contributing towards the formation of

15
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Table 1.1: Updated WHO 2021 Air Quality Guidelines.

Pollutant Averaging time AQG value (ng m=3)

Annual 10
NO,

24-hour 25
SO, 24-hour 40
CcO 24-hour 4000

Annual 60
O3

24-hour 100

Annual 5
PM,; 5

24-hour 15

Annual 15
PM;,

24-hour 45

The guideline limit values are evidence-based recommendations which

reflect the lowest concentrations at which the guideline developers could be

confident of an adverse health effect. It is estimated that 99% of the world’s

population currently live in areas that exceed these guideline concentration

limits.[93!]

Moreover, there are many areas of the world in which emissions of

air pollutants are increasing, particularly in developing lower- and middle-

income nations.!8% 891 In 2019, 95% of the 4.1 million deaths attributed

to outdoor air pollution occurred in these regions, where populations are

exposed to 1.3 to 4 times higher pollutant concentrations.

16
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1.1.4 The Role of Vehicle Emissions

Road transport plays an essential role in modern society, particularly in
urban areas, where it facilitates the large-scale movement of passengers
and freight. Unlike other modes of transport, road vehicles are resilient
to weather conditions and not constrained by station or port access. Fur-
thermore, their economic and practical accessibility makes private vehicle
ownership feasible for the majority of the population. As of December 2023,
there were 41.2 million licensed road vehicles in the UK, 81.6% of which
were passenger cars.[*4]

In addition to its role in society, road transport is a major contributor to
urban air pollution, specifically traffic-related air pollution (TRAP). Since
the mid-19th century, road vehicles have relied on fossil fuel combustion
for power.[®>] While the nature of the fuels, technologies, and pollutants of
concern have evolved, as illustrated in Figure 1.10, the link between road
vehicles and urban air pollution has remained significant.[?6-104]

In 2025, road transport remains an important contributor to urban air
pollution. As shown in Figure 1.7, it is among the top three sources for
NO,, CO, and PM. However, its impact extends beyond this, contributing
to the emission or formation of all major air pollutants. This complexity is
illustrated in Figure 1.11, which outlines the pathways through which road
transport contributes to urban air pollution.

The importance of road transport in urban air pollution is amplified by
its continuous and transient nature as an emission source, coupled with
its proximity to the general population. Other significant sources, such as
industrial plants and power stations, are relatively few in number, stationary,
and subject to strict regulations.['9%] These stationary sources can also often
be located in remote areas to minimise human exposure. In contrast, the

road transport sector in the UK alone comprises over 40 million individual,

highly mobile emission sources that move unpredictably through space and
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Figure 1.10: Timeline of road transport technology, fuel use, and associated air
pollutants of concern. Pollutants are shown at their first appearance in UK motor
vehicle legislation [100-104],
time, often through the nation’s most densely populated regions. Even vehi-
cles that appear identical - sharing the same manufacturer, engine model,
and fuel type - can exhibit significant differences in their emissions output.
These variations, which add considerable complexity to the quantification of
road vehicle emissions, stem from factors such as traffic conditions, ambi-
ent environmental conditions, driver behaviour, and differences in vehicle
maintenance.[106-10°]

Many of the health and environmental effects outlined in Section 1.1.2
have been directly linked to TRAP.['1% These include damage to the respira-
tory and cardiovascular systems, the onset of asthma, and increased rates of

acute respiratory infections in children.[> 111]

Given the widespread use and
proximity of road vehicles to populations, their emissions pose a consistent

and high exposure risk to surrounding pedestrians and residents, as well
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Figure 1.11: Modified diagram showing sources and interactions between air

pollutants. The red lines highlight the pathways through which road transport

contributes.

as vehicle drivers.[''>-114] For these reasons, reducing emissions from road
vehicles has been a key focus of urban air pollution mitigation efforts.

In the UK and other high-income nations, road transport emissions have
steadily declined over the past three decades.[8” 9 Despite this, the rapid
growth of urban populations and vehicle usage continues to exert pressure on
air quality, necessitating innovative approaches to manage TRAP emissions
effectively. Recent mitigation strategies in urban areas include investment

in public transportation infrastructure to reduce total traffic volume, the
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implementation of low-emission zones to remove the most polluting vehicles
from urban centres (Section 1.3.2), and the promotion of electric vehicles
(EVs).[115-119]

EVs eliminate exhaust emissions from road transport by replacing com-
bustion engines with (locally) emission-free electric drivetrains. Although
the electricity used to power EVs may still be generated via fossil fuel com-
bustion, EVs have consistently been reported to offer efficiency advantages

and lower GHG emissions overall.!120 121]

From an air quality perspective,
EVs provide enormous benefits over combustion-powered vehicles, as they
eliminate the exhaust portion of local road transport emissions.['2% 122] How-
ever, EVs still contribute to non-exhaust PM emissions, such as those from
brake and tyre wear (Section 1.2.4). These emissions can sometimes exceed
those of combustion-powered vehicles due to the added weight of the electric
drivetrain.[123]

Despite the seemingly rapid adoption of EVs, only 3.2% of the UK vehicle
fleet is currently electric-powered.!'?4] Even with a growing number of new
EV registrations each year and the UK government’s planned ban on new
fossil-fuelled light-duty vehicle sales by 2035, the average passenger car
lifespan (currently 18 years or 200,000 km and rising) means that a com-
plete transition to an EV-dominated fleet will likely take several decades.
[125,126] Therefore, the air quality benefits associated with EVs may not be
fully realised for many years. Moreover, during this transitional period,
hybrid-electric drivetrains - combining electric and combustion power —
are becoming increasingly common, currently accounting for 6.2% of the
UK vehicle fleet.!?4] It is essential that research on road transport emissions
keeps pace with these evolving technologies to ensure that their air pollution
implications are fully understood.

In low- and middle-income nations, the electrification of road transport

[127]

is progressing at a significantly slower rate, if at all. These regions face
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a greater burden of TRAP, as older, more polluting vehicles retired from
high-income nations are often exported to low- and middle-income countries.
[128] Consequently, road transport emissions will remain a global concern for
decades. Understanding the complex interactions between vehicle emission
characteristics, urban environments, and atmospheric chemistry is, there-
fore, essential to developing targeted and sustainable solutions for reducing

vehicle emissions and their associated adverse health consequences.

21



Chapter 1. Introduction

1.2 Chemistry of Vehicle Emissions

Modern road vehicles produce air pollutant emissions through a variety of
mechanisms. Engine combustion generates emissions that are chemically
transformed in exhaust after-treatment systems before being released into the
atmosphere, where further reactions can take place. In addition to exhaust
emissions, vehicles also emit pollutants through evaporative processes from
onboard fluids and through abrasive wear of components like brakes, tyres,
and road surfaces. Vehicle movement can also resuspend road dust, acting as
an additional source of PM. The amount and composition of these emissions
can vary widely depending on factors such as fuel type, operating conditions,
ambient environment, and driving behaviour. This section examines the
pathways through which road vehicles emit both primary and secondary air

pollutants, with a focus on those described in Section 1.1.

1.2.1 Combustion Products

Fossil fuel combustion has been the primary energy source for road transport
vehicles for over a century, with gasoline (petrol) and diesel serving as the
dominant fuels in the UK. Both fuels are composed of hydrocarbon mixtures
with minor differences in their compositions.['?°l Engine-out emissions are
pollutants generated directly by fuel combustion within the vehicle’s internal
combustion engine (ICE) before undergoing any processing in the exhaust
system. Once treated by after-treatment technologies, these emissions are
partially chemically transformed into what is released as exhaust emissions
from the vehicle’s tailpipe. Prior to the development of after-treatment
systems, engine-out and exhaust emissions were identical.

ICEs operate by converting chemical energy in the fuel into mechan-
ical energy. The basic principles involve compressing a fuel-air mixture

within a cylinder and igniting it to produce high-pressure gases that drive
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pistons, which in turn power the vehicle’s drivetrain. ICE technology has
evolved significantly over decades, with advancements in combustion con-
trol and engine-out emissions reduction, making them more efficient and
less polluting than earlier generations.

Engine-out emissions from road vehicles are produced during the high-
temperature combustion of hydrocarbon fuel in the presence of oxygen and
nitrogen from the intake air. Most of the hydrocarbons are fully oxidised
to CO, and water in complete combustion, illustrated for octane (CgH;g) in
Reaction 1.1. The products of complete combustion — CO, and water — along
with unreacted oxygen and nitrogen from the intake air typically account
for over 99.9% of the engine-out emissions.['3%] The remaining fraction of

the exhaust gases consists of various air pollutants.

2 CgHyg+250, — 16 CO, + 18 H,0 (1.1)

If oxygen is insufficient for complete combustion, incomplete combustion
results in the formation of CO and PM in the form of black carbon (BC), as

illustrated in Reactions 1.2 and 1.3.

2C8H18+1702 — 16 CO+18 Hzo (12)

2C8H18+13 OZ e 8C(BC)+8CO+18 Hzo (13)

Under the high-temperature conditions of combustion, N,, which consti-
tutes the majority of the intake air, is oxidised via the Zel'dovich mechanism.
This series of reactions involving molecular nitrogen, oxygen, and OH radi-

cals results in the formation of NO, as shown in Reactions 1.4 to 1.6.112-14]
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N, +O = NO+N (1.4)
N+O, = NO+O (1.5)
N+OH = NO+H (1.6)

Primary NO, can also be formed during combustion through the further
reaction of NO with oxidant species, as shown in Reaction 1.7. However, the
majority of NO, from road transport derived NO is produced after exhaust

emission via secondary reactions in the atmosphere (Section 1.2.3).

NO+HO, = NO, +OH (1.7)

Engine-out emissions may also include air pollutants derived from the
hydrocarbon fuel, its additives, and impurities. The fuel itself is a complex
mixture of thousands of alkane, alkene, and aromatic hydrocarbon (HC)
species.['?°l When these HC compounds are not fully oxidised during com-
bustion, they can be emitted as unburnt or partially burnt hydrocarbons,
serving as a source of VOCs.

Hydrocarbon fossil fuels, particularly diesel, often contain sulfur impuri-
ties, which produce SO, during combustion, as shown in Reaction 1.8. In
the UK, legislation regulating sulfur content in road transport fuels during
the 1990s and early 2000s has led to widespread use of sulfur-free fuels,

resulting in a large reduction in SO, emissions from road transport.!!3!]
2C8H18S+27 OZ — 16 C02+18 H20+2802 (18)

24



Chapter 1. Introduction

Modern engines also require lubricants (engine oil) to operate. These
lubricants are used within the engine to reduce friction, and small amounts
are burnt during combustion. Unlike fuels, engine lubricants are less strictly
regulated, and most formulations contain sulfur-based compounds, such
as zinc dialkyl dithiophosphates (ZDDPs), to protect engine components

and reduce wear.[132]

Consequently, the combustion of engine lubricants can
emit SO,, amongst other air pollutants, including primary PM.['33 134] This
is particularly problematic when more significant amounts of lubricant are
burned due to engine wear or malfunction.

One of the most infamous fuel additives from an air quality perspective is
tetra-ethyl lead (TEL), which was introduced in the 1920s to enhance engine

performance (Figure 1.10).[13]

During combustion, TEL is converted into
various lead-containing compounds that, when emitted into the atmosphere,
have severe adverse effects on human health. Consequently, TEL was sub-
jected to strict regulation and was banned entirely from road transport fuels
in the UK by 2000.!193 While TEL’s historical significance to road transport
air quality is notable, its removal from road fuels has successfully mitigated
its harmful impacts, and it is not a focus of this thesis.

More recently, biofuel blends containing part fossil fuel and part fuel
derived from biomass have been introduced in the UK and globally to offset
CO; GHG emissions from road transport and help mitigate climate change.
These blends include E5 and E10 gasoline, which contain up to 5% and 10%
bioethanol, respectively, and B7 diesel, which contains up to 7% bio-derived
diesel.[13% 1371 While biofuel blends have been reported to have a minor
impact on the relative emissions of NO,, PM (BC), and VOCs (HC) through
differences in fuel chemistry and engine operation, research in this area
remains inconclusive.['3%-140] The addition of biomass-derived fuels further

complicates the interactions between vehicle emissions and air quality.
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In addition to gasoline and diesel, road vehicles can also utilise alternative
fossil fuels such as Compressed Natural Gas (CNG) and Liquefied Petroleum
Gas (LPG). These alternatives can be used in modified diesel and gasoline
ICEs, respectively. In the UK, adoption of these fuels remains minimal, with
CNG and LPG vehicles constituting less than 0.1% of the road vehicle fleet.
[124] Similar to biofuel blends, alternative fossil fuels have been reported to
have a negligible impact on the relative emissions of combustion-derived
pollutants.!'4! 142l While this thesis does not address alternative fossil fuels
or biofuel blends directly, both areas require further exploration, particularly
biofuel blends, as their global usage is expected to grow.

Engine-out emissions from diesel and gasoline vehicles differ significantly
due to their combustion processes. Gasoline engines primarily operate using
spark ignition (SI), where a spark plug ignites an air-fuel mixture maintained
at or near a stoichiometric ratio, ensuring neither air nor fuel is in excess.
[143] In practice, gasoline engines often operate slightly lean (excess air) or
rich (excess fuel) as they regulate this balance using an intake air throttle.
In contrast, diesel engines utilise compression ignition (CI), where air is
compressed to high pressures and temperatures, and fuel is directly injected
into the combustion chamber, auto-igniting upon contact with the hot air.
[129] Unlike gasoline engines, diesel engines are un-throttled and always
operate under lean conditions, regulating power through control of fuel
injection. These differences result in distinct characteristics in engine design,
operation, and emissions output.

Although diesel combustion occurs under overall lean conditions, lo-
calised regions of fuel-rich mixtures arise, resulting in a slower, diffusion-
dominated combustion process.[!3°] This approach promotes high thermal
efficiency but also generates high in-cylinder temperatures. Due to their high
efficiency and the high torque associated with greater compression ratios,

diesel ICEs are predominantly used in larger vehicles, such as heavy goods

26



Chapter 1. Introduction

vehicles (HGVs) and most light goods vehicles (LGVs); many passenger cars
in the UK and Europe are also diesel-powered. In contrast, because gasoline
combustion is optimised to maintain a stoichiometric air-fuel ratio, faster
flame propagation and lower in-cylinder temperatures can be achieved.!'43]
However, this comes at the expense of efficiency due to throttling losses
and the lower compression ratios necessary to ensure unwanted air-fuel
autoignition (knock) does not occur. As a result, gasoline ICEs are primarily
used in passenger cars and smaller vehicles, such as motorcycles.

With respect to engine-out emissions, diesel engines produce higher
levels of NO, and PM because of the heterogeneity of the air-fuel mixture
and elevated in-cylinder temperatures.l'*4] Localised fuel-rich zones during
combustion contribute to PM formation, while the high temperatures facil-
itate NO, generation. Gasoline engines emit lower levels of NO, and PM
because of their stoichiometric combustion and more effective mixing of air
and fuel. However, gasoline engines tend to produce higher levels of CO and
HC/VOCs due to incomplete combustion at low loads when a stochiometric
air-fuel ratio cannot be maintained.[!4]

The differences in combustion technology and engine-out emissions have
significant implications for the development of emission control systems.
In gasoline engines, near-stoichiometric combustion ensures that exhaust
gases consist of CO,, water, engine-out pollutants, and a small amount of
intake air. This composition allows for the effective integration of emission
control systems and is the reason why gasoline combustion is optimised
for stoichiometric air-fuel ratios, even though lean gasoline combustion is

a more efficient alternative.[12°]

Diesel engines, however, must operate un-
der lean conditions, where a significant portion of the exhaust gas includes
oxygen from the intake air. This presents a considerable challenge for emis-
sion control systems, making the development of effective after-treatment

technologies for diesel engines far more complex than for gasoline engines.
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1.2.2 Emission Control Systems

To comply with increasingly stringent vehicle emission regulations (Section
1.3.1) over the past 50 years, manufacturers have developed a variety of
systems to reduce engine-out emissions. These may be integrated into the
ICE itself or installed downstream in the vehicle’s exhaust as part of an
exhaust after-treatment system. Due to differences in combustion technology
and exhaust gas composition, gasoline and diesel ICEs employ different
emission control systems, each relying on different chemical mechanisms to

transform or capture engine-out pollutants.

1.2.2.1 Gasoline Technology

Emission control in gasoline vehicles has been achieved through catalytic
converter technology. Catalysis accelerates chemical reactions using a cat-
alyst - a substance that is not consumed and remains unchanged during
the reaction. Catalytic converters contain precious metal catalysts such as
platinum, palladium, and rhodium, which are coated onto a metal or ceramic
substrate and contained within the exhaust system.!['40] As exhaust gases

pass over the catalyst, engine-out pollutants are chemically transformed.
Two-way Catalyst

Early gasoline catalytic converters, introduced in the 1970s, relied on oxi-
dation to convert CO and HC into CO,, as shown in Reactions 1.9 and 1.10,
where HCs are represented by methane (CH,). These two-way catalysts

(oxidation catalysts) were named for their ability to oxidise both CO and HC.

2CO0+0, — 2CO, (1.9)

CH4+202 —> C02+2H20 (110)
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Three-way Catalyst (TWC)

In the late 1970s, three-way catalysts (TWCs) replaced two-way catalysts,
adding the ability to reduce NO, to nitrogen gas. The additional processes
occurring in a TWC are outlined in Reactions 1.11 — 1.13, where HCs are
represented by methane. The hydrogen in Reaction 1.13 is also produced in

the TWC via hydrocarbon steam reformation and the water-gas shift reaction

between CO and water.[146,147]
2NO+2CO — N, +2CO, (1.11)
2NO+CHy+0,; — N, +CO,+2H,0 (1.12)
2NO+2H, — N,+2H,0 (1.13)

TWCs require near-stochiometric combustion to function effectively. If
the engine runs rich (excess fuel), there is insufficient oxygen in the ex-
haust gas to oxidise CO and HC. If the engine runs lean (excess air), oxygen
binds to the catalyst surface, preventing the reduction of NO,.[148] Achiev-
ing stochiometric combustion and the correct exhaust gas composition for
optimum TWC operation requires precise control through a series of engine
and exhaust sensors.

Since its introduction, TWC technology has evolved with more efficient
catalyst materials and substrate structures, improving performance and
durability.'4°] TWCs have been a technological success story, substantially
reducing exhaust emissions from gasoline vehicles for decades.!%¢] However,
over time, catalyst surface and control system degradation can reduce TWC

efficiency and, in some cases, lead to the formation of new pollutants.
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Under rich combustion conditions, resulting from control system mal-
function or degradation, TWCs can reduce NO, to NHj3; one such pathway is

4.[147, 150] This introduces NHj as an exhaust pollutant

shown in Reaction 1.1
that was absent in the engine-out emissions. Gasoline TWCs are the largest
source of urban NHj3, contributing to the formation of secondary PM (Section

1.2.3).

2NO+2CO+3H, — 2NH;+2CO, (1.14)

Gasoline Particulate Filter (GPF)

While TWCs address gaseous engine-out pollutants, they do not reduce PM
emissions. Although gasoline ICEs typically produce less PM than their
diesel counterparts, the growing adoption of gasoline direct injection (GDI)
technology in the late 2000s, which improves performance and fuel economy,
led to increased gasoline PM emissions.

Gasoline particulate filters (GPFs) were widely introduced in the early
2010s.[151] GPFs physically capture and trap PM emissions while allowing
exhaust gases to pass through. The captured particles are then burned off
through periodic passive or active regeneration, where high temperatures
oxidise PM into CO,.[*>!] GPFs can be installed downstream of the TWC or
integrated within a single after-treatment system combining both technolo-

[152]

gies. Figure 1.12 provides an overview of the engine-out and exhaust

emissions from gasoline ICEs.
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Species [ N, [l o, [ No, co [ vc [l Pm

Presence

Intake air ICE TWC GPF Emissions
Exhaust flow

Figure 1.12: Gasoline ICE exhaust diagram showing the presence, creation, or
removal of each pollutant throughout the different emission control systems. The
presence is not quantitative and is intended only to illustrate the direction in which

pollutant concentrations are likely to change.

1.2.2.2 Diesel Technology

Emission control in diesel vehicles presents unique challenges due to lean
combustion, which produces exhaust gas with excess oxygen. As a result,
the TWCs discussed in Section 1.2.2.1 are ineffective for diesel ICEs because
oxygen in the exhaust prevents the chemical reduction of NO,. As a result,

alternative emission control technologies have been developed.
Diesel Oxidation Catalyst (DOC)

Similar to gasoline vehicles, diesel oxidation catalysts (DOCs) have been used
since the 1970s to reduce CO and hydrocarbon (HC) emissions via Reactions
1.9 and 1.10.[148] However, because diesel combustion is lean, DOCs were
not replaced by TWCs, and instead, DOCs persist as a key technology in

modern diesel ICEs, with continued refinement over time. One drawback
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of DOC:s is their ability to oxidise NO to NO,, increasing the fraction of the

more harmful NO, in total NO, emissions.!*53]

Exhaust Gas Recirculation

The first dedicated NO, control technology for diesel vehicles was exhaust
gas recirculation (EGR), also introduced in the 1970s. EGR is an engine-
based system designed to reduce engine-out NO, emissions and not an after-
treatment system. It functions by redirecting a portion of the exhaust gas
back into the combustion chamber, displacing the intake air (and associated
oxygen) and lowering peak combustion temperatures, which reduces NO,
formation.[154]

Similar to DOCs, EGR technology is still in use today, with many modern
EGR systems incorporating heat exchangers to cool the exhaust gas before

154]

recirculation, improving efficiency.['>*] However, EGR adds complexity to

diesel ICEs, requiring additional moving parts and valves that can become

blocked by carbon build-up over time.[!5°]

Additionally, EGR can increase
PM emissions due to lower combustion temperatures and incomplete com-

bustion resulting from reduced oxygen availability.
Diesel Particulate Filter (DPF)

To control PM emissions, diesel particulate filters (DPFs) were introduced
in the late 2000s.[2°! DPFs operate on the same principles as GPFs but
were developed and adopted earlier due to the higher PM emissions from
diesel vehicles, particularly following the uptake of EGR technology (Section
1.2.2.1). In recent work, DOCs and DPFs have been combined into a single
unit known as a particulate oxidation catalyst (POC), where NO, generated

by the catalyst assists in the continuous oxidation of PM into CO,.[1>%]

Lean NO, Trap (LNT)

Despite advancements in EGR, DOCs, and DPFs, NO, emissions from diesel

vehicles remained higher than those from gasoline vehicles. In response to in-
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creasingly stringent vehicle emissions regulations in the early 2010s (Section
1.3.1), two additional after-treatment technologies were introduced to target
NOy reduction: lean NO, traps (LNTs) and selective catalytic reduction
(SCR).

LNTs are installed downstream of the DOC and DPF and absorb NO,
under lean combustion conditions before releasing and chemically reducing
it under rich conditions. These systems contain a precious metal catalyst
similar to those found in TWCs and DOCs alongside metal carbonates and
oxides. Under lean conditions, NO is oxidised to NO, and stored on a metal
carbonate surface, as shown in Reactions 1.15 and 1.16, where barium (Ba)

is the metal carbonate/oxide.[157- 158]

4N02+2B3CO3+02 = 2Ba(NO3)2+2COz (116)

During periodic rich combustion phases, barium oxide is formed, and
stored NO,; is released and reduced by exhaust reductants (CO, HC, and

hydrogen), catalysed by the precious metal catalyst.[157-158]

Simultaneously,
barium carbonate is regenerated from barium oxide through reaction with

exhaust gas CO,. These process are outlined in Reactions 1.17-1.19.

2N02+4CO —> N2+4C02 (118)
BaO +CO, — BaCO; (1.19)
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Selective Catalytic Reduction (SCR)

SCR is another NO, control technology widely adopted in the past decade.
It relies on the injection of diesel exhaust fluid (DEF), typically urea, into
the exhaust stream downstream of the DOC and DPE. At the high exhaust
temperatures, urea decomposes into NHj3, which then reacts with NO and
NO, over a precious metal catalyst to chemically reduce NO,, as shown in

Reactions 1.20 —1.22.[159]

4NO +4NH;+0, — 4N, +6 H,0 (1.20)
2N02+4NH3+02 e 3N2+6H20 (121)
NO +NO, + 2 NH; — 2N, +3 H,0 (1.22)

Reaction 1.22, the faster SCR NO, reduction pathway, benefits from a
higher fraction (up to 50%) of NO, in the exhaust, improving overall NO,
reduction efficiency.['®?] While both LNT and SCR technologies have been
known since the late 20th century, their widespread adoption in diesel ICEs
is relatively recent, and ongoing improvements continue to enhance their
performance.

Although LNTs and SCR have reduced diesel NO, emissions to levels
comparable to gasoline vehicles, a significant drawback of both systems is
the potential formation of ammonia as a by-product. This issue arises if
after-treatment conditions are not precisely controlled. In SCR, excessive
NHj; injection relative to pre-SCR NO, concentrations leads to unreacted
NHj; emissions, known as ammonia slip.[161] In LNTs, overly rich combustion
conditions can cause excessive reductant (CO and hydrogen) exhaust gas

concentrations, leading to NH; formation.[162]
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Modern diesel vehicles integrate EGR, DOCs, DPFs, LNTs, and SCR to
meet stringent emissions regulations. In recent years, to reduce ammonia slip
emissions from SCR systems, ammonia oxidation catalysts have also been
introduced.[1®3] The complexity of diesel emission control systems reflects
the fundamental challenge posed by lean combustion and excess oxygen in
the exhaust gas. Figure 1.13 provides an overview of the engine-out and
exhaust emissions from diesel ICEs. As diesel emission control technologies
continue to evolve, monitoring their long-term performance and degradation

will be essential to ensure their continued effectiveness.

Species [ N, ]l ©. [l NO, co [ Hc [l Pv NH,

v

Presence

Intake air ICE + EGR DOC DPF SCRI/LNT Emissions
Exhaust flow

Figure 1.13: Diesel ICE exhaust diagram showing the presence, creation, or removal
of each pollutant throughout the different emission control systems. The presence
is not quantitative and is intended only to illustrate the direction in which pollutant

concentrations are likely to change.
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1.2.3 Secondary Pollutants

Once emitted from the tailpipe, primary exhaust pollutants from road trans-
port can undergo atmospheric chemical transformations, forming harm-
ful secondary pollutants. The rate and quantity of secondary pollutant
formation are dependent on the concentrations of primary pollutants, co-
pollutants, and existing atmospheric constituents, as well as meteorological
conditions. Among the pollutants emitted from road vehicles, HCs exhibit
the most complex secondary chemistry due to the wide range of species
emitted. In addition to generating secondary VOCs, exhaust HCs contribute
to the net production of tropospheric O3.

O3 formation is a radical chain process driven by interactions between
NO, and oxygen. NO, NO,, and O3 exist in a dynamic equilibrium described
by the Leighton relationship, shown in Reactions 1.23 — 1.25.[164 165] Photol-
ysis of NO, produces NO and atomic oxygen, which reacts with molecular
oxygen in the presence of a third molecule (M), to form O3. M does not
participate directly in the reaction but absorbs the excess energy released,
stabilising the O3 product, which can then react with NO, regenerating NO,
and molecular oxygen, resulting in a null cycle with no net ozone produc-

tion. The relative balance of NO and NO, depends on O3 concentration and

sunlight (A < 420 nm) intensity, which is required for Reaction 1.23.[166]
NO, 2% NO+0 (1.23)
0+0,+M —0O3+M (1.24)
O3 +NO — O, +NO, (1.25)
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Net ozone formation occurs when this equilibrium is disrupted by other
pollutants, particularly VOCs. The process is initiated when a VOC (RH) is
oxidised by the OH radical, producing a peroxy radical (RO,). This radical
oxidises NO to NO,, perturbing the Leighton relationship, while forming an
alkoxy radical (RO), which can further react to generate secondary VOCs,
regenerate OH, and oxidise additional NO to NO,. This cycle, illustrated
in Figure 1.14, can involve numerous additional complex reactions but

ultimately results in net O3 production.

Ozone production

VOC-limited >\

termination

NO

RO,NO,

Initiation
NOX—limited

termination

HN 7—> ROOH
VOC—llmlted >_< RO

2
termination
Ozone production

Figure 1.14: Reaction scheme for the net production of O3 from NO, and VOC

chemistry.
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Ozone formation is highly non-linear with respect to NO, and VOC
emissions. The rate of O; production depends on their relative local bal-
ance and the type of VOCs present, which are both strongly influenced by
road transport, particularly in urban areas. As discussed in Section 1.1.1,
whether O3 formation is limited by NO, or VOCs determines the dominant
influence of vehicular emissions. In NO,-limited regimes, NO, emissions
significantly impact O3 concentrations, whereas in VOC-limited regimes,
vehicular VOC emissions play a greater role, the dominant radical chain
termination pathway for each regime is shown in Figure 1.14. Recently, a
third regime referred to as the aerosol-inhibited regime has been proposed,
where the uptake of hydroperoxy radicals (HO;) onto aerosol particles is the
dominant termination pathway.!'¢7]

In addition to ozone formation, road transport-derived VOCs contribute
to secondary PM, particularly SOA. The oxidation of VOCs during O3 forma-
tion and wider atmospheric reactions produces lower-volatility products that
can partition from the gas phase into particles. VOC emissions from road
vehicles have been reported to comprise up to 21% of urban SOA, which
account for anywhere from 20 to 70% of total urban PM, 5.[168 16]

Other road transport emissions also contribute to PM via SIA formation.
NO, and NHj3 emissions react in the atmosphere to form ammonium nitrate
(NH4NO3) through Reactions 1.26 and 1.27.1170] Ammonium nitrate, along
with other ammonium salts formed from reactions involving SO, and other

pollutants, can nucleate to form PM or condense onto existing particles.!!7!]

NO, + OH — HNOj; (1.26)

HNO3+NH3 —> NH4NO3 (127)
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The full scope of the currently understood chemistry of secondary pol-
lutant formation from vehicle emissions is extensive and cannot be fully
covered here. One example of a species that plays a key role in both O3 and
PM formation is nitrous acid (HONO). It forms heterogeneously through the
reaction of NO, with water vapour on surfaces near roads, as shown in Equa-
tion 1.28.1172] This process can also happen within vehicle exhaust systems,

in which case the HONO produced is considered a primary pollutant.[173]

2 NO, + H,0 — HONO + HNO; (1.28)

Once formed, HONO undergoes rapid photolysis in sunlight, generating
OH radicals that partake in the chemistry described earlier in this section.
HONO represents just one example of the many air pollutants that could
not be explored in this thesis but originate from vehicles and contribute

significantly to urban air pollution.

1.2.4 Non-Exhaust Pollutants

As well as pollutants directly emitted and subsequently formed from exhaust
emissions, road transport produces non-exhaust emissions. These originate
from various intra-vehicular sources, with the most significant being par-
ticulate matter (PM) from frictional processes. Road vehicles rely on the
friction between their tyres and the road to accelerate, decelerate, and change
direction. Each of these processes causes abrasive wear of both the tyre and
road surface, producing PM emissions. Similarly, braking systems function
by creating friction between stationary and rotating components to convert
the vehicle’s kinetic energy into heat, a process that also releases PM.
Non-exhaust PM emissions, arising from tyre, road surface, and brake

wear are similar to exhaust emissions in their complexity, varying with
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material composition, driving behaviour, and ambient conditions.!!7% 175

However, while exhaust emissions typically originate from a single source per
vehicle, non-exhaust emissions are generated across multiple road contact
and braking points, making them more challenging to quantify (Section
1.4). As a result, their measurement remains highly uncertain and largely
unregulated.[17¢]

The composition and size distribution of non-exhaust PM emissions vary,
and they predominantly contribute to PM;, with a lesser but still important

contribution to PM, .[177]

Brake wear PM emissions are composed primarily
of heavy metals, including zinc (Zn), copper (Cu), iron (Fe), barium (Ba),
and antimony (Sn), as well as organic compounds derived from braking

178]

surface materials.['78] Emissions from brake wear are particularly significant

in urban areas where frequent braking increases PM generation.['7°]

Tyres are composed of synthetic and natural rubber, carbon black, and
various chemical additives. The wear process generates particles of varying
sizes, with larger fragments remaining on the road and finer particles (PM;
and smaller) becoming airborne. The composition of these particles varies
widely, often containing heavy metals and a range of organic compounds.
[180] Road surface wear contributes additional mineral particles, including
silica (SiO,), Fe, and calcium (Ca), originating from asphalt and concrete

181]

breakdown.! The interaction between the tyre and road surface also

influences particle formation, with factors such as vehicle load, speed, and
road texture affecting emission rates.[182 183

In addition to intra-vehicular non-exhaust PM, road transport is capable
of resuspending previously deposited road dust by shear forces from tyres
and atmospheric turbulence in the vehicle wake.['34] Resuspended road dust
represents the largest single contributor to vehicle non-exhaust PM; emis-
sions, exceeding direct brake, tyre, and road wear emissions in many urban

177)

environments.['””] Road dust is a heterogeneous mixture of materials, in-
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cluding mineral particles from road wear, heavy metals from brake and tyre
abrasion, and pollutants deposited from exhaust emissions. The chemical
composition of resuspended dust can vary widely based on local ambient
conditions, traffic intensity, and road maintenance practices.

Non-exhaust PM emissions from road transport occur regardless of power
type, meaning that EVs are also a source. A key factor influencing these
emissions is vehicle mass, as heavier vehicles generate more friction with
the road surface, dissipate greater energy during braking, and resuspend
more road dust.['75] Over time, road transport vehicles have become pro-
gressively larger and heavier due to growing consumer demand for more
spacious vehicles with additional features. EVs often add even more weight
because of their large batteries, further amplifying non-exhaust emissions.
[185] However, EVs also utilise regenerative braking, which has been shown
to reduce brake wear emissions by recovering kinetic energy and decreasing
reliance on friction braking. This technology has the potential to mitigate
one component of non-exhaust PM pollution.[123 186] Despite this, tyre wear,
road surface wear, and road dust resuspension remain significant sources of
emissions, particularly for heavy EVs.

As exhaust emissions from ICE vehicles continue to decline due to stricter
regulations (Section 1.3.1) and improved technology, non-exhaust sources are
becoming the dominant contributor to traffic-related PM pollution.!17> 177]
This shift has driven significant research over the past decade. Continued
investigation into non-exhaust emissions is essential to reduce PM pollu-
tion in urban areas further and maximise the air quality benefits of fleet
electrification.

Another source of non-exhaust emissions from road transport is evapora-
tive fuel emissions, which arise from the volatilisation of fuel components,
as opposed to combustion. These emissions can occur when refuelling or

by permeating through fuel system components, releasing VOCs into the
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atmosphere. Evaporative fuel emissions have been largely reduced in the
UK and Europe through improvements in vehicle fuel system design, in-
cluding sealed fuel tanks and onboard vapour recovery technologies, as well
as through seasonal fuel reformulations.[!87] These emissions do, however,
remain a relevant source in many urban areas worldwide, particularly in
warmer climates where higher temperatures increase fuel volatility.!'8]
Recently, evaporative screen wash emissions have been reported to rep-
resent a significant and overlooked source of non-exhaust VOCs from road
transport in the UK. Screenwash formulations contain high concentrations
of VOC:s like ethanol and methanol for antifreeze properties, which, when
used in screen cleaning systems, evaporate into the atmosphere, contributing
more VOC emissions than fuel evaporation and exhaust emissions com-
bined.[?3] Similar to non-exhaust PM emissions, VOCs from screenwash are
independent of power type, and EVs contribute equally to this source. Am-
bient conditions strongly influence screen wash VOC emissions, with higher
usage in the UK during winter due to seasonal formulation changes and in-
creased road spray. While not a focus of this thesis, screen wash-related VOC
emissions remain largely unregulated and will be increasingly important to
address as the overall profile of road transport VOC emissions shifts with

further exhaust emission reductions and fleet electrification.

1.2.5 Summary of Vehicle Emissions

The chemistry of vehicle emissions is complex, owing to the various pollutant
sources within vehicles and their variations across the fleet. Matters are
further complicated by the secondary reactions that occur in the atmosphere
after emission, as well as the physical interaction of vehicles with their
environment. Figure 1.15 summarises the chemistry of vehicle emissions.
Hybrid-electric vehicles, which combine an ICE with an electric drive-

train, are capable of emitting all the pollutants outlined in Figure 1.15 due
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Figure 1.15: Diagram summarising the origin and chemistry of vehicle emissions.

to the combustion process and associated after-treatment systems. Primarily
gasoline-powered, these vehicles generally produce lower emissions than
those that are only fossil-fuelled by using the electric drivetrain to reduce
engine load or, at times, power the vehicle entirely.[189' 190] However, the
operation of hybrid drivetrain systems varies across manufacturers and mod-
els, influencing emission compositions by altering ICE temperature and the
performance of emission control systems.!!*!l Given that hybrid vehicles
now constitute the largest share of new road vehicle sales in the UK, fully
understanding their emissions remains a research priority.[?4

The chemistry and emissions of road transport are influenced by factors
such as driver behaviour, ambient conditions, and vehicle degradation. Cold-
start emissions — those produced when a vehicle’s engine is first started
after being inactive — are consistently higher for all combustion-derived

exhaust pollutants due to emission control systems operating below optimal
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192, 193]

temperatures.! Similarly, traffic congestion and stop-start driving can

cause variation in exhaust gas flow, reducing the efficiency of these systems
and leading to increased emissions of all pollutants.[176: 194, 195]

As vehicles age, emission control systems often degrade or fail before
other ICE components, and their high replacement costs can lead to either
unintentional malfunction or, in some cases, illegal tampering or removal.
(35,196, 197] Consequently, certain vehicles become disproportionately high
emitters of pollutants. Research has consistently reported that the top ~10%
of high-emitting vehicles contribute significantly to urban air pollution, ac-
counting for over 50% of total vehicle emissions.!!*8-200] Effective mitigation

strategies must therefore prioritise these vehicles to achieve meaningful

reductions in emissions and subsequent improvements in urban air quality.
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1.3 Mitigation of Vehicle Emissions

Mitigating the impact of road transport on urban air quality requires targeted
strategies that directly address vehicle emissions. Over the past few decades,
reducing emissions from road transport has been achieved through collective
contributions from regulatory frameworks, technological advancements, and
urban planning measures. These strategies have been most extensively
implemented in high-income nations, but the pace and approach of adoption

vary globally.

1.3.1 Emission Standards and Regulation

The primary method of vehicle emission mitigation is the implementation
of emission standards, which set pollutant emission limits that new vehicle
models must meet during Type Approval testing before they can be mass-
produced and sold. In the UK and Europe, the Euro emission standards have
played an important role in reducing exhaust emissions from new vehicles.
87,901 Introduced in 1992, the Euro standards have undergone multiple
revisions, with each stage imposing stricter limits on pollutants including
NO,, CO, HC, and PM. There are different pollutants and limits set for
different vehicle categories and fuel types.

The most recent light-duty vehicle (passenger car and LGV) standard,
Euro 6, introduced in 2015 and last updated in 2023, set significantly lower
NO, limits for diesel vehicles compared to previous iterations, driving the
adoption of SCR and LNT emission control systems (Section 1.2.2.2). Further
stages (Euro 7) are under development to address both exhaust and non-
exhaust emissions.[201]

While emission standards have driven substantial reductions in vehicle

exhaust emissions, their effectiveness has been limited by discrepancies

between laboratory-based testing methods used for Type Approval and real-
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[202-204] yntil 2015, emission limits were enforced

world vehicle emissions.
using standardised laboratory drive cycles on chassis dynamometers (Section
1.4.1), which do not fully represent the range of real-world driving conditions.
This issue gained widespread attention during the 2015 Dieselgate emissions
scandal, where manufacturers were found to have fitted vehicles with defeat
devices designed to detect laboratory testing conditions and manipulate
emissions output.[205]

The Dieselgate emissions scandal, combined with growing evidence of
the mismatch between laboratory and real-world emissions, led to the intro-
duction of Real Driving Emissions (RDE) testing, which was added to the
Euro 6 standard (Euro 6d). RDE requires vehicles to meet emissions limits
for NO, and PM under on-road driving conditions (Section 1.4.2) in addition
to laboratory tests.[206] Despite these improvements, RDE testing remains
subject to certain limitations, particularly in capturing emissions across
the full range of driving behaviours and environmental conditions. RDE
testing is enforced through conformity factors, which allow RDE emissions
to exceed laboratory emissions by a specified margin. Conformity factors
were initially set at 1.43 for NO, and 1.5 for PM but have been progressively
tightened, with Euro 6e reducing them to 1.10 and 1.34, respectively.[207]

Further reductions are expected under Euro 7.

1.3.2 Low-Emission Zones

Low Emission Zones (LEZs) are an increasingly common urban air quality
mitigation strategy that directly targets vehicle emissions. LEZs restrict
access to certain areas based on vehicle emissions performance, determined
by emission standards, with older, more polluting vehicles either prohibited
or subject to financial charges. The UK’s first LEZ was introduced in London
in 2008, followed by the more stringent Ultra Low Emission Zone (ULEZ)
in 2019.[208] The ULEZ operates alongside the Congestion Charge Zone
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(CCZ) — a charge applied to all vehicles during peak hours — creating a
combined system that encourages the use of less polluting vehicles and
public transport.

Many other cities in the UK and worldwide have implemented similar sys-
tems, including Birmingham (UK), Leicester (UK), Berlin (Germany), Milan
(Italy), and Santa Monica (United States).[209-213] Although the effectiveness
of LEZs varies depending on their design and enforcement, studies have
reported significant reductions in pollutant concentrations where they are
applied.[?% 215] However, the potential for emissions displacement to areas
outside the restricted zones, known as negative border or spillover effects,
presents a challenge.[?16]

Furthermore, recent work in London has shown that traffic congestion
in urban areas can result in suboptimal NO, emission control system (SCR

194] These findings

and LNT) operation, even for the least polluting vehicles.!
demonstrate that other opposing variables can outweigh the benefits of LEZs
and that addressing vehicle emissions in urban areas requires additional
intervention.

Other traffic restriction strategies have also been implemented in the UK.
In 2020, the Department for Transport (DfT) introduced Low-Traffic Neigh-
bourhoods (LTNs). Unlike LEZs, which target vehicles based on emissions
performance, LTNs use small-scale, area-based interventions to manage

traffic flow in urban areas.[?!7]

These interventions typically include modal
filters such as planters, bollards, or camera gates to restrict traffic. While
LTNs have been shown to reduce local air pollutant concentrations, they have

also faced criticism from affected communities for imposed inconvenience.

[218, 219]
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1.3.3 Periodic Technical Inspections

Periodic technical inspections (PTIs) are mandatory vehicle checks designed
to ensure roadworthiness and compliance with emissions standards. In the
UK, the annual Ministry of Transport (MOT) test includes visual inspection
of exhaust systems and emissions measurement for fossil-fuelled vehicles.
However, the current testing regime is limited, relying on basic assessments
where exhaust concentrations of NO,, CO, and HC are measured while
the vehicle is stationary and the engine is not under any load.[*?"] As a
result, high-emitting vehicles — which contribute disproportionately to total
vehicle emissions — may pass inspections. Additionally, MOT tests for hybrid
vehicles may exclude emissions measurements altogether.

Expanding MOT requirements to include more comprehensive testing
methods could help identify high-emitting vehicles more effectively, improv-
ing emissions compliance and improving urban air quality in the UK. It
will also become increasingly important to include more stringent emissions
testing for hybrid vehicles as their share of the fleet grows and ages, ensuring
that emissions control systems maintain performance when operating on
fossil fuel power. As the vehicle fleet evolves, robust emissions quantification
methods are essential to evaluate mitigation measures and inform future

policy developments.
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1.4 Quantification of Vehicle Emissions

Quantifying vehicle emissions is essential for understanding their contribu-
tion to urban air pollution, assessing the effectiveness of existing mitigation
strategies, and informing future policy decisions. Due to the range of pollu-
tants emitted from vehicles and the variety of ways in which these emissions
interact with the environment, accurate and representative quantification
requires a combination of different measurement techniques. These tech-
niques vary in their complexity, cost, and ability to replicate real-world
driving conditions, with each offering unique advantages and limitations.
A common feature of all vehicle emission quantification methods is the
production of emission factors, which express pollutant emissions per unit
of an activity, such as distance travelled, fuel consumed, or time spent in

operation.[221]

Distance-based emission factors, or grammes of pollutant
emitted per kilometre travelled (gkm™'), are widely used in national emis-
sions inventories and for Type-Approval emissions testing.?2?! Fuel-based
emission factors, or grammes of pollutant emitted per kilogramme of fuel
consumed (gkg™!), are more easily derived from real-world vehicle emission
measurements and offer a more consistent metric over a range of driving
conditions.[??3] Time-based emission factors, or grammes of pollutant emit-
ted per second (gs~!), are less common, although helpful in understanding
emissions under transient conditions.

A range of measurement techniques are used to derive different emission
factors. The following sections provide an overview of the five most widely
used methods for vehicle emissions quantification, outlining their principles,

applications, and associated strengths and limitations. Figure 1.16 presents

these five techniques on a spectrum of control and real-world representativ-

ity.
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Figure 1.16: Five most widely used vehicle emission quantification techniques. *

denotes techniques that are used in this thesis.

1.4.1 Chassis Dynamometer

Chassis dynamometer testing is a laboratory-based technique used to quan-
tify vehicle emissions under controlled driving conditions. Vehicles are
stationary, with their wheels driven on rollers that simulate road resistance,
enabling them to be evaluated under engine load. Testing typically follows
standardised drive cycles designed to replicate urban, rural, and motorway
driving patterns. Exhaust emissions are measured directly at the tailpipe
in real time, allowing distance-based, fuel-based, and time-based emission
factors to be readily derived.[??!]

This technique has been used since the 1970s and is still used for Type
Approval emissions certification in the UK and Europe, with drive cycles
such as the Worldwide Harmonised Light Vehicle Test Procedure (WLTP)

representing modern regulatory standards.!?°!] The highly controlled nature
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of chassis dynamometer testing ensures repeatability and allows emissions
to be directly linked to vehicle activity. However, the controlled environment
and standardised drive cycles often fail to capture the full range of real-world

driving conditions.[202-204]

1.4.2 Portable Emissions Measurement Systems (PEMS)

Portable Emissions Measurement Systems (PEMS) have gained popularity
since the early 2000s, enabling real-world emissions measurements by equip-
ping vehicles with analytical instruments that measure pollutant emissions
directly at the tailpipe during on-road driving.[??4l PEMS emissions data
are combined with GPS and engine performance data to calculate emission
factors across different driving conditions. Similar to chassis dynamometer
testing, the large amount of information obtained from PEMS allows for the
derivation of distance-based, fuel-based, and time-based emissions factors.

PEMS testing was introduced as a regulatory tool for real-world emissions
assessment under the 2015 Euro 6d RDE standard. While it offers high
accuracy and the ability to capture emissions across a range of conditions,
PEMS testing is time-consuming, costly, and typically limited to smaller
sample sizes compared to other measurement techniques. PEMS studies
often involve sample sizes of 5 — 20 vehicles, with more extensive reviews
including up to hundreds of vehicles.[?25-228] Consequently, PEMS testing is
more suited to individual vehicle emissions assessments rather than large-
scale fleet characterisation. However, as the volume of PEMS testing data

grows globally, broader analyses may become increasingly feasible.

51



Chapter 1. Introduction

1.4.3 Remote Sensing

Remote sensing is a non-intrusive roadside technique developed in the late
1980s that measures a sub-one-second snapshot of pollutant concentrations
in the exhaust plume of passing vehicles using open-path spectroscopy
across the width of the road.[?2°] Pollutant concentration ratios to CO, are
used to account for exhaust gas dispersion before measurement and derive
fuel-based emission factors, which can be transformed into distance-based
or time-based emission factors with additional information (Chapter 2).
Remote sensing also captures vehicle movement information such as speed
and acceleration, as well as registration number (license plate) photographs
that can be used to obtain technical information for each passing vehicle.

Remote sensing enables the rapid measurement of large numbers of ve-
hicles under real-world driving conditions, providing valuable insight into
fleet-wide emissions distributions. The technique has been used globally to
quantify vehicle emissions, and various commercial measurement systems
have been developed. Figure 1.17 shows an example of a typical remote sens-
ing measurement setup, and further details of the remote sensing equipment
used in this thesis are provided in Section 1.4.6. Today, remote sensing is
used regularly for emissions monitoring and mitigation strategy evaluation;
it has also recently been considered for use in vehicle emission compliance
enforcement.[230]

However, the technique’s snapshot nature means that individual vehicle
measurements only represent the exact conditions at the moment of measure-
ment, and aggregation of thousands of measurements is required to obtain
statistically robust emissions results. Moreover, because the technique uses

open-path spectroscopy, it is not suitable for quantifying PM.
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Figure 1.17: Remote sensing measurement setup.

1.4.4 Point Sampling

Point sampling is similar to remote sensing in that it is a non-intrusive
roadside technique capable of measuring emissions from large quantities
of vehicles.[?3!] However, instead of relying on snapshot open-path spec-
troscopy, point sampling is an extractive technique that employs a range of
fast-response (~1 Hz) emissions measurement instruments that continuously
sample roadside air as vehicles pass. This results in a continuous time series
of pollutant concentrations that rise and fall as each vehicle’s exhaust plume
is measured.

Fuel-based emission factors can be derived from pollutant ratios to CO,.
Compared to remote sensing, point sampling provides more detailed insights
into the transient emissions behaviour of passing vehicles, as it captures
the entire duration of a vehicle’s passage rather than a sub-second snap-

shot. However, this introduces additional complexity because the exhaust
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plumes of closely spaced vehicles may overlap, complicating data interpre-
tation. While the ability to use pollutant-specific instruments enhances
sensitivity, time resolution, and the range of measurable pollutants, accurate
background subtraction and precise time alignment between instruments
are required to ensure robust data analysis, presenting additional and chal-
lenging processing steps.

Point sampling also records vehicle speed and acceleration, along with
registration number photographs that can be used to retrieve technical infor-
mation for each passing vehicle (Appendix A). This information is critical
for attributing emissions to specific vehicles. Figure 1.18 shows a typical
point sampling setup and further details on the emissions instrumentation

used in this thesis are provided in Section 1.4.6.2.

Emissions
measurement

instruments

. . Speed/
Registration acceleration
camera measurement
= device
_| 1 '
o
P S -

Figure 1.18: Point sampling measurement setup.

Although point sampling is a relatively new technique for vehicle emis-
sions quantification, it has advanced significantly over the past decade.
Earlier applications required filtering to isolate vehicle passes without inter-

(232] However,

ference from nearby vehicles, leading to substantial data loss.
advancements in statistical processing have greatly improved the utility of

point sampling. For example, recent work has addressed instrument time
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alignment using convolution functions, and a novel approach called plume
regression has been developed.[?33] This method uses robust linear regression
to derive emission factors and apportion ambient pollutant concentrations
to different vehicle types using data from all measured vehicles (Chapter 3).

While not classified as point sampling, near-road ambient air quality
monitoring sites operate on similar principles (Section 1.1.3). These sites,
which form part of the UK’s AURN, use a range of extractive instruments
to monitor vehicle emissions at hundreds of near-road locations across the
country.[®!] Similar air quality monitoring networks exist in other nations.
(234, 235] The difference between these sites and vehicle emission point sam-
pling is that they typically do not record individual vehicle data and have
slower instrument response times, often averaged to one hour. Despite
this limitation, these sites provide valuable insights into vehicle emissions

and are frequently used to assess urban air quality trends relative to health

guidelines, such as those set by the WHO (Section 1.1.3).[230]

1.4.5 Mobile Monitoring

Mobile monitoring involves mounting instruments on a vehicle, typically
an LGV, to measure ambient pollutant concentrations while driving. Unlike
PEMS testing, which measures emissions from the vehicle carrying the
instruments, mobile monitoring captures pollution from the surrounding
urban environment. This technique enables the measurement of spatial
gradients in air pollution, providing valuable insights into traffic-related and
other air pollution, which cannot be resolved through stationary monitoring.
(237, 238] Mobile monitoring encompasses various measurement approaches,
each suited to different objectives.

Typically, the instrumented vehicle follows predefined routes, repeated
multiple times to build a comprehensive dataset containing information on

how vehicle emissions vary spatially. While this method does not directly
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quantify emissions from individual vehicles, it effectively assesses the com-
bined impact of local traffic sources on air quality. The only constraint on
emissions instrumentation is the vehicle’s physical capacity, allowing a wide
range of pollutants to be measured. Figure 1.19 shows a typical mobile
monitoring setup, with details on the emissions instrumentation used in this

thesis provided in Sections 1.4.6.2 — 1.4.6.4.

Emissions
measurement
Instruments

Power source and
peripheral equipment

Figure 1.19: Mobile monitoring setup.

Similar to point sampling, mobile monitoring data is challenging to
analyse, although mainly due to the additional spatial dimension. However,
recent advancements in data processing have increased the insight that can
derived from mobile monitoring data.[23%] For example, in 2023, a distance-
weighted approach was developed to improve the quantification of vehicle
emissions in urban areas (Chapter 4).1'°4! While highly flexible, this method
of mobile monitoring lacks the source attribution capabilities of other vehicle
emission quantification techniques.

Another common mobile monitoring method is plume chasing, where
the measurement vehicle follows another vehicle, continuously sampling

its exhaust plume.[?4] This approach functions as a non-intrusive but less
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controlled alternative to PEMS testing and enables emissions measurement
across a broader vehicle sample. While not included in this thesis, plume
chasing is becoming increasingly common in vehicle emission research and

has been used to characterise emissions from high-emitting vehicles.[>4!]

1.4.6 Analytical Techniques

This thesis focuses on real-world vehicle emissions measurements using
remote sensing, point sampling, and mobile monitoring. Each method is
based on distinct underlying principles, with point sampling and mobile
monitoring adaptable to any sufficiently robust and portable emissions mea-
surement instruments. This section provides a brief overview of the physical
and chemical principles of operation behind the remote sensing equipment
and the instruments selected for use in point sampling and mobile moni-
toring. Detailed experimental information is provided in the materials and

methods section of each chapter.

1.4.6.1 FEAT/OPUS Accuscan RSD

Two remote sensing systems were used to collect data for Chapter 2: the Fuel
Efficiency Automobile Test (FEAT), developed and supplied by the University
of Denver, and the commercially available OPUS AccuScan Remote Sensing
Device (RSD) 4600/5000. The principles underpinning the cross-road op-
tical spectroscopy used in both systems have been described extensively in
the literature, particularly in relation to the development of FEAT; a brief
overview is provided here.[242-240]

The FEAT instrument measures CO,, CO, and HC using using non-
dispersive infrared (NDIR) spectroscopy. In this technique, infrared (IR) light
is transmitted through vehicle exhaust plumes, where specific pollutants

absorb light at characteristic wavelengths, allowing their concentrations

to be determined. A single IR source, housed within a source module, is

57



Chapter 1. Introduction

focused across the road to a detector module, travelling through the exhaust
plumes of passing vehicles. Upon entering the detector module, the IR
beam is directed by a spinning mirror onto four IR detectors, each equipped
with a passband filter to isolate the wavelengths corresponding to the target

pollutants. The filtered wavelengths for each detector are:

2350 cm™! (4.26 pm) for CO,

2150 cm™ (4.65 pm) for CO

2970 cm™ (3.37 pm) for HC (targetting the C—H stretch)

2600 cm™! (2.85 pm) as a reference wavelength, selected to be within
the same spectral range as the target pollutants but not absorbed by

any known pollutant

The concentration of each pollutant (c) is then calculated using the Beer-
Lamber law (Equation 1.29), where the intensity of transmitted light (I)
is measured at the corresponding detector, and the reference intensity ()
represents the initial light intensity before absorption. The equation also
includes the molecular absorption coefficient of the pollutant gas (€) and
the effective path length across the road (I). For HC measurements, an
experimentally determined scaling factor of 2 is applied to the calculated
concentration to account for variation in IR absorbance across the wide range

of species present in vehicle exhaust gas.[223 247]

Iy

ecl = log(T) (1.29)

UV absorption spectroscopy is used to measure NO, NO,, NHj3, and
SO,. Similar to IR spectroscopy, a beam of UV light is directed across the

road, co-linear with the IR beam. Upon returning to the detector, the UV
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light is collected by a quartz UV fibre bundle and transmitted to two UV

spectrometers.

* One spectrometer measures NO, NHj3, and SO, in the 200 — 226 nm

spectral range.

* The other spectrometer measures NO, in the 430 — 447 nm spectral

range.

These spectrometers use the UV light from the fibre bundle to calcu-
late pollutant concentrations using the same Beer-Lambert law principles
described for IR spectroscopy.

The exact operating principles of the OPUS AccuScan RSD are less well
documented due to its commercial development. However, its measurement

approach is generally similar to that of the FEAT system.[?48]

A key difference
is the use of a single source-detector module on one side of the road that
both transmits and receives a collinear IR and UV light beam. The beam
is reflected by a corner cube mirror on the opposite side of the road, effec-
tively doubling the instrument’s path length and enhancing its sensitivity
compared to the FEAT.

Earlier OPUS models featured only a single UV channel for measuring
NO, and NHj;, while more recent versions (including those used for the
collection of data in this thesis) incorporate a second channel dedicated
to NO,.[?#°] The OPUS system also includes a feature for measuring PM
using light opacity as a proxy for PM concentration. However, due to the
low sensitivity of this method, PM measurements from the OPUS are not

considered in this thesis.[250]

Despite minor differences in the FEAT and
OPUS instruments, a detailed comparison of the two in the literature suggests

that the resulting gaseous pollutant concentrations from each are comparable.
[251]
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Both systems also contain peripheral modules housing simple optical
sensors for measuring passing vehicles’ speed and acceleration, as well as
cameras for photographing vehicle registration numbers. Other commer-
cial remote sensing systems have also been developed, including overhead-
mounted systems capable of measuring exhaust temperature using thermal

imaging.[252]

1.4.6.2 Airyx ICAD

The Airyx Iterative Cavity Enhance Differential Optical Absorption Spec-
troscopy (ICAD) NO, analyser was used to measure CO,, NO, and NO,
through both point sampling and mobile monitoring for Chapters 3 and 4,
respectively. This extractive instrument employs cavity-enhanced differen-
tial optical absorption spectroscopy (CE-DOAS) to achieve high-precision,
high-time-resolution pollutant measurements.[?>3!

CE-DOAS operates on principles similar to those described in Section
1.4.6.1, but utilises narrowband light across multiple wavelengths to detect
pollutant species. By leveraging the distinct absorption features of each gas,
it effectively differentiates between pollutants absorbing within the same
spectral region. The cavity-enhanced technique extends the optical path
length by confining light within a high-reflectivity optical cavity, improv-
ing sensitivity to trace gas absorption. Additionally, an iterative approach
corrects for non-linear absorption effects over the extended path length and
accounts for light scattering from particulate matter.[>>4]

This method provides a direct, calibration-free measurement of NO, by
detecting its characteristic absorption features in the 430 — 465 nm spec-
tral range. Unlike traditional chemiluminescence analysers, which require
chemical conversion and frequent calibrations, cavity-enhanced absorption
spectroscopy enables robust and drift-free detection of NO,.

The system incorporates an ozone-based gas phase converter that converts
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NO to NO,. The resulting increase in NO, concentration allows for the
indirect determination of NO and, consequently, NO,. Additionally, the
ICAD system includes an NDIR sensor for CO, measurements, which detects
IR absorption around 2350 cm™ (4.26 pm). The high temporal resolution
(0.5 Hz) and sensitivity of the instrument make it particularly well-suited for
vehicle emissions monitoring, allowing for the detection of transient emission

events from individual vehicles.[19% 255]

In the standard configuration, this
instrument has a 2 s response time. However, linear interpolation can applied

to produce a 1 s (1 Hz) time series.

1.4.6.3 PALAS AQ Guard Ambient

The PALAS AQ Guard Ambient photometric particle number counter was
used to measure PM during mobile monitoring for Chapter 5. This instru-
ment operates on the principle of optical light scattering, a well-established
technique for measuring airborne PM. Individual particles are illuminated
with a polychromatic LED light source, and the instrument detects the light
scattered at 90 °using photodetectors.[?>¢] The intensity and angular dis-
tribution of the scattered light provide information used to determine PM
concentration across different size fractions, up to 20,000 particles cm3.

Particles with aerodynamic diameters between 0.175-20 pm are measured
at 1 Hz across 64 channels, with mass concentration (ng m~3) calculated
for different size fractions, including PM, 5 and PM; . Mass concentrations
are derived using a mass conversion algorithm that accounts for the size
and shape of the optical scattering signal. This algorithm was developed
alongside the EN16450-certified (a European standard for the automated
ambient monitoring of PM) FIDAS 200 instrument.[27]

The AQ Guard is an extractive instrument, sampling air at a constant flow
rate of 1.0 L min"!. This ensures controlled particle introduction into the

measurement chamber, minimising losses due to deposition or turbulence.
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Temperature, pressure, and humidity sensors correct for environmental
factors, ensuring concentration measurements under varying conditions.
This feature, combined with the instrument’s ability to operate autonomously
with low maintenance requirements, makes it well-suited for use in mobile
monitoring. While the PALAS AQ Guard Ambient provides detailed PM size

distribution data, it does not offer particle composition information.

1.4.6.4 Thermo Model 43i

The Thermo Model 43i SO, Analyzer was used to measure SO, during mobile
monitoring for Chapter 5. This instrument, which operates on the principle
of pulsed fluorescence, is highly sensitive and capable of detecting SO, down

3 [258] The technique relies on the ability of

to concentrations of < 1.5 pg m
SO, molecules to absorb UV light and subsequently emit (fluoresce) light at a
longer wavelength. The intensity of the emitted light is directly proportional
to the concentration of SO, in the sampled air.

Sampled air is first filtered to remove hydrocarbons before entering the
fluorescence chamber. Inside, a selective mirror assembly directs pulsed UV
light at wavelengths (214, 220, 300 nm), specifically exciting SO, molecules
in the air. As the air sample moves through the instrument, the excited SO,
molecules fluoresce in the 240 — 420 nm range. This emitted light passes
through a bandpass filter, ensuring that only the fluorescence signal reaches
the photodetectors for measurement. The instrument manufacturer does not
provide exact excitation and fluorescence detection wavelengths, but they
are available in the literature.[?5% 260]

By using pulsed fluorescence, the Thermo Model 43i provides highly
sensitive measurements of SO, with a response time of 20 s. For use in
mobile monitoring, an additional external sampling pump was used to

increase the instrument flow rate, allowing for 1 Hz measurements of SO,

through modification of the instrument software.
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1.5 Thesis Structure

This thesis is presented in a journal-style format, comprising three stand-
alone chapters based on published articles. Details of each article are pro-
vided in the author’s declaration and at the beginning of each chapter. The
content of each chapter remains faithful to the respective published arti-
cle. Minor formatting adjustments have been made to section headings,
figures, captions, citations, and reference styles for clarity and consistency.
Supplementary material has been incorporated within each chapter, with
additional references to other sections of the thesis added where appropriate
for completeness. Each chapter includes a separate bibliography to ensure it
functions as a self-contained unit without requiring additional document
sections.

Chapter 2 examines the long-term air quality impacts of diesel passenger
cars in the UK, with a focus on NO,, using over 600,000 remote sensing
vehicle emission measurements. The study considers two scenarios: one
in which diesel was not promoted in the early 2000s and another where
its decline post-Dieselgate did not occur. This work represents a novel
application of remote sensing data and is the first to quantify the impact of
diesel fuel use on UK vehicle emissions based on real-world measurements.
A brief update section at the end of the chapter highlights relevant research
released since its publication.

Chapter 3 explores how vehicle design influences near-road exposure to
TRAP through point sampling measurements using the plume regression
technique. This study is the first to analyse the effects of exhaust position
and vehicle aerodynamics on roadside dispersion using real-world data, pro-
viding new insight into the dispersion processes occurring at the roadside.
These processes directly influence human exposure to TRAP in urban ar-

eas and are currently poorly understood. Additionally, findings show that
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EVs contribute to the dispersion of exhaust plumes from fossil-fuelled cars
through vehicle-induced turbulence, revealing an unexpected air quality
benefit of EV adoption. This chapter is based on a publication released in
2025; no updates were required at the time of writing this thesis.

Chapter 4 investigates both vehicular and non-vehicular sources of PM in
Central and Outer London using mobile monitoring. The effects of the ULEZ
are assessed and compared to recent research on NO, emissions. While
vehicular PM, 5 levels in London are found to be well-controlled, isolated
high-emission events from malfunctioning vehicles contribute dispropor-
tionately to local air pollution. The study also identifies key non-vehicular
PM sources, including construction activities, which influence larger PM
fractions and exhibit weather-dependent behaviour. A brief update section
at the end of the chapter summarises relevant research developments since

its publication.
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2.1 Abstract

The promotion and growth in the use of diesel fuel in passenger cars in the
United Kingdom (UK) and Europe over the past two decades led to consid-
erable adverse air quality impacts in urban areas and more widely. In this
work, we construct a multi-decade analysis of passenger car emissions in the
UK based on real-driving emissions data. An important part of the study is
the use of extensive vehicle emissions remote sensing data covering multiple
measurement locations, time periods, environmental conditions and con-
sisting of over 600,000 measurements. These data are used to consider two
scenarios: first, that diesel fuel use was not promoted in the early 2000s for
climate mitigation reasons, and second, that there was not a dramatic decline
in diesel fuel use following the Dieselgate scandal. The strong growth of
diesel fuel use coincided with a time when diesel car nitrogen oxide (NOy
= NO + NO,) emissions were high, and conversely, the strong decrease of
diesel fuel use coincided with a time when diesel car after-treatment systems
for NO, control were effective. We estimate that the increase in diesel car use
in the UK has resulted in excess NO, emissions totalling 721 kt over three
decades. This is equivalent to over seven times the total annual passenger car
NO, emissions and exceeds the total UK NO, emissions of 681.8 kt in 2021.
The associated damage cost is estimated at £5.875 billion. However, the sharp
move away from diesel fuel post-Dieselgate only reduced NO, emissions by

41 kt owing to the effectiveness of modern diesel after-treatment systems.
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2.2 Introduction

2.2.1 Background and Context

Exhaust emissions from road vehicles are a dominant source of ambient air
pollution, particularly in densely populated urban environments (Section
1.1.4). The proximity of road vehicles to the general population, particularly
in urban areas, is a continued cause for concern given the myriad of health
and wider environmental impacts associated with traffic-related air pollution
(Section 1.1.2).-3] Over the past two decades the contribution of diesel-
fuelled vehicles to adverse air pollution has been of particular concern. For
light-duty vehicles in the early 2000s, diesel fuel offered fuel-efficiency and
carbon (25 — 29% lower CO, emissions) advantages over gasoline.[*] While
technology advancements and trends in passenger car characteristics (engine
size, vehicle mass, etc.) have since reduced this advantage, its presence
still resulted in the active promotion of diesel fuel in many countries.!%].
Furthermore, diesel vehicles are significant contributors to the emission of
important air pollutants such as fine particulate matter (PM, 5) and nitrogen
oxides (NO, = NO + NO,) (Sections 1.2.1 and 1.2.2.2).

With respect to emissions of NO,, the principal concern from a human
health perspective is related to concentrations of nitrogen dioxide (NO,),
which resulted in the development of ambient limits in Europe and else-
where.[®] The current limit for annual mean NO, concentrations in Europe is
40 ng m~3, which has been widely exceeded across many European countries
for the past two decades. However, the evidence surrounding the adverse
health effects associated with NO, exposure has grown stronger over recent
years, prompting the World Health Organization (WHO) to recommend an

3171 Elevated concentrations of NO, are

annual mean guideline of 10 pg m~
of particular concern to local air quality, especially in urban environments

where there is close proximity of vehicular emissions to large populations.
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For this reason, cities across the United Kingdom (UK) and Europe have
adopted mitigation measures such as low-emission zones that seek to reduce
emissions and concentrations of NO, and other traffic-related air pollutants,
e.g., the Ultra Low Emission Zones in London, Paris, and Milan (Section
1.3.2).18-10]

Emissions of NO, also contribute to significant wider environmental
damage. For example, NO, is a key precursor in the formation of secondary
particulate matter (PM) and tropospheric ozone (O3), both of which are
associated with a range of adverse health and environmental impacts (Section
1.1.2)."-14] 1t is for these reasons that the past few decades have seen an
increase in policy designed to mitigate the multiple impacts of NO, and
other pollutants. At a national level in Europe, total emission limits have
been set as part of The National Emissions Ceiling Directive (NECD), which
sets annual pollutant emission ceilings for member states for a range of
pollutants such as PM, 5, Volatile Organic Compounds (VOCs) and NO.
[15, 16]

The promotion of diesel passenger cars in the UK corresponds to the time
period from 2001 to 2015, during which company car tax (CCT), a benefit-
in-kind tax applied to vehicles sold commercially, and vehicle excise duty
(VED), a tax levied on vehicles for use on public roads, were restructured
based on a vehicle’s reported carbon dioxide (CO,) emissions.['7 18] These
policies, which were initially introduced for CO, reduction and climate
change mitigation reasons, provided a financial incentive to purchase a
diesel car over one powered by gasoline. A combination of the restructured
CCT and VED policies resulted in new diesel passenger car registrations
increasing by 38% in one year from 2001 to 2002, and the total number of
diesel passenger cars licensed in the UK increasing by a factor of 3 from
2001 to 2015.11°1 While the air quality drawbacks associated with diesel fuel

emissions were generally well understood at the inception of the restructured
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CCT and VED policies, CO, reduction and climate mitigation reasoning
took precedence, and full consideration was not given to the air quality
implications of the adoption of diesel technology on a mass scale.[?%] The
significant increase in diesel car use was more generally observed across
Europe.[21]

Following the 2015 ‘Dieselgate’ scandal, diesel passenger car sales in
the UK plummeted (the ‘demise’ of diesel fuel). The scandal was directly
associated with emissions of NO, and the discovery of deliberate tampering
that led to excess emissions. In 2017, VED was further restructured such
that only the first year of the tax was calculated based on reported CO,
emissions before a fixed annual rate is applied for all internal combustion
engine (ICE) powered passenger cars. This change removed much of the
financial incentive to own a diesel vehicle, and when combined with the
growing negative reputation of the fuel, resulted in the share of new diesel

passenger car registrations in the UK falling from 48% in 2015 to 8% in 2022.
[22]

2.2.2 Passenger Car Vehicle Emissions

Passenger car exhaust emissions have been regulated in the UK according to
the European Type Approval emission standards (Euro standards) since 1992
(Section 1.3.1).123 24] Vehicle Type Approval is a Conformity of Production
(CoP) process that all passenger cars must undergo before being eligible for
sale in the UK.[?%] Early Euro standards were enforced during Type Approval
through predefined testing methods (drive cycles) under standardised labo-
ratory conditions, with emissions limits set for each pollutant (Section 1.4.1).
Over the following three decades, Euro standard emission limits and testing
methods have become increasingly stringent and now extend from ‘Euro 1’
(1992) to ‘Euro 6d’ (2021) for passenger cars. The current Euro 6d standard

regulates the exhaust emission of carbon monoxide (CO), hydrocarbons (HC),
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NOy, and PM, measured as the amount of pollutant emitted per unit distance
travelled (gkm™!); a CO, emission factor is also reported in gkm™! and used
to determine the VED rate.[?®] Different pollutant limits are set for diesel and
gasoline fuels, Table 2.1 shows the pollutant emissions limits for each fuel
type and Euro standard. In order to address the progressively demanding
emissions limits, vehicle manufacturers have developed a variety of exhaust

after-treatment system strategies (Section 1.2.2.1 and 1.2.2.2).

Table 2.1: European passenger car (Euro) standard emissions limits from Euro 1

(E1) to Euro 6 (E6).12*] PN is particle number, another metric used to quantify PM.

Distance-specific emission (gkm™') (#km™)
Date CO HC HC + NO, NO, PM PN
Gasoline
E1 1992 2.72 — 0.97 — — —
E2 1996 2.2 — 0.50 — — —
E3 2000 2.30 0.2 — 0.15 — —
E4 2005 1.00 0.1 — 0.08 — —
E5 2009 1.00 0.1 — 0.06 0.005 —
E6 2014 1.00 0.1 — 0.06 0.005 6x10!!
Diesel
E1 1992 2.72 — 0.97 — 0.140 —
E2 1996 1.00 — 0.90 — 0.100 —
E3 2000 0.64 — 0.56 0.50 0.050 —
E4 2005 0.50 — 0.30 0.25 0.025 —
E5 2009 0.50 — 0.23 0.18 0.005 6x10!!
E6 2014 0.50 — 0.17 0.08 0.005 6x1011

Gasoline passenger cars have used the three-way catalyst for emissions
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control in Europe since the early 1990s due to the introduction of the Euro 1
standard.[?# 27] The three-way catalyst has remained the after-treatment sys-
tem used by gasoline vehicles since this time but has been refined alongside
developing Euro standards. By contrast, the technology used in diesel pas-
senger cars has greatly evolved since the early 1990s, as shown in Figure 2.1.
The principal technologies used to control diesel passenger NO, emissions
include exhaust gas recirculation (EGR), diesel oxidation catalysts (DOCs),
and diesel particle filters (DPFs). EGR routes exhaust gases back into the
combustion chamber, lowering combustion temperatures and reducing emis-
sions of NO,.[?8] DOCs facilitate the high-temperature conversion of CO and
HC into CO, and water, as well as oxidising NO to NO,, the latter of which
is necessary for the use in other forms of after-treatment.!?’l DPFs physically
capture exhaust PM during engine operation before oxidising stored material
into CO,. A major milestone in the reduction of NO, emissions from diesel
passenger cars was the introduction of selective catalytic reduction (SCR)
and lean NO, traps (LNTs) that were designed specifically to control NO,
emissions. These technologies were introduced on a mass scale following
the increasingly stringent NO, emissions limits that accompanied the Euro 6
standards (2014) for diesel passenger cars.

As a result of technological improvements, diesel passenger car exhaust
systems have become increasingly complicated, often comprising a combi-
nation of different after-treatment components. Successful vehicle emission
control, therefore, presents a significant engineering challenge for vehicle
manufacturers. To ensure that passenger cars continue to meet emissions
limits across a range of operating parameters, the Euro 6 standards intro-
duced real-driving emissions (RDE) testing, during which vehicle emissions
are measured using portable emissions measurement systems (PEMS) under
real-driving conditions (Section 1.4.2). The introduction of RDE testing

greatly expedited the integration of SCR and LNT systems, which were
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Figure 2.1: Timeline of diesel passenger car Euro standards, laboratory and road
testing methods, and after-treatment technology adoption. ATS = After-treatment
System. NEDC = New European Drive Cycle; WLTP = Worldwide Harmonised
Light Vehicle Test Procedure; RDE = Real-Driving Emissions.

required to meet the lowered NO, emission limits outside of traditional
laboratory testing. While RDE legislation was under development prior to
Dieselgate, the occurrence of the scandal increased awareness of passenger

car NO, emission issues and likely accelerated the implementation of the
policy.[3%31]

Vehicle emission remote sensing is an unobtrusive way of measuring emis-
sions from vehicles under real-driving conditions, which has been extensively
described elsewhere (Sections 1.4.3 and 1.4.6.1).132-34] The instrumentation
is deployed on the roadside. Individual measurements are less than one
second in duration, and the measured emissions represent a single driving
condition. However, a very large number of vehicles can be measured in a

short period of time, allowing for measurements to be aggregated (e.g., by

fuel type, vehicle category, Euro class) and used to provide detailed emissions
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behaviour insight over a range of driving and ambient conditions.

2.2.3 Objectives

The aim of this paper is to quantify the impact of the promotion of diesel
fuel usage in passenger cars on emissions of important air pollutants at
a UK level, with a specific focus on the emission of NO,. We also aim to
quantify the impact of the rapid move away from diesel fuel on passenger
car emissions in the wake of the Dieselgate scandal. An important aspect of
our analysis is the use of real-driving emissions of NO, and other pollutants
based on comprehensive vehicle emission remote sensing measurements.
The vehicle emission remote sensing data are used to construct a timeline of
passenger car emissions over three decades, which is then used to evaluate
the air quality impacts associated with the promotion and demise of diesel
fuel. The results are compared with the UK National Atmospheric Emissions
Inventory (NAEI) emissions to put their impacts into context, and the wider

implications for urban and regional air quality are discussed.
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2.3 Materials and Methods

2.3.1 Instrumentation

The measurements in this work were made with two remote sensing systems:
the Fuel Efficiency Automobile Test (FEAT) research instrument supplied
by the University of Denver and the commercially available Opus AccuScan
RSD 4600/5000 (Section 1.4.6.1).13% 3% Vehicle emission remote sensing
instrumentation consists of three fundamental components: a spectroscopic
unit for the measurement of exhaust gases, apparatus for measuring vehicle
speed and acceleration, and a camera for photographing vehicle registration
numbers (license plates).

Both systems operate perpendicular to the flow direction of a single lane
of traffic and utilise collinear open-path infrared (IR) and ultraviolet (UV)
spectroscopy. A remote sensing observation, which includes the emission
measurement, speed and acceleration measurement, and registration num-
ber photograph, is made whenever the collinear light beam is obstructed
by a passing vehicle. One hundred spectroscopic measurements are taken
of each exhaust plume in half a second, and emission values are reported
as molar volume ratios to CO,, eliminating the variation associated with
vehicle position and exhaust plume dispersion. All observations are pre-
served regardless of measurement validity, which is essential for deriving
information about the vehicle fleet composition.

The FEAT instrument measures CO,, CO, HC, and a background ref-
erence using four non-dispersive IR detectors, whereas ammonia (NHj3),
nitrogen oxide (NO) and nitrogen dioxide (NO;) measurements are obtained
using two separate dispersive UV spectrometers. An extensive description of
the development and operation of the FEAT instrument, as well as a detailed

comparison of the two remote sensing systems, is available in the literature.
(32, 33, 37]
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2.3.2 Data Description

The remote sensing data set used in this work combines information from
measurement campaigns conducted at 77 sites across the UK between 2012
and 2022. To ensure safe instrument operation and maximise measurement
validity, data was collected only during dry daylight hours (0800 to 1800 h).
The ambient temperature throughout the measurement campaigns ranged
from -1 to 29 °C with a mean temperature of 14 °C.

The specific vehicle information for each remote sensing observation was
obtained by cross-referencing the registration number photographs with
vehicle technical databases. These data were supplied by CDL Vehicle Infor-
mation Services Limited, which retrieved information from the Driver and
Vehicle Licensing Agency (DVLA) and the Society of Motor Manufacturers
and Traders (SMMT) Motor Vehicle Registration Information System. All
measurements were assigned technical information relating to the fuel type,
emission standard and registration date of the vehicle. Additional vehicle
information was matched to approximately 70% of vehicles and included
details on the manufacturer, vehicle dimensions and vehicle mass.

A total of 604,435 measurements of Euro 2 to 6 passenger cars are con-
tained within the data in five different fuel classes: diesel vehicles, gasoline
vehicles, gasoline full-hybrid electric vehicles (FHEVs), gasoline plug-in hy-
brid electric vehicles (PHEVs), and electric vehicles (EVs) — other fuel types
were not measured in sufficient numbers to be included in this analysis. For
the evaluation of passenger car fleet composition trends, all measurements
were used, regardless of the validity of the emissions or speed/acceleration
data or the presence of additional technical information; this was essen-
tial for ensuring that the composition information derived from the remote
sensing data was an accurate representation of the on-road vehicle fleet.
The calculation of distance-based emission factors requires valid emissions

and speed/acceleration data, as well as additional technical information;
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therefore, only observations with a complete measurement profile were used.
[38] 56% of measurements were used to derive emission factors for CO and
HC, 49% of measurements were used to derive emission factors for NO,, and
34% of measurements were used to derive emission factors for NH;. The
lower proportion of valid NHj3 emissions measurements resulted from issues

with instrument calibration. A statistical summary of the data set and the

subsets used for emission factor calculation is provided in Table 2.2.

Table 2.2: Statistical summary of the remote sensing data set and subsets.

Data subset

Characteristic All CO & NH; NO,
HC
# measurements 602280 321073 194544 281188
Diesel (%) 45 45 48 46
Gasoline (%) 51 52 50 52
FHEV (%) 3 2 2 2
PHEV (%) 0.5 0.3 0.2 0.3
EV (%) 0.5 0 0 0
Euro 2 (%) 2 1 1 1
Euro 3 (%) 13 11 12 9
Euro 4 (%) 24 23 25 22
Euro 5 (%) 30 33 35 33
Euro 6 (%) 31 32 27 35
Mean speed (kmh™!) 36.10 36.04 36.13 36.26
Mean acceleration (kmh=!s7!) 1.22 1.33 1.44 1.36
Mean vehicle specific power (kW t!) 8.73 8.49 8.49 8.49
Mean temperature (°C) 14.54 14.37 14.61 14.14
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2.3.3 Emission Factor Calculation

The conversion of remote sensing pollutant molar volume ratios to CO,
into fuel-specific (also called fuel-based) emission factors (mass of pollutant
emitted per mass of fuel consumed in gkg™!) is straightforward and relies
on stoichiometric assumptions about the composition and combustion of
hydrocarbon fuels. This methodology has been described in detail elsewhere
[32,33], While fuel-specific emission factors are often reported directly, their
distance-based equivalents (mass of pollutant emitted per unit distance
travelled in gkm™!) are more versatile and can be compared to the emission
factors generated during vehicle Type Approval, as well as those used for
emission inventory development (Section 1.4). Distance-based emission fac-
tors were calculated from the remote sensing data using a method developed
by Davison et al.[38] a brief overview of which is provided here.

For each remote sensing observation, a physics-based approach was ap-
plied to calculate vehicle-specific power (VSP) in kW t~! from a combination
of the speed and acceleration measurements as well as the vehicle techni-
cal information. Road load and aerodynamic drag coefficients provided by
Davison et al.l3®] were also used in this calculation. Next, fuel consump-
tion in kgs™! was determined based on the linear relationship with VSP
derived from the passenger car and heavy-duty emissions model.[3°! The
parameters used in this model were based on Euro 5 and 6 vehicles. There-
fore, the fuel consumption for Euro 2 to 4 vehicles was increased by 5% to
approximate poorer fuel efficiency. Fuel consumption values for gasoline
hybrid vehicles (FHEVs and PHEVs), which comprised 2% of the remote
sensing measurements, were reduced by 30% to approximate improved fuel
efficiency resulting from electric power train utilisation.[40]

The fuel-specific emission factors from remote sensing measurements
were then combined with the corresponding modelled fuel consumption val-

ues to generate time-specific emission factors (mass of pollutant emitted per
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unit time in gs™!). Next, the time-specific emission factors were aggregated
and mapped to 1 Hz drive cycle data obtained from portable emission mea-
surement system (PEMS) measurements undertaken by the UK Department
for Transport (DfT). The PEMS data contained 4243 km of real-world urban,
rural, and motorway driving, with individual test lengths ranging from 70.4
—78.1 km. Further description of these drive cycles, as well the full details of
this approach, are described extensively in the literature.[38].
Distance-based emission factors were calculated as the sum of the mod-
elled 1 Hz time-specific emission factors divided by the total distance over 58
drive cycles. The output of this method was a distance-based emission factor
for each vehicle model year and fuel type derived directly from on-road
remote sensing measurements, reflecting a wide range of real-driving condi-
tions. The method has been evaluated and compared with the UK national
inventory, which demonstrated a carbon/energy balance within 1.5% when

calculating total UK passenger car emissions.[4!]

2.3.4 Timeline Construction

To evaluate UK passenger car emissions trends, a distance-based emission
factor timeline was constructed as a function of vehicle model year for each
measured pollutant. The model year was defined as the year in which a
passenger car was first registered in the UK, obtained from the vehicle’s tech-
nical information. Remote sensing measurements were grouped by model
year before the ratio of different fuel types was calculated for each group
(excluding EVs). This information was combined with the corresponding in-
dividual fuel type distance-based emission factor data to generate an average
gkm™! value for each vehicle model year. The total number of measurements
available for each fuel type and model year are shown in Table 2.3. The
actual number of measurements available for each pollutant was lower than

these totals, owing to differing measurement validity rates; see Section 2.3.2.
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Table 2.3: Remote sensing model year and fuel type group sample sizes.

Fuel type
Model year Diesel Gasoline FHEV PHEV
1998 1327 2137 — —
1999 1625 3216 — —
2000 1686 4638 — —
2001 2445 7197 — —
2002 3669 10236 — —
2003 4964 11769 — —
2004 6960 13196 — —
2005 8954 14393 — —
2006 10929 15845 314 —
2007 14500 17433 563 —
2008 14250 16183 733 —
2009 13864 16401 783 —
2010 16854 15779 1254 —
2011 19443 14298 1213 —
2012 20127 15409 1105 —
2013 19923 16783 930 —
2014 22089 17121 1099 —
2015 25066 19221 1386 339
2016 25849 20057 1611 522
2017 21177 20511 1744 586
2018 9004 14416 1046 374
2019 5536 10937 910 261
2020 2266 5701 673 340
2021 952 2877 511 379
2022 160 487 149 76
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A major advantage of this approach is that it enables retrospective anal-
ysis of multi-decade emission trends predating the remote sensing mea-
surement period (2012 to 2022). In this work, the data contained sufficient
vehicle measurements to construct emissions timelines for diesel and gaso-
line vehicles with model years 1998 — 2022, gasoline FHEV vehicles with
model years 2006 — 2022, and gasoline PHEV vehicles with model years
2015 — 2022. For the model years 2020, 2021, and 2022, no valid NHj
measurements were reported as a result of an instrument calibration fault.
To complete the emission factor data, the mean of the NH;3 distance-based
emission factor for the model years 2017, 2018, and 2019 (Euro 6 vehicles)

was calculated and applied to the missing period.

2.3.5 Scenario Development

The NO, emission impact of the promotion and decline of diesel passenger
cars in the UK was assessed through the development of three scenarios, for
each of which a NO, emission factor timeline was constructed. ‘Business
as Usual’ (BAU) was defined as the baseline scenario, and average NO,
emission factors were derived from unmodified remote sensing emissions
and fuel type composition data. A ‘No Diesel Promotion’ (NDP) scenario
was constructed in which the fuel type composition data was adjusted such
that the ratio of diesel and gasoline passenger cars remained unchanged
from the mean value of the years 1998 to 2000. In this case, unmodified
individual fuel type emission factor data were used, such that any differences
in the scenario NO, emission timelines were a direct result of the fuel type
composition changes. Similarly, a ‘No Diesel Demise’ (NDD) scenario was
constructed in which only the post-2015 model year fuel type composition
data was adjusted such that the ratio of diesel and gasoline vehicles remained
unchanged from the mean value of the years 2013 to 2015. A visualisation

of the adjustments made to fuel type composition as a function of model
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year for each scenario is presented in Figure 2.2. Only the ratio of diesel
and gasoline vehicles was adjusted in the NDP and NDD scenarios; the
proportion of the total of these fuel types combined (diesel + gasoline) to the
total proportion of hybrid vehicles (gasoline FHEV + gasoline PHEV) was
unchanged, as were the individual proportions of each hybrid vehicle type.
EVs were excluded from this section of the analysis as they do not produce

exhaust emissions.

Fuel type . Diesel . Gasoline Gasoline FHEV . Gasoline PHEV

a BAU b NDP c NDD

-
o
o

75

New vehicle registrations (%)

2020 2000 2010 2020

Model year

2000

Figure 2.2: Passenger car fuel type composition (%) as a function of vehicle model
year (1998 - 2022) for the (a) Business as Usual (BAU), (b) No Diesel Promotion
(NDP), and (c) No Diesel Demise (NDD) scenarios.

2.3.6 Lifetime Emission Calculation

To further understand and contextualise the average NO, emission factor
values developed for each scenario, the data were combined with new passen-
ger car registration and average annual mileage information. Total lifetime
NO, emissions from all passenger cars registered between 1998 and 2023
were calculated for each scenario, such that they could be disaggregated into
annual values and compared.

First, the average operational life span of a passenger car in the UK was
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[42] Because the data for each scenario contained

assumed to be 14 years.
information for vehicles registered between 1998 and 2022, the period over
which lifetime NO, emissions were calculated was 1999 (the year all 1998
model vehicles had been registered) to 2036 (the year all 2022 model vehicles
had reached the end of their assumed lifespan). For each vehicle model year
between 1998 and 2022 in each scenario, a total fleet NO, emission factor
(kt km™) was calculated to be the product of the corresponding average
passenger car NO, emission factor (gkm™!), and the number of new annual
passenger car registrations. From here, these values were multiplied by the
annual average total passenger car mileage data (km) for the years 1999 to
2036, yielding total NO, emissions for each year (kt). Finally, the total NOy
emission values for each year between 1999 and 2036 were combined to
produce an overall NO, emission value (kt) for each year between 1999 and
2036 for each scenario. Summing all annual overall NO, amounts within the

three scenarios yielded a total lifetime NO, emission value for each.

Annual new passenger car registration data were obtained from the DfT

[43] [44]

and Northern Ireland Statistics and Research Agency'**, and annual
average total passenger car mileage information was acquired from the
National Travel Survey.[*>] For the years 2023 — 2036, the annual average
total passenger car mileage was assumed to be the mean of the years 2017,
2018, and 2019, which preceded the COVID-19 pandemic, during which

travel restrictions reduced annual passenger car mileage.
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2.4 Results and Discussion

2.4.1 Vehicle Emission Trends

Passenger car distance-based emission factors for CO, HC, NHj3, and NO,
are shown by fuel type and model year in Figure 2.3. The range of calculated

38] For

emission factors is consistent with those reported in the literature.
the pollutants that are regulated during passenger car Type Approval, the
calculated emission factors align closely with the corresponding range of
Euro standard emission limits displayed in Table 2.1. It should be noted that
the trend in NO, emissions from diesel cars includes the effect of hardware
and software fixes on UK vehicles in the wake of the Dieselgate scandal. The
effect of these fixes, which are implicit in the remote sensing measurements,
was calculated to be a 30 — 36% reduction in NOj affecting 1.6 and 2.0 litre
Volkswagen Group diesel passenger cars.[40]

Overall, a steady decrease in emission factors with increasing model
year is observed for all pollutants and fuel types. This trend is primarily
attributed to continually improving internal combustion engine and exhaust
after-treatment technology, driven by increasingly stringent emission stan-
dards and testing methods. It is important to consider that earlier-model
passenger cars are older at the time of measurement, and the deterioration
of these vehicles is likely to influence this observed trend partially. Vehicle
model years before 2012 (the beginning of the remote sensing measurement
period) were measured at an age that is equal to the difference between the
measurement date and that of the vehicle’s registration. While age is not a di-
rect measure of accumulated vehicle usage and deterioration, these variables
can be assumed to be correlated. The effect of passenger car deterioration on
pollutant (CO, NHj3, NO, ) emission factors has been previously derived from

remote sensing data and reported in the literature.l*”] It is likely that the

impact of the reported deterioration rates on the results of this work would
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be small. However, it is important to acknowledge the contribution of this
factor towards the trends seen in Figure 2.3 and recognise the limitations of
the data. For passenger cars registered after 2012, the remote sensing mea-
surement period spans their entire operational lifetime (up to and including
2022), and thus, the data set contains measurements of these vehicles across
a range of ages and conditions, reducing the influence of deterioration on

the results.
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Figure 2.3: Passenger car distance-based emission factor values (gkm™!) for diesel,
gasoline, gasoline FHEV, and gasoline PHEV vehicles as a function of model year
(1998 — 2022), for (a) CO, (b) HC, (c¢) NH3, and (d) NO,. Gasoline and diesel fuel
are highlighted for NH3; and NO,, respectively.
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The diesel emission factor values differ considerably from those of gaso-
line across all pollutants in Figure 2.3, with the disparity being particularly
prominent for NH; and NO,. Gasoline NH; emissions, highlighted in blue in
Figure 2.3, were 0.025 to 0.078 gkm™! higher than those of diesel fuel, which
can be attributed to NHj formation in the three-way catalytic converter
systems fitted exclusively to gasoline fuelled passenger cars (Section 1.2.2.1).
[48,49] The increase in the NH; emission factors for the 2019 model year is
likely a statistical feature arising from the low number of measurements for
2019 vehicles, owing to the missing NH; remote sensing data from 2020
onwards; see Section 2.3.4). Conversely, NO, emission factor values for
diesel, highlighted in red in Figure 2.3, were 0.057 to 0.926 gkm™! higher
than those of gasoline. The rapid decline in the diesel NO, emission factor
from 0.635 gkm™! in 2015 to 0.182 gkm™! in 2022 (71%) corresponds to the
introduction of NO, specific exhaust after-treatment systems (SCR and LNT),
adopted for diesel passenger cars to meet Euro 6 NO, limits and on-road
RDE testing methods; see Figure 2.1.

From the remote sensing data, it is also possible to summarise information
about changes in the fuel composition of a given property of the passenger
car fleet as a function of model year. Figure 2.4 presents the change in vehicle
fuel type share from 1998 to 2022. In both the combined plot panel (a) and
the diesel plot panel (b), the rise and subsequent decline of diesel fuel with
increasing passenger car model year are apparent. From the model year 2001
to 2015, the share of new diesel registrations increased from 24% to 54%
before decreasing to 16% for the model year 2022.

The fuel-share statistics are generally consistent with statistics from the
DfT, which report the share of new diesel passenger car registrations to be
18%, 48%, and 12% for the model years 2001, 2015, and 2021 (the most
recent year for which data are available) respectively.[??] A distinct benefit of

the remote sensing data is the direct measurements of vehicles in use. Only
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Figure 2.4: Passenger car fuel type composition (%) as a function of vehicle model
year (1998 — 2022). The (a) combined total fuel type composition is displayed on
the left and separate contributions from each fuel type: (b) Diesel, (c¢) Gasoline, (d)
Gasoline FHEYV, (e) Gasoline PHEV, (f) Electric, are shown on the right.

passenger cars that are being actively driven will be measured by remote
sensing, and so the resulting data set reflects the on-road vehicle fleet as
opposed to the total registered vehicle fleet represented in the DfT statistics.
Diesel cars have higher annual mileage compared with gasoline cars, so
their relative share is inflated in the on-road vehicle fleet compared to DfT
statistics.*>] However, remote sensing measurements are typically collected
in urban areas, where there are fewer diesel vehicles compared to rural
and motorways, which would result in a conservative estimate of diesel car
numbers.

Gasoline passenger car fleet composition trends generally contrast those
described for diesel fuel. However, for later model years, the introduction
of alternative fuel sources (FHEV, PHEV, and electric) resulted in a rate of
gasoline share increase that was less than the rate of diesel share decrease.
While electric and hybrid passenger cars operating in full electric mode do

not produce exhaust emissions, they are still captured by the remote sensing
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camera equipment, and all vehicle observations are preserved in the compo-
sition data set regardless of emissions measurement validity. This approach
is essential for ensuring that the reported trends are representative of the
on-road vehicle fleet and enables robust non-emissions related information
such as that presented in Figure 2.4 to be derived from over 600,000 on-road
vehicle observations.

For each vehicle model year and pollutant, the average of the distance-
based emission factors for all fuel types was calculated, weighted by the fuel
type composition data. The solid black lines in Figure 2.5 show these values
as a function of model year for each pollutant and present a combination
of the previously discussed emission factor and fleet fuel type composition
results. The shaded areas beneath the black lines display the contribution
towards the average value from each fuel type and assist in revealing the
driving factors behind the observed trends.

Similar results are shown for both the CO and HC timelines in Figure 2.5;
a general decrease in the average emission factor values of these pollutants
is seen with increasing vehicle model year, resulting primarily from the
decrease in the emissions from all fuel types seen in Figure 2.3. Additionally,
the relative contribution towards the average from gasoline fuel increases
from the model year 2015 onwards, corresponding to the period of the
demise of diesel fuel in which the relative share of gasoline passenger cars in
the fleet increased. For NHj, the average emission factor value is dominated
by the contribution from gasoline vehicles for all model years, and the
increase seen from the model year 2017 onwards can be attributed to the

increase in the relative share of gasoline passenger cars in the fleet.
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Figure 2.5: Average passenger car distance-based emission factor values (gkm™!) as
a function of model year for (a) CO, (b) HC, (c) NHj3, and (d) NO,. The solid black
line represents the average distance-based emission factor values, and the shaded

areas represent each fuel type’s contribution to the average.

Diesel fuel contributions generally dominate the NO, emissions following
a period of growth between the model years 2001 and 2008. During this
time, the rate of decrease of diesel and gasoline NO, emission factors was
similar (66% and 59% respectively, Figure 2.3), and thus this growth can
be explained by the increase in the relative share of diesel passenger cars
resulting from the promotion of diesel fuel. Another consequence arising

from the increase in diesel vehicle share is the stagnation in the rate of
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the average NO, emission factor decrease with increasing model year, seen
between 2005 and 2014 in Figure 2.5. During this period, despite both diesel
and gasoline NO, emission factors decreasing by 28% and 53%, respectively,
the average NO, emission factor only decreased by 17% because of the
relative shift towards an increased proportion of newly registered diesel
passenger cars. The implications of these results, which have been derived
from on-road vehicle measurements, are very important: the rate of decrease
of the average passenger car NO, emission was diminished over a decade of
vehicle model years as a direct consequence of the promotion of diesel fuel
in the UK.

Following this period of NO, emission factor stagnation, the rapid de-
crease (from 0.149 gkm™! t0 0.067 gkm™!, 83%) between model years 2015
to 2022 seen in Figure 2.5 is a result of the combination of two factors: a de-
crease in diesel vehicle NO, emission factors resulting from the introduction
of new exhaust after-treatment technology, and a decrease in relative diesel
passenger car share due to reduced diesel fuel use. During this time, in addi-
tion to the decreasing average NO, emission factor, the diesel contribution
fell from 88% in 2015 to 50% in 2022. From the information reported, it
is difficult to apportion the relative impact of reduced NO, emissions and

reduced use of diesel fuel.

2.4.2 Scenario Comparison

To disentangle the influences of improving vehicle technology and changes
in the proportion of vehicle fuel types, this section explores three mod-
elled scenarios, described in Section 2.3.5 and further evaluates the NO,
consequences of the promotion and demise of diesel fuel in the UK.

Using the fuel type composition data from Figure 2.2, an average NO,
emission factor timeline was produced for each scenario, as shown in Fig-

ure 2.6. Differences in the timeline average NO, emission factor values
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between scenarios can be attributed entirely to the changes in fuel type
composition, considering that the individual fuel type emissions data used
were identical. This approach effectively enables the evaluation of NO, in
modelled situations where the development of vehicle technology is con-
sistent with BAU, but either the promotion (NDP) or the demise (NDD) of
diesel fuel in the UK did not occur. Figure 2.7 shows the NO, timelines for
each scenario through two comparisons: BAU and NDP in panel (a), and BAU
and NDD in panel (b).

Fuel type . Diesel . Gasoline Gasoline FHEV . Gasoline PHEV

a BAU b NDP c NDD

NOy (g km™)

2010
Model year

Figure 2.6: Average passenger car NO, distance-based emission factor values
(gkm™') as a function of model year for the (a) Business as Usual (BAU), (b) No
Diesel Promotion (NDP), and (c) No Diesel Demise (NDD) scenarios. The black
lines represent the average distance-based emission factor values, and the shaded

areas below represent each fuel type’s contribution to the average.

The difference between the BAU and NDP scenarios (purple shaded
region) represents the reduction in NO, emission factors that could have been
achieved had diesel fuel not been promoted in the UK, whereas the difference
between the BAU and NDD scenarios (green shaded region) represents the
increase in NO, emission factors that may have been reported had the demise
of diesel fuel not transpired. While the differences between scenarios within

each comparison are a direct result of the modifications made to the fleet fuel
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Figure 2.7: Average passenger car distance-based emission factor values (gkm™!)
as a function of model year for each scenario. The purple shaded section in panel (a)
represents the difference between the ‘Business as Usual’ and ‘No Diesel Promotion’
(BAU-NDP) scenarios. The green shaded section in panel (b) represents the differ-

ence between the ‘Business as Usual’ and ‘No Diesel Demise’ (BAU-NDD) scenarios.

type compositions to reflect different events, the disparity in the magnitude
of these differences (and the sizes of the shaded regions) can be explained by
the individual fuel NO, distance-based emission factors shown in Figure 2.3.
For the BAU-NDP comparison, the difference in fuel type composition reflects
the promotion of diesel and occurs between model years 2001 and 2015,
when diesel fuel NO, emission factors were high. Conversely, for the BAU-
NDD comparison, which reflects the demise of diesel, the difference in fuel
type composition occurs between the model years 2015 and 2022, when
diesel fuel NO, emission factors were considerably lower due to effective
after-treatment systems. Therefore, the fuel type composition differences
between BAU and NDP have a larger influence than those between BAU and
NDD, and the variation in the resulting average NO, emission factors seen

in Figure 2.7 is greater.
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It is important to acknowledge that the development of vehicle technology
is not entirely independent of events that influence vehicle fleet composition.
The occurrence of Dieselgate is likely to have expedited the uptake of NO,-
specific after-treatment systems, resulting in post-2015 NO, emission factors
for an NDD scenario being higher than calculated in Figure 2.7. However,
the exact impact of Dieselgate on the development of vehicle technology has
not been quantified or considered in this analysis.

To further quantify and compare the relative NO, impacts of the promo-
tion and demise of diesel fuel, the estimated total lifetime NO, emissions
from all UK passenger cars with model years 1998 — 2022 was calculated for
each scenario. These values were found to be 5480 kt, 4759 kt, and 5521 kt
for BAU, NDP, and NDD, respectively. Figure 2.8 presents this information as
the difference between the two modelled scenarios, and BAU disaggregated
into an annual time-series in panel (a) and cumulative total in panel (b).
The difference between the BAU and NDP scenarios (purple) represents the
additional NO, emission as a result of the promotion of diesel, whereas
the difference between the BAU and NDD scenarios (green) represents the
reduction in NO, emissions as a result of the demise of diesel. The decrease
in annual NO, emissions for the years 2020 and 2021 is due to lower an-
nual mileage values arising from the travel restrictions imposed during the
COVID-19 pandemic.

The cumulative effect over three decades of promoting diesel fuel on total
emissions of NO, is calculated to be 721 kt. To put this total into perspective,
it is equivalent to 7.38 times the total NO, emitted by all passenger cars in
the UK in 2021.15% It is also greater than the total UK emissions of all NO,
sources in 2021 of 681.8 kt.

The change in the total emission of NOy is the principal impact that the
growth in diesel use in passenger cars has had on air pollutant emissions.

However, diesel vehicles are known to be important contributors to directly
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Figure 2.8: (a) Annual and (b) cumulative total lifetime NO, emission difference
from passenger cars registered between 1998 and 2022 for the ‘Business as Usual’
and ‘No Diesel Promotion’ (BAU-NDP) scenarios (purple), and the ‘Business as
Usual” and ‘No Diesel Demise’ (BAU-NDD) scenarios (green).

emitted (primary) NO,. The use of diesel oxidation catalysts and particle
filters, shown in Figure 2.1, led to large increases in directly emitted NO,
emissions, making an important contribution to ambient NO, concentrations.
[51] While the direct NO, emissions have not been quantified, the growth
of diesel fuel use through the early 2000s would have led to considerably
higher direct NO, emissions. The primary impact of directly emitted NO, is
the contribution to local scale ambient NO, concentrations, which has been

a major issue over the past two decades in Europe. Therefore, without diesel

fuel promotion and growth, there would have been an additional benefit
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beyond the reduction in total NO, emissions.

While the move away from diesel fuel in the wake of Dieselgate resulted
in a relatively small benefit in terms of NO, emissions of 41 kt, there have
been other consequences that could be important. As shown in Figure 2.4, a
consequence of a move away from diesel was an increase in the use of gaso-
line, gasoline hybrid and electric vehicles. The relative increase in gasoline
and gasoline hybrid vehicles led to a reduction in NO, emissions but an in-
crease in NHj3 emissions, as shown in Figure 2.5. Increased emissions of NH3
would be expected to increase concentrations of PM, 5 through the formation
of ammonium nitrate (Section 1.2.3). The net impact of a reduction of NO,
emissions and an increase in emissions of NHj3 on concentrations of PM;, 5 is
not known and would require a chemical transport model to establish effects
on ambient PM, 5 at a European scale. Nevertheless, the demise of diesel
leading to increased vehicular NH3 emissions is an unexpected outcome that

requires further investigation.
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2.5 Conclusions

The strong growth in diesel car use in the UK and Europe over the past
two decades has been one of the most significant and profound factors
influencing air quality from street level to a European scale. While there were
likely benefits from policies encouraging diesel fuel from the perspective
of carbon emissions, this benefit came at a significant cost to air quality
and, in particular, urban air quality. It is clear that the climate and air
quality impacts of different policies should be considered together. Vehicle
technologies that aim to reduce important air pollutants such as NO, have
changed considerably over the past three decades. The emissions from
gasoline passenger cars have been effectively controlled (and further refined)
since the introduction of the three-way catalyst in 1992 in the UK. The
situation for the control of air pollutants from diesel cars has evolved from
very little control in the 1990s to the more recent use of complex but effective
after-treatment systems such as selective catalytic reduction.

This work provides the first detailed evaluation and quantification of
the impact that diesel car growth has had on the emission of important air
pollutants. A novel and important component of the work is the use of
extensive in-use vehicle emissions data from comprehensive remote sensing
measurements. These measurements underpin the quantification of real-
world emissions of pollutants, including NO, and NHj3;. We identify two
principal changes to diesel car use over the past two decades: the steady
growth of diesel fuel use from the early 2000s for climate mitigation reasons
and the rapid decrease in diesel fuel use following the Dieselgate scandal in
2015. These two periods coincided with very different levels of NO, emission
control from diesel passenger cars.

The finding that the promotion of diesel fuel use in passenger cars re-

sulted in excess emission of NO, of 721 kt puts the impact of these policies
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into context. This level of emission is over 7 times the total passenger car
emissions of NO, in the UK in 2021 and even exceeds UK total emissions of
NOy for the same year. Emissions of this magnitude were the result of the
growth of diesel fuel use coinciding with a time when the control of diesel
NO, emissions was poor. Conversely, the rapid decrease in diesel fuel use has
had a much lower impact than might have been expected (41 kt reduction
in NOy) because it occurred at a time when after-treatment systems used to
control diesel NO, were effective.

The full implications of such a large excess NO, penalty are not known
but are wide in nature. The most direct effect would have been related to
urban concentrations of NO,, which have proved to be highly challenging to
control across Europe since the early 2000s. Exceedances of air quality limits
of NO, have been most strongly associated with diesel NO, emissions and
also the direct emission of NO,, which is much higher from diesel-fuelled
vehicles compared with gasoline. Considering 2018, for example (the year
with maximum NOy contribution shown in Figure 2.8), our results show that
if diesel cars had not been promoted, there would have been close to a 20%
reduction in road transport NO, emissions. A decrease in emissions of NOy
(and directly emitted NO,) would likely have meant that many locations in
Europe would not have exceeded legal air quality limits for NO,.

However, because emissions of NO, are directly linked to a wide range
of other air quality problems, such as the formation of PM, 5 and O3, the
impacts of diesel car growth would have extended well beyond urban air
quality problems. An indication of the impacts of excess NO, emissions
can be gained from damage cost estimates that aim to quantify the human
health and environmental impacts in terms of a financial amount, so-called
externalities. The damage costs for NO, include, for example, the impacts on
human health associated with NO, forming fine PM, 5, which are estimated

through the use of dispersion modelling and dose-response functions. In
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the UK, for example, the damage cost estimates for NO, are estimated to be
£8,148 per tonne of NO,.[52 53] Given the total excess NO, emission estimate
of 721 kt, the total damage cost is estimated to be £ 5.875 billion.

Finally, an unintended consequence of the rapid move away from diesel
car use post-Dieselgate is the growth in the use of gasoline and gasoline
hybrid vehicles. The remote sensing data used in the current study suggests
that the net effect is an increase in emissions of NHj3 associated with three-
way catalysts. As gasoline vehicles age, emissions of NHj increase, which
suggests that NH; emissions in future will be higher than expected.40]
Because NHj results in the formation of PM, 5 and is strongly linked with

problems associated with nitrogen deposition, this issue is of concern and

deserves more attention.
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2.6 Research Update

Since the publication of this work, new research has provided additional
insight into the reported findings. Recent data suggest that the average oper-
ational lifespan of a passenger car in the UK exceeds the 14 years assumed
in this study. This discrepancy is because the original value was based on
average scrappage age and did not account for vehicles still in use. A new
study using UK periodic technical inspection data, which corrects for this
bias, estimates the average operational lifespan of a UK passenger car to be
18 years (Section 1.3.3).154]

This change only affects the lifetime NO, calculations in this work, as
vehicle lifespan was used only in this context. Using the updated 18-year
lifespan would increase the number of years over which a vehicle was active,
and the total distance travelled per vehicle by approximately 30%. The
total lifetime NO, emissions for each scenario, and the differences between
them, would therefore also increase by a similar amount. Consequently, the
excess 721 kt of NO, attributed to the promotion of diesel likely represents a
conservative estimate, as does the 41 kt reduction associated with the decline
of diesel. The impacts and message of this work remain unchanged.

Recent statistics from the 2023 National Travel Survey indicate that
average annual passenger car mileage increased from 2022 but remained
consistent with the 2017 — 2019 average, which was assumed in the lifetime
NOj calculations.[>>! While future traffic patterns from 2023 to 2036 cannot
be predicted, the 2023 data support the validity of the assumption used in
this study.

UK-based real-world emissions measurements from the past two years
reinforce this work’s findings, with the latest data confirming continued low
NO, emissions from modern diesel vehicles.[®] Moreover, the introduction

of Euro 6e standards for new light-duty vehicles at the end of 2023 further
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increased the stringency of RDE testing, ensuring ongoing improvements in
vehicle emissions performance.!%7]

Ammonia from gasoline passenger cars, which was identified as a poten-
tial concern in this work, is becoming an increasingly important focus in
vehicle emissions research, as new evidence suggests that they contribute
significantly towards the formation of secondary PM, 5 in urban areas.[>8!
Furthermore, the latest DfT data show a continued shift away from diesel to-
wards gasoline and gasoline hybrid passenger cars, reinforcing the relevance

of this issue.!5°]
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3.1 Abstract

Exposure to traffic-related air pollution (TRAP) is an ongoing health concern
worldwide, particularly close to roads where concentrations are highest.
Near-road exposure is influenced by complex processes such as the nature
of vehicle emissions and the dispersion of vehicle exhaust plumes. In this
work, we apply a recently developed technique called plume regression based
on fast-response roadside measurements to better understand the factors
affecting near-road TRAP concentrations. Of specific interest is determining
the extent to which vehicle design and physical characteristics affect near-
road exposure to important pollutants like nitrogen oxides (NO, = NO +
NO,). We find that the position of a passenger car’s exhaust (tailpipe) —
whether on the left or right side — results in a 40% difference in pollutant
concentration contribution at the kerbside. In the United Kingdom, only 20%
of diesel passenger cars, the most significant vehicle class contributors to NO,
emissions, have their exhausts positioned on the right, the position associated
with the lowest concentrations. If all diesel cars were equipped with right-
positioned exhausts, kerbside TRAP concentrations from these vehicles could
be reduced by one-third. We also find evidence that electric vehicles (EVs)
act to dilute the exhaust plumes of proximate fossil-fuelled vehicles through
vehicle-induced turbulence, reducing near-road TRAP exposure — a hitherto

unrealised benefit of EVs.
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3.2 Introduction

Traffic-related air pollution (TRAP) has long been recognised as having
significant impacts on human health and the wider environment (Section
1.1.2).-3] An important way of studying TRAP is through ambient air
quality measurements made close to roads. There are thousands of near-
road ambient air quality measurement sites around the world that serve the
primary purpose of monitoring the influence of road traffic on air pollution.
Such sites typically report concentrations at an hourly resolution, which
allows a comparison of measured concentrations with air quality standards
and guidelines, many of which have an hourly mean averaging time.[*l
Faster-response measurements of at least 1 Hz have increasingly been used
for mobile measurements to map pollutant concentrations spatially and to
estimate emission intensities (Section 1.4.6).5-7] In part, this increase in the
use of fast-response measurements reflect developments in instrumentation.
However, far fewer studies have adopted similarly fast measurements at
fixed locations.[8-10]

Reducing measurement sampling times offers the potential to develop
an enhanced understanding of TRAP, which is important for informing
strategies to mitigate air pollution and its health and environmental im-
pacts, particularly in urban areas where exposure is highest (Section 1.3).
[11] As instrument averaging times approach one or a few seconds, near-road
measurements can resolve individual exhaust plumes from passing vehicles,
greatly enhancing the potential to gain information on emission sources. At
this temporal resolution, it is possible (but challenging) to quantify emissions
from individual vehicles by integrating plume concentrations and using ra-
tios to carbon dioxide (CO,) to derive fuel-based emission factors (Section

1.4).'2] In related work, Farren et al. recently developed a new technique

called plume regression, which greatly simplifies the quantification of vehicle
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emissions.!13]

This method leverages fast-response roadside measurements
of dispersing vehicle exhaust plumes, eliminating the need to identify and
extract individual vehicle plumes. Additionally, Farren et al. demonstrated
that such measurements can be used for concentration source apportionment,
enabling the quantification of total concentration contributions by vehicle
type, which is valuable new information.

High temporal resolution roadside measurements, capable of resolving
individual vehicle plumes, present an opportunity to investigate the factors
that control near-road TRAP concentrations (Section 1.4.4). Critical data in
this respect is information about the individual vehicles passing the mea-
surement location. Automatic number plate recognition (ANPR) / license
plate recognition (ALPR) systems enable the efficient capture of number
plates for thousands of vehicles, which can then be used to query national
vehicle databases. In the United Kingdom (UK), like many other countries,
these databases provide comprehensive technical information, including
fuel type and emission standard, as well as vehicle characteristics such as
dimensions and mass. Coupling this technical information with techniques
for analysing fast-response roadside measurements allows for a deeper in-
vestigation of the relationship between vehicle design characteristics and
near-road concentrations of TRAP.

Previous work, including computational studies by Plogmann et al., has
demonstrated that vehicle speed and design characteristics, such as exhaust
position, are important factors influencing exhaust plume dispersion.!'% 1]
In this paper, we apply the plume regression approach to real-world emis-
sions measurements to understand better the vehicle-related factors that
control near-road concentrations of TRAP. Of principal interest is the ex-
tent to which the physical design characteristics of vehicles affect measured
concentration contributions. Specifically, we consider exhaust (tailpipe) po-

sition and vehicle aerodynamic properties. The proximity of the exhaust to
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the kerb likely influences the degree of plume dilution, whereas the aerody-
namic properties, such as physical size, are expected to affect vehicle-induced
turbulence, thereby impacting near-road dispersion and concentrations. Ad-
ditionally, we explore the growing role of electric vehicles (EVs) in the fleet
and their influence on near-road TRAP concentrations, particularly how EVs
contribute to the dilution of exhaust plumes from fossil-fuelled vehicles
through vehicle-induced turbulence.

This study represents the first instance where individual vehicle mea-
surements have been used to investigate these variables, offering a novel
perspective on how vehicle design influences roadside TRAP concentrations.
While the focus is on measurements made in the UK, the approach and
findings are applicable to urban settings globally, providing transferable
insights that could improve the quantification of TRAP at the thousands of

near-road ambient air quality sites that exist worldwide.
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3.3 Materials and Methods

3.3.1 Point Sampling
3.3.1.1 Instrumentation

Nitrogen oxides (NOy, = NO + NO,) and CO, were measured at 1 Hz using
an Airyx Iterative Cavity-Enhanced Differential Optical Absorption Spec-
trometer (ICAD).['®] The ICAD was placed on a trolley at the kerbside and
sampled through a 30 cm length of 1/4" diameter perfluoroalkoxy tubing
for continuous measurement of vehicle exhaust plumes. The instrument
directly measures nitrogen dioxode (NO,) in the 430 — 465 nm range through
optical absorption, with an internal ozone-based gas phase titration system
converting nitrogen oxide (NO) to NO,, allowing for total NO, and NO mea-
surements. CO, is measured simultaneously via a non-dispersive infrared
sensor. Further technical details are available in the literature (Section 1.4.6).
(17]

A custom-built instrument was deployed approximately 1 m upstream
of the ICAD instrument to record vehicle pass times. The instrument was
named the Vehicle Measurement Device (VMD) and was based on a prototype
built at Heidelberg University.['8] Optical sensors within the device measure
vehicle speed and acceleration, triggering a camera positioned a further 5
— 10 m upstream of the device to capture rear images of passing vehicles.
Additional information about the VMD is provided in Appendix A. All
equipment was powered using two portable power stations with a capacity

of 512 Wh and 256 Wh.

3.3.1.2 Measurement Surveys

Point sampling (PS) surveys were conducted at three sites in York, UK: two

on the University of York campus (latitude 53.947, longitude —1.047) and
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one in an industrial area near a large retail park (latitude 53.987, longitude
—1.103). The locations were designated as sites A, B, and C respectively.
Measurement surveys were carried out on weekdays between September
and November 2023, during daylight hours and dry weather, with ambient
temperatures ranging from 1.9 - 18.7 °C (12.9 °C mean). Photographs of

the roadside measurement sites can be found in Figure 3.1.

Figure 3.1: Point sampling measurement sites (a) A, (b) B, and (c) C.

Registration (license plate) numbers were extracted from the vehicle

images using ALPR software.[1?]

The registration numbers were sent to CDL
Vehicle Information Services Limited to obtain vehicle technical data. CDL
sources this information from the UK vehicle taxation system (DVLA) and
the Society of Motor Manufacturers and Traders (SMMT) Motor Vehicle
Registration Information System. The technical data includes a range of
information, including, but not limited to, vehicle type, fuel type, mass,
dimensions, make, model, registration date, and emission standard (Section
1.3.1).

In total, 11,264 vehicle passes (7,955 unique vehicles) were recorded over
nine measurement days, with 14.7%, 23.9%, and 61.4% of measurements
being made at sites A, B, and C, respectively. Technical information was
obtained for 95% of vehicle passes. A summary of the measured vehicle fleet

composition and driving conditions at each site is provided in Tables 3.1 and

3.2, respectively. Hybrid vehicles with different technologies (full hybrid,
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plug-in hybrid, etc.) were grouped due to insufficient measurement numbers

for separate groupings.

Table 3.1: Number of measurements and vehicle fleet composition (vehicle type,
fuel type, and emission standard) at each measurement site. The total number of
measurements across the sites (10,624) corresponds to the 95% of vehicle passes for

which technical data was available.

Characteristic Site A Site B Site C

# measurements 1565 2536 6523

Vehicle type

Car (%) 75.0 74.5 78.0
LGV (%) 171 16.0  15.0
Bus (%) 2.7 4.1 0.3
HGV (%) 1.4 1.2 1.8
Motorcycle (%) 1.0 1.2 0.5
Unknown (%) 2.7 2.9 4.4
Fuel type

Diesel (%) 42.0 41.3 44.2
Gasoline (%) 43.5 41.2 41.0
Hybrid (%) 7.9 10.1 7.5
Electric (%) 3.9 4.3 2.7
Unknown (%) 2.7 3.1 4.6

Emission standard

Pre Euro 4 (%) 4.7 4.4 4.2
Euro 4 (%) 8.1 9.0 9.4
Euro 5 (%) 26.1 25.9 22.2
Euro 6 (%) 56.0 55.5 58.8
Unknown (%) 5.0 5.2 5.3
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Table 3.2: Mean driving conditions at each measurement site.

Characteristic Site A SiteB SiteC
Speed (kmh™!) 32.0 36.0 44.2
Acceleration (kmh~!s™1) 3.1 -0.4 4.8
Vehicle gap (s) 15.0 15.7 7.0

3.3.2 Analysis Methods
3.3.2.1 Plume Regression

A plume regression technique is used to quantify the contribution from dif-
ferent types of vehicles that best explains the roadside concentration time

[13] For the NO,, and CO, concentration time series, the

series measurements.
increments above a local background were determined for each pollutant.
While various methods can be used, a simple rolling average low percentile

(6,7, 20] This window was

approach was chosen, using a time window of 100 s.
selected to comfortably encompass the typical width of an exhaust plume
of ~20 s while minimising the capture of contributions from sources other
than passing vehicles.

Instead of attempting to isolate individual vehicle plumes, the technique
uses a statistical approach to quantify concentration contributions for differ-
ent categories of all passing vehicles. An average exhaust plume profile is
derived from CO, measurements from isolated vehicles (where there is at
least a 20 s gap between vehicle passes before and after, n = 306).['3! This
plume profile represents the expected average rise and fall of concentrations
after a vehicle passes. As noted by Farren et al., in some situations, different
plume profiles could be used, for example, for different sites or for heavy

vehicles with a vertically oriented exhaust. The effect of the plume profile

shape is considered in more detail later in the text. Similar plume profiles
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were observed at all three measurement sites, and one average plume profile
was used for all vehicle groups.

In previous work by Farren et al., roadside concentration data were
processed to provide emission factors by vehicle fuel and technology types,
for example, a Euro 5 diesel passenger car.['3] The way in which the data are
disaggregated is determined at the beginning of the analysis. In the current
application, the interest is not the technologies but the design characteristics
of a vehicle, such as the exhaust position for gasoline and diesel passenger
cars. Each time a vehicle from a particular category passes (such as a gasoline
vehicle with an exhaust positioned on the left-hand side), a normalised
plume is added to the time series column for that category of vehicle. This
process continues to cover all vehicle categories (determined by the initial
disaggregation) of interest, and for all passing vehicles, the same averaged
normalised plume profile determined from isolated vehicle measurements
was used for all vehicle categories. The main aim of the analysis is to
determine the optimal amount by which the vehicle category plumes must
be multiplied to explain best the concentration increments of CO, and NO,.
The approach uses robust linear regression that relates the concentration of
CO, or NOj to the different vehicle category plumes.[?!] The coefficients from
the regression provide a direct estimate of the concentration contribution
from each vehicle category. A useful benefit of the regression-based approach
is that the standard errors are provided for each regression coefficient, from
which 95% confidence intervals can be derived (using a Z-score of 1.96).

CO, was used as a tracer for TRAP in the plume regression technique due
to its high concentration in exhaust gases, stability under ambient conditions,
direct proportionality to fuel combustion, and independence from exhaust
after-treatment systems (Section 1.2). These features make CO, an ideal
tracer for assessing how vehicle design affects exhaust plume dispersion

and subsequent roadside concentrations of TRAP, which can be assumed
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to disperse similarly to CO,.[14]

CO, exhaust gas concentrations vary for
diesel and gasoline fuels based on differences in the air/fuel ratio utilised
for combustion. However, the differences in absolute CO, emissions output
are small and discussed further in Section 3.4.1. NO, was also analysed
to provide direct evidence of the influence of vehicle design on roadside

TRAP concentrations and to provide information that could be used to derive

emission factors.

3.3.2.2 Vehicle Design Properties Assignment

Exhaust exit positions were assigned from the vehicle images for passenger
cars only, as other vehicle types rarely show visible exhausts or did not
exhibit varied placement. Of 8,643 car measurements, 44.4% were manually
assigned as either ‘left’, ‘right’, ‘centre’, or ‘split’, while the 2.9% of EVs were
assigned as ‘none’. The assignments, based on the rear of the vehicle relative
to UK traffic flow, define left as kerbside, right as offside, split for exhaust
exits in both positions and centre for middle placement. Examples for each
assignment are shown in Figure 3.2.

The remaining cars were not assigned manually due to non-visible down-
turned exhaust exits, often hidden by the rear bumper. A random forest
model was used to predict exhaust positions for these vehicles as either left
or right, as split or centre exhausts are rarely down-turned or hidden by
other design features.[?> 23] This machine learning algorithm, chosen for
its ability to handle categorical data, was trained on the manually assigned
data (80% training, 20% validation). Predictor variables included fuel type,
Euro emission class, body type, manufacture year, number of doors, seat
count, drive axle configuration, transmission type, and gear count. Features
were selected to balance model robustness with the need for complete data;
the model showed high classification accuracy with an F1-score of 0.94 and

a Matthews correlation coefficient of 0.85. Following exhaust prediction,
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Figure 3.2: Example photographs of the different manually assigned exhaust

positions.

95.5% of cars (8597 measurements) had assigned exhaust positions, with
the remaining unknowns due to insufficient predictor variable data. Tables
3.3 and 3.4 provide detailed model performance metrics and a summary
of the number of manually assigned and predicted exhaust positions. To
evaluate the influence of exhaust position on near-road TRAP concentrations,
vehicles were grouped by type, fuel type, and exhaust position in the plume

regression analysis.
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Table 3.3: Passenger car exhaust position random forest prediction model training

parameters and performance metrics.

Parameter Value
ntree 500
mtry 2
Sensitivity (recall) 0.940
Specificity 0.907
Precision 0.940
Balanced accuracy 0.924
Area Under Curve (AUC) 0.978
F1 score 0.940

Matthews correlation coefficient 0.847

Table 3.4: Summary of the manually assigned and predicted passenger car exhaust

positions.
Manual Predicted Total

Exhaust position n % n % n %
Left 1706 19.7 2446 54.3 4152 48.0
Right 1123 13.0 2062 45.7 3185 36.9
Centre 63 0.7 0 0 63 0.7
Split 944 10.9 0 0 944 10.9
None 253 2.9 0 0 253 2.9
Unknown 4554 52.7 0 0 46 0.5
Total 8643 4508 8643
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Aerodynamic drag coefficients (Cq) quantify a vehicle’s air resistance and
are directly proportional to vehicle-induced turbulence (Section 3.3.2.3).
Vehicles were assigned a C4 value based on market segment classifications
derived from their dimensions. Passenger cars were grouped into eight seg-
ments (A, B, C, D, E, F, ], S), while light goods vehicles (LGVs) formed a
separate segment (V). Vehicles with missing dimension information, includ-
ing heavy goods vehicles (HGVs) and buses, were classified as “‘unknown’.
Estimated C4 values from the literature were then assigned to each segment.
[24, 25]

Table 3.5 provides dimension classifications and Cy values for each

segment.

Table 3.5: Dimension classifications and aerodynamic drag coefficients (Cy) for

each vehicle segment. SUV* = sport utility vehicle, LGV* = light goods vehicle.

Segment Description Area (m?) Length (m) height(m) Cq4 n
A Mini <3.0 <37 — 0.33 545
B Small <3.0 <4.2 — 0.32 2006
C Medium < 3.0 <4.6 — 0.30 1876
D Large < 3.0 <4.8 — 0.29 451
E Executive < 3.0 < 5.0 — 0.29 222
F Luxury <3.0 >5.0 — 0.29 25
J SUV* > 3.0 — — 0.35 1834
S Sport coupe < 3.0 — <14 0.30 153
\Y% LGV* - - - 0.34 1225

3.3.2.3 Vehicle-Induced Turbulence

Vehicle-induced turbulence plays an important role in exhaust gas dispersion
and directly influences roadside TRAP concentrations. Turbulent kinetic

energy (TKE), measured using a sonic anemometer, has been used to evaluate
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the relationship between near-road TRAP and vehicle-induced turbulence.
[15,26,27] 1y this study, we consider the power required to overcome aerody-
namic drag, P4, which is directly proportional to TKE and reflects the energy
available for turbulence generation. P4 is calculated using Equation 3.1,
where p is the air density (1.233 kg m™~ at the mean measurement tempera-
ture of 12.9 °C and 101.3 kPa), C; is the drag coefficient (Section 3.3.2.2), A
is the vehicle frontal area, and v is the measured vehicle speed.[25] A benefit

of the vehicle technical information is the ability to calculate frontal area

and Py for individual vehicles from their dimension measurements.

1
TKE « P; = EpCdAv3 (3.1)

For assessing the impact of vehicle-induced turbulence and aerodynamic
properties on near-road TRAP, vehicles were grouped by type, fuel type,
exhaust position and losses due to aerodynamic drag, P4. Drag losses were
calculated using Equation 3.1 and expressed in categories as quantiles (Low
< 0.25, 0.25 < Low-mid < 0.50, 0.50 < High-mid < 0.75, 0.75 < High),
calculated independently for each vehicle type and fuel type subgroup.
The calculation of quantiles was necessary as the plume regression method

requires defined vehicle groupings.

3.3.2.4 Emission Rates

The CO, coefficients calculated from plume regression reflect the expected
near-road concentration increment associated with each vehicle group and
are influenced by both CO, emission rate and subsequent dispersion (related
to exhaust position and aerodynamic properties). To isolate the contribution
of dispersion and impact of vehicle design characteristics, two metrics for

CO, emission rates were used in this study. Neither of the emission rate
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values can be directly compared to the plume regression coefficients that
provide concentration and not emission estimates. However, these emission
factors are useful in understanding the extent to which roadside concentra-
tions are associated with emissions rather than dispersion influences.

For the exhaust position analysis (Section 3.4.1), Type-Approval CO,
emission rates based on laboratory test cycles (gkm™!), available from the
vehicle technical information, were aggregated to calculate a mean value
for each vehicle group. These emission rates are provided in Table 3.6. The
mean Type-Approval CO, emission rate reflects an average value across a
range of driving conditions and was chosen as it could be calculated for all
vehicle types.

For the vehicle-induced turbulence and aerodynamic properties analysis
(Section 3.4.4), which only included cars and LGVs, instantaneous CO,
emission rates were modelled for individual vehicles. Instantaneous fuel
consumption (kgs™!) was calculated using the Passenger Car and Heavy
Duty Emission Model (PHEM), incorporating vehicle speed, acceleration,
road gradient, and technical data (e.g., mass, dimensions, engine specs).
[28,29] These rates were then converted into CO, emission rates (gs~!) using
standard emission factors: 3.16 gkg™! for gasoline and 3.17 gkg™! for diesel.
[30] Finally, the values were aggregated for each vehicle group and used to
normalise the plume regression CO, coefficients. Modelled instantaneous
CO, emission rates provide a more accurate estimate of actual emission

at the time of measurement than type-approval values but could not be

calculated for all vehicle types due to missing technical data.
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Table 3.6: Mean Type Approval CO, emission rates (gkm™!) for vehicle type, fuel

type, and exhaust position groups.

Type Fuel Exhaust CO, Standard error n
Bus Diesel — 250.5 18.3 4
HGV Diesel — 227.9 5.9 42
LGV Diesel — 179.7 1.1 1278
Car Diesel All 132.8 0.6 2704
Car Diesel Split 144.8 1.5 448
Car Diesel Left 131.1 0.7 1713
Car Diesel Right 128.5 1.3 543
Car Gasoline All 134.5 0.5 4241
Car Gasoline Centre 154.0 4.4 51
Car Gasoline Left 133.0 0.5 2121
Car Gasoline Split 172.4 2.5 337
Car Gasoline Right 128.3 0.6 1732
Car Hybrid  All 93.6 1.2 849
Car Hybrid  Left 71.3 5.2 78
Car Hybrid  Right 97.7 1.1 685
Car Hybrid  Split 80.7 6.9 86
Motorcycle Gasoline — 77.8 10.1 9
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3.4 Results and Discussion

3.4.1 Exhaust Position Effect on CO,

The CO, concentration measurements were grouped by vehicle type, fuel
type, and exhaust position (for passenger cars only) for plume regression. The
resulting calculated CO, concentration coefficients are shown in Figure 3.3,
with detailed values provided in Table 3.7. These coefficients represent
the increase in roadside CO, concentrations associated with each vehicle
group. It is important to note that these coefficients differ from vehicle
emission factors, as roadside CO, concentrations are influenced by emission
rates and factors such as exhaust proximity to the kerb and vehicle design
features affecting plume dispersion. These measurements, therefore, offer
direct insight into roadside TRAP emissions and dispersion under real-world
conditions.

Figure 3.3 reveals clear trends driven by vehicle type, fuel type, and
exhaust position. Larger vehicles, such as buses and HGVs, exhibit higher
CO;, coefficients due to their greater emission rates. Among passenger cars,
gasoline hybrid vehicles are associated with the lowest CO, coefficients,
reflecting their lower emission rates. Furthermore, left exhaust cars consis-
tently produced higher CO, coefficients than right exhaust cars across all
fuel types, highlighting the importance of exhaust proximity to the kerb for

near-road TRAP concentrations.
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Figure 3.3: CO, coefficients for vehicle type and fuel type groups. The inset plot
further separates passenger cars by exhaust position. Error bars represent 95%
confidence intervals, and number labels denote vehicle group sample sizes. Grey
boxes display the reduction in CO, coefficient for right exhaust positions compared
to left for each fuel type. The exhaust locations include those manually assigned

and predicted.

Specifically, CO, coefficients were reduced by 38%, 41%, and 36% for
diesel, gasoline, and gasoline hybrid cars, respectively, when comparing right
exhausts to left exhausts. These differences can confidently be attributed
to exhaust location, as the mean vehicle speeds, aerodynamic properties,
and Type Approval CO, emission rates (see Section 3.3.2.4 and Table 3.6)
for left and right exhaust vehicles within each fuel type were very similar,
with less than 5% variation across all comparisons. The only exception
was for gasoline hybrid cars, where vehicles with right exhausts had a 37%

higher mean Type Approval CO, emission rate than those with left exhausts.
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This may explain why the difference in CO, coefficients was smallest for
gasoline hybrid cars. However, it is important to note that Type Approval
CO;, emission rates do not perfectly represent real-world driving conditions

and serve only as a guide.l3! 32

Table 3.7: CO, concentration coefficients for vehicle type, fuel type, and exhaust

position groups.

Type Fuel Exhaust CO, Standard error n
Bus Diesel — 174.8 22 135
HGV Diesel — 71.1 1.9 172
LGV Diesel — 36.0 0.6 1548
Car Diesel All 44.7 0.5 2704
Car Diesel Split 49.7 1.2 447
Car Diesel Left 48.0 0.6 1714
Car Diesel Right 29.7 1.1 543
Car Gasoline All 39.8 0.4 4276
Car Gasoline Centre 111.8 3.6 51
Car Gasoline Left 47.5 0.5 2135
Car Gasoline  Split 44.6 1.3 341
Car Gasoline Right 27.9 0.6 1749
Car Hybrid  All 24.3 0.9 858
Car Hybrid  Left 38.6 5.7 78
Car Hybrid  Right 24.6 1.9 693
Car Hybrid  Split 44.6 2.6 87
Motorcycle Gasoline — 15.9 2.9 78
Bus Electric — -8.3 4.6 30
LGV Electric — -10.9 3.0 71
Car Electric ~ None -7.2 1.6 242

163



Chapter 3. Influence of Vehicle Design on Near-Road Air Quality

Diesel cars exhibited, on average, 12% higher CO, coefficients than gaso-
line cars despite having slightly lower Type Approval CO, emission rate
values (Table 3.6). However, recent literature suggests that diesel cars may
have higher real-world CO, emission rates than gasoline cars when adjusted
for vehicle size, power output, and Type Approval CO, emission rate.!33]

To evaluate the machine learning algorithm used to assign exhaust posi-
tions for cars with non-visible exhausts in the images, a plume regression
was performed, categorising car exhaust groups into manually assigned and
predicted positions. The resulting CO, coefficients are shown in Figure 3.4
and Table 3.8. For manually assigned cars, CO,; coefficients were reduced
by 60%, 59%, and 75% for diesel, gasoline, and gasoline hybrid vehicles,
respectively, when comparing right to left exhaust positions. In contrast, for
predicted exhaust positions, the reductions were 23%, 34%, and 4%, respec-
tively. While left-exhaust CO, coefficients were similar between manually
assigned and predicted groups across all fuel types, right-exhaust CO, coef-
ficients were approximately twice as high for predicted positions compared
to manually assigned ones.

A likely explanation for these observations is exhaust orientation, which
has been shown in the literature to influence plume dispersion and near-road
exhaust gas concentrations.!'4l Manually assigned exhausts are all horizontal,
and predicted exhausts could all be assumed to be down-turned. Horizontal
exhausts result in more dispersion and lower roadside concentrations, while
down-turned exhausts result in less dispersion and higher roadside concen-
trations. Even though the predicted exhaust positions are not visible, these
results show that there is a consistent left-right difference in CO, coefficients.
However, hidden (down-turned) exhausts are associated with different dis-
persion characteristics compared with horizontal exhausts, likely resulting
in a smaller left-right difference.!'4

While these effects explain the CO, coefficient trends for manually as-
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Figure 3.4: CO, coefficients for passenger cars with left and right exhaust positions,
split into manually assigned and predicted groups. The error bars represent 95%
confidence intervals, the text labels denote exhaust position, and the number labels
show vehicle group sample sizes. The grey text represents manually assigned
exhaust position vehicles, and the orange text and shading represent predicted

exhaust position vehicles.

signed and predicted exhaust positions, other factors could be responsible
for the discrepancy between these groups for right-exhaust cars. If exhaust
orientation does not significantly influence near-road TRAP concentrations
and the discrepancy instead arises from incorrect exhaust position predic-
tions, then the manually assigned data in Figure 3.4 provide a more accurate
representation of the impact of exhaust position on roadside CO, and TRAP
concentrations. Notably, these manually assigned results show an even
greater difference between left and right exhaust positions, reinforcing the
implications discussed later in this section.

The consistency between trends in predicted and manually assigned
exhaust positions, along with theoretical insights from simulation studies on

near-road exhaust plume dispersion, suggests that the observed effects are in

165



Chapter 3. Influence of Vehicle Design on Near-Road Air Quality

Table 3.8: Passenger car CO, concentration coefficients for fuel type, exhaust

position, and exhaust assignment source groups.

Fuel Exhaust Source CO, Standard error n
Diesel Left Manual 47.4 0.9 760
Diesel Right Manual 19.1 1.7 226
Diesel Left Predicted 48.6 0.8 954
Diesel Right Predicted 37.6 1.4 317
Gasoline Left Manual 46.2 0.8 853
Gasoline Right Manual 18.7 1.1 562
Gasoline Left Predicted 48.4 0.7 1282
Gasoline Right Predicted 32.1 0.7 1187
Hybrid  Left Manual 59.2 5.0 26
Hybrid  Right Manual 15.0 1.7 229
Hybrid Left Predicted 30.3 3.5 52
Hybrid  Right Predicted 29.1 1.2 464

fact driven by exhaust orientation. To most accurately capture the impact
of exhaust position across the entire passenger car fleet, which includes
both horizontal and down-turned exhausts, the predicted exhaust positions
should be incorporated into the analysis, as in Figure 3.3.

The CO, coefficient for gasoline cars with centre exhausts in Figure 3.3
was 1.4 and 3.0 times higher than for those with left and right exhausts, re-
spectively. This increase is likely due to these vehicles being high-performance
models with lower fuel efficiency and higher CO, emission rates, as con-
firmed by technical data showing all 51 centre-exhaust cars were classified
as sport models with a 17.6% higher mean type-approval CO, emission rate.
Additionally, centre exhausts release exhaust gases directly into the wake

zone of the vehicle, where the interaction of turbulence and plume dispersion
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could result in higher measured CO, concentrations when compared to ex-

[14] More research with direct turbulence

haust positioned in other locations.
measurements, such as using a sonic anemometer, is needed to understand
these interactions better.

For split exhaust cars, CO, coefficients were similar to those with right
exhausts for diesel and gasoline fuel but much lower than both left and
right exhausts for gasoline hybrid fuel. Split exhaust diesel and gasoline cars
exhibited mean Type Approval CO, emission rates that were 30 — 34% and
10 — 13% higher, respectively, compared to left and right exhaust cars. This
difference may partially explain the observed results. Another contributing
factor is the uneven distribution of exhaust gases in split exhaust systems, a
characteristic that varies across manufacturers and models and could not be
further discerned in this work.[34] Additionally, some vehicle manufacturers
install fake split exhaust outlets to enhance vehicle aesthetics, even when the

[35] Where such fake exhausts were

true exhaust is hidden on the left or right.
obvious, these vehicles were classified as unknown during exhaust position
assignment. However, it is important to note that a small number of vehicles
may have been incorrectly classified as split.

Exhaust position also likely explains the differences observed between
diesel buses and HGVs. Despite similar Type Approval CO, emission rates,
the CO, concentration coefficient for buses was 2.4 times higher than for
HGVs. Diesel buses typically have exhausts located low at the rear, often vis-
ible on the right-hand side in vehicle images, whereas diesel HGV exhausts
are more varied in placement, often higher on the vehicle toward the front
and not visible in any images. This placement results in greater dispersion
of exhaust gases before reaching the PS instruments for HGVs compared
to buses, reducing their CO, concentration coefficients. Other factors influ-
encing dispersion, such as vehicle speed and aerodynamic properties, were

similar between the two vehicle groups.
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For diesel LGVs, the CO, coefficient is lower than that of diesel cars with
left exhausts but higher than those with right exhausts. LGVs have a Type
Approval CO, emission rate 38% higher than cars with either left or right
exhausts. While exhaust locations for LGVs could not be assigned, the CO,
coefficient results suggest that most LGVs likely had right exhausts, based
on their relative values when compared to diesel cars. LGVs had a greater
mean frontal area but lower mean speed than diesel cars; these factors likely
influence roadside exhaust dispersion in opposing ways, though the available
data limit detailed conclusions.

These findings highlight the significant impact of vehicle design charac-
teristics on near-road CO, and TRAP concentrations. Of all cars (excluding
EVs), 38% had right-positioned exhausts, associated with the lowest CO,
coefficients and roadside TRAP concentrations. If the remaining cars repo-
sitioned their exhausts to the right, the average CO, coefficient for cars —
and thus roadside TRAP concentration contributions in the UK — could
decrease by 29%. Achieving a comparable reduction through improvements
in catalyst after-treatment systems would be far more challenging.

While it is unlikely that existing vehicles would be retrofitted with reposi-
tioned exhausts due to cost and engineering constraints, exhaust placement
could be considered in the design of future vehicles. Although most vehicle
models are built on global platforms, regional adaptation — such as steering
column layout, headlight beam patterns, and emissions control settings —
are already common.!3®] In this context, exhaust position represents a feasi-
ble design consideration that could be aligned with local driving practices to
reduce near-road TRAP exposure. Given the expected continued production
of fossil-fuelled (particularly hybrid) vehicles over the coming decades, there
remains scope for manufacturers to reduce near-road TRAP concentrations
through design choices.[3”]

The effect is particularly important for diesel cars in the UK, where only
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20% of vehicles had right exhausts. Repositioning the exhausts of the re-
maining cars could reduce their roadside TRAP contributions by 33%, which
is especially important given the historically higher NO, and particulate
emissions from diesel cars. It is important to note that exhaust repositioning
does not reduce overall TRAP emissions. However, the primary concern with
these pollutants is their harmful impacts on human health, and minimising
roadside exposure by any means remains a priority.

Passenger car exhaust position often reflects the production region’s left
or right-hand traffic practices, with vehicles designed to position exhausts
on the offside (furthest from the kerb). Of the measured cars, 76% were
manufactured in regions that drive on the right-hand side of the road, op-
posite to the UK, explaining why the minority of vehicles had exhausts
positioned on the right — the optimal position to minimise near road TRAP
in the UK. Exhaust position is therefore disproportionately important in the
UK, where vehicles drive on the left-hand side, but the passenger car fleet
predominantly comprises models produced for right-hand driving regions.

The plume regression approach used in this study is based on the average
CO, profile observed when any vehicle passes the point sampling set-up,
using data with at least a 20 s between vehicles to avoid plume interference.
As noted in Section 3.3.2.1, using different plume profiles for different sites
and vehicle types and vehicle designs could be useful in some circumstances.
It is, therefore, important to consider the extent to which the analysis results
depend on the shape of the plume used.

Figure 3.5 compares three plume profiles: the base plume derived from
measurements in this work, a square plume profile that broadly covers the
same time range and a wide plume profile that has a width of approximately
twice the base plume. The wide plume misses much of the rise and fall seen
in the base plume, suggesting that it may not effectively capture emission

and concentration differences between vehicle groups. The main interest is
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in understanding how much the results in this work depend on the chosen

plume profile.
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Figure 3.5: Three different plume profiles tested in the plume regression approach.

Figure 3.6 compares the CO, regression coefficients for different vehicle
exhaust positions derived from the base, square, and wide plumes. Overall,
the agreement between the three plume shapes is good, and the wide plume
profile still yields reasonable results despite clear differences compared to
the base plume - the wide plume maximum appears approximately 10 s after
the base plume and continues well after the base plume reaches zero. The
results suggest that the regression coefficients are not very sensitive to plume
shape. One likely reason for this behaviour is that plumes for a particular
type of vehicle are not correlated with other vehicle types. For example,
a Euro 5 diesel car is not always followed by a Euro 6 gasoline car — the

ordering is effectively random.
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Figure 3.6: Scatter plot showing the relationship between calculated CO, coeffi-
cients comparing the base (measured) plume with a square plume profile and a

wide plume profile.

To evaluate specifically how the results from plume regression varied with
the differing geometries and characteristics of each measurement location
in this study, additional analyses were conducted. First, the average plume
profile for each site was calculated from isolated vehicle passes (n = 104, n
=173, and n = 29 for sites A, B, and C respectively), shown in Figure 3.7.
Then, separate plume regressions were performed using data from each site
individually, using the site’s respective plume profile. Due to the further
disaggregation required for this analysis, only passenger cars were included
in the regression, as they provided sufficiently large sample sizes. Cars were
grouped by fuel type and exhaust position; groups with sample sizes less
than 25 were omitted, and incorporated into an ‘other’ category alongside

other vehicle types for the regression. The results are shown in Figure 3.8.
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Figure 3.7: Plume profiles for each measurement site.

The plume profiles observed at sites A and B were similar in shape and
duration. In contrast, the average plume profile at site C was approximately
10 seconds shorter, likely reflecting differences in site geometry and local
characteristics. Despite these variations, individual plume regression anal-
yses conducted separately for each site yielded results consistent with the
main analysis. Across all fuel types for which a comparison could be made,
vehicles with right-positioned exhausts consistently produced lower CO,
concentration coefficients than those with left-positioned exhausts. The
largest difference was observed for gasoline cars at site C (48%), while the

smallest was seen for gasoline cars at site A (11%).
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Figure 3.8: Passenger car CO, coefficients for fuel type, exhaust position, and
measurement site (panels a — c¢) groups. Error bars represent 95% confidence
intervals and number labels denote vehicle group sample sizes. Gray boxes display
the reduction in CO, coefficient for right exhaust positions compared to left for each

fuel type. The exhaust locations include those manually assigned and predicted.
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Site B consistently produced CO, concentration coefficients for diesel and
gasoline cars that were 22 — 162% higher than those observed at Sites A and
C. This finding suggests that the physical characteristics of Site B, such as re-
duced dispersion or closer proximity to traffic, may have resulted in a greater
fraction of vehicle exhaust reaching the measurement instrumentation.

Overall, these findings highlight that site-specific features can influence
the magnitude of concentration coefficients derived from point sampling
using the plume regression approach. However, the intra-site trends remain
consistent with those observed in the aggregated analysis, and differences
in site conditions do not change the conclusions of this study, but instead

strengthen them further.

3.4.2 Exhaust Position Effect on NOy

To more directly assess the impact of exhaust position on roadside TRAP
concentrations, plume regression was performed for NO, using the same
vehicle groups analysed for CO,. The NO, concentration coefficient values
for each group are presented in Figure 3.9 and Table 3.9. Unlike CO,, NO,
emission rates vary significantly based on fuel type and after-treatment
systems, adding complexity to vehicle group comparisons. For this reason,
CO, was the primary focus of this analysis. However, the NO, results provide
valuable insight into near-road TRAP.

Diesel cars had NO, concentration coefficients 5.2 and 6.5 times higher
than those of gasoline cars for left and right exhaust positions, respectively,
highlighting their significantly greater contribution to near-road NO, con-
centrations, consistent with reported emission rates.!3® 3°! For right exhaust
cars, NO, coefficients were 27.9%, 75.9%, and 34.0% lower than for left
exhaust cars for diesel, gasoline, and gasoline hybrid vehicles, respectively,
in agreement with the CO, findings (Section 3.4.1). The greater variability

compared to CO, likely reflects the higher signal-to-noise ratio in the NO,
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Figure 3.9: NO, coefficients for vehicle type and fuel type groups. The inset plot
further separates passenger cars by exhaust position. Error bars represent 95%
confidence intervals, and number labels denote vehicle group sample sizes. The

exhaust locations include those manually assigned and predicted.

increment data, especially for lower NO, emitting gasoline and gasoline
hybrid vehicles.

NO,/CO, ratios (ppb ppm™!) were calculated from the plume regression
datasets to ensure differences in NO, coefficients between left and right
exhaust cars were due to exhaust position, rather than differences in NO,
emission rates due to variations in variables such as vehicle manufacturer,
body type, or engine size. These ratios isolate NO, emission rates by re-
moving the influence of exhaust location and dispersion, assuming similar

dispersion for CO, and NO,.
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Table 3.9: NO, concentration coefficients for vehicle type, fuel type, and exhaust

position groups.

Type Fuel Exhaust NO, Standard error n
Bus Diesel — 53.0 3.0 135
HGV Diesel — 326.7 2.6 172
LGV Diesel — 102.1 0.9 1548
Car Diesel Split 129.8 1.6 447
Car Diesel Left 131.7 0.8 1714
Car Diesel Right 94.4 1.5 543
Car Gasoline Centre 35.2 4.8 51
Car Gasoline Left 25.5 0.7 2135
Car Gasoline  Split 41.1 1.8 341
Car Gasoline Right 14.5 0.8 1749
Car Hybrid  Left 6.7 3.9 78
Car Hybrid  Right 5.0 1.3 693
Car Hybrid  Split 5.3 3.7 87
Motorcycle Gasoline — 21.3 3.9 78
Bus Electric — -23.8 6.3 30
LGV Electric — -20.4 4.1 71
Car Electric ~ None 6.8 2.2 242

Vehicle emission remote sensing is another roadside measurement tech-
nique that uses cross-road spectroscopy to capture emissions from the entire
vehicle plume (Sections 1.4.3 and 2.3.1). Emission ratios obtained from PS
have previously been shown to agree well with those from remote sensing.
[13] A representative sample of remote sensing measurements collected in
2022 was selected to match the PS data in terms of sample size, fuel type

distribution, and Euro class distribution. The random forest machine learn-

ing algorithm (trained and used on the PS data) was applied to this remote
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sensing sample to assign exhaust positions to vehicle measurements. The
NO,/CO, ratios from the remote sensing sample were then aggregated by

fuel type and exhaust position, as shown in Table 3.10.

Table 3.10: NO,/CO, ratios for cars grouped by fuel type and exhaust location,
derived from point sampling and a representative sample of remote sensing data.
Hybrid refers to gasoline hybrid vehicles. The uncertainty values represent 95%

confidence intervals.

NO,/CO, (ppb ppm™)

Fuel Type Exhaust Position Point Sampling Remote Sensing

Diesel Left 2.74 +£0.07 2.85+0.17
Diesel Right 3.18 £ 0.25 3.41 £ 0.35
Gasoline  Left 0.54 + 0.03 0.46 + 0.09
Gasoline  Right 0.52 + 0.06 0.39 + 0.08
Hybrid Left 0.17 £ 0.20 0.59 + 0.34
Hybrid Right 0.20 £ 0.11 0.32 +0.08

The NO,/CO, ratios derived from PS and the remote sensing sample

align with values reported in the literature.[3®!

Strong agreement (all values
within 95% confidence intervals) between the two data sets, summarised
in Table 3.10, supports plume regression as a highly robust technique for
assessing roadside vehicle emissions. Additionally, the similar NO,/CO,
ratio values for left and right exhaust vehicles indicate that the observed
differences in NO, coefficients are primarily due to exhaust position. Repo-
sitioning the exhausts of all cars to the right-hand side would reduce the
average NO, coefficient and, therefore, the average contribution of cars to-
wards roadside NO, increment concentrations in the UK by 26.1%, directly

demonstrating the impact of vehicle design choices on near-road TRAP

concentrations.
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For NO,, similar patterns to those observed for total NO, were found
across vehicle types and exhaust locations. The trends in NO, concentration
coefficients mirrored those of NO,, but were approximately five times smaller
in magnitude. In the case of NO, concentrations there are two principal
contributions to kerbside concentrations: the directly emitted (primary)
NO, from vehicles and the contribution from NO reacting with ozone (O3)
to produce secondary NO, (Section 1.2.3). At other sites and for other
conditions e.g. warm, sunny weather where secondary NO, formation could
be enhanced, there could be differences in the behaviour of NO, and total

NOy, which would warrant further investigation.

3.4.3 Electric Vehicles

Plume regression produced negative CO, concentration coefficients for EVs
(Figure 3.3), indicating that the passing of these vehicles is associated with
a decrease in near-road CO, and TRAP concentrations. This finding was
reinforced by a negative average plume profile for isolated EV measurements,
shown in Figure 3.10. A likely explanation of this observation is that EVs
disperse the plumes of nearby fossil-fuelled vehicles through vehicle-induced
turbulence, which is influenced by the EV’s aerodynamic properties (frontal
area and drag coefficient), speed, and existing traffic TRAP concentrations
due to fossil-fuelled vehicles.

Aerodynamic properties primarily depend on frontal area, which directly
influences vehicle-induced turbulence (Equation 3.1). Larger, less aerody-
namic EVs should, therefore, produce more turbulence and dispersion. Thus,
electric buses are expected to have the most negative CO, coefficients, fol-
lowed by electric LGVs and electric cars, given their relative sizes. However,
CO;, coefficients for EVs are also strongly influenced by vehicle speed (which
has a cubic relationship with induced turbulence) and existing exhaust gas

concentrations, both of which are dependent on traffic flow and measurement
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Figure 3.10: Plume profile for electric vehicles (n = 20).

location.

PS measurements were made at three sites: low-traffic sites A and B, with
average vehicle gaps of 15.5 s and speeds of 34.5 kmh~!, and high-traffic
site C, with a 7.0 s gap and 44.2 kmh™! average speed. All electric buses,
80% of electric LGVs, and 34% of electric cars were measured at low-traffic
locations, with the remainder sampled at the high-traffic site. Detailed
driving conditions for each site are presented in Table 3.2. The low CO,
coefficient for electric buses is likely due to their slower speeds and lower
CO, concentrations at low-traffic sites A and B, with an average speed of
32.3 kmh™! and an average vehicle gap of 18.2 s. Although more electric
LGVs were measured at low-traffic locations compared to electric cars, their
more negative CO, coefficient suggests that the differences in frontal area
and the resulting impact on turbulence dominate the results.

To further investigate EV impacts on near-road TRAP concentrations, the
electric car group was divided by measurement location into low-traffic (sites
A and B) and high-traffic (site C) categories, and plume regression was rerun
for CO,. The updated CO, coefficients for EVs are presented in Figure 3.11,

while the coefficients for non-EVs remained unchanged. The CO, coefficients,

179



Chapter 3. Influence of Vehicle Design on Near-Road Air Quality

average speeds, frontal areas, and drag coefficients of the EV subgroups used

in the revised plume regression are summarised in Table 3.11.
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Figure 3.11: CO,; concentration coefficients for EVs. Electric cars are disaggregated
into those measured at the high- and low-traffic sites. The error bars represent 95%

confidence intervals, and the text labels denote traffic conditions.

Table 3.11: CO, concentration coefficient, mean speed, mean frontal area, and
mean drag coefficient for electric vehicles at the high and low traffic locations. No
vehicle size data were available for buses in the technical information, and no drag

coefficients were assigned.

Type Location CO, Speed (kmh™') Gap(s) Area(m?) C4 n

Car  High traffic  -8.8 45.6 7.3 29 032 161
Car  Low traffic -4.8 35.3 18.2 2.8 032 81
LGV All -10.9 35.6 13.2 4.7 034 71
Bus All -8.3 32.3 18.2 - - 30

The CO, concentration coefficient for electric cars at the high-traffic site
was 83% more negative than at low-traffic sites, despite comparable frontal
areas and drag coefficients. This difference is attributed to a 29% greater
mean speed at the high-traffic site, which would act to enhance the dilution

of exhaust plumes from other nearby vehicles. Indeed, the higher speed alone
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may account for the observed CO, coefficient decrease, as vehicle-induced
turbulence is proportional to the cube of speed (1.29% = 2.15, 115% increase
in turbulence from speed). However, it is likely that existing concentrations
of CO, at the high-traffic site were also greater, given the driving conditions
and smaller average vehicle gap. The large 95% confidence intervals, due
to relatively small sample sizes, highlight the need for further research to
isolate these variables.

It is also important to consider differences in site characteristics that may
influence the calculated CO, concentration coefficients, such as variations
in geometry and local topography at each measurement location. These
factors are explored in more detail in the individual site analyses presented
in Section 3.4.1. At Site B (low-traffic), the CO, concentration coefficient
for electric cars was four times more negative than at Sites A (low-traffic)
and C (high-traffic). Consequently, the CO, concentration coefficient for
cars at low-traffic sites in Figure 3.11 is likely more negative than would be
expected under more uniform measurement conditions. This suggests that
the true difference between high- and low-traffic sites may be greater than

reported.

3.4.4 Aerodynamic Properties

To further investigate the role of vehicle-induced turbulence, we have consid-
ered the relationship between the CO, coefficient and P4. For cars and LGV,
plume regression was run on four P4 quantile groups (Section 3.3.2.3). Cars
were separated into fossil-fuelled and electric groups, and the resulting CO,
concentration coefficients are shown in panels a and b of Figure 3.12. Exact
coefficient values and additional information are provided in Table 3.12.
For fossil-fuelled cars, the relationship between vehicle-induced turbu-
lence (P4 quantile) and measured CO, concentrations is complex. As P4

increases, both dispersion and CO, emission rates rise due to the impact of
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P4 on engine load, which influences fuel consumption and emissions. Panel a
of Figure 3.12 shows the CO, concentration coefficients for fossil-fuelled cars,
reflecting the combined effect of the emission rate and near-road dispersion.
Exhaust position distributions were similar across all four quantiles.

Panel c isolates the emission rate component of this relationship, present-
ing mean instantaneous modelled CO, emission rates for each P4 quantile
(Section 3.3.2.4). With increasing P4 quantile (Low to High), the increas-
ing drag force means that the vehicle’s engine load is higher; thus, fuel

consumption and CO, emission rate also increase.
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Figure 3.12: CO, concentration coefficient (a and b), instantaneous modelled CO,
(c and d), and CO, concentration coefficient normalised by instantaneous modelled
CO; (e and f) for fossil-fuelled and electric passenger cars, grouped by P4 quantile.
The error bars represent 95% confidence intervals, and the yellow lines show the

trends across quantiles.

To isolate the effect of vehicle-induced turbulence, the CO, concentration
coefficients in panel a were normalised by the emission rates in panel b,
using the Low P4 quantile emission rate as the baseline (1.0). While the
normalised CO, concentration coefficients, shown in panel e, do not show
a perfect decrease with increasing P4, normalisation does shift the results
towards expectation, eliminating the initial increase from Low to Low-mid

Py (likely due to rising CO, emissions) and revealing a clear downward
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Table 3.12: CO, concentration coefficient, mean power of drag P4, mean vehicle
speed V, mean frontal area A, and mean drag coefficient Cy for each vehicle group

in the plume regression run to investigate the influence of vehicle-generated turbu-

lence.
Type Fuel Quantile CO, P4 (W) V(kmh') A(m?) C4 n
Car Fossil fuel Low 43.3 324.3 30.1 2.74 0.32 1498
Car Fossil fuel Low-mid 57.4 648.6 38.1 2.78 0.32 1498
Car  Fossil fuel High-mid 37.8 1100.2 45.5 2.80 0.32 1498
Car  Fossil fuel High 37.9 1897.9 52.9 294 0.33 1498
Car Electric Low 10.5 366.0 30.7 2.85 0.32 54
Car Electric Low-mid 4.6 744.2 39.8 2.89 0.31 54
Car  Electric High-mid -10.4 1122.2 45.3 292 0.32 54
Car Electric High -22.0 1989.1 54.0 2.93 0.32 54
LGV Diesel Low 34.1 380.7 27.2 4.07 0.34 288
LGV Diesel Low-mid 76.0 714.5 33.3 4.42 0.34 288
LGV Diesel High-mid 28.5 1214.3 40.2 426 034 288
LGV Diesel High 20.8 2536.7 50.1 4.49 0.34 288

trend from Low-mid to High P4. Similar findings for LGVs are presented in
Figure 3.13.

Because electric cars do not emit CO,, they serve as an ideal baseline
for evaluating the effects of vehicle-induced turbulence on near-road TRAP
concentrations. From P4 quantile Low to High, the electric car CO, coef-
ficient becomes increasingly negative, highlighting the role of EV-induced
turbulence in dispersing CO, and reinforcing the findings in the previous
section. Over this range, mean vehicle speed increased by 75%, while frontal
area increased by 2.8%. Because speed and frontal area are the primary

drivers of turbulence, the stronger correlation with speed suggests that it is
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Figure 3.13: CO, concentration coefficient (g), instantaneous modelled CO, (h),
and CO, concentration coefficient normalised by instantaneous modelled CO, (k)
for diesel LGVs, grouped by Py4 quantile. The error bars represent 95% confidence

intervals, and the yellow lines show the trends across quantiles.

the dominant factor behind the increasingly negative CO, coefficients.
Positive CO, coefficients for electric cars in the lower P4 quantiles can be
attributed to two factors. First, low turbulence in these quantiles may not
effectively disperse CO, from other traffic, leading the plume regression to
attribute residual CO, to electric cars. Second, low P4 electric cars represent
the smallest CO, concentration increments, so minor deviations from local
background concentrations have a larger impact on coefficient variability.

Emission rates were not calculated for electric cars, so no normalisation
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was applied, making panels f and a identical. If the modelled CO, emission
rates for fossil-fuelled cars perfectly captured the true emissions during
vehicle measurements, the normalised CO, coefficients in panel e would
isolate the dispersion effects on roadside CO, concentrations and closely
match the trend observed for electric cars in panel f. However, modelling
inaccuracies and variability in the PS data introduce discrepancies, and
additional research is required to draw further conclusions.

These findings demonstrate that vehicle-induced turbulence directly af-
fects roadside CO, and TRAP concentrations, with the impact increasing
with P4. While aerodynamic properties such as frontal area and drag co-
efficient contribute, vehicle speed plays a more significant role due to its
greater variation and cubed relationship with P4. For fossil-fuelled vehicles,
turbulence and dispersion effects on roadside CO, and TRAP concentrations

are closely linked to emission rates, which also rise with increasing Py.
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3.5 Conclusions

Fast-response point sampling coupled with individual vehicle information is
an effective method of understanding the processes that influence roadside
concentrations of TRAP. The findings of this study provide transferable
insights that have the potential to improve the quantification of TRAP at
thousands of near-road ambient air quality sites worldwide.

Furthermore, the global implications of the findings are directly signifi-
cant. In all regions, the international vehicle market ensures that a portion of
the fleet will have exhausts positioned closest to the kerb, regardless of left or
right-hand driving practices. This results in higher-than-necessary roadside
concentrations of TRAP. Future research should prioritise quantifying how
the effects of exhaust position diminish with increasing lateral and vertical
distance from the road. One approach to achieve this is through controlled
release experiments, where a tracer gas is emitted from various points on a
vehicle to simulate different exhaust positions.

With respect to the influence of vehicle-induced turbulence on near-road
TRAP concentrations, this work demonstrates the existence of such an effect
and highlights key influencing variables. Future studies should explore the
interaction between vehicle-induced turbulence and TRAP concentrations
using sonic anemometers to measure TKE directly.

An unexpected finding of this study was the ability of EVs to reduce
near-road CO, and TRAP concentrations from fossil-fuelled vehicles. This
reduction is primarily influenced by existing emissions from fossil-fuelled
vehicles and EV-induced turbulence, which are determined by their design
and speed. As a result, this effect is likely greatest in areas with high existing
TRAP concentrations and for faster, larger EVs. Further research using sonic
anemometers to measure TKE directly will be important in advancing our

understanding of these interactions.
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4.1 Abstract

This study uses mobile monitoring to gain a better understanding of partic-
ulate matter (PM) sources in two areas of Central and Outer London, UK.
We find that, unlike emissions of nitrogen oxides (NO, = NO + NO,), which
are elevated in Central London due to the high number of diesel vehicles
and congestion, fine particulate matter (PM, 5) emissions are well-controlled.
This finding provides evidence for the effectiveness of vehicle particulate fil-
ters, supporting the view that their widespread adoption has mitigated PM, 5
emissions, even in the highly dieselised area of Central London. However,
mobile monitoring also reveals infrequent elevated PM, 5 concentrations
caused by malfunctioning vehicles. These events were confirmed through
simultaneous measurements of PM, 5 and sulfur dioxide (SO,), the latter
being a strong tracer of engine lubricant combustion. A single event from a
gasoline car, representing just 0.15% of the driving distance in Outer Lon-
don, was responsible for 7% of the APM, 5 concentration above background
levels, highlighting the ongoing importance of addressing high-emission
vehicles. In a novel application of mobile monitoring, we demonstrate the
ability to identify and quantify non-vehicular sources of PM. Among the
sources unambiguously identified are construction activities, which result
in elevated concentrations of coarse particulate matter (PM q,r5e = PM7g —
PM; 5). The mobile measurements clearly highlight the spatial extent of
the influence of such sources, which would otherwise be difficult to deter-
mine. Furthermore, these sources are shown to be weather-dependent, with
PM_oarse concentrations reduced by 62% during wet conditions compared to

dry ones.
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4.2 Introduction

4.2.1 Background and Context

Considerable progress has been made in reducing particulate matter (PM)
emissions in the UK and many other parts of the world over the past three
decades.[!] However, exposure to fine PM is the leading environmental risk
factor for the global burden of disease, with emissions continuing to rise
in certain regions (Section 1.1.2).12] The reduction of PM in the atmosphere
remains a major challenge, and further efforts are necessary to reduce emis-
sions and protect human health. From 1990 to 2021, UK emissions of fine
particulate matter (PM, 5) declined by 66%, and emissions of the larger
size fraction of particulate matter (PM;) decreased by 63% over the same

34 Despite this progress, the health evidence related to PM has

period.
strengthened over this period, and in September 2021, the World Health
Organization (WHO) published updated Air Quality Guidelines (Section
1.1.3). The revised guideline for annual average concentrations of PM, 5 was
reduced from 10 ig m~3 to 5 ug m~3, while the corresponding value for PM;
was reduced from 20 ng m~3 to 15 ng m=3./ These new WHO guidelines
for long-term exposure to pollutants reflect the lowest levels at which the
guideline developers could be confident of an adverse health effect.
Meeting the WHO PM guidelines is very challenging for most countries,
especially in urban areas where there is a diverse range of PM sources and
high complexity associated with identifying those of the greatest impor-
tance. In 2023, the UK annual mean concentrations of PM, 5 and PM;, were
7.7 ng m~3 and 15.2 ng m3, respectively.[6] Furthermore, 79% of the UK
exceeded the WHO PM, 5 guidelines, and it is estimated that in the UK,
over 48,000 premature deaths are attributable to PM, 5 exposure annually.[”]

The continued effort to reduce PM concentrations requires a comprehensive

quantitative understanding of the contributions of different sources.
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The enduring concern over PM health effects has led to a variety of
emission reduction strategies, both for the precursor emissions of PM; s,
including nitrogen oxides (NO, = NO + NO,), sulfur dioxide (SO,), and
ammonia (NHj), as well as direct reduction of primary particles. A ma-
jor focus of emissions reduction has been the mitigation of PM from road
transport, which has historically been a major source in urban areas (Sec-
tion 1.1.4). PM emissions from road transport comprise both exhaust and
non-exhaust contributions. Non-exhaust PM emissions, which are becom-
ing increasingly significant, arise from brake wear, tyre wear, road surface
wear, and re-suspension of road dust, producing a variety of particle sizes,
predominantly in the PM; size fraction (Section 1.2.4). In contrast, exhaust
PM emissions originate from fuel combustion, particularly in diesel engines,
producing PM, 5, which has been the target of reduction strategies in the
past two decades (Section 1.2.1).

The introduction of diesel particulate filters (DPFs) for light and heavy-
duty vehicles in the UK was a pivotal step to address PM, 5 emissions from
road transport (Section 1.2.2.2). Mandated under increasingly stringent
emission standards, DPFs serve as highly efficient technologies designed to
physically trap particles and burn off accumulated material.[®] Following
their widespread adoption in the late 2000s, DPFs have contributed largely
to the 50% reduction in UK PM, 5 emissions from road transport between
2008 and 2021.13 Moreover, during this period, vehicle emission standards
and control technologies have continued to develop, with gasoline vehicles
in the UK requiring particulate filters from 2019 onwards, further reducing
PM, 5 emissions from road transport (Section 1.2.2.1).[°!

As road transport emissions of PM have been reduced, the relative impor-
tance of other sources has increased. The number and type of non-vehicular
sources are vast, including industrial processes, construction and demolition

activities, residential heating and cooking activities.['%) PM, s and PM, , emis-
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sions from these sources are challenging to quantify due to their transient
and unpredictable nature, and there are very few primary emission factor
measurements available in the literature. Efforts to mitigate PM in urban
areas must encompass a broader range of sources, with a developing focus
on those of non-vehicular origin.

In order to reduce PM, 5 and PM;, concentrations in an urban area such
as London, the concept of the controllable fraction of PM concentrations is
important. Recent measurements of PM, 5 show that a significant fraction
originates outside the UK in the form of secondary inorganic and organic
aerosol (Section 1.2.3).[11] Therefore, at the city level, there is limited scope
to reduce PM concentrations by controlling emissions in London itself. Nev-
ertheless, it is important for London and other cities to quantify the PM that
is locally controllable and take appropriate action to reduce concentrations
further. In this respect, considering the increment in PM concentrations
above the regional background provides a more meaningful metric, as it is
more closely related to the controllable fraction of PM compared to absolute
concentrations.

Mobile monitoring, which involves the use of fast-response air quality
analysers contained within a mobile laboratory, is well suited to evaluate PM
emissions in urban areas due to its ability to provide high-resolution spatial
and temporal information (Section 1.4.5).['% 13] Unlike stationary monitoring
sites, which offer limited geographical coverage, mobile laboratories can
traverse the urban environment, measuring a diverse range of emission
sources. This approach allows for the detection of transient PM emission
events that might be otherwise missed and reveals spatial patterns in PM
concentrations through repeated driving routes.!'4] However, working with
mobile monitoring data is challenging, and new analytical techniques are
required to successfully derive useful information from data with high

spatial and temporal variability.
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In recent research by Wilde et al., a new framework for analysing mobile

measurements was developed!!°!

. Higher NO, increments were measured
in Central London compared to Outer London, and the road transport fleet-
averaged emission intensity for NO, in Central London was double that of
Outer London as a consequence of high levels of dieselisation and congested
traffic conditions. These findings demonstrate that the comprehensive spatial
information that can be derived from mobile monitoring is essential for
understanding the complex dynamics of urban air pollution, identifying

emission sources, and informing targeted mitigation strategies to improve

air quality.

4.2.2 Objectives

This study aims to use fast response mobile measurements of PM;, and PM, s,
together with gaseous measurements of NO,, SO, and carbon dioxide (CO,),
to improve understanding of PM sources in London. The main objectives are
(i) to evaluate PM emissions in Central and Outer London and determine
whether there is a diesel congestion penalty - elevated pollutant emissions
due to the inefficient operation of emission control systems in congested
traffic conditions - which has previously been observed for NO, emissions
in Central London; (ii) to identify and quantify the contribution made by
infrequent high-emission vehicles; and (iii) to develop methods to identify
and quantify non-vehicular sources of PM, considering different PM size

fractions and the influence of meteorology and dispersion characteristics.
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4.3 Materials and Methods

4.3.1 Mobile Monitoring
4.3.1.1 Instrumentation

Mobile measurements were made using an instrumented mobile laboratory
(Nissan NV400SE transit van). A detailed description of the mobile lab-
oratory is available in the literature; a summary is provided in this text.
[15,16] Air was sampled from a forward-facing inlet mounted 2.25 m above
the ground at the front of the vehicle to minimise self-sampling of exhaust
emissions. The risk of exhaust self-sampling is greatest when reversing
and during stationary intervals. Instances, where the van was reversing,
were excluded from the analysis, and preliminary stationary tests indicated
minimal self-sampling of the exhaust, with all observed test measurements
corresponding to passing vehicles.

Multiple air pollutants, including PM, NO,, SO,, CO,, carbon monox-
ide (CO), methane (CHy), and ozone (O3), were measured using a variety
of fast-response analysers contained within the mobile laboratory. Flame
ignition tests were performed daily prior to monitoring, and the resulting
concentration peaks characterised instrument response times.

The data from each instrument were time-aligned by calculating the
optimal offset for each species using a cross-correlation procedure relative
to the fastest-responding instrument. The time series for each species was
shifted to produce the maximum correlation coefficient with CO,, which
was chosen as the reference measurement. A 5 s offset was applied to the
data to account for the delay caused by air travelling from the sample inlet
to the instruments; for typical vehicle speeds of 30 — 45 kmh™!, this offset
corresponds to a distance of 50 m.

Geographic location, vehicle speed, and vehicle direction were mea-
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sured using a Garmin GPS 18x computer mounted externally 2.5 m above
the ground. Front-facing video footage was recorded using a dashboard-
mounted VANTRUE X4S 4K camera. All data were collected at 1 Hz using
custom DAQFactory software, and air pollutant measurements were merged
with the corresponding geographic information after the time alignment
adjustments. A ‘snapping’ procedure was applied to correct inaccurate lo-
cation measurements resulting from the loss of GPS signal. Each location
measurement was projected to the nearest point on a network that contained
only the road links included in the mobile monitoring route. Measurements
transformed more than 200 m were excluded from the analysis. This proce-
dure was most necessary in Central London due to the high density of tall
buildings near the road.

This analysis primarily considers PM, which was measured using a PALAS
Air Quality Guard Ambient photometric particle number counter, which
was mounted to the roof of the mobile laboratory (Section 1.4.6.3).1'7] The in-
strument sampled air directly and was mounted approximately 0.2 m above
and 1.5 m behind the forward-facing inlet used to supply the other onboard
instrumentation. Direct sampling with no sample line minimises inertial
and gravitational particle losses at the instrument inlet, which are partic-
ularly relevant for larger PM size fractions. Additionally, the instrument’s
360° inlet design helps to mitigate the effects of vehicle turbulence.

The instrument has a response time of 1 s and measures particles with
aerodynamic diameters between 0.175 — 20 pm over 64 channels via single-
particle optical light scattering. The mass concentrations of PM (in ig m~3)
are calculated for a variety of size fractions (PM;, PM, 5, PM,, PM,;) us-
ing a mass conversion algorithm that considers the shape and duration of
the signal and was developed alongside the EN16450 certified Fidas 200
instrument. While the PALAS Air Quality Guard Ambient offers detailed

information on PM size distribution, it does not provide any data on particle
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composition.

Other species considered in this analysis include NO,, CO,, and SO,. An
Airyx Iterative Cavity-Enhanced Differential Optical Absorption Spectrom-
eter (ICAD) was used to measure both NO, and CO, (Section 1.4.6.2).[18]
This instrument directly measures NO, in the spectral range between 430
and 465 nm, and an internal gas phase Oj titration system converts NO to
NO,, allowing measurement of total NO. Parallel CO, measurements are
made using a smartGAS non-dispersive infra-red gas sensor. In the standard
configuration, this instrument has a 2 s response time; linear interpolation
was applied to produce a 1 s time series.

A Thermo Model 43i Analyzer was used to measure SO, (Section 1.4.6.4).
[19] This instrument operates on the principle of pulsed fluorescence detec-
tion and has a standard configuration with a detection limit of < 1.5 ng m=3
and a response time of 20 s. An additional external sampling pump was
employed to increase the instrument flow rate, and modifications to the
software enabled 1 s measurements of SO,. For this study, minor changes to
the detection limit resulting from these modifications are negligible, as only

situations involving high SO, emissions (> 20 pg m~3) are considered.

4.3.1.2 Measurement Locations

Mobile monitoring was performed in September 2022 at two locations within
London, UK (Figure 4.1). Fixed driving routes were defined for each location
prior to the monitoring campaign. The routes were driven continuously in
alternate directions and were designed to cover a range of road types, traffic
conditions and vehicle fleet compositions, both inside and outside the Ultra
Low Emission Zone (ULEZ) (Section 1.3.2). A summary of the driving routes
at each location is provided in Table 4.1. The experiment was designed to
contrast two areas of London: the highly dieselised area of Central London

that suffers from congestion and an Outer London location with a vehicle
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fleet that is more reflective of the composition of the UK-wide vehicle fleet.

Central London Quter London

London, UK

Figure 4.1: Central and Outer London measurement locations. The yellow and
orange lines represent the boundaries of the Ultra Low Emission Zone (ULEZ) and
Congestion Charge Zone (CCZ) at the time of the monitoring campaign (September
2022), respectively. Map data courtesy of OpenStreetMap® contributors, distributed

under the Open Data Commons Open Database License v1.0.

The Central London route was close to the River Thames, featured major
roads, and was located within the Congestion Charge Zone (CCZ) and ULEZ.
The CCZ is an area where drivers of all vehicles must pay a daily fee to reduce
traffic congestion, whereas the ULEZ imposes a daily charge only on vehicles
that do not meet specified stringent emission standards. The Outer London
route straddled the ULEZ and featured primarily arterial and residential
roads, as well as two high streets, one of which was inside the ULEZ. It should
be noted that the half of the Outer London route contained within the ULEZ
boundary is officially considered Inner London; for simplicity in this text,

the entire route is referred to as Outer London.[2° A 2.5 km elevated section
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Table 4.1: Summary information for each measurement location.

Variable Central London Outer London
Routes completed 47 41
Route length (km) 6.2 8.0
Mean van speed (kmh™!) 10.3 16.6
Mean temperature (°C) 25.2 24.5
Measurement start date 04 SEP 12 SEP
Measurement end date 09 SEP 15 SEP
Total raw measurements (1 Hz) 103,928 72,118

of the North Circular Road, which is a highway that surrounds London,
was initially part of the Outer London route. However, since the driving
conditions on this road differed significantly from those on the rest of this
route and the Central London route, data from this section were excluded

from the analysis.

4.3.2 Analysis Methods
4.3.2.1 Background Subtraction

Background subtraction isolates the local emission component of the mea-
surements by separating the most recent, ‘fresh’ emissions from the urban
background. The subtracted urban background concentrations represent
well-mixed pollution consisting of both ‘aged’ local emissions, emitted long
before the time of measurement, and emissions that have been transported
to the measurement location from elsewhere. For a species X, once the
background is subtracted, the remaining increment (AX) can be attributed
to local emissions from nearby sources. In this work, a method described by

Padilla et al. was implemented to achieve background subtraction.[?!]
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First, a centred 5-minute rolling window was applied to the mobile time
series, which included all data 2.5 minutes before and after each 1 s mea-
surement. Next, the background concentrations for each measurement were
taken as the 1°* percentile value within the frame of the measurement’s
5-minute window. Finally, the calculated background concentration was sub-
tracted from the measurement value to determine the emission increment.

The 1% percentile was chosen to ensure that the smallest emission plumes
were not excluded from the analysis, and sensitivity tests revealed that the
choice of rolling window length did not significantly impact the calculated
emission increments. Additional information about the background subtrac-

tion method can be found in the literature.[}5]

4.3.2.2 PM Size Fractions

The PM component of this analysis considers the mass concentration values,
in pg m~3, of two particle size fractions. Fine PM (PMgy.) was defined as PM
with an aerodynamic diameter less than 2.5 pm, and coarse PM (PMyayse)
was defined as PM with an aerodynamic diameter between 2.5 and 10 pm.
The value of PMg,,, was taken as the PM, 5 value reported by the PALAS Air
Quality Guard instrument (Equation 4.1), while PM_,,sc was calculated by
subtracting this value from the reported PM;, value (Equation 4.2). Back-
ground subtraction was applied to the time series for PMg,. and PM garse
after this calculation to derive the increment values APMy,. and APM_g,rse

(Section 4.3.2.1).

PMfine = PM;5 (4.1)

PMcoarse = PMlO - PM2.5 (42)

205



Chapter 4. Importance of Non-Vehicular Emissions in Urban Areas

Both PMy;,. and PM_,;¢e Originate from a variety of sources in urban ar-
eas. Primary PMy;,. typically comes from combustion sources such as motor
vehicle engines, industrial processes, and domestic/commercial activities, in

22-24] The atmospheric transformation of gases such as

particular, cooking.|
SO, and NO, into fine particles (secondary aerosol formation) is a secondary
source of urban PMgpe.[2% 221 PMyase 18 primarily emitted from abrasive
mechanical sources such as motor vehicle tyre and brake wear, road dust

[25-29] However,

re-suspension, and construction and demolition activities.
it is important to note that many of these sources emit a range of particles
spanning both size fractions, and while these general descriptions are useful
for data interpretation, the exact apportionment of PMg,. and PM_ s to
specific sources is not always possible.

Due to instrument limitations, this work does not consider ultra-fine
PM with an aerodynamic diameter smaller than 0.1 pm. There is increasing
evidence indicating that these particles pose significant health risks.[3°!
However, this analysis primarily considers PM mass concentrations, which
have been shown to be largely independent of ultra-fine PM emissions due
to their negligible mass, even at high particle number concentrations.[3!>32]
To mitigate the negative health consequences of urban PM effectively, both

particle mass concentrations for PMg,. and PM arse, and the particle number

concentration of ultra-fine PM should be considered in combination.

4.3.2.3 Distance-Weighted Mean Calculation

Distance-weighted mean concentration values were calculated using a Gaus-
sian kernel within a continuously moving window.[!>] The Gaussian kernel
assigns higher weights to measurements that are closer to the data point,
decreasing the weights as the distance from the point increases. The stan-
dard deviation o, which controls the width of the Gaussian curve, influences

the degree to which the measurements are weighted. This method reflects
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real-world concentration measurements, which are more strongly influenced
by nearby emission sources and less by those that are distant.

This method has two main purposes: first, to provide a concentration
aggregation of multiple mobile measurement circuits (47 and 41 for Central
and Outer London as shown in Table 4.1), and second, to provide a way in
which to smooth the data spatially at a predetermined scale through the
choice of ¢.

The driving routes in Central and Outer London were converted into
networks of equally spaced 10 m points, containing 1092 and 1138 points, re-
spectively. For each species measured, mean concentrations were calculated
using a two-step approach. First, the data were separated into individual
complete circuits of the route, and the distance-weighted mean was deter-
mined (o0 = 100 m) at each 10 m point. This is similar to the drive-pass mean

outlined elsewhere in the literature [13-33]

, but prevents over-weighting of
measurements made at locations where the mobile laboratory was moving
at low speeds or stationary. Second, these values were averaged across all
circuits using the arithmetic mean to determine an overall distance-weighted
mean concentration for each 10 m point.

All processing was carried out using the R programming language, and
the functions used to perform distance-weighted mean calculations are
available in the mobilemeasr R package.’* 3% A ¢ value of 100 m was

chosen for distance-weighted calculations to represent a near-field distance

scale, over which direct exposure to urban source emissions is likely.[36]

4.3.2.4 Non-Vehicular PM Source Characterisation

A novel analytical method was developed to identify and quantify PM emis-
sions from non-vehicular sources. In this work, the method is applied to two
major construction sites located in Central and Outer London.

For each site, a 1 km segment of the driving route was selected, centred

207



Chapter 4. Importance of Non-Vehicular Emissions in Urban Areas

on the construction site. The exact midpoint of each segment represented
the point on the road network closest to the geographical centre of the
construction site, as identified using onboard camera data from the mobile
laboratory. Next, the mobile monitoring increment measurements for both
locations across all driving circuits within these 1 km segments were isolated,
and the distance along the road network between each measurement and the
respective construction site centre point was calculated. It is important to
note that individual mobile monitoring increment concentrations (1 Hz) were
used for this analysis, and not the equally spaced 10 m distance-weighted
mean values discussed in Section 4.4.2. Generalised additive models (GAMs),
which are capable of fitting non-linear relationships between variables, were
then employed to evaluate the relationship between PM concentrations and
the calculated distances, using the mgcv R package.[3”]

The Central London data in this section of the analysis were subdivided
into two categories based on the weather conditions during mobile monitor-
ing. Onboard camera footage was used to assign each driving circuit as wet
or dry, depending on the presence of precipitation and the condition of the
road surface. Circuits where the weather condition changed or was unclear
were omitted. All mobile monitoring in Outer London was conducted in
dry weather conditions. The total number of measurements within the 1 km
segments for Central London (Wet), Central London (Dry) and Outer London
were 6349, 5563, and 6145, respectively.
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4.4 Results and Discussion

4.4.1 Measurement Location Comparison

Pollutant measurements from all driving circuits in Central and Outer Lon-
don were aggregated, and the mean increments of PMg e, PMgarse; NOy,
CO;, and SO, for each location are presented in Table 4.2. While these
PM values represent averages, there were periods of significantly higher
concentrations of PMg,. and PM,,sc within the data set. Specifically, the
maximum increments of PMgp,. reached 92.0 pg m~3 in Central London and
271.8 pg m~3 in Outer London, whereas PM_,,,sc peaked at 207.8 1jg m~3 in
Central London and 221.7 pg m~2 in Outer London. These episodic peaks in
PM are important as they increase short-term human exposure, potentially
leading to acute health effects.

A direct comparison of these values and those in Table 4.2 with WHO
guidelines is not appropriate, as the reported values are concentration in-
crements rather than absolute concentrations. However, these increments
represent the controllable fraction of PM, which is critical for informing
future PM reduction strategies for London. A limitation of this study is a
lack of PM composition information, which, if available, would enable a
more in-depth apportionment of the measured PM increments to different
urban sources, such as road transport (exhaust and non-exhaust), industrial
processes, and domestic/commercial activities. Previous research indicates
that PM in urban areas has traditionally been dominated by road transport
emissions; however, recent studies have highlighted the importance of other
non-vehicular sources, including commercial and domestic cooking, as well

as construction activities.[22-24 28, 38]

The focus of this section, road transport
PM emissions, are generally controlled by three main factors: total traffic

volume, traffic congestion, and vehicle fleet composition.
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Table 4.2: Mean increment concentrations of PMg,e, PMcgarse, NOy, CO,, and SO,
at each measurement location, presented with 95% confidence intervals. Mean
values were calculated from all 1 Hz increment measurements at each location. 95%
confidence intervals were calculated using the standard error of the mean and a

Z-score = 1.96. Percentage differences were calculated relative to the Outer London

data.
Concentration (1g m~3)

Species Central London Outer London % difference
APMgpe 2.83 +£0.02 3.62 + 0.05 -22
APM_garse 5.93 + 0.05 5.35 + 0.05 +11
ANO, 175.8 + 1.8 101.9+1.6 +73
ACO, (x 10%) 51.0 + 0.3 45.0 + 0.3 +13
ASO, 2.72 +0.01 3.04 + 0.07 -11

Combustion is the primary source of CO; in urban environments, with
vehicle exhaust emissions as the main contributor.[3°] Therefore, the mean
ACO, concentrations likely reflect vehicle combustion activity, suggesting
that total traffic volume was slightly higher in Central London compared
to Outer London. This is supported by the mean APM_,,s. concentration,
which was 11% higher in Central London, aligning with the 13% difference
in ACO, values. PM_yarse in urban areas can be largely attributed to non-
exhaust vehicle emissions such as tyre and brake wear, road surface wear,
and dust re-suspension, and therefore also act as a tracer species for total
traffic volume.[?8] It is important to note that the emissions of CO, and
PM_oarse are not entirely independent of traffic congestion and vehicle fleet
composition, and the differences in these variables between locations will
influence the results. However, total traffic volume is still likely to dominate

the trends observed in mean increment concentrations.
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In contrast, both NO, and PMg,,. emissions are much more sensitive to
vehicle fleet composition due to the variability of the emission control sys-
tems fitted to vehicles of different types and ages (Section 1.2.2.1 & 1.2.2.2).
NO, emissions are also highly sensitive to traffic congestion because of the
complexity of the emissions control systems that reduce NO,. Typically,
exhaust NO, from diesel vehicles — the highest NO, emitters — is controlled
using selective catalytic reduction (SCR) or a lean NO, trap (LNT); both
operate on the principle of chemical reduction and are highly dependent
on the operating parameters of the engine and traffic conditions (Section
1.2.2.2).18] Exhaust PM, which consists mainly of PMg,,, is controlled using
particulate filters that physically trap particles and burn off accumulated
material.[®]

Differences in traffic congestion and vehicle fleet composition at each mea-
surement location arise from the nature and position of the chosen driving
routes and explain the observed NO, and PMy,,. increment concentrations.
The Central London measurement location was a busy urban centre inside
the CCZ and ULEZ, and so the vehicle fleet was comprised mostly of newer
vehicles conforming to the most stringent emission standards. However,
traffic flow was poor, and congestion was frequent, as evidenced by the mean
van speed shown in Table 4.1. In contrast, the Outer London measurement
location was partially outside of the ULEZ, with approximately half of the
driving route extending beyond the boundary. This portion of the route
included older vehicles, with greater wear and less effective or deteriorated
emission control systems (Section 4.4.3). However, traffic at the Outer Lon-
don location was more free-flowing than in Central London, and congestion
was less frequent, resulting in an increase of over 60% in the mean speed of
the van at this location (Table 4.1).

The ANO, concentrations presented in Table 4.2 are likely dominated by

the impact of traffic congestion; the mean in Central London was 73% higher
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than in Outer London. This increase is consistent with the results reported
by Wilde et al. and can be attributed to the congestion penalty associated
with the inefficient operation of SCR and LNT emission control systems.°]
Conversely, the mean APMg,. concentration in Central London was 22%
lower than in Outer London. This result is important, indicating that there is
no congestion penalty for PMg, in Central London and that the composition
of the vehicle fleet predominantly influences concentrations. Furthermore,
unlike NO, emission control systems, these data provide evidence for the
success of particulate filters, which remain efficient even under congested
conditions.

However, it is still important to acknowledge the impact of vehicle fleet
composition on PMy;,,. emissions. The higher mean APMy;,,. concentration
in Outer London can be attributed to the non-ULEZ portion of the driving
route, which includes non-ULEZ compliant vehicles. Many of these older
vehicles are not fitted with particulate filters, and those that are have ac-
cumulated wear, reducing their effectiveness. Moreover, as vehicles age,
they can develop engine faults that increase pollutant emissions, which,
when coupled with the lack of an effective emission control system, may
contribute to the episodic high-concentration peaks contained within the
mobile monitoring data.

To quantify the effects of the ULEZ and vehicle fleet composition, mobile
monitoring data from Outer London were split into two groups: measure-
ments taken inside the ULEZ (n = 43,957) and outside the ULEZ (n = 28,161).
Mean pollutant increments for each group were recalculated and are pre-
sented in Table 4.3. The mean APMjg,,, concentration was 38% higher outside
the ULEZ than inside, while the mean APM_,,se cOncentration was 7% lower.
This difference in APMg,, highlights the strong impact of the ULEZ and
vehicle fleet composition on urban PMy;,,. emissions. A comparison of mean

APMg,,. and ANO, concentrations for the inside ULEZ data for Outer Lon-
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don with the Central London data (which was collected entirely within the
ULEZ) showed increases of 15% and 63%, respectively. The relatively small
increase in APMg,,., consistent with the ACO, increase of 17% for the same
comparison, supports the absence of a congestion penalty for PM,.. For
ANQO, in Outer London, the mean concentration was 14% lower outside
the ULEZ than inside, suggesting that while vehicle fleet composition is
a dominant factor in urban PMg,. emissions, it has less impact on NO,

emissions.

Table 4.3: Mean increment concentrations of PMg e, PMcgarse» NOy, CO,, and SO,
in Central London and inside/outside of the Ultra Low Emission Zone (ULEZ) in
Outer London. The entire Central London driving route was inside of the ULEZ.
Mean values were calculated from all 1 Hz measurement data. The values in brackets
represent the mean increment concentrations outside of the ULEZ with the high-

emission vehicle R event removed.

Concentration (ng m=3)

Species Central London Inside ULEZ Outside ULEZ
APMipe 3.62 3.15 4.36 (3.72)
APMoarse 5.93 5.49 5.13 (5.15)
ANO, 175.8 107.8 92.7 (92.6)
ACO, (x 103) 51.0 43.5 47.4 (47.2)
ASO, 2.72 2.51 3.87 (2.49)

Also shown in brackets in Table 4.3 are mean pollutant increments out-
side of the ULEZ in Outer London, with data removed corresponding to
an individual high-emission vehicle event, discussed in detail in Section
4.4.3. Although this vehicle may represent an example of ULEZ-driven
changes in fleet composition, its removal ensures that the observed trends

are robust. Excluding this event reduced the APMg,. concentration, but
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the value outside the ULEZ was still 18% higher than that inside the ULEZ.
However, the exclusion markedly lowers the ASO, concentration outside the
ULEZ, aligning it with that inside the ULEZ; this is also discussed later in
the text. To further reduce PMy,. in Outer London and more widely, it is
critical to consider ageing and deteriorated vehicles, especially those with

exceptionally high emissions.

4.4.2 Distance-Weighted PM Concentrations

A key feature of mobile monitoring is the spatial information it can pro-
vide. Distance-weighted mean concentrations of APMg,. and APM_rse Were
calculated for 10 m points along each driving circuit in Central and Outer
London, and the values at each point across all driving circuits were aggre-
gated (Section 4.3.2.3). A statistical summary of these data is provided in
Table 4.4, and Figure 4.2 presents a spatial distribution for each PM size
fraction at each measurement location.

The results in Table 4.4 differ from those in Table 4.2 in that they were
calculated from the mobile data after 10 m distance-weighted aggregation.
The statistics presented in Table 4.4 therefore reflect the distribution of the
distance-weighted spatial averages and not the raw measurements. Although
the mean values of APMg,. and APM_,,,s in Table 4.4 for each location
follow the same trends as discussed in Section 4.4.1, their exact values are
not identical to those in Table 4.2 because the spatial variability of the mobile
measurements influences them.

The magnitude of the difference between APMy;,. for Outer and Central
London increases when moving from the minimum (2%) through the 25th
quantile (3%), median (6%), 75" quantile (35%), to the maximum (69%).
This trend is visualised in Figure 4.3 and shows that the difference in APMg,,
between locations is biased toward the upper end of the distribution, likely

due to deteriorated vehicles within the on-road fleet.
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Table 4.4: Statistical summary of distance-weighted increment concentrations at
each equally spaced 10 m point in Central and Outer London. The values represent
the arithmetic mean of the distance-weighted increments calculated for each 10 m
point across all driving routes. Sample sizes are n = 1092 for Central London and n

= 1138 for Outer London.

Species Mean Min Q25 Med Q75 Max

Central London (ng m~3)

APMgi e 274 143 256 274  2.89 478
APMiae 574 234 510 569 614  11.29

Outer London (ng m~3)

APMi e 3.65  1.46 273 345 442 1557
APMoae 527 127 453 534 593 10.33

The four panels in Figure 4.2 visually show the trends discussed in PM
concentrations, as well as additional variation along driving routes, with
elevations near busy intersections with increased traffic. These features of
the spatial distributions, particularly for APMg,., suggest that most mea-
surements along each route were dominated by road traffic emissions rather
than other sources. If sources such as industrial activities or residential
and commercial cooking had consistently contributed to the measurements,
the spatial distributions in Figure 4.2 would likely display localised en-
hancements corresponding to their locations. Panel (b) of Figure 4.2 shows
elevated APMg,,. concentrations around an area of the road that contained
an individual high-emission vehicle. This transient event, which occurred
on a single driving circuit, produced APMg,,. concentrations high enough to
influence the average aggregate values across all 47 circuits in Outer London

and is discussed in more detail in Section 4.4.3.
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Figure 4.2: Spatial distributions of the distance-weighted mean concentrations of
PMyi,e (panels a & b) and PM_,.s (panels ¢ & d) in Central and Outer London. The
points labelled P and Q denote the positions of major construction sites in Central
and Outer London, respectively. The black arrow labelled R shows the route of
a high-emission vehicle in Outer London. Map data courtesy of OpenStreetMap®
contributors, distributed under the Open Data Commons Open Database License

v1.0.
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Figure 4.3: Distribution of distance-weighted mean concentration enhancement
values for PMg,. (a) and PM yarse (b) for each measurement location. The x-axis
represents the identifier for each (10 m spaced) point arranged in ascending order of
concentration. Points highlighted in yellow were within 100 m of construction sites
P and Q, and points highlighted in pink were on the road section that contained the

high-emission vehicle.

Labels P and Q in Figure 4.2 indicate two areas of highly elevated con-
centrations of APMy;,. and APM_ .., With an emphasis on the latter. The
increased concentrations at locations P and Q were consistent across all driv-
ing circuits and, therefore, could not be attributed to transient one-off events.
Inspection of the mobile laboratory’s onboard camera footage revealed posi-
tions P and Q corresponded exactly with major construction sites in Central
and Outer London, photographs of which are shown in Figure 4.4. Construc-
tion sites P and Q featured non-road mobile machinery and extended 78 m
and 104 m, respectively, alongside the driving route at each location. The

mean concentrations of raw APM_,,,;.c measurements within 100 m of the
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centre points of P and Q were 9.56 ng m~ and 6.42 pg m~3 respectively, 67%
and 22% higher than the overall location mean values reported in Table 4.4.
It should be noted that in Outer London, the section of road containing
an individual high-emission vehicle overlapped with the position of con-
struction site Q (Section 4.4.3). However, the APM_,,rse cOntribution from
the high-emission vehicle was relatively low (Figure 4.5) and insufficient
to explain the observed increase. Many of the data points within 100 m of
the construction sites populated the upper end of the distance-weighted
concentration increment distributions for both measurement locations and
PM size fractions, as shown in Figure 4.3. The reported results provide
evidence for the increasing importance of non-vehicular PM sources amidst
the successful control of vehicle emissions, which is discussed further in

Section 4.4.4.

a Central London construction site P b  Outer London construction site Q

Figure 4.4: Photographs of (a) construction site P in Central London and (b)
construction site Q in Outer London, captured by the mobile laboratory’s onboard

camera.
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4.4.3 High-Emission Vehicles

Mobile monitoring data from Outer London demonstrate the substantial
impact that individual high-emission vehicles can have on PM concentrations.
While measuring in the non-ULEZ section of the driving route, a car emitting
visible blue/white smoke from its exhaust joined the road two vehicles ahead
of the mobile laboratory. This vehicle, which was designated the label R,
was tracked for 1.2 km along the section of driving route highlighted with
a black arrow in Figure 4.2. A photograph of high-emission vehicle R and
the concentration increments of PMge, PMgarse, and SO, during the period
following it are shown in Figure 4.5.

During the approximately 10-minute period following high-emission
vehicle R, elevated concentrations of PMy;,,. were observed, with frequent
peaks ranging from 100 to 200 pg m~2, corresponding to the vehicle’s ac-
celeration at traffic lights and roundabouts. The average measured APMy;,,.
concentration while tracking this vehicle was 51.27 ijg m~2, more than 17
times higher than the average for the rest of the measurements on the same
driving circuit (3.00 ng m~3). Moreover, despite occurring only on a section
of a single driving circuit, the impact of high-emission vehicle R is visible in
the spatial distribution of distance-weighted mean concentrations presented
in panel (b) of Figure 4.2.

In addition to identifying high PM emissions from individual vehicles,
mobile monitoring provides multi-pollutant information. The co-emission of
SO, (Figure 4.5) is indicative of an engine malfunction resulting in lubricant
combustion (Section 1.2.1). Outside of this high-emission event, measured
SO, increment concentrations were consistently low with mean values of 2.5
and 2.7 pg m~3 in Central and Outer London, respectively. These results are
expected given that vehicle fuel in the UK is regulated and must have a sulfur
content lower than 10 ppm.[4%] Engine lubricant, however, often contains

sulfur in greater quantities to improve anti-wear properties.[4!: 42! Although
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Figure 4.5: Photographs captured by the mobile laboratory’s onboard camera of (a)
high-emission vehicle R and (b) high emission vehicle S. Pollutant concentration
time series tracking (c) high-emission vehicle R and (d) high-emission vehicle S. The
grey shaded areas represent the time period during which the vehicles were being

measured.

this lubricant is not designed to be burnt in a vehicle’s engine, deterioration
or malfunction can result in combustion of the lubricant and subsequent
elevated emission of both SO, and PM through a variety of mechanisms.
[42-44]

The registration number of high-emission vehicle R was captured by

the onboard camera of the mobile laboratory and cross-referenced with the
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Driver and Vehicle Licensing Agency (DVLA) vehicle database to access its

technical specifications and vehicle safety inspection information.[4°]

Regis-
tered in 2006, the Euro 4 gasoline car had covered approximately 116,000
miles at its safety inspection in January 2023, 4 months after the mobile
monitoring campaign. This vehicle model was not fitted with a particulate
filter, which, when combined with lubricant combustion, increases PM emis-
sion and explains the measured APMg,,. concentrations. Furthermore, the
vehicle failed the aforementioned safety inspection due to a warning light
indicating an engine malfunction, and additional notes from the inspection
state that blue smoke was emitted during acceleration.!4°]

Filtering the mobile monitoring data APMg,, and ASO, to include only
values above the 99" percentile (11.90 and 9.41 ng m~3 respectively) revealed
a second high-emission vehicle, assigned the label S, which was measured
during a transit period within Outer London, outside of the designated
measurement route. The mobile laboratory tracked behind this vehicle on a
road outside of the ULEZ for 0.5 km over 2 minutes. The resulting increment
concentrations of up to 50 pg m~3 for PMgp,. and SO,, as well as those for
PM_oarse, are presented in Figure 4.5. This vehicle was a 2007 Euro 4 gasoline
car without a particulate filter, and the co-emission of SO, and PMg,,. suggest
engine malfunction and subsequent lubricant combustion. As the vehicle
was not measured on the specified driving route, it was not included in the
primary analysis.

Although the two high-emission vehicles observed during this study
represent outliers in terms of their malfunctioning status and associated
PMge emissions, their potential contribution to overall fleet emissions is
significant. High-emission vehicle R measured on the driving route was
present for less than 0.15% of the total distance driven in Outer London;

however, its presence increased the overall mean APMy,. concentration

(Table 4.2) by 7%. The mean increment concentrations in Outer London
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with high-emission vehicle R removed are provided in Table 4.5, and the
same values for outside the ULEZ in Outer London are presented in brackets
in Table 4.3; all previously discussed trends remained consistent. Other
research using a range of stationary measurement techniques reports that
high-emission vehicles representing a small fraction of the total vehicle
fleet are responsible for a disproportionate share of total PM emissions,
particularly for gasoline vehicles.[*0 47] The results of this study agree with
these findings and demonstrate the suitability of mobile monitoring for the
detection, quantification, and explanation of high-emission vehicles, which

must be targeted to control PM in urban areas effectively.

Table 4.5: Mean increment concentrations of PMg e, PMcgarse» NOy, CO,, and SO,
at each measurement location, presented with 95% confidence intervals. The Outer
London location has the high-emission vehicle event removed. Mean values were
calculated from all 1 Hz increment measurements at each location. 95% confidence
intervals were calculated using the standard error of the mean and a Z-score = 1.96.

Percentage differences were calculated relative to the Outer London data.

Concentration (ng m~3)

Species Central London Outer London % difference
APMgine 2.83 +£0.02 3.37 £0.02 -16
APM_oarse 5.93 £ 0.05 5.36 + 0.05 +11
ANOy 175.8 £+ 1.8 102.0 £ 1.6 +72
ACO, (x 10%) 51.0 + 0.3 44.9 +0.3 +14
ASO, 2.72 +£0.01 2.50 £ 0.01 +9
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4.4.4 Non-Vehicular PM Sources

To further characterise and quantify PM emissions from construction sites
P and Q, a 1 km segment of the driving route at each location was isolated,
centred on the respective site. The PM increment measurements within
each segment were used in combination with GAMs to calculate the average
concentrations of APMg,. and APM_g,.s. as a function of the distance from
the construction site (Section 4.3.2.4). In Outer London, measurements
that corresponded with the nearby high-emission vehicle comprised 5% of
the data and were excluded from this part of the analysis to ensure that
the influence of construction site Q on APMjg,. could be better evaluated.
The data from Central London were divided into two categories, ‘Wet’ or
‘Dry’, based on weather conditions; the results for these two categories and
those for Outer London, where the weather condition was always dry, are
presented in Figure 4.6.

Panel (b) in Figure 4.6 shows a clear Gaussian peak centred on construc-
tion site P, with concentrations of APMg,,. and APM arse reaching maximum
values of 5.21 pg m=3 and 22.50 ng m~> respectively. Both APMg,. and
APM_g.rse cOncentrations rapidly decayed with increasing distance from the
origin in both directions. The two smaller peaks adjacent to the primary
peak associated with construction site P could be attributed to other minor
construction activities within the 1 km road segment; this was confirmed
by footage from the onboard camera, and photographs are shown in Fig-
ure 4.7 These minor construction activities did not contain non-road mobile
machinery and extended much smaller distances along the driving route
(25 m and 15 m). The peaks associated with these activities were not obvi-
ous when examining the spatial distributions of overall PM increments in
Section 4.3.2.3; however, they became apparent when using a more targeted

analytical approach.

223



Chapter 4. Importance of Non-Vehicular Emissions in Urban Areas

PM type -. Al:>I\/|Fine .- APNICoarse

a  Central London (Wet) b  Central London (Dry) c Outer London (Dry)

| | |
| | |
| | |
| | |
20+ | | |
| | |
| | |
|

Concentration (ug m™)

-250 0 250
Distance from construction site (m)

d Central London e Outer London

Figure 4.6: Concentrations of APMg,. and APM g, Within a 1 km road segment
centred on major construction sites P and Q, calculated using GAMs. Panels (a), (b),
and (c) show PM mass concentration as a function of distance from the construction
site, with PM_,,.se cOncentrations stacked on PMy,. concentrations. The Central
London data are separated into wet and dry weather conditions; all measurements
for Outer London were made in dry conditions. Panels (d) and (e) show spatially
the respective 1 km road segment for each site. The two orange dashed lines and
orange squares in panels (a), (b), and (d) denote the position of smaller secondary
construction work in Central London. The orange dashed line and triangle in panels
(c) and (e) denote the position of a large multi-lane roundabout in Outer London.
Map data courtesy of OpenStreetMap® contributors, distributed under the Open

Data Commons Open Database License v1.0.
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The footage from the onboard camera was reviewed to identify other
possible (false-negative) construction activities that were not apparent in the
mobile monitoring data. There were no other major construction activities
(containing non-road mobile machinery and extending more than 50 m along
the driving route), highlighting the effectiveness of distance-weighted mo-
bile monitoring techniques for detecting large, non-transient, non-vehicular
PM sources. There were 4 and 2 additional minor construction activities
identified in Central and Outer London, respectively. Similar to the minor
construction activities presented in Figure 4.6, these sites were not obvious
in the overall spatial distribution data. Repeating the same targeted analyt-
ical approach that was used to investigate construction sites A and B, but
with a 250 m segment of road centred on each minor construction site, re-
vealed that each activity was associated with a concentration peak of APMg;e
and APM_,ye, Wwith maximum values ranging between 2.48 — 5.19 g m~>
and 6.25 — 15.76 pg m~2 respectively. As well as further demonstrating
the utility of combining mobile measurements with a targeted analytical
approach, these results highlight the benefit of recording camera footage

when performing mobile monitoring.

Figure 4.7: Photos of the minor construction sites within 1 km of major construction

site P in Central London, captured by the mobile laboratory’s onboard camera.
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Comparison of PM increment distributions for the different meteorolog-
ical conditions in Central London, shown in Figure 4.6: panel (a) and (b),
revealed that wet weather was correlated with a reduction in PM emissions
from construction site P. This effect was particularly prominent for PM ,,yse,
with the peak increment concentration reduced by 62%. The exact reason
for this observation could not be determined conclusively and was likely the
result of a combination of factors. Precipitation has been shown to reduce
PM concentrations through scavenging and wet deposition, and wet road
conditions can decrease the mobility of settled PM, suppressing emissions
from re-suspension.[4® 49 Tt is also possible that the observed decline in
PM was attributable to a reduction in construction activity arising from
unfavourable wet weather conditions that made outdoor work difficult.

Although meteorological variations in Central London significantly im-
pacted PM levels near construction site P, their effect on the rest of the
driving route was much smaller. Table 4.6 presents the average concentra-
tions of PM increments under each meteorological condition for the entire
Central London driving route, excluding measurements within 100 m of the
construction site P. There was a 14% difference in increments of PMg,,. and a
15% difference in increments of PM_,,,cc between wet and dry conditions.
Additionally, when comparing the dry Central London data with the Outer
London data, all previously discussed trends and observations remained
consistent.

The influence of construction site Q on the Outer London observations
in Figure 4.6 was less obvious than the influence of construction site P on
the dry Central London observations, despite similar weather conditions.
This difference was likely the result of variations in the types of construc-
tion activities on sites P and Q, as well as differences in the surrounding
urban environment. The maximum average concentration of APMg,,. and

APM_garse around construction site Q in Outer London were 6.76 j1g m™3

226



Chapter 4. Importance of Non-Vehicular Emissions in Urban Areas

Table 4.6: Mean PM enhancement concentrations for wet and dry weather condi-
tions in Central London, presented with 95% confidence intervals. Measurements

made within 100 m of construction site P were excluded.

Concentration (ng m=3)

Species Dry Wet
APMgine 2.48 +0.02 2.88 +0.03
APM_garse 5.85+0.10 4.96 + 0.07

and 8.07 pg m~3, respectively, much lower than those around construction
site P in Central London during dry weather. Furthermore, the relative
contributions from each PM size fraction at the maximum were different,
with PMy;,. accounting for only 19% of total PM (PMg,e + PMcgarse) in dry
Central London but accounting for 46% of total PM in Outer London. This
observation may have been a result of increased combustion activity produc-
ing more PMg,,. at construction site Q when compared to site P; however,
no correlation was observed between PM and gaseous combustion species
such as CO, or NOy. It is more likely that within the increments of PMg,,. in
Outer London, there was a greater contribution from road transport vehicles
compared to Central London, for the reasons outlined previously in the
text (Section 4.4.1). Furthermore, there was a large multi-lane roundabout
located 250 m from construction site Q, as highlighted in panels (c) and (e)
of Figure 4.6. The heavy traffic and congestion on this part of the driving
route were likely responsible for the additional PM peak in Outer London,
arising from a mix of primary vehicle exhaust and non-exhaust emissions, as
well as re-suspended particles from construction activities at the nearby site
Q. No elevated ASO, concentrations were observed at either construction
site.

In addition to local meteorological conditions, other aspects of the mobile
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monitoring data can help to characterise non-vehicular PM sources, such as
considering the driving direction in dry Central London. This location and
meteorological condition were chosen for further analysis due to the distinct
peak observed for construction site P and the fact that there was minimal
interference from the surrounding environment. Mobile measurements were
grouped by the direction in which the mobile laboratory was travelling on the
driving route (clockwise or anticlockwise). Vehicles in the UK drive on the
left-hand side of the road, so measurements from the anticlockwise driving
route will be closer to construction site P than those from the clockwise
driving route. Figure 4.8 presents the concentrations of PM increments
in dry Central London, separated by the direction of travel of the mobile
laboratory and, therefore, the distance relative to construction site P.

The maximum average APMg . and APM .5 Values were 64% and 82%
higher, respectively, when travelling on the side of the road closest to the
construction site compared to maximum values on the side of the road fur-
ther away. Moreover, comparing the lower bound of the 95% confidence
interval for the closer side of the road to the upper bound for the further
side, the absolute difference in maximum APMjg,,. and APM_,,s. values were
1.81 pg m~> and 8.62 ng m~2 respectively, highlighting the statistical signifi-
cance of the observed differences. The decrease in APM_,,. across the road
is strongly indicative of a local source where concentration gradients change
dramatically over short distances. Similarly to the along-road fall-off in
the concentration of APM_arse (shown in Figure 4.6), the perpendicular de-
crease across the road in APM_,,se concentration is also strong. The stronger
concentration gradients observed for APM_,,rse compared to APMg,,. are
expected, as larger particles have greater mass and are more susceptible to

gravitational settling, limiting their transport distance from the source.
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Figure 4.8: Concentrations of APMg,. and APM g, Within a 1 km road segment
centred on construction site P during dry conditions in Central London, calculated
using GAMs. The data are separated by direction of travel along the driving route.
The two orange dashed lines and squares denote the position of other minor con-
struction activities, the yellow shaded area represents the footprint of construction
site P, and the arrows indicate the clockwise and anticlockwise directions on the

Central London driving route.

These results highlight a distinct advantage of performing the mobile
monitoring driving routes in both directions. Measuring across the full
width of the carriageway ensures that proximate non-vehicular emission

sources on both sides of the road are included in the measurements and
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enables the gradient of their fall-off in concentration to be quantified. Fur-
thermore, driving in both directions provides a more accurate representation
of the spatial variability of emissions along the road network, especially at
junctions, where traffic conditions upon approach are often different from
those after exit.

The identification, quantification, and characterisation of construction
sites P and Q were only possible due to the unique information provided by
mobile monitoring. Moreover, the campaign from which the data were ob-
tained was not originally designed to target non-vehicular PM sources; their
discovery was possible through robust spatial analysis of the mobile mea-
surements and subsequent development of novel techniques. Furthermore,
the developed techniques can be easily extended to investigate non-vehicular
PM sources in various locations and from different origins. For instance,
cooking emissions from restaurants have recently been identified as a signifi-
cant contributor to urban PMgy,. concentrations.[?* 38] This study highlights
the increasing importance of non-vehicular sources in urban areas amidst
the successful control of vehicular PM emissions and provides a foundation

upon which to develop future research and inform mitigation strategies.
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4.5 Conclusions

Fast-response mobile measurements provide excellent opportunities to un-
derstand the nature of emission sources in urban environments. However,
they introduce complexities for data analysis because they vary in both
space and time. Nevertheless, this work demonstrates robust strategies
that can be adopted to maximise the insights that can be obtained from
such measurements. First, the repeated measurement of road links (in this
study, approximately 50) in both traffic directions maximises the opportunity
to detect ‘persistent’ rather than transient sources. Second, simultaneous
measurement of multiple pollutants greatly improves the ability to link
concentration measurements with specific types of emission sources. In
this study, SO, was shown to be a key tracer compound that can be used to
identify the few high-sulfur combustion emission sources remaining in a
city such as London. Similarly, the measurement of both PMy;,,. and PM g,yse
enables non-combustion sources of PM to be unambiguously identified.

As historically dominant sources of PM in urban areas, such as road
vehicle exhaust emissions, continue to decline, the need to better understand
and quantify various poorly characterised sources, such as construction activ-
ities and individual high-emission vehicles, becomes increasingly important.
Often, these sources are transient in nature or have an uncertain spatial
distribution, making it difficult to evaluate their impact using fixed-site
stationary measurements. Mobile monitoring offers a dynamic approach
to address these challenges. As PM measurement techniques advance, the
ability to obtain highly disaggregated measurements of particle composition

will further assist in this goal.
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4.6 Research Update

In March 2025, a report reviewing the London ULEZ was released.[5%] The
ULEZ was expanded in 2023, extending beyond the boundary that existed
during the 2022 measurement campaign for this publication. While the
report primarily discusses the impact of this expansion, it also covers the
ULEZ pre-expansion, and the findings remain relevant to this work.

The report found that the ULEZ contributed to a reduction in vehicle
exhaust PM, 5 emissions of 29 % since its introduction in 2019. This aligns
with the findings of this work, supporting the conclusion that a newer,
cleaner vehicle fleet with fewer high-emitting vehicles improves ambient
air quality. Furthermore, the report confirms that ULEZ compliance is high
and increasing, with over 90% of vehicles driving within the pre-expansion
ULEZ meeting emissions standards (the remainder pay a charge for non-
compliance). These high compliance rates validate the conclusions from this
work, which assumed that the vehicle fleet in Inner London was newer and
cleaner than in Outer London - parts of which were outside the ULEZ at the
time of measurement.

The report also found that the ULEZ reduced PM, 5 concentrations in
Outer London, beyond the ULEZ boundary, confirming positive border ef-
fects. Border effects, which were not discussed in this publication, occur
when changes in the vehicle fleet within a Low Emission Zone (LEZ) in-
fluence air quality in adjacent areas (Section 1.3.2).151] These effects can be
positive (improving air quality) or negative (worsening air quality). The
positive border effects observed for London likely result from many vehicles
driving near the ULEZ boundary also being used within the ULEZ, mak-
ing them compliant with emissions standards and thus newer and cleaner
than they would be without the ULEZ. This suggests that the concentrations

measured in Outer London in this work may have been lower than those in
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similar urban areas without a nearby LEZ, because many vehicles in outer
London are ULEZ-compliant. It is therefore expected that the PM, 5 benefits
associated with a cleaner and newer vehicle fleet may be even greater than
implied by this work.

It is important to note that the report used a different methodology,
analysing annual trends from a network of stationary monitoring sites across
London and the wider UK. The reported PM reductions are relative to an
estimated no-ULEZ scenario rather than direct comparisons from compre-
hensive monitoring inside and outside the ULEZ. A key difference in the
report was the finding that NO, concentrations were successfully reduced by
the ULEZ, likely reflecting the differences in analysis methods. This work,
along with a similar previous study, used extensive mobile monitoring on
highly congested Inner London roads, where the influence of traffic conges-
tion and the performance of after-treatment systems are more pronounced.
[15] In contrast, the report’s findings are based on a distributed network
of stationary monitoring sites, where these localised traffic effects are less
significant, and broader city-wide trends dominate.

These findings underscore the importance of using a range of quantifi-
cation techniques to assess vehicle emissions in urban areas. Combining
comprehensive mobile measurements with broader stationary monitoring
data provides a more complete understanding of the impact and nuances of

vehicle emission mitigation strategies like the ULEZ.
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5.1 Summary

Air pollution is a global issue that impacts nations at every stage of economic
development and is attributable to 8.1 million deaths annually. Urban areas,
where the majority of the world’s population resides, are disproportionately
affected due to a combination of high ambient pollutant concentrations
and population density. Understanding and mitigating urban air pollution,
therefore, remains one of the most important global challenges.

Road transport, while providing numerous societal benefits, is still a sig-
nificant and complex contributor to urban air pollution. Although research-
informed policy has led to reductions in vehicle emissions, no level of air
pollution exposure is considered safe, and further reductions are necessary.
This is especially true for regions where growing and ageing populations
will see disproportionate benefits from future reductions and those that have
yet to experience the full benefits of existing measures.

Ensuring the success of current and future mitigation strategies requires
robust quantification and a deep understanding of the factors influencing
road transport emissions. While many established techniques remain valu-
able, innovation and the next generation of research will be critical in shaping
future policy decisions.

This thesis presents three interconnected research chapters unified by
the overarching theme of extracting more information from fast-response
individual vehicle emissions measurements to better understand the factors
driving elevated pollutant concentrations in urban areas, from the local
roadside environment to a national scale. A recurring theme is the positive
impact of past efforts in reducing vehicle emissions while also identifying
their shortcomings and new areas of focus as road transport emissions con-
tinue to decline. This process of understanding, refining, and advancing is

what ultimately drives progress.
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5.2 Contributions

The analysis of over 600,000 individual vehicle remote sensing measure-
ments from more than 70 urban locations across the UK in Chapter 2 demon-
strates the utility of this technique in quantifying and evaluating vehicle
emissions at a national level. Aggregating these measurements to assess
decade-long emissions trends had not been previously achieved. This work
lays the foundation for such analysis, enabling the separation of emissions
data from fleet composition information, which allows for modelling and
comparing different scenarios to evaluate the impact of policy decisions.

The revealed emissions trends highlight the success of vehicle emission
standards in reducing emissions from modern vehicles in the UK, with
sufficient resolution to directly observe the impacts of policy changes and the
introduction of nitrogen oxides (NO, = NO + NO,) specific after-treatment
systems around 2015. Additionally, these trends provided an early indication
of emerging concerns, such as rising passenger car ammonia (NHj3) emissions
starting in the late 2010s, resulting from a shift towards gasoline and gasoline
hybrid vehicles.

The evaluation of the promotion and subsequent decline of diesel fuel
use highlights the importance of considering air quality in all related policy
decisions. The promotion of diesel between 2001 and 2015 resulted in an ad-
ditional 712 kt of total vehicular NO, emissions in the UK. These excess NO,
emissions have caused a range of serious direct and indirect consequences
that will persist far beyond the lifespan of the policy responsible. In addition
to the local health impacts of increased NO, concentrations nationwide, the
excess NO, contributes to the formation of secondary PM and ozone (O3) at a
regional level (Section 1.2.3). Moreover, this quantity of NO, is likely linked
to various environmental impacts, such as eutrophication and reduced biodi-

versity caused by nitrogen deposition (Section 1.1.2). This work serves as a
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clear example of how unintended consequences can arise when air quality is
not adequately considered in policy design, leading to outcomes that may
take decades to resolve.

While much attention is given to vehicle emissions at their source, un-
derstanding what happens between exhaust exit and human inhalation is
essential for assessing exposure — the factor that ultimately determines health
impacts. Using point sampling techniques and a recently developed plume
regression approach, Chapter 3 explores how the physical characteristics of
vehicles influence traffic-related air pollution (TRAP) concentrations near
roads, namely exhaust position and aerodynamic properties.

Although the point sampling campaign used here was not originally
designed to study these effects, the findings highlight the value of this novel
technique, demonstrating that it is capable of extracting more than just emis-
sion rate information from passing vehicles. For example, the approximation
of vehicle-induced turbulence from movement and technical information
and the impact of this variable on near-road TRAP concentrations. The
results show that dispersion effects driven by vehicle physical properties do
impact near-road TRAP concentrations, and importantly, they suggest that
non-emission interventions — such as exhaust relocation — could mitigate
human exposure by reducing roadside TRAP concentration contributions
from vehicles by up to a third. These insights emphasise the importance of
considering near-road dispersion effects when developing future air quality
strategies, broadening the focus beyond emission reduction alone.

This chapter also demonstrates the value of fast-response roadside mea-
surements, with the increased understanding of roadside dispersion effects
having implications for the thousands of near-road ambient air quality mon-
itoring sites, despite their typically longer averaging times (Section 1.4.4).
Moreover, this work suggests that upgrading these sites with faster-response

instrumentation and the capacity to capture data on passing vehicles — read-
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ily achievable with advances in automatic number plate recognition (ANPR)
technology — could enable the development of a network of permanent point
sampling monitoring sites, facilitating a more comprehensive evaluation of
vehicle emissions.

An additional result from this work was the first evidence that vehicle
electrification may offer local air quality benefits beyond emission reduction.
The findings indicate that electric vehicles (EVs) reduce roadside TRAP
concentrations. The turbulence generated by EVs acts to dilute the exhaust
plumes from surrounding fossil-fuelled vehicles, improving air quality in
the near-road environments that comprise the majority of urban areas. This
result highlights a previously unrecognised benefit of fleet electrification.

Chapter 4 explores vehicle emissions using mobile monitoring to quantify
the spatial distribution of two particulate matter (PM) size fractions in
Central and Outer London. At both locations, measured concentration
increments above background suggest that road-vehicle-derived fine (PMg.
= PM, 5) and coarse (PM g.rse = PM1g- PM, 5) particulate matter are well
controlled. This finding reflects the widespread adoption of diesel particulate
filters (DPFs) and gasoline particulate filters (GPFs) (Section 1.2.2). Unlike
NOy-specific after-treatment systems, DPF and GPF operation was found to
be largely unaffected by the highly congested traffic conditions of Central
London. Instead, the average condition of the vehicle fleet plays a more
significant role, with the cleaner and newer vehicles inside the Ultra Low
Emission Zone (ULEZ) contributing to lower measured PMg,, concentration
increments.

Despite the generally well-controlled vehicular PM emissions, two im-
portant sources were identified for further reducing urban PM concentra-
tions in London. The first was individual high-PM-emitting vehicles in
Outer London, which were malfunctioning and burning engine lubricant

during combustion, resulting in PMg,,. concentration increments of up to
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200 pg m~3, 40 times higher than the average concentration increment at this
location. Co-emission of sulfur dioxide (SO,), a tracer of engine lubricant
combustion, confirmed this source. Onboard camera footage from the mobile
laboratory identified these vehicles as pre-GPF gasoline models, one of which
subsequently failed its periodic technical inspection (PTI) in the months
following the campaign (Section 1.3.3). The detection of two high-emitting
vehicles during the study demonstrates the utility of mobile monitoring for
identifying these vehicles in urban areas.

The second important source was construction activity. The spatial dis-
tributions of PM g, in Central and Outer London revealed two major
construction sites, one at each location. Onboard camera footage confirmed
the sites and a novel analytical technique was used to quantify the decline
in their contribution to local ambient PM concentrations. Both sites were
associated with maximum average PM_,.rse cOncentration increments of 23
and 8 pg m~3 in Central and Outer London, respectively, which fell off
within 500 m of the site centre. The PM_,,.s. contribution from the Central
London site was highly weather-dependent, with the maximum average con-
centration increment declining by 62% in wet conditions. These findings
highlight non-vehicular sources as increasingly important contributors to
the controllable fraction of urban PM and demonstrate the value of mobile
monitoring for identifying sources that are difficult to detect with more
traditional stationary monitoring techniques.

Similar to Chapter 3, this work highlights the effectiveness of fast-response
pollutant measurements in urban areas. In a single mobile monitoring cam-
paign, the effectiveness of city-wide policy implementation was evaluated,
individual high-emitting vehicles were detected, and previously unrecog-

nised stationary non-vehicular PM sources were identified.
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5.3 Future Directions

The work presented here offers a variety of opportunities for improvement
and extension. The remote sensing analysis in Chapter 2 was primarily
limited by the relatively small number of measurements of older and very
new vehicles. As the technique becomes more widely adopted and the
amount of available measurements increases, these limitations will diminish.
The method presented in this thesis could, therefore, be applied to evaluate
the emissions impact of other changes in the vehicle fleet, given its strength
in determining emissions as a function of vehicle properties (fuel type in
the case of this work). One example which was considered for exploration is
the increasing presence of light goods vehicles (LGVs) in the UK fleet due to
the rise of online shopping and fulfilment. The remote sensing technique
provides a valuable tool to assess how this trend has influenced UK vehicle
emissions. Portable emissions measurement system (PEMS) testing is also
becoming more prevalent, increasing the availability of drive cycle data
necessary for converting fuel-based emission factors into distance-based
ones — an essential step in this analysis.

To build on this work and fully understand the implications of the addi-
tional 721 kt of NO, emissions resulting from the promotion of diesel fuel
in the UK - along with similar impacts in other European countries that im-
plemented comparable policies — regional-scale air quality modelling could
be performed. This approach could also offer an opportunity to evaluate
the consequences of increasing NHj3 emissions from gasoline and gasoline-
hybrid vehicles and how these compare with the reduction in NO, emissions
following the demise of diesel fuel use.

With respect to point sampling, the work presented in Chapter 3 is
based on a relatively small number of local vehicle measurements and is

exploratory in nature. As such, there are many ways future research could
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build upon the findings. First, fast-response point sampling experiments
using a tracer gas (such as methane) to simulate different exhaust positions
and orientations could improve understanding of how exhaust position
effects change with increasing lateral and vertical distance from the road.
This work would provide insight into the effect of exhaust position on human
exposure to TRAP in different urban environments. It could be extended
with a dedicated real-world point sampling campaign focused on exhaust
position, using a lower-positioned camera to better capture exhaust images
or a thermal camera to enhance detection. Conducting measurements on
both sides of the road would further strengthen the results.

Vehicle-induced turbulence and its effect on near-road TRAP concen-
trations could be better quantified by coupling point sampling with direct
measurements of turbulent kinetic energy (TKE) using a sonic anemometer.
Such studies would also help clarify the role of EVs in reducing roadside
TRAP concentrations. Given the increasing share of EVs in the UK vehicle
fleet, this is a particularly important area of research. Future work could
investigate how this shift influences the magnitude of concentration reduc-
tions and whether these effects diminish as fossil-fuelled vehicles become
less prevalent.

The mobile monitoring work in Chapter 4 did not include ultra-fine
particulate matter (PM; ;) measurements, which are linked to the most
severe PM-related health effects and may not be as effectively reduced by
diesel and gasoline particulate filters (DPFs and GPFs) (Section 1.1.2). A
similar campaign that includes PM,, ; measurements would help determine
whether trends for ultra-fine PM align with those observed for PMg,,. and
PM_oarse and would help to identify sources to target.

Additionally, the influence of border effects, where emissions outside
a low-emission zone (LEZ) change due to the presence of the zone, was

not addressed in this thesis (Section 1.3.2). While comparing Central Lon-
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don (inside the ULEZ) with Outer London (on the ULEZ border) provided
valuable insights into fleet composition and congestion effects on PM emis-
sions, a more robust study design could include an additional measurement
site further from the ULEZ boundary to assess these border effects more
comprehensively.

This thesis demonstrates the value of combining different measurement
techniques to extract more from vehicle emissions data. While each method
has stand-alone value, innovation can be derived by combining them. For
example, mobile monitoring is effective for identifying high emission vehi-
cles but is limited by the lack of individual vehicle information. Developing
a mobile ANPR camera system to track vehicles near the mobile laboratory
could provide technical information about nearby vehicles, adding a new
dimension to the data. Combining this with a plume regression type anal-
ysis could create a more powerful vehicle emission quantification method,

extending the applications of point sampling beyond a single stationary site.
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5.4 Final Remarks

Vehicle emissions remain a significant contributor to urban air pollution.
The last century has seen the mass adoption of road transport, the substantial
benefits it has provided, and the realisation of the harm that it can cause.
Decades of research have begun to uncover the complex role of vehicle
emissions in urban air pollution, and this knowledge has been effectively
applied to mitigate many of the associated health risks.

However, at the time of writing this thesis, the UK and global road
vehicle fleet has never been larger, more diverse, or so rapidly changing.
It is, therefore, essential to continue to measure and understand vehicle
emissions to ensure that policy decisions are effective at sustained mitigation
of the harmful effects of air pollution and that they do not incur additional
unintended consequences. It is hoped that this thesis has demonstrated the
value of such measurements and their associated analyses, and that future

research will build upon them.
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A.1 Design

Vehicle emission point sampling, described in Section 1.4.4 and Chapter 3, is
a relatively new and developing technique. An important element of point
sampling data is knowing when vehicles pass the emissions measurement
apparatus and the properties of each vehicle. Since no commercial point sam-
pling system currently exists, a custom Vehicle Measurement Device (VMD)
was constructed to be used alongside emissions measurement instruments
to facilitate point sampling measurements.

The VMD records the pass time for each vehicle, measures its movement
(speed and acceleration), and captures a photograph of its registration num-
ber (license plate). The registration number is then cross-referenced with a
technical database to obtain vehicle-specific details, including vehicle type,
fuel type, emission standard, and model year. The system was deployed in a
2023 point sampling campaign in York, UK, where it recorded 11,264 vehicle

passes. The VMD is comprised of three main components.

1. Sensor Unit: This powered component contains two retro-reflective
photoelectric sensors (Sick GL10-R9811 dual lens), an Arduino Uno
microcontroller, and a DC-DC converter (12V-24V).

2. Reflector Unit: This unpowered component houses two reflectors (Sick

P250) aligned with the sensors of the sensor unit.

3. Camera Unit: This powered component (AXIS V5914 PTZ camera)

captures images of vehicle registration numbers.

A diagram of the complete VMD setup is shown in Figure A.1. The
system is operated by and records data to a single control laptop, which is

also used to interface with the emissions measurement instruments.
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Reflector
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: Camera
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Sensor & -
unit Control Power
laptop source

Figure A.1: Diagram and photograph of the VMD setup.

Hardware

The VMD was used across a single lane of road, with the sensor unit and
camera system positioned on one side, approximately 5 m apart, and the
reflector unit aligned on the opposite side of the lane. The sensor unit and
camera system can be powered by a single 12 V DC source, such as those
commonly found in vehicles or portable power stations.

Designed for full weather resistance, the VMD’s electronic components
are housed in an IP65-rated acrylonitrile butadiene styrene (ABS) enclosure,
with threaded waterproof bulkhead connectors for wiring. The camera sys-
tem is enclosed in a polypropylene housing with a transparent rain cover that
can be fitted during adverse weather conditions. A schematic representation
of the wiring diagram for the powered sensor unit and camera unit of the
VMD is shown in Figure A.2.

The sensor and reflector units were designed to be highly adjustable,

allowing for easy alignment at the roadside, accommodating raised curbs
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Figure A.2: Wiring diagram for the VMD sensor unit and camera unit.

and other urban features. The camera unit was mounted on a tripod ap-
proximately 5 m away from the sensor and reflector units and aligned to
capture photographs of the rear of passing vehicles. The camera position
and settings can be adjusted on the control laptop to minimise glare from
sunlight and maximise registration number capture.

The sensors operate by emitting a beam of light that is reflected back to
an integrated detector by the reflector unit when no vehicle is present. When
a vehicle sequentially interrupted the beams, the Arduino microcontroller
records the time of each interruption with millisecond accuracy, enabling
the calculation of vehicle speed and acceleration using the equations of
motion. The distance between the sensors is fixed at 1.37 m, and the sensor
placement was approximately 0.25 m above the road surface. The maximum
tested distance between the sensors and reflectors (effective road width) was
10 m. The Arduino microcontroller that records the sensor data relays it to a

control laptop via a USB serial interface (baud rate 9600), where the data are
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stored.

The camera unit is wired directly to the Arduino microcontroller, ensur-
ing that a photo is taken at the exact moment a vehicle passes. Photos taken
by the camera are transferred via a wired (RJ45) connection to a file transfer
protocol (FTP) server on the control laptop, where they are stored alongside

the sensor data.

Software

The script in Listing A.1 was written for the Arduino microcontroller in
the C++ programming language. It records and relays sensor states with
millisecond accuracy in real time to the control laptop, while simultaneously

sending a trigger signal to the camera unit to capture a photograph.

/| Assigning pins.

// Pin 2 used for sensor A (first in direction of trave).
int A=2;

// Pin 3 used for sensor B (second in direction of travel).
int B=3;

// Pin 13 used for camera trigger.

int C=13;

/| Setting debounce interval in ms.

int debouncelnterval=20;

|/ Setting camera trigger signal interval in ms.

int triggerInterval=100;

/] Assigning strings to print.

String sensorAMade=",A0";

String sensorAUnmade=",A1";

String sensorBMade=",B0";

String sensorBUnmade=",B1";

void setup() {

/| Setting up pins - input with pull up.
pinMode (A, INPUT_PULLUP);

pinMode (B, INPUT_PULLUP);
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pinMode (C, OUTPUT);
/| Establishing serial connection - baud rate 9600.
Serial .begin(9600);
/] Setting up interrupt for sensor A.
// Mode set to CHANGE - will trigger interrupt whenever pin
changes value.
attachInterrupt(digitalPinToInterrupt(A),isrSensorA,CHANGE) ;
attachInterrupt(digitalPinToInterrupt(B),isrSensorB, CHANGE) ;
}
// No code to loop.
void loop() {}
// Interrupt service routine for sensors.
/| Triggers when pin changes value, checks time since last
interrupt is greater
/] than the debounce interval, checks the value of the pin,
reports sensor state.
void isrSensorA() {
static unsigned long lastInterruptTimeA = 0;
unsigned long interruptTimeA = millis();
if (interruptTimeA - lastInterruptTimeA > debouncelnterval)
{
if (digitalRead(A)==HIGH) {
Serial.print(millis());
Serial.println(sensorAUnmade) ;
digitalWrite (13, HIGH);
} else {
Serial.print(millis());
Serial.println(sensorAMade);
digitalWrite (13, LOW);
}
lastInterruptTimeA = interruptTimeA;
}
}

void isrSensorB() {

static unsigned long lastInterruptTimeB = 0;
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unsigned long interruptTimeB = millis();
if (interruptTimeB - lastInterruptTimeB > debouncelnterval)
{
if (digitalRead(B)==HIGH) {
Serial.print(millis());
Serial.println(sensorBUnmade);
} else {
Serial.print(millis());
Serial.println(sensorBMade);

}

lastInterruptTimeB = interruptTimeB;

}

Listing A.1: C++ Arduino microcontroller script for the VMD.

Vehicle Movement Calculation

The sensors are named A and B, with sensor A positioned first in the direction
of travel of passing vehicles. When no vehicle is present and the sensor light
beam is returned by the reflectors, both sensors have state 0. When a vehicle
passes and the light beams are interrupted, both sensors have state 1. The
four possible sensor state outputs from the VMD are therefore A0, A1, BO,
and Bl. Figure A.3 demonstrates the sensor state outputs at each stage of a
typical vehicle pass.

The camera system is triggered to capture a photograph when the sensor
state AQ is recorded, as this indicates the light beam being reformed at sensor
A, corresponding to the rear of a vehicle being directly in line with the VMD.
This setup enables simple camera alignment and ensures that photographs
consistently captured the registration number of each passing vehicle.

The sensor state pattern for an ideal single vehicle pass is A1 B1 A0 BO.
For each vehicle pass, the times t;, t,, and t3 are defined as follows: t;

represents the time taken for the vehicle to move the distance between
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Sensor outputs: A1
Time: t,,
Displacement: 0 O

Stage 1
Sensor outputs: A1 B1
Time: tg, ﬁ
Displacement: L O O
Sensor outputs: A1 B1 A0
Time: t,,
Displacement: M O O

Sensor outputs: A1 B1 A0 B0
Time: t;, a

Displacement: M + L

Figure A.3: Sensor state outputs for each stage of a typical vehicle pass.

sensors A and B, t, represents the time taken for the vehicle to fully pass
sensor A, and f3 represents the time taken for the vehicle to fully pass both
sensors A and B. These times are shown with respect to the time of each

sensor state in the pattern A1 B1 A0 BO in Equation A.1

ty =tp —tar
ty =tao—tal (A.1)
t3 =tgo—ta1

258



Appendix A. Vehicle Measurement Device

The equation of motion shown below in Equation A.2 can then be used

to determine vehicle movement parameters.

s=u-t+a-—

s = displacement (A.2)

u = initial velocity
a = acceleration

t = time interval

The distance between sensors A and B is denoted as L, and the length of
the vehicle as M. Therefore, for each of the times in Equation A.1, a corre-
sponding equation of motion can be constructed where the displacement s is
equal to L, M, and L + M for t, t;, and t;5 respectively. Constant acceleration
a is assumed, and the initial velocity u taken to be the speed of the vehicle
v as it first passes sensor A (t4; is the start of all three time intervals). The
three constructed equations of motion are shown in Equation A.3, where M,
v, and a can be derived from solving the system for the measured values of

t1, tp, and t3 (the value of L is known).

t
L=v-tj+a-—
V-1 +a >
t2
M=v-t,+a 2 (A.3)
£2
L+M=v-tz3+a 53
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The system can be solved as shown in Equation A.4.

t2 t2 t2

1 2 3

v.t +Cl'—+'l)'t +a-—= v.t +a-—
! 2 2 2 3 2

2 2 2

v~(t1+t2—t3):a~ 5

-t -1t
=q-
2-(t) +1ty—t3)

(A.4)

2 2 2 2
2-(ty + 1y~ 13)

h
Il

L'2'(f1+t2—t3)

a=
b (2 —t7 —t3)+ 210 (t) + 1y — t3)

For simplicity, the values of (t; +t, —t3) and (t§ - tf - t%) can be defined as
ki and k; respectively. The vehicle acceleration, speed, and length are then

given by Equation A.5.
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L2k
(ty ko) + (2t - ky)

ky L-2-k; -k,
2:-ky (2t -kyky) + (412 KD)

v=a

t2 L-2-ky-ky-t L-2-k-t2
M:v-t2+a-—2: 172 22 >+ ! 22
2 (2-tykyky)+ (4t ky) (24t kp)+ (4t k)

Vehicle motion calculations were performed during post-processing using
the R programming language. In practice, a vehicle pass does not always
follow the ideal sequence A1 B1 A0 BO. Gaps within the vehicle, such as
those between a vehicle and an attached trailer, or between the wheels of
vehicles with bodies elevated above the VMD sensors, can produce sensor
state output patterns with additional states. However, the overall pattern
remains consistent with the general form Al...BO0.

The post-processing R script was designed to isolate individual vehicle
passes based on a threshold time applied before the Al sensor state and after
the BO sensor state. This threshold time represents the minimum possible
duration between two consecutive vehicle passes. Setting the threshold too
high may cause the script to incorrectly group two closely spaced vehicles as
a single large vehicle, while setting it too low may split large vehicles into
two smaller vehicles. A threshold of 0.5 s was suitable for the data collected
during the 2023 York point sampling campaign, where the mean vehicle
speed was 40.5kmh~! and the mean gap between vehicles was 10.3 s.

Validity filters were applied to the calculated acceleration and speed
values to exclude instances where pedestrians or cyclists passing the VMD

produced sensor state patterns that led to erroneous calculations. The cut-off
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values represent the extreme physical limits for each variable, as shown in

Equation A.6.

30kmhls! <a < 30kmh!ts!

Okmh?' <v < 115kmh™!

The vehicle pass end time (t4y) was used to match the movement data
with vehicle registration number photos. Automatic licence plate recognition
(ALPR) software (Reckon CarCheck Plus) was used to extract registration
numbers from the photos. Vehicle technical information was obtained from
CDL Vehicle Information Services Limited, who source the data from the UK
vehicle taxation system (DVLA) and the Society of Motor Manufacturers and

Traders (SMMT) Motor Vehicle Registration Information System.

A.2 Operation

During the 2023 point sampling campaign, 11,264 vehicle passes were
recorded, verified through manual review of footage from a separate camera.
The VMD was able to successfully determine movement data for 11,151 ve-
hicles (99 %), and automatically capture registration numbers and technical
information for 10,624 vehicles (95 %), resulting in 9,687 vehicles (86 %)
with complete movement and technical data.

Missing movement data (1 %) resulted from validity filters removing
erroneously calculated values due to sensor output issues. The primary
cause of these issues was cyclists passing the VMD simultaneously with the
measured vehicle. Missing registration numbers (5 %) arose from various

factors, including obscured or removed licence plates and glare from sunlight.
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As a result of the validity filters, there were no false positive VMD vehicle
pass measurements (non-vehicle sensor passes reported as vehicles).

Vehicle technical information contained dimension specifications, in-
cluding exact vehicle length values, which enabled evaluation of the VMD
movement calculations. The length differential was calculated as the dif-
ference between the VMD-calculated length and the technical information
length. The mean length differential was 2 % for cars, 5 % for light goods ve-
hicles (LGVs), and 4 % for buses, confirming the suitability of the movement
calculation method and validating the calculated acceleration and speed
values.

For heavy goods vehicles (HGVs), only 27 % of passes included length
information in the technical data, with an average length discrepancy of 16 %.
This larger discrepancy is likely because the VMD sensors are positioned
at a height to optimize data capture for cars and LGVs. As a result, only
the wheels of larger vehicles like HGVs are measured, rather than the full
vehicle body referenced in the technical data.

The primary role of the VMD in point sampling is to provide vehicle
pass times and technical data for the plume regression analysis in Chapter 3.
However, the movement data also supports investigations into related factors,
such as vehicle-induced turbulence or modelled instantaneous emission
rates, and their impact on roadside pollutant concentrations, as discussed in
Chapter 3. Additionally, the movement data has potential applications in
other analyses. For example, speed and acceleration can indicate whether a
vehicle has been travelling on the measurement road for an extended period
or has recently joined from an adjoining road.

Since the 2023 York campaign, the VMD has been deployed in two further
measurement campaigns: in Manchester, UK, in 2024, measuring approxi-
mately 20,000 vehicles, and in Sheffield, UK, in 2025, measuring approxi-
mately 25,000 vehicles.
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