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Abstract:

Air quality modelling can be used to complement monitoring networks and to obtain
information at lower cost. A primary advantage of modelling is that it can be used for the
prediction of future air quality, which often forms an important part of Environmental Impact
Assessment (EIA) studies. The research described in this thesis represents an in - depth
atmospheric dispersion modelling study carried out at highway and street canyon locations in
the Dublin area for the pollutants CO, NOy and NO,.

In this context, appropriate dispersion models GFLSM and CALINE4 for highways and
STREET and OSPM models were studied and validated for local conditions.

Three separate cases were studied for the highway modelling problem. The DMRB model,
which is a screening model was first applied at the M4 (Leixlip) study site and modelling
analysis was carried out using a more up to date version of the DMRB model (version 1.02,
2003) and compared to those modelling results previously presented by Budd (2004). Two
Gaussian based dispersion models CALINE4 and GFLSM model were also evaluated at this
site, with an emphasis on temporal variation of concentrations over the 12 month study period.
The pollutants studied were CO and NOy. A constant background value was selected while
modelling CO concentrations and it was observed that the performances of the GFLSM and
CALINE4 models were very similar to each other and that the GFLSM model is a suitable
alternative to the CALINE4. Analysis was carried out using both composite and hourly
Emission factors, but there was no significant difference in either of the modelling results
obtained. A detailed study of background concentration assumptions was carried out for NO,
wherein the modelled NOy concentrations obtained using GFLSM and CEF were combined
with different background concentrations and compared with monitored data. A new method
of classifying the background concentrations as per stability class and diurnal variation was

proposed and validated at the end of the study.
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The second study was carried out at the M50 motorway. The major objective of this study was
to assess the ability of modelling to capture spatial variation in hydrocarbon concentrations at
the study site. To this end, receptors were placed at either side of the road at 25m, 120m and
240m and ‘background corrected’ concentrations were recorded. The hydrocarbons were
predicted using the GFLSM model and compared to those previously obtained with CALINE4
by O’Donoghue (2005). It was observed that the model performances decreased with receptor
distance from the roadside, though the performances of both models at 240m were very
similar. Both models effectively represented spatial variation observed in the monitored data.
The third study on highway modelling assessment was carried out at Monasterevin town. The
major aim of the study was to predict the change in air quality due to the opening of a new
bypass. Monitored data (before and after) showed that a significant change in the air quality
occurred due to the opening of the bypass. Modelled data obtained using the GFLSM model
also showed the same trend, though the model evaluation parameters indicated poor model
performance. The model performed best for the after case scenario.

Street canyon modelling techniques are very different from those used for highway modelling
system as it involves a recirculation component that is missing in highway modelling systems.
Special models are used for this case. In this study the STREET and OSPM models, both
semi- empirical in nature were evaluated and validated at Pearse Street, Dublin for CO and
NOy. The detailed modelling study carried out showed that the OSPM was better at modelling
the CO and NOjy concentrations than the STREET model, although the STREET model given
its very basic nature was also reasonably accurate. Hourly background concentrations obtained
from an urban background source were utilised in the study. A study on the background
concentration assumptions for NO,, similar to that mentioned earlier was followed and similar
conclusions were drawn using both models. Model predictions were calculated using CEFs

and HEFs and no significant changes in modelling results were observed.
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One of the major reasons for monitoring or predicting NOy concentrations in urban areas is to
determine the ambient NO, concentrations for comparison with limit values. Standard
methods like that of Stedman and Wilson and Laxen methods are readily available. The
standard methods were modified as per local conditions and compared with the original
methods. A new method i.e., the power method was proposed in this context, and improved
model evaluation parameters achieved. Modelled NOy concentrations obtained using STREET
and OSPM with CEFs and HEFs were also assessed for calculating NO, concentrations. These
modelled NO; concentrations were then compared against monitored data and it was observed
that the power method offered the best representation of the conversion rate at the Pearse
Street study site. This was also observed at the M4 highway study site. One of the significant
drawbacks of Gaussian based highway models is their inability to predict concentrations under
parallel wind conditions. A new model, viz, a hybrid model is proposed in this context. Two
gaussian based models, the GFLSM and the IITLS models are combined together to give a
better predicting capabilities under parallel wind conditions. It was observed that the hybrid
model performed better than the GFLSM stand alone model for predicting concentrations

under parallel wind conditions.
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Chapter 1 Introduction

This chapter sets the background in which this work is relevant (Section 1.1), outlines the
objectives proposed (Section 1.2), the research methodology (Section 1.3) and the structure of
the thesis.

1.1 Background

Air is one of the most essential components of life. It is humanly impossible to choose the air
we breathe. Hence it is of utmost importance that the air we breathe is protected and
maintained. The atmosphere of the world’s cities has been affected by air pollution, thereby
degrading air quality and this is one of the most pressing environmental concerns of our time.
The concern of degrading air quality in cities is well documented; however changes have

occurred regarding the type and nature of air pollution over the years.

In the past, the major sources of air pollution were from domestic and the industrial sources
and the pollutants of concern were smoke, SO, and TSP. Over a number of years, legislation
and control have led to a marked decrease in the air pollution impacts of industries in many
developed countries. However, there has also been a substantial increase in urban air pollution
from motor vehicles due to increased demand to meet transportation needs (Nagendra and
Khare, 2002). The pollutants of major concern nowadays are NO,, PM,o, PM; 5, CO and VOC
(WHO, 1992). Traffic also emits green house gases like CO, and CHy4. A report on Ireland’s
environment (EPA, 2000) mentioned that ‘Road traffic has replaced stationery combustion
sources as the greatest threat’ to air quality in Ireland. The report also concluded that, ‘it is
clear from the limited monitoring for nitrogen dioxide and fine particulate matter that meeting
future EU limits for these pollutants will present a difficult challenge’.

Pollutant emission has a varied effect on the environment including degradation of buildings

and health effects. The final impact is also an amalgamation of the effects of several individual |
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pollutants. An air quality analysis can be carried out in two methods. The more detailed one
would involve large scale monitoring approaches at varied sites and for long durations. One of
the significant drawbacks of this approach is the cost involved, both initial and recurrent.
Another drawback of this method is that it does not aid in future prediction an evaluate
abatement strategies. The second option involves the development of an air quality model.
Modelling of air quality can be used in tandem with monitoring for the estimation of air
quality and can also be used for future forecasts and hence is generaliy employed for

Environmental Impact Assessment (EIA) studies.

Air quality modelling for mobile sources is complex in nature and involves generally a
combination of different types of models (FHA, 2000). In a broad sense three different types
of model are required for performing a complete air quality analysis. The first involves
estimation of traffic activity and fleet composition and is generally computed using a traffic
model. Localised traffic monitoring data where the model is to be used is also applicable for
this purpose. The second type of analysis involves the estimation of vehicular emission rates
in grams per unit time or distance (or both) computed using an emission rate model. The
combination of the first two model types leads to a spatial and temporal estimation of
emissions leading to the development of an emission inventory. The last step involves the
computation of ambient pollutant concentration using a pollutant dispersion model. These may
incorporate deposition and photochemistry modules.

The estimation of emission factors is crucial as it links the traffic and pollutant dispersion
components and errors involved can have heavy consequences for the final output of the air
quality model. The majorities of the traffic models are well developed and can be easily

evaluated as they output straightforward parameters like average speed, flow, queues, etc. On
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the other hand, the validation of emission rates is expensive and hence a variety of methods

have to be employed to validate emission rate models.

Further to the above, certain fundamental but pertinent questions arise regarding the
estimation of pollutant concentrations in urban areas. For example, what degree of temporal
and spatial accuracy is required? What are the important traffic parameters required? Also as
there are many different types of traffic, emission rate and pollutant dispersions models — what

type and complexity of model should be employed?

Ireson (1999) has mentioned that a lack of compatibility amongst the three classes of model
poses another difficulty for current air quality analysis. The development of these three classes
of models has evolved separately over time and output of one model may not be suitable as
inputs for the next. Policy makers need a fully integrated system of models to be able to
redress local urban air quality problems accurately and efficiently. Only when all three classes
of model, i.e; traffic, emissions and dispersion components, are linked together with similar
level of precision and accuracy, can successful strategies for abating urban air pollution can be

formulated.

The roadway air pollution models generally used in Ireland, the DMRB and CALINE4, both
developed outside the country, have already been evaluated for use in local conditions to a
certain extent by Budd (2004). One of the important themes of this thesis involves the similar
validation of alternative line source models like the General Finite Line Source Model,
GFLSM (Luhar and Patil, 1989) and its modification for application in local conditions

depending on site characteristics. The GFLSM model which is generally applicable for
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highway sources, was investigated for predicting CO, NOy and hydrocarbons at motorway
locations. The GFLSM model predictions were compared with CALINE4 for CO, a suitable
alternative for handling background concentrations based on stability class has been proposed,
while the modelling of NOy and the prediction of hydrocarbon concentrations has been carried
out under ‘background corrected’ situations. The model has also been tested for predicting the
change of air quality at Monasterevin town, before and after the opening of a bypass to divert
regional traffic flow. Urban street canyon modelling was performed using the STREET and
OSPM modelling techniques for CO and NO,. Further to this, a NO, modelling approach has
also been carried out, making relevant changes to the mathematical methods used for
predicting NO> concentrations and a new method has been proposed. Finally, a hybrid model
was developed for better prediction capabilities under parallel wind conditions.

1.2 Objective of Research

The broad objectives of the research described in this thesis are:

e Present an in-depth review of the current situation in air quality assessment for traffic
sources.

e Determine appropriate models to predict dispersion of pollutants from vehicular exhausts
giving due respect to the suitability of the model in its particular application.

e Assess the suitability of existing highway and urban street air quality models by performing
statistical and graphical analysis of monitored and modelled data.

® Propose modeling techniques which are computationally efficient and analytically solvable
as alternatives to cumbersome numerical models. These are to be applicable in urban air
quality assessment, traffic management and in EIAs of new road schemes.

® Develop and evaluate improved modelling techniques and compare results with observed air

quality.
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1.3 Research Methodology.

The main tasks completed to meet these objectives are:

e Review of available models and their suitability for different air quality assessment
requirements.

e Investigation of current modelling practice, particularly for urban air quality management
and EIA of road schemes.

e Selection of two possible locations, a highway and an urban street canyon junction, for
investigation of different dispersion models.

e Modelling of air quality at the M4 motorway using the GFLSM model and comparison of
modelling results with monitored data using statistical and graphical analysis. This also
included proposing a new method for incorporating emission factors and a novel way of
treating background concentrations.

e Intercomparison of temporal variation in modelled data obtained using GFLSM and
CALINEA4.

e Assessment of the applicability of the GFLSM model at another highway site (M50
motorway) and comparison of the modelled spatial variation of concentrations with monitored
data and modelled data using CALINE4.

e Application of the GFLSM to an actual air quality assessment and comparison of its
outcome with monitored and CALINE4 modelled data.

e Application of the STREET and OSPM urban street canyon models to the urban street site.
e Comparison of street canyon model output with monitored data and intercomparison of the
modelled datasets obtained using STREET and OSPM.

e Assessment of methods for NO, modelling at urban street canyon and highway locations,

including a new method for determining NO» concentrations from NOy concentrations.
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e Development of a new hybrid model for improved prediction capability under parallel wind
concentrations.

1.4 Novel aspects of PhD Research

The contributions of this research to the scientific field of air quality include the following:

1. An up-to-date research review on modelling the dispersion of traffic emissions has been
completed.

2. In Ireland, generally, numerical modeis like CALINE4 are used irrespective of site
considerations. New mathematical models that have not been previously used have now been
evaluated for Irish road considerations with proper respect to site conditions.

3. Prior to this project, the GFLSM model, an analytical model whose formulation is based on
similar technique as per CALINE4 (a complex numerical modelling application) had not been
used in Ireland. The GFLSM model was applied at highway locations to study the accuracy of
the modelled spatial and temporal variation of pollutant concentrations, and it was found to be
more suitable than CALINE4 when modelling for highway conditions.

4. A new concept of using Hourly Emission factor (HEF) in place of the existing Composite
Emission Factor (CEF) to increase model performance was investigated and proposed for
further use. The concept was applied and investigated at both highway and the urban street
canyon sites.

5. A new method of determining background concentrations based on stability class analysis
(stable, unstable and neutral) was proposed and its performance in improving model
predictions for ambient NOx concentrations at both highway and wurban street canyon sites
was demonstrated.

6. Two typical street canyon models, STREET and OSPM were evaluated for urban street

conditions in Dublin.



Chapter 1 Introduction

7. In an urban scenario, one of the pollutants of most importance is NO> and there exists no
direct models for its prediction. The concentration of roadside NO; is computed from roadside
NOy data. The general expressions which are generally used for NO, determination were
modified for local conditions and were compared with the original methods. Further to this,
modelled NOy concentrations were also used to determine the NO, concentrations and
compared with monitored data to test its applicability. Generally, the roadside NO, follows a
logarithmic pattern for determination from roadside NOy; however a new pattern, namely the
power method was observed and reported in the thesis.

8. A hybrid model was proposed and tested with success. This included a modification to the
GFLSM model by incorporating the parallel concentration term from the [ITLSM model.

9. A major contribution is the identification of cases where computationally straightforward
models based on analytical solutions can achieve similar accuracy to more complex numerical
models. This will promote the development of integrated transport air quality modelling.

1.5 Layout of the thesis

The thesis is divided into eight chapters:

Chapter one introduces the problem considered and presents the objectives of the research.
The research methodology carried out and the novel aspects of the research study are also
mentioned.

Chapter two reviews the literature related to the various modeling techniques used for air
quality assessment. Some pertinent background details on the pollutants modelled in this study
are also given.

Chapter three outlines the first part of Highway Modeling study. A Step-by-step approach
describing the requirements for modelling, modelling analysis, new proposals (emission

factors) and modifications to data sets (background data) is followed and inferences drawn

7



Chapter 1 Introduction

from the study are presented. In summary, a detailed temporal variation analysis of the
pollutants (CO and NOy) is highlighted in this chapter. The modeling applications were carried
out using CALINE4 and GFLSM, the first of which was generally used for highway modeling
and the second one finds its application first time for study in Ireland.

Chapter four deals with the second part of the Highway Modeling study. An interesting
application of the above mentioned models was used to determine the spatial variation of
VOC’s, comprising seven individual hydrocarbons, in the vicinity of the roadway. Results of
the application of the GFLSM model at a rural town to predict the change in air quality due to
the construction of a new bypass is also presented in this chapter.

Chapter five presents the modeling results at an urban street canyon using STREET and
OSPM for CO and NOy. The new proposals regarding emission factors and modifications of
background data proposed in the highway study in chapter three for NOy are further
investigated at the street canyon site.

Chapter six outlines the modeling of the NO, concentrations from NOy concentrations using
standard techniques. Modifications to the standard techniques are made which are more
suitable for local conditions and a new method for determining NO, concentrations from NOy
concentrations as observed in the urban street canyon is proposed and evaluated.

Chapter seven describes the development and validation of a hybrid model based on the
GFLSM model for better estimation in parallel wind concentrations.

Chapter eight summaries the work carried out during the course of this project and the main
conclusions drawn from the research. The major contributions of this research to ‘air quality

modelling’ are laid down. Furthermore, some recommendations for future work are proposed.



Chapter 2 Background and Literature Review

The increase of man’s self sufficiency has led to an increase in his wants and desires. The
personal motor vehicle has given the owners a personal mobility and freedom that would have
been unheard of hundred years ago. Although a single car consumes little fuel and emits small
amount of pollutants, the cumulative effect of all vehicles magnify any effects greatly. This
chapter outlines an introduction to the transport sector as a source of air pollution, presents a
discussion on selected traffic related air pollutants that are considered in later chapters in this
thesis, including a review on their health effects, sources and fate in the atmosphere. This
chapter also gives an in-depth review on the various dispersion models in usage, their
suitability, drawbacks and a comprehensive statement of their applications. The chapter signs
off by presenting a comprehensive report of air pollution study carried out in Ireland.

2.1 Transport sector as a source of air pollution.

2.1.1 Introduction

The transport sector emerged as a significant source of air pollution in urban areas after the
solution to the problem of sooty smog generated from coal burning was obtained (Colvile et al,
2001). The transport sector has been primarily accused of being responsible for causing acid
rain, ozone depletion and causing climatic changes to a certain extent (Colvile et al, 2001).
Road traffic emissions are of much concern for their adverse effects on human health (Colvile
et al, 2001). To a certain degree reality has set in amongst people and urban residents are now
much more aware of air pollution and its consequences, leading to legislation governing
abatement methods like installation of catalytic converters. This step has been probably the
best and biggest exercise carried out for abatement of air pollution emissions from tail pipe
sources (Colvile et al, 2001). It has been reported that fixing of catalytic converters leads to an
increased NO, emissions. On a broader scale, urban air quality and global climate change are

identified as major issues but regional air quality and acidification are also considered.
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2.1.2 Contribution of transport sector to emission.

On an overall basis, all modes of transport cause air pollution due to the combustion of liquid
fossil fuel. Major significant pollutants emitted by transport sector are CO,, water vapor and
hydrocarbons from incomplete combustion of fuel. Incomplete combustion leads to emission
of carbon monoxide. An impurity like sulphur gets oxidized to sulphur dioxide and sulphate
which assists nucleation of particles in exhaust. Vanadium also contributes further to
particulate formation. Organic lead in High Octane Petrol also forms particles in exhaust and at
high combustion temperatures atmospheric nitrogen gets oxidized to NO and NO; (Colvile et
al, 2001).

Air pollution emissions generated during the use of any form of transport are only a part of the
total amount of air pollution generated by transport related activities. Life Cycle Assessment
(LCA) techniques can be used to determine which state of production, use and disposal of a
given transport technology is responsible for the most significant atmospheric emissions. For
example, 60-65% of lifecycle greenhouse gases from a petrol engined car are CO, exhaust
emissions during use with a further 10% being non-CO; exhaust emissions during use of the
remainder, 10% is associated with the car’s manufacture, and a further 10-20% is emitted
during extraction, refinery and transport of its fuel (Colvile et al, 2001)

The quantification of emissions from transport can be performed using two types of
techniques, namely top down and bottom up approaches (Colvile et al, 2001).

The ‘top down approach’ involves data that describes total polluting activities throughout the
whole geographical area of interest. These are related to the magnitude of the associated air
pollution source by means of an emission factor which is obtained in laboratory measurements
of representative samples of engines or vehicles which are simulated to emulate real

conditions.
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The ‘bottom down approach’ starts with geographically resolved data. For large stationery
sources, emission data are determined by measurement of each individual source. The total
emission is determined by summation of the individual contributions. Its drawback lies in the
fact that it requires large amount of data and involves lots of assumptions and approximations.
Colvile (2001) summarised the factors that need to be considered when quantifying a given
impact of transport emissions. They are as follows:

e emissions during the complete life cycle of vehicle, fuel and associated infrastructure;

e significance of transport emissions compared with other sources of the same pollutants
within a given geographical region, as shown by emissions inventory data;

e contribution of sources outside the geographical area covered by the emission inventory;

e source — receptor relationships;

e other pollutants contributing to or exacerbating the impact of interest;

e other impacts of the pollutants of interest.

Vehicular exhaust emissions emit a variety of pollutants. A detailed review of the pollutants
modelled in this study along with their health impacts are presented below.

2.2 Description of pollutants and their effects.

2.2.1 Carbon Monoxide

2.2.1.1 Introduction

Carbon monoxide (CO) is a colourless odourless and tasteless gas discovered by Joseph
Priestly in gt century (Brimblecombe, 1986). It is a diatomic molecule having a molecular
weight of 28g/mole. It is known that at low ambient levels, CO has no definite impact on
property, vegetation and materials (Peavy, 1985). However at higher levels CO can have
adverse health effects. The primary health effect on humans is a condition termed as ‘CO

poisoning’ and over exposure can cause death by hypoxia. The mechanism involves formation
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of carboxyhemoglobin (COHb) complex in blood, which lowers the ability and alertness to
work at concentrations exceeding 5% (Brimblecombe, 1986). The maximum risk involves
smokers. An Irish EPA report (2004) mentions that exposure to high doses of CO can lead to
blindness, decreased learning ability and difficulty performing complex tasks.

2.2.1.2 Sources of CO

There are a variety of sources that lead to the generation of CO. The major sources can be
identified as (a) anthropogenic sources (b) emission from seas and oceans (c) burning of
biomass (d) oxidation of non-methane hydrocarbons (e) production by vegetation and (f)
oxidation of methane (Meszaros, 1981). Table 2.1 presents a range of estimated emission rates

as reported by Jacob (1999).

Sources Range of estimates (Tg CO/year)
Fossil Fuel combustion/industry 1800-2700
Biomass Burning 300-550
Vegetation 60-160
Oceans 20-200
Oxidation of methane 400-1000
Oxidation of other hydrocarbons 200-600

Table 2.1 Sources of CO
The major anthropogenic source of CO nowadays is transport related emissions. Incomplete
combustion of fuels in vehicle engines leads to the formation of CO. High levels of CO are
generally observed at places of high traffic intensity and congestion (Han, 2005) when vehicle
engines operate at lower efficiency. Other sources include domestic heating and industrial non

transportable fuel combustion.
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2.2.1.3 Atmospheric chemistry of CO

The removal of CO generally takes place in three major mechanisms, soil uptake which
accounts for 250-640 Tg /yr, stratospheric reactions accounting for 100 Tg/year and the
hydroxyl radical (OH) which accounts for 1400-2600 Tg/yr (Jacob, 1999). Hence it is quite
obvious that the major removal involves tropospheric oxidation by OH. The reactions
involved are shown in Equation 2.1 and 2.2. Oxidation causes the formation of carbon dioxide
and a free hydrogen atom. The hydrogen atom reacts with oxygen forming an HO, radical,
which then self reacts to form hydrogen peroxide (H,O,), which is highly soluble in water and
is removed from the atmosphere by wet deposition (Jacob, 1999). The presence of CO aids in
formation of CO», a greenhouse gas.

OH+CO—-»CO,+H 2.1
H+0,+M —» HO,+ M 2.2)
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