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Abstract

Volatile organic compounds (VOCs) and nitrogen oxides (NOx = NO + NO2)

play an important role in the formation of ozone and particulate matter,

which can both have detrimental effects on human health. Current under-

standing of urban air pollution largely relies on fixed monitoring sites, most

of which do not include the measurement of VOCs and our understanding

of the temporal and spatial variation of air pollutants is limited. Further-

more, there is limited understanding of the contribution made by vehicle

exhaust emissions under real-world driving conditions. This thesis aims to

develop the understanding of air pollutant emission sources through the

development of a mobile laboratory using a selected-ion flow-tube mass

spectrometer (SIFT-MS) and other trace gas instrumentation to provide on

road, high spatial and temporal resolution measurements of VOCs, NOx and

other trace gases. Two principal approaches are developed: point sampling,

where fast response measurements are made of individual dispersing vehicle

plumes, and mobile measurements that provide spatial information. New

data analysis approaches are developed and tested to quantify vehicle emis-

sions and other emission sources under a range of conditions. Emissions of

NOx and VOCs are quantified for individual classes of vehicles using point

sampling data from Milan and motorcycles and mopeds are identified as

high emitters of NOx and VOCs, representing a source type that is currently

less stringently regulated. Finally, emission patterns and sources in contrast-

ing urban areas are quantified using mobile measurements collected in York,

Manchester and Milan.
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Chapter 1

Introduction

1.1 The importance of air pollution

The largest environmental threat to human health is air pollution, which is

de�ned as the presence in or introduction into the air of a substance which has

harmful or poisonous e� ects. Air pollution has been attributed to 6.7 million

deaths worldwide in 2019 and is the 4th leading risk factor for early death

worldwide, surpassed only by high blood pressure, tobacco use and poor

diet [6] . Air pollution can be separated into two categories: indoor (household)

and outdoor (ambient), with the latter estimated to cause 4.2 million deaths

worldwide in 2019 [6] and impacting the majority of humans around the

world.

There is much agreement in the scienti�c community that both short- and

long-term exposure to air pollution can cause adverse health e � ects. Short-

term exposure can aggravate asthma and cause spikes in hospitalisations

or deaths of other respiratory and cardiovascular diseases[7] . Long-term

exposure to air pollution can cause increased risk of illness and death from

heart disease, lung cancer, chronic obstructive pulmonary disease, lower-

respiratory infections, stroke and type 2 diabetes [7] . There is also growing

scienti�c evidence that exposure to air pollution can cause adverse birth
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outcomes[8] and dementia[9] . It is estimated that health damages associated

with exposure to air pollution have a global cost of $8.1 trillion [10] , which

can have detrimental e� ects on the economic and social development of

countries around the world.

In order to combat air pollution, governments around the world have

introduced legalisation and regulations to limit the amount of certain air

pollutants (which will be discussed in subsection 1.2.2). Over the last few

decades, air pollution in many high income countries (e.g the United States

and many European countries) has improved due to developments in reduc-

tion technologies and the tightening of air pollution-related regulations [11] .

Whereas, many developing and low-income countries still struggle to combat

various air pollution-related health issues. Many countries in western and

eastern sub-Saharan Africa, most countries in south Asia and most of China

su� er from the highest attributable air pollution burden. The overall health

burden of air pollution in these countries is estimated to contribute between

10-15% to the total burden from all diseases [6] . Global inequalities in the

burden of air pollution are clearly evident, but they are also present in de-

veloped countries, such as the UK where areas with the poorest households

experience the highest concentrations of tra� c-related pollution [12] . Fur-

thermore, in most countries around the world air pollutant limits are often

not met and high pollution events are common in many urban areas due

to high population densities and concentrated emission sources. Therefore,

despite vast amounts of evidence highlighting the adverse health e � ects of

air pollution, it still remains a central issue in society today.
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1.2 Air pollutants and air pollution legislation

1.2.1 Air pollutants

Air pollution occurs as a direct result of pollutant species in the air, which

can have a variety of sources. Sources of air pollutant species can be natural,

such as plants and wild�res, and/or anthropogenic (man-made), such as

tra� c and industry [13] . Furthermore, the presence of pollutants in the air

can be a result of primary emissions, where air pollutants are produced and

released directly from a particular source, or secondary formation, where

air pollutants are formed through chemical reactions between chemical

species in the atmosphere. Health and environmental problems related to

air pollution are often a result of primary anthropogenic emissions and the

resulting production of secondary pollutants, particularly in urban areas

where emission sources are concentrated.

As discussed above, air pollutants can have detrimental health e � ects

by increasing the risk of multiple respiratory and cardiovascular disease.

Air pollution can also have serious impacts on the environment and ecosys-

tems. Reactions between air pollutants can cause the formation of acid rain

and photochemical smog, which can a� ect plant growth and have serious

consequences on diversity in ecosystems[14] .

Furthermore, many air pollutants have important climate e � ects. A

common way to examine the climate change e� ects of atmospheric species is

radiative forcing (RF), which evaluates the net change in the energy balance

of the Earth's system[15] . A positive RF value indicates that a species reduces

the outgoing radiation from the Earth's surface, which can lead to climate

warming and climate change e� ects. Many air pollutants have a positive RF

and therefore can play an important role in global warming.

There is a vast number and variety of air pollutant species, but the species

that will be discussed below are central to air pollution issues and are often

3



Chapter 1. Introduction

targeted by legalisation to limit their amount in the air.

1.2.1.1 Volatile organic compounds (VOCs)

Volatile organic compounds (VOCs) are a group of carbon-containing com-

pounds present in mixing ratios at levels of parts per trillion (ppt)-parts per

billion (ppb). This excludes carbon dioxide (CO 2), methane (CH4) and carbon

monoxide (CO), which are present at much larger mixing ratios. Examples of

VOCs include toluene, benzene, ethanol and isoprene. Exposure to VOCs can

cause eye and respiratory irritation and damage to internal organs, such as

the liver and kidneys [16] . Furthermore, some VOCs are known carcinogens

and can cause cancer, including benzene and 1,3-butadiene[17,18]. VOCs also

play an important role alongside NO x in the formation of tropospheric O 3
[19]

and PM[20,21] (Section 1.3).

VOCs are emitted from a wide range of sources. Natural sources of VOCs

are called biogenic emissions, where VOCs are emitted by plants and soils[22] .

Major biogenic VOCs include isoprene, monoterpenes and pinene. This work

focuses on VOC emissions from anthropogenic sources. Anthropogenic

sources of VOCs include road transport, solvent use, agriculture, volatile

chemical products (VCPs) and other industries [23] . VCPs are commonly used

consumer and industrial items, including personal care products, cleaning

agents, adhesives and pesticides[24,25]. VOCs from road vehicles can be emit-

ted from the vehicle exhaust (tailpipe) or from evaporative emissions, such as

from a fuel tank. Vehicular VOC emissions have historically been important,

but VOC emissions from vehicle exhaust have been aggressively reduced

over the past few decades in Europe through the introduction of technolo-

gies such as three-way catalysts on gasoline vehicles, they still present an

important source of emissions, accounting for 4% of total UK VOC emissions

in 2017 [26] . Nevertheless, the reduction in vehicular emissions means it is

likely that other sources of emissions, such as VCPs, solvent use, cooking,

residential wood burning and industry, have become more important. Mass
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balance analysis by McDonald et al. [24] concluded that emissions from

VCPs now account for half of the fossil fuel VOC emissions in industrialised

cities. Lewis et al. [26] estimated that in 2017 in the UK, solvent use and

industrial processes account for 63% of total VOC emissions. This agrees

well with NAEI estimates, which estimated that in 2020 in the UK, industrial

processes and product use account for 58% of the UK total VOC emissions.

Other important VOC sources included agriculture (17%), extraction and

distribution of fossil fuels (14%), transport and mobile sources (6%) and sta-

tionary combustion plants (5%) [27] . However, the composition and sources

of these species in urban areas is highly complex, and it is still di � cult

to determine the role played by VOCs from road vehicles relative to other

sources, particularly due to a lack of measurements of VOCs around the UK.

1.2.1.2 Nitrogen oxides (NO x)

Nitric oxide (NO) and nitrogen dioxide (NO 2), collectively known as nitrogen

oxides (NOx), are a group of gases primarily formed during the combustion

of fuels. The majority of NO x is emitted as NO and then converted into NO 2

via chemical reactions in the atmosphere (Section 1.3). NO2 is harmful to

human health as it is an irritant of the respiratory system and increases the

susceptibility to respiratory infections and diseases [17,28]. NOx contributes

to a wide range of environmental e � ects including the formation of acid rain,

which causes the acidi�cation of soil and water, negatively impacting aquatic

organisms and the growth of forest trees and crop plants [29] . Furthermore,

NOx plays an important role in the formation of tropospheric ozone (O 3)[30]

and secondary particulate matter (PM) [31](Section 1.3), which have important

health and environmental e � ects and these will be discussed later.

There are various emission sources of NOx, including many natural and

anthropogenic sources. Natural sources of NOx include lightning and bio-

genic emissions from soil[32] . However, the majority of NO x is emitted from

anthropogenic sources related to the combustion of fuels, including road
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vehicles, other transport and energy and manufacturing industries [33] . Emis-

sions of NOx from di � erent sources in the UK are estimated by the National

Atmospheric Emissions Inventory (NAEI). In 2020, the NAEI estimated that

sources that involve the combustion of fuels are responsible for 95% of total

UK NO x emissions in 2020. Road transport was the most important source

of NO x in the UK, accounting for 28% of total UK NO x emissions in 2020

and the majority of road transport vehicle emissions of NO x is from diesel

vehicles. Other important sources of UK NO x emissions include other forms

of transport (19%), industrial sites (12%) and energy production (10%) [33] .

1.2.1.3 Tropospheric ozone (O 3)

Ground-level/tropospheric O 3 is a secondary pollutant formed through pho-

tochemical reactions between NOx and VOCs[19] (Section 1.3). Exposure to

O3 can cause adverse respiratory health e� ects, such as di� culty in breath-

ing and in�ammation of the airways [19,34]. O3 can aggravate lung diseases

and contribute towards the development of asthma [19] . In 2019, exposure

to ambient O 3 was estimated to attribute to 365,000 deaths worldwide [6] .

O3 also damages vegetation as it reduces plant growth, which can decrease

the diversity of ecosystems[28,35]. Furthermore, the negative impact that O 3

has on plant growth can result in reduced crop yields. The lifetime of O 3

in the atmosphere is approximately 20 days, therefore O 3 can travel long

distances to suburban and rural areas and across national boundaries[36] .

Therefore, high O3 levels can be observed far from the emission sources that

contribute to its formation. Tropospheric O 3 is an important greenhouse gas,

with the 3rd largest positive RF value, surpassed only by CO 2 and CH4
[15] ,

meaning that it contributes signi�cantly to global warming. Furthermore,

O3 plays an important role to the oxidising capacity of the atmosphere and

can contribute to greenhouse gas levels (discussed in Section 1.3). Therefore,

it is important that emission sources and the chemistry of O 3 precursors are

fully understood.
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1.2.1.4 Particulate matter (PM)

PM is a type of air pollutant consisting of solid particles and liquid droplets

found in the air, which vary in size and composition. The health e � ects of PM

depend on its size as this determines where the particles can deposit in the

respiratory system. Particles with a size of 10 micrometers or less in diameter

(PM10) deposit in the upper respiratory tract, whereas particles less than 2.5

micrometers in diameter (PM 2.5) are able to penetrate deep into the lungs

and can reach lung alveoli [17] . Studies have shown that exposure to high

concentrations of PM2.5 over several years has been the most consistent and

robust predictor of resulting mortality caused by air pollution [36] . Exposure

to PM2.5 can cause many adverse health e� ects as the small size of the

particles means that they can enter the bloodstream and travel to vital organs,

causing cardiovascular disease and mortality, diabetes and adverse birth

outcomes[37] . There is also growing scienti�c evidence that exposure to PM 2.5

can cause cognitive decline, leading to cognitive diseases such as dementia[9]

and Alzheimer's [38] . PM2.5 has been identi�ed as the leading air pollutant of

concern with regards to human health and was estimated to be attributable

for 4.14 million deaths worldwide in 2019 [6] . PM also has important climate

e� ects and can have cooling or warming e� ects depending on it's composition.

Black carbon, from anthropogenic combustion, contributes to warming,

but particulate sulphates, from volcanic eruptions or secondarily produced

through oxidation of sulphur dioxide, can cool the earth's atmosphere [15] .

PM can be primarily emitted and also produced via secondary chem-

istry. Natural primary sources of PM include sea salt, dust, airborne soil

and volcanic ash[39] . Anthropogenic primary sources of PM include road

tra� c, coal-burning power plants, industrial activities, waste burning and

cooking[39] . Road tra� c exhaust emissions have historically been of central

importance to PM emissions, but this has declined in most of the developed

world as vehicle emission control technology has developed [40] . This had led
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to emerging sources of PM2.5 including non-exhaust emissions from road

tra� c (brake and tyre wear), cooking and domestic wood combustion [39] .

Secondary PM is formed from photochemical reactions of VOCs in the pres-

ence of NOx
[21] (Section 1.3 or other chemical reactions between air pollutant

species, such as NH3
[41]). Secondary PM is composed of both inorganic and

organic compounds. Measurements of secondary inorganic PM are well-

established due to formation pathways of secondary inorganic PM being

well understood [42] . However, it is di � cult to determine primarily emitted

to secondarily produced organic PM, due to formation pathways being less

understood. The secondary component of organic PM can be estimated

using measurement of tracers or precursors, alongside the understanding of

formation pathways that can be obtained from laboratory measurements [42] .

Yin et al. [43] estimated that 19% of organic PM resulted from secondary

production during a London winter measurement campaign in 2012 [43] .

The contribution of secondary PM is likely to be much higher in summer,

with higher ambient temperatures and solar intensity, which encourage

photochemical reactions. Furthermore, it is important that the emission

sources of PM precursors are well understood in order to combat health and

environmental issues related to PM.

1.2.2 Legislation and regulation of air pollution

Air pollution has been of central importance for many decades in the UK due

to the negative impacts it can have on human health and the environment.

Therefore, a vast amount of legalisation has been introduced to regulate or

limit levels of air pollution in the UK.

Air pollution issues in the UK came to the forefront with the industrial

revolution during 1750-1950. The industrial revolution was a period of

rapid growth in developing cities with major scienti�c and technological

development, fuelled by increased coal combustion. Rapid growth led to
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increased emissions of sulphur dioxide (SO2), NO2, ammonia (NH 3) and

smoke and the degradation of air quality in urban areas or areas close to

large industrial sources [44] . Air pollution was accepted as a consequence

of industrial activity, until the great smog of London in 1952. In early

December 1952, there was increased coal burning due to cold weather in

London. The meteorological conditions at the time were low wind speed

and cold surface air, which greatly reduced the dispersion of air pollution

and resulted in thick smoke/smog across London for �ve days. The London

smog event has been estimated to have resulted in approximately 12,000

premature deaths[45] . The smog event led to the introduction of the Clean

Air Act in 1956 in the UK, which established smoke-free areas in cities,

led to the relocation of power stations to more rural areas [46] and resulted

in reductions of SO 2 and smoke in urban areas. However air quality still

remains a leading problem decades later and legislation has been updated to

combat new air pollution issues.

Governments around the globe introduce and develop legislation to

mitigate health and economic e� ects resulting from air pollution. The World

Health Organisation (WHO) sets out air quality guidelines, which proposes

concentration limits for speci�c air pollutants including PM, O 3, NO2, SO2

and CO. Limits for air pollutants are evidence-based recommendations and

are expressed as upper limits occurring over a period of time (annual, daily,

hourly). WHO air quality guidelines were �rst released in 1987 and the

most recent updates have been in 2005 and 2021. The 2021 guidelines

signi�cantly reduced the suggested limits of air pollutants and highlighted

health e� ects of air pollutants even at low concentrations. Details of WHO air

pollutant limit guidelines from 2005 and 2021 are included in Table 1.1. Air

quality guidelines set by the WHO are not legally binding, but are designed

to o� er guidance to national, regional and local governments in reducing the

health impacts of air pollution [47] . Not all countries around the world will

be able to fully implement the guidelines as they may not be feasible given
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their economic or technological capabilities.

The UK's limits for air pollutants are set by the Department for Envir-

onment, Food and Rural A � airs (DEFRA). Details of the current limits for

air pollutants in the UK are shown in Table 1.1. Air quality limits for the

UK were last updated in 2010 and are lagging behind the more stringent

guidelines set by the WHO. The current limits for PM 2.5, PM10 and SO2 in

the UK are higher than the 2005 WHO guideline values and limits for NO 2

are higher than the 2021 WHO guideline values. Under the Environment

Act 2021, the air quality strategy for the UK must be updated at least every

�ve years, with a review of the current strategy expected in 2023 [48] . PM2.5

targets have recently been reduced to 12� g m–3, with this target aiming to

be met by 2028[49] . Air quality limits in the UK are likely to be reduced,

but how e� ective the reductions will be is unknown. In addition to the

air pollutants shown in Table 1.1, the UK also has speci�c limit values for

benzene and 1,3-butadiene. The annual average for benzene should not

exceed 5� g m–3 and the running annual meal of 1,3-butadiene should not

exceed 2.25� g m–3[50] .

PM and O3 have relatively long lifetimes in the atmosphere and they can

travel across regional and national borders. Therefore, air quality in the

UK can be a� ected by the emissions from nearby countries and UK action

alone to control their emissions will have a limited e � ect. Furthermore,

international action is required to address trans-boundary air pollution

issues. Historically, legislation in the UK has been driven by international

agreements and European legislation. Air quality limits set by the UK

government in 2010 were introduced to meet legislation created by the

European Union (EU). In 2008, the EU created the Air Quality Directive,

which set limit values for speci�c air pollutants [51] and these values are still

used today in the UK.

The EU directive created legally binding targets and allowed for ex-

ceedances of target values a certain number of times in a speci�c time period.
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WHO Guidelines

Pollutant Averaging UK 2021 2005

PM2.5 Annual 20 5 10

24-hour — 15 25

PM10 Annual 40 15 20

24-hour 50 45 50

O3 Peak season — 60 —

8-hour 100 100 100

NO2 Annual 40 10 40

24-hour — 25 —

1-hour 200 200 200

SO2 24-hour 125 40 20

1-hour 350 — —

15-minute 266 — —

10-minute — 500 500

CO 24-hour — 4 —

8-hour 10 10 —

1-hour — 35 —

15-minute — 100 —

Table 1.1: UK National air quality limits [50] , alongside the World Health

Organisation (WHO) air quality guidelines (2005 and 2021) [47] . All limit

values of air pollutants are in micrograms per cubic meter of air ( � g m–3).

“Peak season” is de�ned as the “average of daily maximum 8-hour mean

O3 concentration in the six consecutive months with the highest six-month

running- average O3 concentrations”.
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For example, the 1 hour limit value of 200 � g m–3 for NO 2 cannot be ex-

ceeded by more than 18 times per year[51] . In 2014, the EU Commission

launched legal proceedings against the UK government for its failure to meet

air quality targets for NO 2, as set by the Air Quality Directive [52] . The UK

was found to have broken air pollution law by the Court of Justice of the

European Union on the 4th March 2021 by “systematically and persistently”

exceeding annual limits for NO 2 and for failing to put plans into place to ad-

dress the problem in the shortest possible time [53] . With the UK leaving the

EU in 2018, the role that EU institutions play in monitoring and enforcing

air quality targets will be lost. The UK government has proposed the creation

of a new independent environmental watchdog to hold the government to

account on its environmental obligations [54] .

In addition to limits for speci�c values of air pollutants, there is also

legislation related directly to the emission of air pollutants. In the UK, the

National Ceiling Regulations 2018 sets total national, UK wide, emission lim-

its for SO2, NOx, NH3, non-methane VOCs and PM2.5
[55] . The emission limits

closely follow those agreed under the internationally approved Gothenburg

Protocol, which aims to reduce the impacts of air pollution and to control

long range trans-boundary pollution. The National Ceiling Regulations 2018

also sets emission reduction commitments, for which the UK in 2020 met for

NOx, SO2, non-methane VOCs and PM2.5, however it did not meet emission

reduction commitments for NH 3
[56] . There is other legislation targeting indi-

vidual emission sources, such as Euro emission standards for road vehicles

which can play an important role in contributing to total emissions in urban

areas (Section 1.5).

1.3 Chemistry of air pollutants

The troposphere is the lowest layer of the Earth's atmosphere and it is the

region that contains the air we breathe. Therefore, it is important that
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the chemistry that occurs in this region is well understood, particularly

if the regulation of air pollutant emissions is to be e � ective in reducing

air pollution. The major constituents of the troposphere are nitrogen and

oxygen (99% collectively), but much of the chemistry is driven by trace gases

which make up less than 1% of the troposphere. The concentration of an

air pollutant in the atmosphere depends on its emissions from particular

sources or production through chemical reactions. But, an air pollutant

concentration can also be reduced through chemical reactions with other

species, leading to their destruction. The next sections will discuss important

chemistry of relevant air pollutants to this thesis.

1.3.1 Tropospheric oxidant species

Atmospheric oxidation is the process that leads to the removal of trace gases

through reactions with oxidant species. Atmospheric oxidation leads to the

formation of secondary species, such as O3 and PM, which as discussed

in subsection 1.2.1 can be harmful to human health and damage the en-

vironment. Oxidant species are very important in the atmosphere as they

determine the composition of the troposphere and the amount of secondary

pollutants. There are a number of di � erent oxidant species in the atmosphere

including hydroxyl radicals (OH), nitrate radicals (NO 3), ozone molecules

(O3) and chlorine atoms (Cl).

1.3.1.1 OH radical

The OH radical is an important oxidant species and is thought to be respons-

ible for the majority of oxidation in the troposphere. OH is the dominant

daytime oxidant [57] and a major pathway for its formation is the photolysis

of O3 (Equation 1.1). The photolysis of O 3 produces excited O(1D) atoms

which can react with water vapour to form OH radicals (Equation 1.2).
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O3 + hv O(1D) + O2 (� <340 nm) (1.1)

O(1D) + H 2O 2 OH (1.2)

In urban environments, the photolysis of nitrous acid (HONO) (Equa-

tion 1.3) is considered to be the dominant source of OH, particularly in the

morning [58,59]. HONO can be directly emitted from soil, biomass burning

and vehicle exhausts. HONO can also be formed through chemical reactions,

including the reaction of NO with OH, the reaction of NO 2 on surfaces in

the presence of water, the photolysis of particulate nitrate or the oxidation

of NO x
[60,61].

HONO + hv OH + NO ( � <400 nm) (1.3)

1.3.1.2 NO3 radical

During the daytime, NO 3 is rapidly photolysed and it has a lifetime of around

1 minute. However, at night-time the lifetime of NO 3 is much longer and it

is considered to be the dominant night-time oxidant [62] . During night-time,

NO3 is produced by the oxidation of NO 2 by O3
[63] (Equation 1.4). The rate

constants for oxidation by NO 3 are much lower than the equivalent reac-

tions with OH, however night-time concentrations of NO 3 are 10-100 times

higher than OH [64] , resulting in NO 3 contributing signi�cantly to night-time

oxidation. The oxidation potential of NO 3 depends on the concentrations of

nitrogen containing species, as NO3 can be removed by reactions with NO 2

and NO [65] (Equation 1.5 and Equation 1.6). During daytime hours, NO 3 is

photolysed by sunlight (Equation 1.7) and does not contribute signi�cantly

to daytime oxidation.

NO2 + O3 NO3 + O2 (1.4)
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NO3 + NO2 + M N2O5 + M (1.5)

NO3 + NO 2 NO2 (1.6)

NO3 + hv NO2 + O(3P) (� <590 nm) (1.7)

1.3.1.3 O3 molecule

O3 is one of the most abundant oxidant species in the atmosphere and it is

formed via the photochemical oxidation of VOCs, which will be discussed

in detail in subsection 1.3.2. O 3 molecules have a large bond energy and

are relatively unreactive, with reaction rates with most VOCs being much

lower than those with OH or NO 3
[62,66]. However, there are fairly large

atmospheric concentrations of O3 compared to other oxidant species and

therefore it can still contribute signi�cantly to the atmospheric oxidation of

VOCs[66] .

1.3.1.4 Cl atom

There is increasing evidence that Cl atoms can be important atmospheric

oxidant species. The main source of Cl atoms is the photolysis of nitryl

chloride (ClNO 2) in sunlight [67,68] (Equation 1.8). ClNO 2 is formed at night

through the reaction of chloride-containing aerosols (Cl –) and di-nitrogen

pentoxide (N 2O5)[69] .

ClNO 2 + hv Cl + NO 2 (193 nm< � <248 nm) (1.8)

Cl atoms can also be produced through the reaction of hydrochloric acid

(HCl) with OH radicals (Equation 1.9) [70] . HCl is directly emitted from

industrial processes or through reactions of chloride-containing aerosols

with nitric acid (HNO 3)[71] . Another source of Cl atoms is the photolysis of
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chlorine molecules (Equation 1.10), which can be emitted from industrial

processes, produced from reactions involving chlorine-containing species [72]

or from coal combustion and waste incineration [73] .

OH + HCl Cl + H 2O (1.9)

Cl2 + hv 2 Cl (308 nm< � <351 nm) (1.10)

The OH radical is considered the most important daytime atmospheric

oxidant due to its high reactivity and high atmospheric concentration, when

compared to Cl atoms[74] . However, rate coe� cients for reactions of Cl

atoms with some VOCs have been shown to be up to 200 times faster than

equivalent reactions with OH [68] . Furthermore, Cl atom concentrations

reach their maximum much earlier in the morning than OH, due to rapid

photolysis of accumulated ClNO 2 produced over-night [75] . Therefore, high

levels of Cl atoms occur when other oxidant concentrations are low and

therefore it has the potential to be a signi�cant morning oxidant.

1.3.2 Oxidation of VOCs and formation of O 3

As previously mentioned, O 3 is an important air pollutant because of its

adverse health and environmental e� ects. O3 is not directly emitted, but

formed through a series of chemical reactions in the atmosphere between

NOx and VOCs. The production of O 3 directly relies on the photolysis of

NO2, which is the sole known anthropogenic source of tropospheric O 3
[76] .

The photolysis of NO 2 produces NO along with an oxygen atom, O( 3P)

(Equation 1.11), which then reacts with O 2 to produce O3 (Equation 1.12).

O3 reacts rapidly with NO (Equation 1.13) to form NO 2 and O2. Therefore

an equilibrium between NO, NO 2 and O3 is reached with no net formation

or loss of O3- this is called the photostationary state (PSS).
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NO2 + hv NO + O(3P) (� <420 nm) (1.11)

O(3P) + O2 + M O3 + M (1.12)

O3 + NO NO2 + O2 (1.13)

However, in the presence of VOCs the conversion of NO to NO 2 is cata-

lysed, resulting in net O 3 formation and the PSS is perturbed. This process

is illustrated in the following reaction schemes using OH, as it is the domin-

ant atmospheric oxidant due to its high reactivity and concentration in the

atmosphere. VOCs (including CO and CH 4) can be oxidised by atmospheric

oxidants to form reactive peroxy radical intermediates (RO 2 or HO2). VOCs

can react with OH in the presence of O 2 to form RO 2 through the abstraction

of a hydrogen atom (Equation 1.14). OH can also react with CO to produce

HO2 (Equation 1.15).

VOC + OH
O2

RO2 + H2O (1.14)

CO + OH
O2

HO2 + CO2 (1.15)

The peroxy radicals (RO2 and HO2) can then oxidise NO to NO 2, whilst

producing an alkoxy radical (RO) (Equation 1.16). NO 2 is created without

the destruction of an O 3 molecule (as is shown in Equation 1.13), facilitat-

ing net O3 production through the photolysis of NO 2 (Equation 1.11 and

Equation 1.12). RO reacts rapidly with O 2 to form a carbonyl (RCHO) and

HO2 (Equation 1.17). In polluted conditions, where there is an abundance of

NOx, there is an additional peroxy radical-catalysed oxidation of NO to NO 2

and the regeneration of OH (Equation 1.18), leading to further increases the

production of O 3.
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RO2 + NO RO + NO2 (1.16)

RO + O2 RCHO + HO 2 (1.17)

HO2 + NO OH + NO 2 (1.18)

In cleaner environments, where there is low concentrations of NO, re-

actions of O3 with OH and HO 2 radicals lead to losses of tropospheric O3

(Equation 1.19 and Equation 1.20) [77] .

O3 + OH HO2 + O2 (1.19)

O3 + HO2 OH + 2 O2 (1.20)

Furthermore, in regions with high VOC and low NO x concentrations,

cross reactions between peroxy radicals can dominate over the reaction with

NO (Equation 1.16), which leads to the chain termination of radical cycling

(Equation 1.21). Alkyl nitrates are also formed in a minor branch reaction of

NO with organic peroxy radicals (Equation 1.22), which become increasingly

important as the alkane chain length increases [78] .

RO2 + RO2 ROOH (1.21)

RO2 + NO + M RONO2 + M (1.22)

As discussed above, OH can play an important role in the oxidation of

VOCs in the presence of NOx, facilitating the net production of O 3. However,

at high NO x concentrations the amount of OH present can be reduced due to

the reaction between OH and NO 2 forming nitric acid (Equation 1.23) [79] .
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OH + NO 2 + M HNO 3 + M (1.23)

There is a balance between the formation and loss of tropospheric O3,

which are both highly dependent on the concentration of NO x and VOCs.

The in�uence of NO x and VOC mixing ratios on the production of O 3 is

illustrated using O 3 isopleth diagrams, as shown in Figure 1.1. The isopleth

diagram shows the initial mixture compositions which give rise to the same

peak O3 concentrations and these are connected by the appropriate isopleth.

The isopleth diagram shows that O 3 formation is a highly non-linear process

in relation to NO x and VOC mixing ratios [80] .

Figure 1.1: O3 isopleth diagram showing the net rate of O 3 production in

ppb h–1 as a function of NO x and VOC mixing ratios. Figure taken from

Monks [1].

Figure 1.1 highlights two di � erent photochemical regimes, which are

separated by the characteristic ridge line: VOC limited and NO x limited
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regimes. To the left of the ridge line is the VOC limited regime, where

VOC/NO x ratios in this region are typical of highly polluted urban environ-

ments. In this regime, lowering VOCs at constant NO x results in lower peak

O3 concentrations. The same is also true if VOCs and NOx are decreased pro-

portionately and at the same time. However, lowering NO x whilst keeping

VOCs constant will result in increased peak O 3 concentrations until the ridge

line is reached, where the O3 concentrations begin to decrease[81] . Increased

O3 production when NO x is lowered and VOCs are kept constant is a result

of the chemical reactions discussed above. When NOx is high, NO 2 competes

with VOCs to react with OH radicals (Equation 1.23), slowing the production

of peroxy radicals through VOC oxidation. As NO x is decreased, more OH is

available to react with VOCs and O 3 production is increased (Equation 1.14

to Equation 1.18).

To the right of the ridge line is the NO x limited regime, where VOC/NO x

ratios are characteristic of those in rural and suburban areas downwind of

cities. Lowering NO x either at a constant VOC concentration or in conjunc-

tion with lowering of VOCs results in lower peak concentrations of O 3
[81] . In

this region of high VOC/NO x ratios, there is a su� cient amount of available

peroxy radicals to convert NO to NO 2, therefore reducing VOCs at a constant

NOx has no e� ect on peak O3 concentrations. However, the photolysis of

NO2 is an important source of O 3 and therefore reducing NO x directly leads

to a decrease in O3.

It is important that isopleth diagrams are considered in order for legis-

lation to be e� ective in improving air quality and reducing the impact of

related health and environmental e � ects. NOx is often a target for air quality

policies due to its emission from vehicles in urban areas, but the e � ective-

ness of NOx reductions will be highly dependent on the VOC/NO x ratio in a

particular area. Therefore, it is necessary that both VOC and NO x emission

sources in urban areas are well-understood.
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1.3.3 VOC chemistry

VOCs play an important role in the formation of O 3 and SOA through

reactions with atmospheric oxidants. The oxidation of VOCs forms alkyl

radicals (Equation 1.24), which go on to form peroxy radicals in the presence

of O2 (Equation 1.14). The main types of reaction pathways of VOCs include

H-atom abstraction from C-H bonds by atmospheric oxidants (OH, NO 3 and

Cl), addition of atmospheric oxidants to C=C double bonds (OH, NO 3 and

Cl) and OH radical addition to the carbon ring of aromatic compounds [82]

and a brief discussion of these reaction pathways is included here.

VOC + OH R + H2O (1.24)

The H-atom abstraction reactions occur from C-H bonds in alkanes (Equa-

tion 1.25) [83] , including C-H bonds in CHO groups in aldehydes (Equa-

tion 1.26) [84] and C-H bonds in substituent groups in alkenes and aromatic

compounds. H-atom abstraction from vinylic C-H bonds and from C-H

bonds in aromatic rings is too slow to be of any signi�cance. H-atom abstrac-

tion can also occur from O-H and N-H bonds in the case of alcohols and

amines. In the following reaction equations, X = OH, NO 3 or Cl, and R/R'

represent substituent groups.

X + RCH2R' HX + RC HR' (1.25)

X + RCHO HX + RCO (1.26)

Atmospheric oxidants can add across C=C double bonds, as is shown in

Equation 1.27. Reactions of O3 with VOCs containing C=C double bonds

are complex and lead to the formation of Criegee intermediates, which can

undergo further reactions to produce OH [85] .
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X + RCH CHR' RC H CH(X)R' (1.27)

OH radicals can add to the carbon ring of aromatic compounds to form

an OH-aromatic adduct, which is the dominant reaction pathway (90% of

the overall OH-aromatic reaction), or to substituent groups attached to the

aromatic ring [86] .

1.3.4 Secondary organic aerosol formation

The oxidation of VOCs in the presence of NO x is important for the forma-

tion of O 3, but also for the formation of secondary organic aerosol (SOA).

SOA is PM formed by the chemical transformation of atmospheric organic

compounds[87] . As discussed in subsection 1.2.1, PM is responsible for the

majority of air pollution-related health e � ects and it also has important envir-

onmental and climate e � ects. A substantial proportion of atmospheric PM 2.5

is made up of organic compounds and is estimated to account for 20-90% of

aerosol mass in the lower troposphere[88] . In the Northern Hemisphere, SOA

can account for between 64-95% of the total organic aerosol in urban and

remote regions[89] .

The most important formation pathway of SOA is the oxidation of VOCs,

resulting in the formation of products of a lower volatility which can then

partition into aerosol particles [82] . VOC precursors of SOA can be emitted

from both biogenic and anthropogenic sources. It has been reported that 90%

of global SOA resulted from the oxidation of biogenic VOCs [88] . However,

�eld studies have suggested that SOA formed from anthropogenic VOCs can

also contribute signi�cantly. Anthropogenic SOA has been reported to con-

tribute 20-25% [57] and over 75%[90] to total organic aerosol, depending on

the measurement location. SOA formation is dominated by mainly monoter-

penes and aromatic VOCs, which produce high SOA yields [87] . Road vehicles

are important sources of SOA precursors in urban areas and emissions from
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diesel vehicles may contribute signi�cantly to SOA precursors [91] . However,

the understanding of SOA precursor emissions from on-road vehicles is

fairly limited and there is a need for vehicular VOC emissions to be studied

further.

1.4 Measurements of air pollution in urban areas

1.4.1 Current air pollution measurements in the UK

As discussed in subsection 1.2.2, air pollution and its e � ects on human

health and the environment became an increasingly serious problem after

the Industrial Revolution. A variety of legislation targeting the emission

of speci�c air pollutants has been introduced over the last few decades

and limits for air pollutants have become increasingly stringent. In the

UK, a network for the monitoring of air pollution has been developed over

the same time period to determine the e � ectiveness of this legislation. The

measurement and monitoring of air pollutants in the UK was �rst introduced

in 1961 and air pollutants monitored included black smoke and SO 2
[92] ,

which were the main air pollutants of concern at the time.

Over the last few decades, the levels of black smoke and SO2 have been

reduced as legislation has been e� ective in reducing their emission sources.

This has resulted in other air pollutants becoming more important from a

human health perspective, including PM and O 3. Whilst the most important

air pollutants have changed, the air pollutant monitoring network in the UK

has developed to provide necessary information on air pollution. In the UK,

the Automatic Urban and Rural Network (AURN) is the main air pollution

monitoring network. The AURN is used for compliance reporting against

the air quality limits and it consists of 171 sites across the UK. The network

includes automatic air quality monitoring stations which are located across a

variety of sites across the UK, including rural, suburban and urban sites and
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the sites are used to represent background, industrial or tra � c dominated

emissions.

Figure 1.2: Map of the UK with the location of AURN sites for measurements

of NO x, O3, PM2.5 and VOCs.

The air pollutant species measured by the AURN include: NO x, SO2,

O3, CO and particles (PM10 and PM2.5). NOx is measured at 158 sites, O3

at 86 sites and PM2.5 at 103 sites. There are also online measurements of

VOCs, but only at 4 sites around the UK. The sites that measure VOCs are:

London Eltham, London Marylebone Road, Chilbolton Observatory and

Auchencorth Moss. Figure 1.2 shows the location of AURN measurement
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sites of NOx, O3, PM2.5 and VOCs in the UK. Figure 1.2 shows that the

AURN monitoring sites are mainly concentrated in England, particularly

in the South of England, with very few in Wales, Scotland and Northern

Ireland. Therefore, the spatial resolution of current air pollution measure-

ments in the UK is fairly poor. Furthermore, there is a lack of urban VOC

measurements, two of the measurement sites are located in London, one by

the roadside and the other representing an urban background, whilst the

other two measurement sites are located in rural environments, one in the

South of England (Chilbolton) and one in Scotland (Auchencorth). Therefore,

important VOC emission sources in urban areas could potentially be missed.

Furthermore, even at sites where a VOC measurement is present, only 13 of

the 20 most signi�cant VOCs in the UK are measured [26] . This is because

set-up of VOC measurements took place around 30 years ago when road

transport was the dominant VOC emission source and current measurements

do not re�ect the change in the contribution of VOC emissions from di � erent

sources. In order to overcome current limitations of measurements sites, new

urban air pollution research observatories (supersites) in central Manchester,

Birmingham and London have been installed in recent years. The supersites

monitor key species in atmospheric processes, including NH 3, VOCs, trace

metals and particle composition using highly sophisticated measurement

instruments [93] .

At AURN measurement sites, air pollutants are measured using standard-

ised techniques and operating procedures, ensuring that measurement data

from di � erent sites is comparable. NOx is measured using the chemilumin-

escence technique[94] and VOCs are measured using an advanced automatic

gas chromatograph[95] . The chemiluminescent measurement technique is

described in detail elsewhere[96] , but a brief description is included here. NO

in the sample air stream reacts with O 3 in an evacuated chamber to produce

activated NO2. As it returns to its ground state, a photon is emitted and

the intensity of the chemiluminescent radiation produced depends upon the
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amount of NO in the sampled air. This light is measured and the detector

output voltage is proportional to the NO concentration. The ambient air

sample is divided into two streams. In one of the streams, NO is measured

directly using the method described above. In the other stream, NO 2 is

reduced and converted to NO (with at least 95% e � ciency) by passing over a

catalyst before the reaction with O 3. The measurement of the second stream

represents the sum of NO and NO2 and therefore the NO 2 concentration is

calculated by the di � erence between the two streams[97] . A problem with

this measurement method is NO 2 is not directly measured. During NO 2

conversion to NO, other nitrogen-containing species can also be oxidised by

the catalyst and therefore the NO 2 measurement can be overestimated[98] .

Automated gas chromatography is used alongside �ame ionisation detec-

tion to measure VOCs[99] . Gas chromatography is a technique that separates

compounds in a gaseous mixture. Gas chromatography involves the use of a

separation column, through which the sample mixture �ows. The di � erent

compounds in a sample mixture are separated as they all have di� erent

retention times, so will pass through the column at di � erent rates. Once

the compounds are separated they can pass through to the �ame ionisation

detector, where the amount of individual compounds is quanti�ed. Flame

ionisation detection uses a �ame to ionise sample compounds, which are

then detected using an electrode. The count of the generated ions is propor-

tional to the concentration of the species sampled from the ambient air [100] .

Measurements made by the AURN are useful, however they are limited in

their spatial resolution (as shown in Figure 1.2) and also in their temporal

resolution. AURN measurements of air pollutants are often reported hourly

and therefore the temporal variation of pollutants cannot be fully captured

by current monitoring in the UK.

Furthermore, in developing and low-income countries, the measurement

of air pollutants is less common due to technological and economical barriers.

For example, Martin et al. [101] reported that global PM 2.5 measurements are
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so poor that it is di � cult to determine which city in the world su � ers from

the highest concentrations of PM 2.5. Only 24 out of 234 countries in the world

have more than 3 monitors per 1 million inhabitants and 141 countries have

no regular PM 2.5 monitoring at all [101] . Areas in the world that have poor air

pollution measurements are likely to be the same areas that su� er from the

heaviest health burden as a result of air pollution. Gaps in the measurement

of air pollution are often �lled in with satellite measurements and modelling.

However there is still a need for better ground measurements and the new

measurement techniques presented in this thesis are able to provide useful

information on a variety of air pollutants and emission sources.

1.4.2 Mobile measurements in urban areas

As mentioned above, the current understanding of urban air pollution relies

mostly on hourly or daily measurements of a limited amount of atmospheric

pollutants recorded at stationary monitoring sites. These measurements

are unable to represent relative contributions of di � erent source types and

complex temporal and spatial variations of pollutants. Therefore, there is

a need for measurement methods that are able to provide new information

on emission types and sources, particularly in urban areas. A measurement

method which has been developed is mobile measurements. This approach

involves equipping a moving vehicle, typically a van or a car, with fast

response instrumentation for measurements of air pollutants. Mobile air

pollutant measurements are performed by driving the equipped vehicle

around a particular target measurement area, which could be a point source

of interest or a variety of possible emission sources in urban areas. Mobile

laboratories have been used in many studies for high temporal measure-

ments at �ne spatial scales of a variety of air pollutants, including gaseous

pollutants [102–108] and particles [102,103,105,109–111].

In recent years, mobile laboratories have been equipped with instruments
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to allow for mobile measurements of VOCs. VOCs in urban areas are emitted

from a wide range of sources, as discussed in subsection 1.2.1. The measure-

ment instruments that are used in mobile laboratories for quanti�cation of

VOCs are mass spectrometers, as will be discussed below. Mass spectrometry

is explained in detail elsewhere [112,113], but a brief description of the prin-

ciples will be included here. Mass spectrometers are analytical instruments

used to quantify compounds in a sample mixture. Firstly, analyte compounds

are converted into gaseous ions through reaction with reagent ions generated

from an ion source within the instrument. The ions are separated in the mass

spectrometer according to their mass-to-charge ratio (m/z) and the number

of product and reagent ions are measured. The ratio between the product

and reagent ions can be used to calculate the amount of the analyte com-

pounds in the sample mixture. The main components of mass spectrometers

are an ion source, a mass analyser and a detector.

Studies utilising real-time mass spectrometry in a mobile laboratory use

Proton Transfer Reaction Mass Spectrometers (PTR-MS). PTR-MS instru-

ments use the hydronium ion (H 3O+) as the reagent ion. Early on-road meas-

urements of VOCs using PTR-MS in a mobile laboratory were carried out by

the Aerodyne Research Institute in vehicle plume chase experiments [114,115].

More recent measurements carried out by Aerodyne have focused on spatial

mapping of petrochemical emissions [116,117]. VOC emissions from the oil

and gas industry, such as benzene, toluene and other aromatics have also

been investigated using PTR-MS in a mobile laboratory [118] . More recent

studies by the NOAA Chemical Science Laboratory research group have

used Proton Transfer Reaction Time-of-Flight Mass Spectrometers (PTR-

TOF) in mobile laboratories to measure VOCs in urban areas in the US. A

PTR-TOF can detect and resolve product ions at much higher mass resolu-

tion. Measurements by the NOAA group revealed a variety of VOC emission

sources, including VCPs[119–123], livestock farming [124] and residential and

crop residue burning [125] .
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1.5 Vehicle emission legislation and

measurements

1.5.1 Background of road vehicle emissions

Road vehicles have played an important role in the development of modern

societies, enabling the movement of people and goods. However, they have

also been of historical importance to the deterioration of air quality through

emissions of air pollutants.

Road vehicles are mostly powered by internal combustion engines fuelled

by hydrocarbon-based fuels, such as gasoline (petrol), diesel or natural gas.

Combustion is a chemical process of releasing energy from a fuel and air

mixture and internal combustion engines operate on this principle. Air is

drawn into a �xed cylinder, where it is compressed with fuel and the mixture

is ignited. The expanding combustion gases push a piston, which rotates

the crankshaft and induces motion in the vehicle. Gases produced from

combustion are driven out of the engine through the exhaust (tailpipe) and

into the atmosphere- these are exhaust emissions from a road vehicle.

Exhaust emissions from road vehicles include a variety of air pollutants:

CO2, CO, PM, VOCs and NOx. CO2 is an important GHG as it has the largest

positive RF value and therefore contributes the largest amount towards

climate change and global warming. CO 2 is emitted from road vehicles

as a by-product of complete combustion (su � cient O2) of fuel and road

transport is the largest emitting sector in the UK, accounting for 24% of

the UK's total CO 2 emissions in 2020[126] . CO is a poisonous gas and also

plays an important role in O 3 formation (Equation 1.15) and it is produced

when incomplete combustion of fuels occur (insu � cient oxygen)[127] . As

mentioned previously, PM has detrimental health and environmental e � ects.

The contribution of emissions from road vehicles to PM has been declining

due to advances in technologies aimed at reducing air pollutant emissions
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from vehicle exhausts. However, they remain an important source of PM,

particularly in urban areas with high vehicle usage. An important component

of PM directly emitted from vehicles is black carbon, which can contribute

towards health e� ects of PM and to global warming and it is formed during

incomplete combustion [128] , similar to CO.

Combustion engine road vehicles are mostly fuelled by either gasoline

or diesel. Both fuels are composed of mixtures of hydrocarbons and both

are obtained from the re�ning and processing of crude oil. Gasoline is

more volatile and consists of shorter-chain (5-12 carbon atoms) and aromatic

hydrocarbons, whereas diesel is less volatile and consists of longer-chain

hydrocarbons (10-21 carbon atoms)[129] . The di� erent fuels are used along-

side di� erent engines in road vehicles. The engines used in gasoline-fuelled

vehicles are spark ignition engines. In spark ignition engines, gasoline is

mixed with air, compressed and ignited using a spark plug, with the amount

of air throttled to control the fuel to air ratio. The engines used in diesel-

fuelled vehicles are compression ignition engines. In compression engines,

diesel is injected into already compressed non-throttled air, the heat of which

causes it to spontaneously ignite. Diesel engines are considered more e� -

cient as they produce a higher amount of power and are therefore used in

heavier vehicles such as vans, heavy goods vehicles (HGVs) and agricultural

equipment. Gasoline engines are typically used in lighter vehicles, such as

passenger cars and motorcycles. However, in the UK and Europe there are

many diesel passenger cars as a result of diesel vehicles being encouraged

by European governments (through monetary incentives, e.g. road tax) in

an attempt to mitigate climate change e � ects, as diesel vehicles emit lower

amounts of CO2
[130] . However, the increase in diesel vehicles resulted in the

exacerbation of air pollution problems due to higher emissions of NO x and

PM.

Diesel engines operate at higher temperatures and pressures compared

to gasoline engines and also run lean, with an excess of air. Due to higher
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temperatures and excess air during combustion, diesel engines emit higher

amounts of NO x
[131] and diesel vehicles can dominate NOx emissions in

urban areas[132] . PM emissions from diesel engines are considerably higher

(6-10 times) than from gasoline engines [133] . As diesel fuel is injected into

the engine, it is not completely mixed with air and therefore incomplete

combustion can occur, resulting in the formation of black carbon [134] .

Another important class of air pollutants emitted from road vehicles are

VOCs, which play an important role in O 3 and SOA formation. A variety of

VOCs are emitted from vehicles as unburnt/partially burnt fuel, combustion

products or evaporative emissions (from the fuel tank). Whilst improvements

in reduction technologies of vehicles have succeeded in reducing emissions

of VOCs from vehicles, there is a lack of real world VOC measurements from

individual vehicles. Therefore it is di � cult to determine whether vehicles

are signi�cant contributors to VOC emissions and also to identify possible

high VOC emitting vehicle and fuel types.

1.5.2 Vehicle emission legislation and reduction

technologies

There is a vast amount of evidence that road vehicles contribute signi�cantly

to poor air quality, particularly in urban areas where there is a concentrated

number of vehicles [135,136]. Therefore, speci�c legislation related to the

regulation of air pollutant emissions from road vehicles has been introduced

to reduce the role vehicle emissions play in contributing to poor air quality.

Since 1992, all new road vehicles in the UK and Europe must meet

European “Euro” emission standards. Euro standards are set by the European

Union and they are a set of regulations which de�ne limits on the acceptable

amount of exhaust emissions from vehicles. The aim of the standards is

to reduce the emissions of CO, NOx, HCs and PM. The emission standards

are updated every few years and with a new Euro class, the emission limits
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tend to become more stringent. Details of Euro standards for passenger cars

and motorcycles/mopeds are provided in Appendix B. The next emission

standard to be introduced is Euro class 7, which will become mandatory for

all new passenger cars in July 2025. The proposed limits for Euro 7 could be

expanded to include additional species such as NH3 and formaldehyde [137] .

To combat poor air quality in urban areas many cities have introduced

Low Emission Zones (LEZs), which restrict certain vehicle types based on

their emissions[138] . A LEZ may cover a few roads or a large inner city area

and involves a ban or a charge for certain vehicles, typically older vehicles

that emit high concentrations of air pollutants, whilst newer, less-polluting

vehicles do not have to pay a charge. The aim of LEZs is to discourage

high-polluting vehicles in these areas, resulting in a vehicle �eet with lower

overall emissions and an improvement in air quality. The largest LEZ in the

world is in London, which was �rst introduced in 2008, targeting commercial

vehicles and aiming to reduce PM concentrations. In April 2019, the Ultra

Low Emission Zone (ULEZ) was introduced in central London and was

further expanded across all London boroughs on 29th August 2023 [139] . The

London ULEZ includes a charge for vehicles that do not meet the minimum

emission standards, which are Euro class 4 for petrol vehicles and Euro class

6 for diesel vehicles[139] . An assessment of the London ULEZ in 2023 found

that it had been successful in drastically reducing air pollutant emissions

across London, with emissions of NOx reduced by 23% and emissions of

PM2.5 reduced by 7%[140] .

In order to reduce the emission of air pollutants and to meet the limits

set by Euro emission standards, vehicles are �tted with a range of emission

reduction technologies. The aim of the technologies is to either remove or

convert emissions after production within a vehicle engine, but before they

exit into the atmosphere through the vehicle tailpipe.

The most commonly used reduction technology in gasoline engines is the

three-way catalyst (TWC), which e � ectively became mandatory in 1992 in
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the UK with the introduction of Euro 1 standards. TWCs simultaneously

oxidise CO and HCs to CO2 and water and reduce NOx to N2
[141] . In TWCs,

the promotion of oxidation or reduction is highly dependent on the amount

of oxygen present in the system. In lean conditions (excess air), the oxidation

of CO and HCs is enhanced and the reduction of NO x is poor. The reverse is

true when the TWC is operating under rich conditions (low air), the reduction

of NO x is promoted and the oxidation of CO and HCs is low [142] . TWCs

operate e� ciently in a narrow air to fuel ratio window and therefore, TWCs

are not used in diesel vehicles which operate in lean conditions.

Despite the e� ective implementation of the TWC in gasoline vehicles

to reduce CO, HCs and NOx, TWCs can form NH 3 as an unwanted by-

product [143,144]. NH3 can be produced during the reduction of NO x, when

the reduction does not stop at N 2 but continues to NH 3
[145] . NH3 contributes

signi�cantly to the formation of PM 2.5
[41] , which has important adverse

health and environmental e � ects (subsection 1.2.1). NH3 also plays an

important role in nitrogen deposition to ecosystems [146] , causing detrimental

ecosystem problems such as eutrophication and reductions in plant diversity.

The control of emissions from diesel engines has proved more di � cult

than gasoline engines. An early technology used to control NO x emissions

from diesel engines was exhaust gas recirculation (EGR). EGR reintroduces

part of the cooled engine exhaust back into the combustion chamber, which

reduces the oxygen concentration, slows the combustion process and de-

creases the temperature, therefore reducing NOx formation [147] . Another

diesel emission control technology introduced in the mid-2000s was the

diesel oxidation catalyst (DOC). DOCs oxidise CO, HCs and other VOCs to

CO2 and water, whilst also oxidising NO to NO 2
[141] . Therefore, DOCs do

not reduce overall NO x emissions and can increase the proportion of NO2 in

NOx emissions, which is considered to be the more harmful component.

However, the use of DOCs with other diesel emission control technologies

can improve their e � ciencies. Optimising the ratio of NO to NO 2 using a
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DOC supports the performance of selective catalytic reduction (SCR) sys-

tems and promotes passive regeneration of diesel particulate �lters (DPFs),

which are positioned downstream of the DOC [148] . SCR is an after-treatment

reduction technology which was introduced to reduce NO x emissions. SCR

systems reduce NO and NO2 to N2 using urea as a reductant[149] . During the

injection of urea, NH 3 is produced and this can lead to excess NH3 emissions,

commonly termed as an "ammonia slip" [145] . As mentioned above NH3 has

important atmospheric and wider environmental impacts, therefore emis-

sion limits for NH 3 have been proposed for the upcoming Euro 7 emission

standard. DPFs were introduced to reduce PM emissions and to meet the

PM emission standards. A DPF is a structure through which the exhaust

gas travels and to which PM adsorbs. As PM is trapped on the �lter, DPFs

have to be regenerated, which happens by burning o� of the particulates [150] .

Regeneration can occur when the exhaust reaches high temperatures (motor-

way driving) or using an active regeneration system which forces an increase

in exhaust temperature when the DPF reaches a certain capacity.

The emission control systems discussed above are commonly used in

passenger cars. It is worth commenting on the emission control systems

present on motorcycles and mopeds as they are an important vehicle type

in this work. The majority of motorcycles and mopeds are gasoline vehicles

and are therefore �tted with a TWC [151] .

1.5.3 Vehicle emission measurement techniques

To test the compliance with emission standards, vehicles undergo laborat-

ory tests on chassis dynamometers. Chassis dynamometers are often called

“rolling roads" and are designed to simulate driving in a controlled environ-

ment. Vehicles undertake �xed drive cycles which should generate repeat-

able emission measurements and simulate real driving conditions. Whilst

vehicles are driving on the rolling roads, the exhaust gas is output to gas
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analysers for emission measurements of the target air pollutants. Chassis

dynamometer tests are limited as the tests are time consuming, meaning that

a limited number of vehicles can be measured. Furthermore, the "Dieselgate"

scandal highlighted discrepancies between laboratory and real-world vehicle

emission measurements of NOx. The Dieselgate scandal is related to the use

of a "defeat device" by vehicle manufacturers. A defeat device detects when

a car is undergoing an emissions test and optimises the engine performance

to minimise air pollutant emissions to meet stringent emissions regulations

during tests [152] .

As di � erences between laboratory and real world emissions measure-

ments became apparent, the real driving emissions (RDE) test was intro-

duced. The real driving emissions tests uses a Portable Emissions Meas-

urement System (PEMS) and is used to complement in-laboratory chassis

dynamometer tests[153] . PEMS is attached to the tailpipe of a test vehicle and

emissions are sampled and analysed as the vehicle is driven. This provides

emissions information of a speci�c vehicle over a period of time and a range

of driving conditions. However, it is time consuming and expensive to obtain

useful emissions information from a large number of vehicles using PEMS,

as only one vehicle can be sampled at a time. Furthermore, whilst PEMS

is less susceptible to cheating than in-laboratory tests, it is still possible

that vehicles can detect when they are being tested by PEMS and react by

changing engine calibration and emission controls [154] , resulting in distorted

emissions measurements.

Other measurement techniques can also address discrepancies between

laboratory and real world vehicle emissions by providing non-intrusive emis-

sion measurements under real driving conditions. One of these measure-

ments techniques is cross-road remote sensing. The principles of operation

of remote sensing have been described in detail elsewhere[155–157], but a

brief overview is provided here. Remote sensing is a non-obtrusive, kerbside

method for measuring real-world vehicle emissions. As a vehicle drives
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through the remote sensing setup, each individual module of the remote

sensing device simultaneously activates. These are an ultraviolet/infrared

(UV/IR) source and detector to measure exhaust emissions, optical speed-

acceleration bars to capture instantaneous driving conditions, a camera to

photograph number plates, and sensors to record ambient conditions such

as temperature, pressure and relative humidity.

Positioned on the kerbside is the UV/IR detector and the detecting speed

bar, with the light source and emitting speed bar positioned directly op-

posite across a single lane carriageway. Pollutants in the exhaust plumes of

passing vehicles interact with the collinear beam of non-dispersive IR and

dispersive UV light produced by the source, permitting the measurement

of CO, CO2, hydrocarbons (HC), SO2, NH3, NO, NO2 and a background

reference. Based on the blocking and unblocking of the two parallel lasers,

the speed bars allow for the speed and acceleration of the vehicle to be

calculated. Number plate photographs are cross referenced with vehicle

databases to obtain further vehicle technical information. Large samples of

snapshot emission measurements (typically 0.5 s) can be collected in a short

period of time and aggregated to generate emissions information for di � erent

vehicle characteristic groups such as vehicle type, fuel type or manufacturer.

Remote sensing has been used for a variety of applications, including emis-

sion factor veri�cation [143,144,158] and the surveillance of vehicle emission

trends[4,159–162].

Whilst remote sensing is a useful measurement technique, it is limited in

the type of pollutants that can be measured or the driving conditions that

can be sampled. Other real world vehicle emission measurement techniques

include tunnel measurements, plume chase and point sampling. Tunnel

measurements involve the measurement of pollutant concentrations at the

tunnel's entrance and exit and the measurement of the number of vehicles

passing through the tunnel. Average emission factors of vehicle �eets can be

estimated using the di � erence in pollutant concentrations [163] .
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Plume chase and point sampling allow for real world emissions meas-

urements of individual vehicles. Plume chase uses a vehicle equipped with

fast-response instrumentation to follow a vehicle of interest and measure the

emissions within its dispersing plume [164,165]. A speci�c vehicle can be mon-

itored over several minutes to obtain detailed emissions information over

a range of driving conditions. The point sampling measurement technique

involves the use of fast-response air quality instruments positioned at the

side of the road to perform extractive sampling of pollutants from individual

dispersing vehicle exhaust plumes [166–168]. Similar to remote sensing, the

point sampling measurements are performed alongside a vehicle number

plate camera, which is used to obtain vehicle characteristics for each passing

vehicle. Furthermore, the point sampling measurement technique can be

used to obtain a vast amount of emissions information from a wide variety of

vehicles within a relatively small time period. All of these approaches o � er

the potential to broaden the suite of pollutants that can be monitored, as

theoretically any species can be measured, provided the accuracy and time

resolution of the measurement is su� cient.

1.6 Thesis outline

The overall aim of this thesis is to develop new measurement and data

analysis techniques to obtain useful information on air pollutant emission

sources in urban areas. The measurement techniques used in this study

include vehicle point sampling and repeat mobile measurements in urban

areas. The work focuses on emission sources of NOx and VOCs, with a

particular focus on vehicular emissions.

Chapter 2 presents an overview of the mobile laboratory and the instru-

mentation used for high temporal and spatial measurements of air pollutants.

The operation and calibration of a selected-ion �ow-tube mass spectrometer

(SIFT-MS) are discussed in detail. Details of the mobile measurement and
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point sampling campaigns carried out in York, Manchester and Milan are

also included.

Chapter 3 presents the development of analysis methods for point sampling

and mobile measurement data sets, which can be complex. The point

sampling analysis method ensures the alignment of pollutant species as-

sociated with passing vehicles and extraction of combustion-related plumes,

before the calculation of emission ratios of NO x and VOCs from individual

vehicles. The mobile measurement analysis method uses a distance-weighted

regression approach, which overcomes arbitrary splitting of road segments

and can be used to reveal spatial patterns of air pollutants or emission

sources. A rolling-regression analysis approach is also presented which

allows for the extraction of combustion-related emissions from mobile

measurements, which can then be compared to point measurements. The

chapter also includes a discussion of the importance of di � erent regression

approaches for the calculation of emission ratios.

Chapter 4 presents results from the point sampling measurements carried

out in Milan, Italy. The chapter uses the analysis methods outlined in

Chapter 3 to extract combustion-related emissions of NO x and VOCs from

individual vehicles. The results are then grouped by vehicle characteristics,

including vehicle type, fuel type and euro class to identify vehicles that

could play an important role in the emissions of NO x and VOCs. The results

are compared to corresponding results from remote sensing to assess the

agreement between the two measurement methods.

Chapter 5 presents results from mobile measurements made in York,

Manchester and Milan. The mobile measurement data sets are analysed using

the analysis methods outlined in Chapter 3 to reveal the spatial distribution

of air pollutants and possible emission sources. The chapter also presents

the comparison between point and mobile measurements made in Italy and

aims to determine the spatial contribution of vehicle-related emissions of air

pollutants. A new application of mobile measurements is developed where
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the temperature dependence of air pollutant emissions is explored using

measurements made during di � erent seasons in Manchester. The results

from mobile measurements made in Milan and Manchester are compared

to investigate di � erences in emission sources and intensities in the two

measurement locations.

Chapter 6 provides a summary of the work and discusses potential future

directions for this research.
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Experimental methods: Mobile

laboratory, instrumentation and

measurement campaigns

2.1 Abstract

Over the last two decades, the importance of emission source types of air

pollutants in urban areas has undergone signi�cant change. Understand-

ing the role played by di � erent source sectors is important if e � ective air

pollution control is to be achieved. Currently, atmospheric measurements

in the UK are made at �xed monitoring sites, which do not represent the

spatial and temporal variation of pollutants. Furthermore, the variety of

species measured at UK monitoring sites is often limited and the overwhelm-

ing majority of sites do not measure VOCs. Recent technological advances

have resulted in declining VOC emissions from vehicles, however it is still

di � cult to determine the contribution of vehicles to total VOC emissions

due to limited measurements of vehicle-related VOC emissions in real-world

conditions. This chapter will describe the application of a mobile laboratory
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using a Selected-Ion Flow-Tube mass spectrometer (SIFT-MS) and other trace

gas instrumentation to provide on-road, high temporal and spatial resolution

measurements of multiple VOCs, CO 2, NOx and other trace gases.

2.2 Introduction

As discussed in Chapter 1 mobile measurements and vehicle point sampling

are new measurement methods which can be used to provide further informa-

tion about air pollutant emission sources. In recent years, mobile laboratories

have been developed and used for high spatial and temporal measurements

of gaseous pollutants and particles [102,103,105–107,169–172]. These studies high-

light the use of mobile laboratories for spatial mapping of air pollutants

and also emission source identi�cation and quanti�cation. However these

studies tend to focus on the measurement of common pollutants (CO 2, NOx

and CH4), which typically represent speci�c emission source types in urban

areas, such as road transport or gas leakages.

VOCs in urban areas are emitted from a complex range of sources and

knowledge on their emission sources is limited. In order to both identify

and characterise VOC emission sources, their spatial distribution in urban

areas has to better resolved. To achieve this, recent work has involved the

incorporation of real-time mass spectrometers into mobile laboratories for

direct measurement of VOC species at high spatial resolution. Previous

studies involving mobile measurements using mass spectrometry have used

a Proton-Transfer-Reaction Mass Spectrometer (PTR-MS) to map the spatial

distribution of VOCs [116–118]. PTR-MS is a mass spectrometry technique

which consists of an ion source that is directly connected to a drift tube

and a mass analysing system, which either consists of a quadrupole or time-

of-�ight mass analyser (TOF). Standard PTR-MS instruments are a Proton

Transfer Reaction Quadrupole Mass Spectrometer (PTR-QMS), which can

detect and resolve product ion masses at single unit mass resolution. Mobile
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measurements carried out using PTR-MS have been used for mapping and

hot spot detection of air pollutants in urban areas [117] and to investigate

speci�c emission sources, including petrochemical emissions [116] and the oil

and gas industry [118] .

More recent studies use a Proton Transfer Reaction Time-of-Flight Mass

Spectrometers (PTR-TOF) in mobile laboratories to measure VOCs. A PTR-

TOF can detect VOCs at concentrations as low as a few parts per trillion

(ppt) and at high mass resolutions (greater than 4000 m/ � m)[173] . Previ-

ous mobile measurements carried out using PTR-ToF-MS have been used to

reveal important emission sources of VOCs in urban areas. Many studies

have revealed the importance of VCPs as a major source of petrochemical

VOC emissions in US cities. Some studies have analysed temporal patterns

of mobile measurements to determine VOC emission events related spe-

ci�cally to VCP usage and to identify tracer compounds for di � erent VCP

categories[119,120,123]. Other studies have concluded that VOC emissions

from VCP usage are as important as VOC emissions from fossil fuels [119,174]

and Gkatzelis et al. [121] concluded that VOC emissions from VCP usage

in some US cities account for the highest fraction of urban VOC emissions.

Mobile VOC measurement studies have highlighted other important VOC

emission sources, including farming [124] , biomass burning [125] and other

industrial facilities [175] , however these emission sources are less important

in urban areas. These studies exhibit the potential of mass spectrometry in a

mobile laboratory to distinguish and examine varying emission sources of

VOCs in urban areas.

Roadside vehicle point sampling is a new measurement technique for

quantifying vehicle emissions and involves high temporal sampling from dis-

persing vehicle exhaust plumes. The point sampling method has been used to

determine emissions of particles and gases from on-road vehicles[166–168,176,177]

and more recently the method has been used alongside mass spectrometry

for measurement of organic and inorganic gases from heavy-duty trucks [178] .
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Whilst these measurements highlight the success of the measurement method,

they are typically carried out in fairly controlled conditions with limited

in�uence from other road vehicles or emission sources, and tend to focus

on larger vehicle types, such as buses and trucks. Therefore, there is a need

for sampling of individual vehicles in real-world conditions to determine

detailed information from a variety of vehicle types. Furthermore, many

existing studies focus on measurements of common pollutants, such as CO2

and NOx, and real-world measurements of VOC emissions from individual

vehicles is limited. Additional measurements of VOCs directly from vehicle

exhausts are needed to determine the importance of vehicles as a source of

VOC emissions in urban areas.

The work described here di � ers from previous studies by using a Selected-

Ion Flow-Tube Mass Spectrometer (SIFT-MS) to target selected VOCs, which

has some important advantages when compared to other types of mass spec-

trometry. The Voice200 ultra SIFT-MS (used in this study) provides easy to

use software and is therefore suitable for a wide range of users, compared to

other mass spectrometers which can require considerable expertise. There-

fore the method described in this chapter could be used by non-research

organisations, such as regulators or governments. Another di � erence is that

SIFT-MS uses multiple reagent ions, which can be switched in real-time

(discussed in Section 2.4). Some PTR-TOF instruments also utilise selective

reagent ionisation, with the use of multiple reagent ions, but these have re-

agent ion switching times typically in the order of tens of seconds compared

to SIFT-MS switching times of milliseconds. The use of multiple reagent

ions also allows for measurement of a wider range of species and separation

of isomeric compounds [179] . Lehnert et al. [179] concluded that SIFT-MS is

sensitive enough to perform trace gas measurements in ambient air and it

also performs well when analysing complex mixtures at varying humidities.

A limitation of SIFT-MS when compared to PTR-TOF is that it cannot

measure as many compounds in the same time resolution as it utilises a
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quadrupole mass analyser. A PTR-TOF can potentially measure hundreds

of VOCs every second, but SIFT-MS can be used with careful selection of

compounds, which ensures that target emission sources can be investigated

at an appropriate time resolution. Previous studies have utilised multiple

reagent ions for measurements of VOCs and trace gases across a wide range

of applications such as breath analysis[180,181], analysis of emissions from

consumer products[182,183] and measurements of ambient air quality [184,185].

These studies present successful measurements of a wide range of VOCs and

atmospheric trace gases, showing that SIFT-MS is suitable for measurements

in urban areas.

This chapter will describe a mobile laboratory equipped with SIFT-MS

and other trace gas instrumentation to provide high spatial and temporal

resolution measurements of multiple air pollutants. The chapter includes

a detailed description of the SIFT-MS instrument, which was used for the

measurement of multiple VOCs, and details on its performance in the mobile

laboratory. The chapter also describes details of the mobile measurement

campaigns that took place in York, Manchester and Milan and the vehicle

point sampling measurements that were carried out in Milan.

2.3 Mobile laboratory set-up

Figure 2.1 shows the platform used for trace gas measurements- the WACL

Air Sampling Platform (WASP). The WASP is a Nissan NV400SE L3H2

van with interior dimensions of length 3450 mm, width 1650 mm, height

1750 mm and a payload of 1000 kg. In the rear of the van, the walls and �oor

are overlaid with 50 mm of insulation and there is an air conditioning system,

which can be controlled from the driver cab and maintains a constant temper-

ature, overcoming any instrumental heating. Aircraft-style L-tracks are built

into the �ooring and the ceiling of the rear of the van, which allow for the

SIFT-MS instrument and the instrument rack to be secured. The instrument
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Figure 2.1: A graphic of the WACL Air Sampling Platform (WASP) and trace

gas measurement instrumentation.

rack holds the computer system and other trace gas instrumentation (shown

in Figure 2.1). Detailed information of air pollutant measurement instru-

ments, including time resolution and targeted measurement compounds is

shown in Table 2.1.

The power in the van is supplied by two 12VDC 230Ah batteries that are

charged whilst driving by a 240VAC inverter or by an external mains power

port when stationary. The total battery life when powering the instruments

and air conditioning is approximately 3 hours whilst driving. Air is sampled

from a front-facing inlet constructed from 6 m of PTFE tubing with an

outside diameter of 12.5 mm (1/2 inch). During mobile measurements,

the sample line is located 2.25 m above the ground, at windscreen height

of the WASP, this minimised sampling of vehicle exhaust emissions in the

nearby vicinity when making on-road measurements to allow for a variety of

emission sources to be sampled. Furthermore, the height of the sample line

minimised self-sampling of exhaust emissions from the WASP. Details of the

placement of the sample inlet for point sampling measurements is included

in Section 2.6. Sample air is distributed to the instruments by drawing air

through the inlet at a �ow rate of 40 SLPM using a pump mounted in the rear
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of the van. Real-time location of the WASP is recorded by a Garmin GPS 18x

PC and a measurement of wind speed and direction is made using a Gill 2D

Ultrasonic Wind Sensor, both of which are �tted on the roof of the WASP at

a height of 2.5 m. Data outputs of the GPS, wind sensor, the O3 analyser and

the UGGA are stored on the computer system and the outputs of the SIFT-MS

and the ICAD are stored in the internal system of the instrument and the

measurements from all of the instruments can be visualised in real-time.

It is worth noting that the instrument �t in the WASP is �exible and can

be easily altered due to the relatively large size and payload of the WASP.

Further details on air pollutant measurement instrumentation are provided

in Section 2.4 and Section 2.5.

2.4 Selected-Ion Flow-Tube Mass Spectrometer

(SIFT-MS)

2.4.1 Principles of operation

Selected-Ion Flow-Tube Mass Spectrometry (SIFT-MS) is a mass spectrometry

instrument used for direct quanti�cation of VOCs and other trace gases. The

SIFT-MS principles of operation are discussed in detail elsewhere [186,187],

but a brief outline is included here.

The instrument consists of a switchable reagent ion source capable of

rapidly switching between multiple reagent ions: H 3O+, NO+ and O2
+,

which are generated in a microwave plasma ion source, from a mixture of

air and water at a pressure of approximately 440 mTorr. The reagent ions

are extracted into the upstream quadrupole chamber, which is maintained

at a pressure of approximately 5 � 10� 4 Torr using a 70 L s � 1 turbo pump,

and then pass through an array of electrostatic lenses. The reagent ions

then pass through the upstream quadrupole mass �lter and reagent ions not

rejected by the mass �lter are injected into the �ow tube, where they are
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thermalised in a stream of nitrogen. The thermalised reagent ions selectively

ionise target analytes and form product ions. The product ions �ow into the

downstream quadrupole mass �lter and the secondary electron multiplier

detector, where the ions are separated by their mass-to-charge ratios (m/z)

and the ion counts are measured.

The mixing ratios of analyte compounds in the �ow tube are calculated

using the ion-molecule reactions that take place within the SIFT-MS, shown

by Equation 2.1:

[A] = 

[P+]

[R+]tr k
(2.1)

where

• [ A] is the analyte mixing ratio

• 
 is the instrument calibration factor

• [ P+] is the product ion

• [ R+] is the reagent ion

• tr is the reaction time

• k is the rate constant

2.4.2 Voice200 ultra SIFT-MS

A Voice200 ultra SIFT-MS manufactured by Syft Technologies (Christchurch,

New Zealand), was used to quantify VOCs and inorganic gases in this study.

Figure 2.2 shows the SIFT-MS inside the WASP, suspended in a rope-shock

mounted rack, which reduces 3-dimensional vibration that the instrument

may be subjected to during mobile measurements. The SIFT-MS has an

in-house multi-port sample inlet which is capable of autonomously selecting

between sample, zero and calibrant gases using the instrument software

(Labsyft 1.6). The multi-port inlet uses 3 PTFE internally coated solenoid
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valves (12VDC, Gems). The SIFT-MS was operated using a �ow tube pressure

of 460 mTorr, a nitrogen carrier gas (Research grade, BOC) with a �ow rate

of 0.6 Torr L s � 1 and a sample �ow rate of 100 SCCM.

Figure 2.2: The Voice200 ultra SIFT-MS in a rope-shock mounted case with

in-house built multi-port sample inlet (left). The custom built automated

gas calibration unit (AGCU) and heated VOC scrubber (right).

The right hand side of Figure 2.2 shows the custom built automated

gas calibration unit (AGCU) and heated VOC scrubber. The heated VOC

scrubber consists of palladium-coated alumina pellets heated to 380 � C

which produces zero air whilst maintaining the humidity of the sample

gas. The AGCU allows for controlled dilution of a VOC standard (1ppm

certi�ed National Physics Laboratory, UK) in the ppt-ppm range. Mass �ow

controllers (MFCs, Alicat) control the �ow of the diluent zero air and the VOC

standard and a simpli�ed schematic of the internal gas �ows in the AGCU

is shown in Figure 2.3. Automated step-wise changes to the dilution ratios

are made, generating a multi-point calibration curve for routine external

calibration of the SIFT-MS. Further discussion relating to the calibration of
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the SIFT-MS measurement compounds is included in subsection 2.4.3.

Figure 2.3: Schematic of the internal gas �ow paths in the automated gas

calibration unit (AGCU).

The SIFT-MS was operated at a time resolution of 1-2.5 s, depending

on the number of measurement compounds selected. Details of the SIFT-

MS measurements during each measurement campaign, including time

resolution and the target compounds is included in Section 2.6.

2.4.3 Calibration of SIFT-MS

The mixing ratios of all of the SIFT-MS measurement compounds are depend-

ent on the instrument calibration factor (ICF, 
 ) and the compound speci�c

rate constant, as shown in Equation 2.1. The ICF value validates the mass

dependent ion transmission of the instrument and a daily ICF value was

generated using a 2 ppm gas standard, details of the gas standard are shown

in Table A.1. Additionally, a zero o � set was applied to all of the compounds,

which was determined from measurement of zero air for VOCs and from

measurement of a nitrogen blank for other compounds that would not be

removed by the VOC scrubber. In the case of the compounds that would

not be removed by the VOC scrubber, their mixing ratios were determined

directly from the daily ICF.
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The remaining compounds were externally calibrated using the AGCU

and a 1 ppm 14-component VOC gas standard (National Physical Laboratory).

These compounds include: acetone, benzene, butadiene, ethanol, isoprene,

methanol, m-xylene ( C2-alkyl benzenes), toluene and trimethlybenzene

(C3-alkyl benzenes). Figure 2.4 shows the multi-point calibration of these

compounds which was carried out at before and after mobile measurements

(pre- and post-drive). Both pre- and post-drive calibrations were performed

to ensure speci�c VOC compound sensitivities did not change during mobile

operation. The calibrations were performed at VOC mixing ratios of 10, 5, 1

and 0 ppb and each of the mixing ratio steps lasted for 3 minutes. In order

to assess daily both intra- and inter-calibration reproducibility, duplicate

calibration steps were carried out both before and after mobile operation.

Figure 2.4: An example of a multi-point calibration for VOC gas standard

compounds over 10, 5, 1 and 0 ppb performed pre-drive and post-drive.

In general, Figure 2.4 shows good agreement between the left- and right-
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hand steps of the calibrations. The left-hand steps were used to condition

the internal surfaces and SIFT-MS inlet and were not used for calibration of

the measurement data. Compound speci�c calibration curves were obtained

from averaging the last 1.5 minutes of each of the right-hand steps of the post-

drive calibrations- this removed data in�uenced by mixing ratio transitions.

Calibrations were carried out daily and calibration slopes were applied to

the mixing ratio data obtained during mobile measurements. Figure 2.4

also shows good agreement for the majority of the compounds between the

pre- and post-drive calibrations. Larger di � erences in the mixing ratios are

observed for the alcohols, ethanol and methanol, and this may have been due

to changes in ambient temperature, as pre-drive calibrations were performed

in the morning when temperatures were lower. This may have lead to the

alcohols sticking on the sample lines or mixing with condensation in the line

during calibrations.

Figure 2.5 shows the noise in the SIFT-MS measured concentrations for

each of the calibration concentration steps and the associated noise with the

measurements. For the majority of the compounds, the noise for each of

the calibration steps is relatively small, however for the alcohol compounds

(ethanol and methanol) there is a lot more variation. The higher amount of

variation in the calibration of ethanol and methanol is likely due to sticking

of alcohols to the sample lines, as discussed above.

When static measurements were carried out (roadside point sampling

in Milan), calibrations of the SIFT-MS were performed every 2 hrs. The

same multi-step calibrations were performed (10, 5, 1 and 0 ppb) and the

calibration slopes were calculated using the same method (averaging of the

last 1.5 minutes of the right-hand steps).

52



Chapter 2. Experimental methods: Mobile laboratory, instrumentation and
measurement campaigns

Figure 2.5: An example of the concentration for each calibration concentra-

tion step and the corresponding concentration measured by the SIFT-MS for

each calibrated compound.

2.4.4 Data quality assurance

To ensure that VOC mixing ratios measured by the SIFT-MS were independ-

ent of instrumental noise, instrument dark counts using the H 3O+ reagent

ion, (m/z 25) were routinely measured during mobile operation. Figure 2.6

shows an example of measurements of m/z 25 alongside the corresponding

counts of the product ion for benzene (m/z 78) and the benzene mixing ratio

during a 40 minute period of mobile measurements.

Figure 2.6 shows that during mobile measurements, minimal instru-

mental noise of 0 to 40 cps (m/z 25) was recorded. Corresponding increases

in the mixing ratio of benzene and the counts of the benzene product ion

(m/z 78) is also shown in Figure 2.6, therefore displaying that mixing ratio

increases in benzene were due to real increases in ambient concentrations.
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Figure 2.6: An example of measurements of instrument dark counts (m/z 25,

in Hz), the corresponding benzene product ion counts (m/z 78, in Hz) and

the benzene mixing ratio (in ppb) during a 40 minute period of mobile

measurements.

Any periods of elevated instrument noise (m/z 25 >100 cps) were routinely

removed to improve measurement accuracy, these periods may have been

due to extreme vibrations or movement when driving. Further investiga-

tion of vibration and movement e � ects on instrument noise were carried

out by sampling the SIFT-MS instrument on nitrogen only during mobile
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measurements.

Figure 2.7: (a) Counts per second of mass 25 (instrument dark noise) and

(b) mixing ratios of the compounds (in ppb) during a nitrogen-only mobile

SIFT-MS measurement.

Figure 2.7 shows the results of nitrogen-only mobile SIFT-MS measure-

ments and that there were no observed signi�cant changes in instrument

noise and in compound mixing ratios whilst driving. This shows that the

driving motion had a minimal or negligible e � ect on measurement accuracy.
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2.5 Other air pollutant instrumentation

2.5.1 Iterative Cavity Enhanced Di � erential Optical

Absorption Spectroscopy (ICAD)

An Iterative Cavity enhanced Di � erential Optical Absorption Spectrometer

(ICAD), developed by Airyx (Eppelheim, Germany), was used to quantify

NOx (NO2 + NO) and CO2. Detailed information on the iterative cavity-

enhanced di� erential optical absorption spectroscopy approach is provided

in Horbanski et al. [188], but a brief description is included here. The instru-

ment uses optical absorption spectroscopy in the spectral range between 430

to 465 nm to provide a direct measurement of NO 2. In a second optical cavity,

NO is converted to NO 2 by gas phase titration with a NO x-free O3 source,

and a measure of total NOx concentration is obtained. NO concentration is

calculated by subtracting the NO 2 concentration measured in the �rst optical

cavity from the total NO x concentration. The instrument is installed with

an IR sensor for parallel measurements of CO2. The NO2 measurements are

time aligned to the corresponding NO x and CO2 measurements by applying

a constant time o� set of 3 s.

The instrument o � ers 1 second time resolution, sub-ppb precision, and a

fast response time (t90 < 2 s). The ICAD is suitable for �eld measurements

as it is lightweight (< 10 kg), has low power requirements (< 30 W at 12 V),

and is installed in compact, waterproof housing. An algorithm is used to

separate the absorption structure of NO 2 from overlapping absorptions

such as water vapour and glyoxal. The instrument is practical to use for

mobile applications since consumable gases are not required for instrument

operation and it is insensitive to mechanical vibrations and temperature

variations. The ICAD was used at a 1 s time resolution. The precision of the

ICAD over 2 seconds is 1.21 ppm for CO2, 0.33 ppb for NO x, 0.26 ppb for

NO2 and 0.40 ppb for NO. The detection limit of the ICAD over 2 seconds is
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1.82 ppm for CO 2, 0.49 ppb for NO x, 0.39 ppb for NO 2 and 0.60 ppb for NO.

The precision and detection limit of the ICAD was calculated using 2 � and

3� , respectively, of gas canister-only laboratory measurements.

2.5.2 Ultra-portable Greenhouse Gas Analyser (UGGA)

An Ultra-Portable Greenhouse Gas Analyser (UGGA) developed by Los Ga-

tos Research was used to quantify CO2, methane (CH4) and water vapour

(H2O). The UGGA instrument uses o� -axis Integrated-Cavity Output Spec-

troscopy (o� -axis ICOS) to quantify mixing ratios of gaseous species, which

has been described in detail by Gupta [189], but a brief description is in-

cluded here. O� -axis ICOS uses a laser and an optical cavity in an o� -axis

con�guration [190] , which enhances the measured absorption of light by a

sample by creating an e� ective optical path length of several thousands

of meters. The measured absorption spectra is recorded and when this is

combined with the measured gas temperature and pressure in the cell, ef-

fective path length and known line strength, it can be used to determine a

quantitative measurement of mixing ratio.

The UGGA was used at a 1 s time resolution, with a response time of 10

seconds. The precision of the UGGA over 1 second is 2 ppb for CH4 and 500

ppb for CO 2 and the detection limit is 3 ppb for CH 4 and 800 ppb for CO 2.

The precision and detection limit of the UGGA was calculated using 2 � and

3� , respectively, of gas canister only measurements made whilst driving.

2.5.3 Ozone analyser

A model 39i ozone analyser developed by Thermo Scienti�c was used to

quantify O 3. The model 39i uses UV photometry and operates on the prin-

ciple that O 3 absorbs UV light at a wavelength of 245 nm. The degree to

which the UV light is absorbed is directly related to the ozone concentration.

The O3 analyser was used at a 10 s time resolution and has a precision of 1
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ppb (value taken from instrument user manual).

2.6 Measurement campaigns

Measurements used in this work were made using two di � erent measurement

techniques: mobile measurements and vehicle point sampling. A description

of the measurement techniques is included below.

Mobile measurements can be used to increase the knowledge surrounding

the temporal and spatial variation of air pollutants and for determination

of important emission sources in urban areas. For mobile measurements,

measurement routes were designed to capture a variety of possible emission

sources and to also be a reasonable length in order to be repeated multiple

times. It was important that the same measurement route was sampled

multiple times as some sources may not be detected with every passing

due to the sources being intermittent or being a � ected by meteorological

conditions. Compounds of interest measured by the SIFT-MS also had to

be carefully selected in order to help with source apportionment. Some

compounds are emitted as a result of particular sources or relationships

between compounds (such as benzene and toluene) can be indicative of

particular sources. For this study, mobile measurements were carried out in

all 3 measurement locations and the aim was to investigate emission sources

in these areas.

Point sampling is a measurement method used for the determination

of vehicle-speci�c emissions of air pollutants. It involves fast-response

measurements at the roadside as vehicles pass by and this method was carried

out in Milan. The use of the SIFT-MS allowed for measurement of selected-

speciated VOCs, which, to our knowledge, has never been carried out for

on-road, individual vehicle plumes. The SIFT-MS measurement compounds

were carefully selected to ensure high time resolution measurements and the

compounds selected were indicative of vehicle emissions.
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The next sections will discuss each of the measurement campaigns (York,

Manchester and Milan) in detail.

2.6.1 Mobile measurements in York

Figure 2.8: Measurement route sampled by the WASP for mobile measure-

ments around York (© Google). Visualised by the ggmapR package [3].

Mobile measurements were carried out in the summer of 2020 around

the city of York, UK. Figure 2.8 shows the measurement route, which starts

at the University of York and then passes into and around the inner ring

road of the city. York has a population of approximately 200,000 people and

air pollution in the city is thought to be dominated by vehicle emissions,

especially around the inner ring road due to congestion. The measurement

route has a total distance of 15.1 kilometers and it was designed to capture a
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variety of potential emissions sources, such as beauty salons, dry cleaners

and eateries, to determine dominant sources. Measurements were carried

out for a total of 10 days, between the 30th June 2020 and the 23rd July 2020,

during daytime hours (09:00-17:00), weekdays and periods of dry weather.

The aim was to sample the measurement route as many times as possible, in

order to develop the mobile measurement analysis method and to determine

the usefulness of mobile measurements. Therefore, the measurement route

in York was sampled 30 times in total.

It should be noted that during the measurement period the Covid-19

stringency index in the UK was 64.35 (taken from: [191]), indicating re-

duced economic and tra� c activity. The stringency index is a measure based

on indicators relating to Covid-19 restrictions including school closures,

workplace closures and travel bans. The stringency index value is a number

between 1-100, with 100 being the strictest. This could a � ect both the con-

centration and detection of di � erent VOC species due to possible decreased

emissions.

The WASP was used for mobile measurements and it was �tted with the

SIFT-MS, UGGA and O3 instruments. The SIFT-MS was used at a 2.5 s time

resolution. Further details on the SIFT-MS selected compounds for each of

the measurement campaigns is shown in Section 2.7.

2.6.2 Mobile measurements in Manchester

Mobile measurements were carried out in Manchester, UK during the sum-

mer of 2021 (June-July) and the winter of 2022 (January), as part of the

Integrated Research Observation System for Clean Air (OSCA) campaign.

The Covid-19 stringency index in the UK during the summer of 2021 was

51.39 and during winter 2022 was 38.18 (taken from: [191]). Figure 2.9

shows the Tra� ord park measurement route sampled by the WASP. The

measurement route in Manchester has a total distance of 12.4 km and it was
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Figure 2.9: Measurement route sampled by the WASP for mobile measure-

ments around Tra� ord Park, Manchester (© Google). Visualised by the ggmap

R package [3].

designed to target the large industrial area Tra � ord park, which contains

large amounts of industry. Tra � ord park contains around 1,330 businesses

including cleaning products supplier, food manufacturers, car repair centres

and many others. This industrial area was a good contrasting location to

York, which contains very little industry. Summer measurements were car-

ried out for a total of 4 days, between 28th June 2021 and 1st July 2021 and

winter measurements were carried out for a total of 5 days, between 19th

January 2022 and 26th January 2022. Both measurements were carried out

during daytime hours (09:00-17:00) and periods of dry weather. The route
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was driven for a total of 28 times, 12 times during summer 2021 and 15

times during winter 2022.

The WASP was used for mobile measurements and it was �tted with the

SIFT-MS, ICAD, UGGA and O3 instruments. The SIFT-MS was used at a 2 s

time resolution. Further details on the SIFT-MS selected compounds for each

of the measurement campaigns is shown in Section 2.7.

2.6.3 Point sampling and mobile measurements in Milan

A vehicle emission measurement campaign was carried out in Milan, Italy

during September and October 2021, as part of the CARES (City Air Remote

Emission Sensing) project. The CARES project involved multiple other

European universities/institutions and the aim of the project was to test

new methods of direct vehicle exhaust emission measurements. Milan has a

population of approximately 1.4 million people and air pollution in the city

is thought to be dominated by vehicle emissions.

A combination of both point sampling and mobile measurements were

carried out between the 27 th September and 2nd October 2021. The Covid-19

stringency index in the Italy was 56.55 (taken from: [191]). Figure 2.10 shows

the site of the point sampling measurements (Via Madre Cabrini, in red) and

the route driven for the mobile measurements (in blue). The aim of the point

sampling measurements was to test the new method of vehicle emission

measurements and to also investigate if the SIFT-MS could be used to derive

VOC emission ratios from individual vehicles. The aim of the mobile meas-

urements was to investigate the e� ects of di� ering vehicle �eets/emissions

sources (compared to UK measurements in York and Manchester) and to

complement the point sampling measurements. An overview of the point

sampling and mobile measurements will be discussed below.

Point sampling measurements were carried out at Via Madre Cabrini

(shown in Figure 2.10), which was a road located within the low emis-
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Figure 2.10: Map of the roadside site (Via Madre Cabrini, in green) and the

mobile measurement route driven in Milan (in blue) ( © Google). The red

shape represents the boundary of the Area C low emission zone. Visualised

by the ggmapR package [3].

sions zone of Milan. The measurement location was suitable for vehicle

exhaust emission measurements due to vehicles accelerating whilst passing

the sample inlet after turning into the road, therefore producing a plume

large enough for measurements. Figure 2.11 shows the set-up of the WASP

and other measurements during vehicle point sampling in Milan. Other

measurements included an EDAR remote sensing instrument (HEAT), which

works in the same way as a remote sensing detector, measuring CO2, NOx

and total HC. There were also particle measurements (University of Graz),

measurements of CO2 and NOx using an ICAD (Airyx) and an air quality

station (Milan institutions). The sample inlet for the WASP was placed

underneath the HEAT remote sensing equipment, at the height of passing

vehicle exhausts and sample air could then be distributed to the various
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measurement instruments housed in the WASP. Information for passing

vehicles was recorded using an automatic number plate recognition camera

placed on the dashboard of the University of Graz/Airyx van. The camera

photographs vehicle number plates and these can be cross referenced with

vehicle databases, from the Italian Ministry of Transport, to obtain technical

information about the passing vehicles. Vehicle technical information could

then be used to distinguish between di � erent vehicle classi�cations, for

example vehicle type and fuel type).

A total of 108 hours of point sampling measurements were conducted

(~4.5 days), between 27th September and 2nd October. The point sampling

data collection was paused between approximately 09:00 and 16:00 local time

on 30th September and 1st October to conduct the mobile measurements.

Figure 2.11: Set-up of the vehicle point sampling measurements in Milan.

Mobile measurements were carried out on the 30 th September and the

1st October 2021 during daytime hours (09:00-15:00). The measurement

route is shown in Figure 2.10 and the total distance is 13.2 km, covering a

variety of areas of Milan- including inside and outside of the low emissions

zone and inside and outside of the city centre. There are a series of ring
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