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VOLUNTARY VEHICLE EMISSIONS RELATED MAINTENANCE 

by Timothy James Felstead 

Road transport is responsible for the majority of pollutant emissions in urban areas and these 
emissions can have significant impacts on human health as well as the built and natural 
environment. The control of emissions from the road fleet is increasingly dependant on 
sophisticated engine management systems and after treatment components. Failure of these 
systems and components results in individual vehicle emissions levels far in excess of those 
which could be attained. As a result a small minority of cars can contribute a 
disproportionate and unnecessarily high percentage of the total car fleet emissions. Such 
cars would fail the type approval chassis dynamometer emissions standards - these vehicles 
are called 'gross polluters'. The mitigation of these excess emissions has the potential to 
assist Local Authorities in achieving the National Air Quality Strategy targets and save the 
individual car owner money from reduced fuel consumption. 

This study has used a roadside remote sensing device (RSD) to measure the emissions of 
vehicles passively in the traffic stream. The RSD unit reported the measured emissions in 
terms of emissions efficiency by comparing the quantity of a specific pollutant (CO, HC or 
NO) to the quantity of fuel being burnt (using CO2 as a proxy) in the measured vehicle's 
trailing exhaust plume. The RSD system also captured the measured vehicle's registration 
number. This record was combined with the vehicle's speed and acceleration immediately 
before measurement of its emissions. Using previously defined emissions efficiency 
thresholds relating to vehicles suspected of having an emissions related fault, the number of 
gross polluting vehicles in Winchester was ascertained. This was a very small proportion of 
all measured (0.2 to 0.4% depending on the pollutant) although the percentage of excess 
emissions attributed to these vehicles was higher (2-4%) it was still not particularly large. 

To make use of RSD measurements and encourage owners of gross polluting vehicles to 
repair their vehicle, a number of emissions measurement feedback strategies were examined 
using a questionnaire survey. These feedback mechanisms were i) use of a roadside variable 
message sign (VMS), ii) use of a website database/VMS, iii) provision of a subsidised 
emissions check, and iv) diversion to a Park and Ride site. It was concluded the most 
successful strategy would be the use of a roadside VMS with support of a website plus use of 
email/phone SMS notification. A high percentage of respondents indicated they would 
submit their vehicle for a voluntary emissions check under such circumstances (-95%). The 
provision of a subsidised check would remove an observed reluctance of those owning older 
cars to have their vehicle checked although a hardcore (~4%) of respondents would not have 
their vehicle checked voluntarily under any of the scenarios. 

In areas where the percentage of vehicles observed as gross polluters (likely to be more less 
affluent areas with an older vehicle population) such an approach could result in significant 
emissions savings from the local vehicle fleet and so have beneficial implications for the 
health of the local community due to improved air quality. 
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1 INTRODUCTION 

1.1 Background 

Over recent decades emissions from the road transport sector have been falling 

(DEFRA, 2006) despite a trend of increasing vehicle kilometres travelled (DfT, 

2004). This has been brought about by improvements in engine and emissions 

control technology, largely driven by the use of progressively stringent vehicle 

emissions limits (i.e. EURO standards) and the necessary improvements in fuel 

quality that allow the use of such control technologies. Despite these trends Local 

Authorities are still failing to meet health impact based air quality targets laid out in 

the UK National Air Quality Strategy (NETCEN, 2006). These instances of 

exceedance are largely due to NO2 or PMio concentrations in urban roadside 

locations or areas adjacent to heavily trafficked inter-urban roads. Many options are 

available to Local Authorities to mitigate this problem from draconian trafSc 

restraint strategies (e.g. closure of city centre roads) to softer travel and traffic 

reduction strategies (e.g. travel planning). The approach explored in this study was 

not a reduction in car use but instead that of ensuring a vehicle's emissions are as 

low as they technically can be (i.e. ensuring the vehicle's emissions related control is 

operating as effectively as possible). This has been specifically applied to light duty 

vehicles, the vast majority of which are cars. 

Previous studies have shown that approximately 50% of the emissions on the road 

are caused by 10% of the cars (Zhang et al, 1993; Stedman et al., 1994; Fisher et al, 

2003). The studies above have been undertaken using roadside remote sensing 

devices which have the advantage over other emissions measurement approaches of 

being able to capture a high volume of cars per hour. Some of this variation in 

vehicle emissions from individual cars can be expected due to differences in a 

vehicle emissions standards and the load upon the measured vehicle but it has been 

shown that there is a significant maintenance factor also involved (USEPA, 2004). 

Currently, in the UK, the only method of identifying if a car has an emissions related 

fault is though the Inspection and Maintenance programme - the armual MOT. This 

approach has three major drawbacks (Norris, 2000 and 2001a); 
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i) it is undertaken annually and only for cars over three years old; 

although a car can develop an emissions related fault at any time. 

ii) it is becoming increasing ineffective at identifying cars with an 

emissions related fault as the car fleet becomes increasing reliant 

on sophisticated technologies to control their tailpipe emissions. 

iii) a driver may not be aware if their car has developed an emissions 

fault or if they are aware there is nothing to prevent them from 

avoiding its repair until it is submitted for an MOT. 

To 611 this gap in the current Inspection and Maintenance programme and to ensure 

cars with an emissions related fault are not contributing to local air quality problems, 

an approach to identify and encourage voluntary maintenance would be useful. 

Within this study a roadside remote sensing system has been used to determine the 

extent of this problem in the Winchester area (which has an air quality problem). A 

range of feedback strategies has also been examined where by drivers of vehicles 

suspected of having an emissions related fault are encouraged to have their car 

checked and, if necessary, repaired. This is the first time the effectiveness of such an 

approach has been assessed in a UK context. The emissions measurements collected 

will be set in the context of nationally enforceable standards and, in principal, allow 

vehicle owners to 'check' their vehicles emissions performance through time. 

1.2 Objectives 

i) Understand the background of vehicle emissions in the UK including issues 

relating to vehicle emissions, reasons for excess emissions and current approaches to 

minimising excess emissions (both technical and policy). 

ii) Identify any shortfalls in the current UK inspection and maintenance programme 

and the extent to which remote sensing devices (RSDs) can mitigate these shortfalls. 
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iii) Determine the usefulness of supporting measurements such as vehicle speed and 

acceleration in interpreting RSD measurements. 

iv) Understand some of the practical limitations to the use of RSDs in a UK context 

including the areas of site selection and variations in R.SD measurements. 

v) Assess the accuracy of the recently developed REVEAL RSD unit and its 

suitability for use in the field. 

vi) Quantify the extent of the excess emissions problem in Winchester. 

vii) Quantify the potential public response to various approaches to encourage 

voluntary vehicle emissions related maintenance and to reduce emissions from high 

polluters in Winchester city centre. 

viii) Develop recommendations on future use of RSDs in inspection and maintenance 

programmes and identify areas for further research. 
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1.3 Approach 

The approach taken to achieve the objectives of this thesis can be broken into distinct 

steps. These steps are illustrated and described in Figure 1-1. 

Review current contribution of road traffic to national and 
urban emissions 

Describe what the impacts of unregulated emissions would be 
in terms of human health and the environment 

Understand how vehicle engine operation affects emissions 
performance and the technological solutions employed to 

mitigate the problem 

Review effectiveness of current inspection and maintenance 
approaches to generally reduce vehicle emissions 

I 
Understand the operating principles of RSDs and review their 

uses in the vehicle emissions field 

Undertake RSD emissions measurement 
campaign in Winchester 

Use emissions measurements to develop a 
profile of emissions from the Winchester 

vehicle flee. 

Determine the extent of the gross 
polluting vehicle problem in the 

Winchester fleet 

Design and circulate questionnaire to car 
drivers in Winchester on scenarios of 

RSD measurement feedback 

1 ' 

Analysis of questionnaire results to 
determine support for use of various RSD 

measurement feedback approaches and 
how this might encourage voluntary 

maintenance 

Develop recommendations for use of RSD for voluntary 
maintenance and integration into current UK I&M programme 

I 
Identify areas for further research 

Figure 1-1: Flow chart illustrating the individual steps taken to achieve the objectives of this thesis 
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1.4 Structure of thesis 

This document consists of seven further chapters. The intention is to tell a story of 

how road transport emissions are an issue that should be addressed and is one which 

the use of RSDs can help solve. The next chapter addresses air quality, its impacts 

on people's health and the environment, and the importance of road traffic as a 

source of emissions. Next, a review of the parameters controlling fundamental 

sources of traffic emissions is given (i.e. a vehicles engine) and some of the 

abatement strategies which are, or will be, used to reduce them is given. This third 

chapter is intended to give the reader the tools to understand the methods of 

emissions control in petrol and diesel cars. The fourth chapter examines the current 

method the UK uses to ensure emissions from new cars are becoming progressively 

lower and ensuring those from in-service vehicles remain as low as is reasonably 

possible. The fifth chapter gives a background to RSD's including their 

development history, considerations for their use in the context of vehicle emissions 

measurement and the range of applications for which they have been utilised. 

Chapter six presents results 6om a RSD measurement campaign in Winchester 

including quantifying how many vehicles exceed some proposed emissions 

thresholds. Results of a questionnaire to the general driving public are presented in 

chapter seven. The questionnaire examines how the public would react to a number 

of approaches to RSD measurement feedback. The final chapter presents overall 

conclusions, suggests ways in which RSDs could be used to identify excess 

emissions and some of the caveats for their use based upon the experiences of this 

PhD. It also identifies areas for further research. 
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2 TRANSPORT AND AIR QUALITY 

2.1 Introduction 

Transport has a significant impact upon the environment in which we hve. In 

general, these impacts can be divided under four broad headings; chmate change, 

local air quality, noise and watercourse pollution (RCEP, 1997). The focus of the 

work presented in this PhD is on reducing the contribution of high polluting vehicles 

to local air quality. This forms the focus of the review and background on air quality 

issues in the UK and Europe are presented. This includes the current standards 

which are in place, the contribution of road transport to the problem and the impact 

of local air quality pollutants on health and the environment. 

2.2 National Air Quality Strategy (NAQS) 

UK regulation of noxious gas emissions through parliamentary acts first began in 

1863 and this was extended in 1874, 1906 and 1926. These regulations only covered 

emissions from industrial sources and it was not until the Clean Air Acts of 1956 (a 

reaction to the infamous Great London Smog of 1952) and 1968 that domestic smoke 

emissions were regulated. As knowledge of air pollution, its impacts and the ability 

to monitor its components has increased, UK policy has become more specific with 

particular gas species becoming regulated (Beattie et al, 2001; POST, 2002). 

Currently, the UK government is obliged to produce a NAQS under the Environment 

Act 1995. The first NAQS was produced in 1997 (DoE et al, 1997) and it largely 

laid out the policy direction and tools with which it would improve local air quality. 

2.2.1 National air quality standards 

Part of the suite of tools developed to achieve the objectives of NAQS were air 

quality standards. The standards related to maximum allowable concentrations of 

certain local air pollutants at outdoor ground level locations where a person could 

reasonably be expected to pass by. These standards were derived from World Health 
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Organisation (WHO) guidelines and some early directives from the EU; the 

standards were ratified, and in some cases modified, by the Expert Panel on Air 

Quality Standards (EPAQS). The standards are based on medical effect studies 

which use laboratory based animal and human exposure tests, epidemiological 

studies, cell based tests and workplace exposure studies. Following examination of 

the dosages at which some adverse reaction is observed in the test subjects, a suitable 

standard is derived with safety margins added (e.g. could be as simple as dividing the 

dosage by 100) (EPAQS, 1994-2002). The initial NAQS required these standards to 

be attained by 2005. The standards were based on scientific studies to understand 

thresholds below which the impact on human health and the environment was 

negated (or in some cases levels where the risk was 'suitably' minimised). 

This first NAQS set standards for benzene, 1,3~Butadiene, carbon monoxide, lead, 

nitrogen dioxide, ozone, fine particulates (PMio) and sulphur dioxide. A further 

point of note was the requirement for Local Authorities to undergo a review and 

assessment exercise of air quality in their area. Where the Local Authority found 

that the standards would not be achieved by 2005, an Air Quality Management Area 

(AQMA) had to be declared relating to the relevant geographical area. In such cases, 

an Air Quality Action Plan (AQAP) was required detailing the measures the Local 

Authority would implement to ensure the standards were achieved in future. 

The initial NAQS was reviewed in 2000 (DETR et al, 2000) with limits for benzene, 

1,3~Butadiene, carbon monoxide, lead, nitrogen dioxide tightened, limits for ozone 

and sulphur dioxide remained the same, and limits for PMio were relaxed. These 

revisions were partly due to new evidence on their health and environmental impacts, 

the awaiting of directives from the EU and practical considerations on timescales for 

reductions. The 2000 NAQS took into account the then recently combined 

legislation from the EU Air Quality Framework Directive (Directive 96/62/EC) 

which outlined how statutory limits were to be set for twelve air quality pollutants 

through the publication of a series of daughter directives. The 2000 NAQS also 

made it a statutory responsibility for Local Authorities (LAs) to meet the air quality 

standards in their area. The 2000 NAQS was subject to a 2003 addendum (DEFRA, 

2003a) in light of changes to EU standards and introduced tighter limits for 
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particulates, carbon monoxide, benzene and introduced a new limit for polycyclic 

aromatic hydrocarbons. 

In 2006, a further review was undertaken with a consultation version of the 

impending revised NAQS being produced (DEFRA, 2006a). The limits adopted in 

the latest review are listed in Table 2-1. It can be seen that for some pollutants, the 

limits to be achieved by 2010-12 are tighter than those to which LAs' have 

previously worked. It should be noted that attainment of the standards is necessary 

for every year following the date by which it was to be achieved. 

In addition to local air quality standards, the UK also has obligations as a member of 

the United Nations Economic Commission for Europe (UNECE) regarding 

transboundary pollutants that cause harm to the environment. The 

national limits are presented in Table 2-2. 

2.2.2 Local Authority attainment of air quality standards 

As discussed in Section 2.2.1, under the 1995 Environment Act, it has been the 

responsibility of Local Authorities to review and assess the air quality in their area. 

Whilst most Local Authorities have air quality monitoring stations, much of the work 

to determine pollutant concentrations is based upon modelling known sources of 

emissions and their dispersion. The third round of review and assessment is due to 

be completed by the end of 2007 (previous rounds ended in 2001 and 2004). Where 

it is indicated that the standards will not be achieved, an AQMA must be declared. 

In Sept 2006, 192 Local Authorities had declared AQMAs with most declared due to 

exceedance of nitrogen dioxide or PMio standards (NETCEN, 2006). These 

exceedances were nearly always attributed to road traffic either because of sheer 

volume or because of localised canyoning effects (DEFRA, 2003b). 
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Date to be Date to be 

Pollutant Applies to 
UK 

objective 
Measured as 

achieved/ 
maintained 

by 

European 
obligations 

achieved 
maintained 

by 

UK 16.25//g.m"^ 
Running annual 

mean 
31 Dec 2003 

Benzene 
England and 

Wales 
Annual mean 31 Dec 2010 5//g.m" 1 Jan 2010 

Scotland and 
Northern 
Ireland 

3.25/ig.m"^ 
Running annual 

mean 
31 Dec 2010 

l,3~butadiene UK 
Running annual 

mean 
31 Dec 2003 

Max. daily 
running 8 hour 

Carbon 
monoxide 

UK lOmg.m" 
mean/in 

Scotland as 
running 8 hour 

mean 

31 Dec 2003 lOmg.m'̂  1 Jan 2005 

Lead 
UK 0.5//g.m"^ Annual mean 31 Dec 2004 0.5/fg.m'' 1 Jan 2005 

Lead 
UK O.lS/jg.m" Annual mean 31 Dec 2008 

Nitrogen 
dioxide 

UK 

UK 

200^g.m"^ not to be 
exceeded more than 

18 times a year 

40/;g.m"' 

1 hour mean 

Annual mean 

31 Dec 2005 

31 Dec 2005 

200;fg.m'̂  not to be 
exceeded more than 

18 times a year 

40//g.m"' 

1 Jan 2010 

1 Jan 2010 

Ozone UK 
100//g.m"^ not to be 
exceeded more than 

10 times a year 
8 hour mean 31 Dec 2005 

100//g.m"' not to be 
exceeded more than 

25 times a year 
averaged over 3 

years 

1 Jan 2010 

UK 
50/ig.m"' not to be 

exceeded more than 
35 times a year 

24 hour mean 31 Dec 2004 
50//g.m'̂  not to be 

exceeded more than 
35 times a year 

1 Jan 2005 

UK 40;/g.m'' Annual mean 31 Dec 2004 40//g.m" 1 Jan 2005 

UK (except 
London) 

50/fg.m'^ not to be 
exceeded more than 

7 times a year 
24 hour mean 31 Dec 2010 

PMw UK (except 
Scotland and 

London) 

ZO/̂ g.m" Annual mean 31 Dec 2010 
Indicative Stage II 

limit 
???? 

London 
SOfig.m" not to be 

exceeded more than 
lOdnKsayMT 

24 hour mean 31 Dec 2010 

London 23//g.m'^ Annual mean 31 Dec 2010 

Scotland IS/yg.m'" Annual mean 31 Dec 2010 

Polycyclic 
aromatic UK 

O.ZSng.m" 
B[af 

Annual mean 31 Dec 2010 Ing.m'" 1 Jan 2013 

hydrocarbons 

O.ZSng.m" 
B[af 

UK 
266//g.m'' not to be 
exceeded more than 15 min. mean 31 Dec 2005 

Sulphur 
dioxide 

UK 

UK 

35 times a year 
350//g.m"^ not to be 
exceeded more than 

24 times a year 
MS/xg.m' not to be 
exceeded more than 

1 SdmMayMT 

1 hour mean 

24 hour mean 

31 Dec 2005 

31 Dec 2005 

350/yg.m'̂  not to be 
exceeded more than 

24dtnKsayMf 
125/yg.m'̂  not to be 
exceeded more than 

3 times a year 

1 Jan 2005 

1 Jan 2005 

Table 2-1: UK local air quality objectives as of June 2006 for protection of human health 
(Source. 2006a) 
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Pollutant Applies to 
UK 

objective 
Measured as 

Date to be 
achieved/ 

maintained 
by 

European 
obligations 

Date to be 
achieved 

maintained 
by 

Oxides of 
nitrogen 

UK SÔ /g.m'" Annual mean 31 Dec 2000 30/<g.m"' 19 Jul 2001 

Sulphur 
dioxide 

UK 

UK 

ZO/yg.m'" 

20;/g.m"' 

Annual mean 

Winter mean 

31 Dec 2000 

31 Dec 2000 

20//g.m" 

20//g.m"" 

19 Jul 2001 

19 Jul 2001 

Table 2-2: National air quality objectives for protection of vegetation and ecosystems 
DEF7L4, 2006a) 

2.3 Transport as a source of the NAQS pollutants 

To understand the role transport plays in the emissions of the NAQS objectives, the 

trend and impact from both transport and more specifically road traffic will be 

described below. These are presented for both overall countrywide emissions and in 

urban areas. The increased presence of road vehicles in urban areas compared to 

other sources listed below leads to road transport being of particular focus in 

AQMA's. When this is combined with the relatively high population densities in 

urban areas the potential impact of road transport on human health becomes clear. 

The combustion chemistry associated with the formation of the pollutants discussed 

below is given in Chapter 3. 

2.3.1 Volatile Organic Compounds (VOC's) 

VOC's are hydrocarbons which are emitted through evaporation from solvents and 

fuels, or from incomplete, or as a product, of combustion of fuels. Both benzene and 

1,3 -butadiene belong to this category of NAQS pollutants. 
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2.3.2.1 Benzene 

The dataset available for benzene emissions is shorter than for other pollutants 

discussed in this section. The annual UK benzene emissions since 1990 are shown in 

Figure 2-1. hi 1990 road transport accounted for nearly four fifths of all benzene 

emissions although this has declined sharply due to the introduction of catalytic 

converters in petrol cars and decreasing benzene content in fiiels. Total emissions in 

2004 are approximately 30% of their 1990 level due in most part to reductions from 

the road transport sector. Benzene also evaporates from fuel and much attention has 

been given to the design of improved friel tanks and vehicle fiiel delivery systems in 

petrol road vehicles in recent years as part of the EC type approval process, hi 2004, 

road transports share of benzene emissions was approximately a quarter of all 

emissions. The domestic sources include use of coal, wood and natural gas for 

heating (DEFRA, 2006a). 

The estimated source apportionment for benzene emissions in hiner London as taken 

from the 2003 London Atmospheric Emissions hiventory (LAEI) is given in Table 

2-3. These figures illustrate how road transport is producing a disproportionately 

high percentage of benzene emissions in urban areas compared to national 

proportions. 

60,000 

50.000 

40,000 

4) 30,000 

m 20,000 

10,000 

0 • 

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 

Year 

• Energy industries • Manufacturing and construction • Road transport 
• Other - transport O Commercial and mstitutional • Residential 

• Agriculture and forestry fuel use • Military aircraft and shipping • Fugitive emissions from fuels 
B Industrial processes • Waste treatment and disposal 

Figure 2-1: UK benzene emissions, by source, from 1990 to 2004 (Source: NAEI, 2006) 
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Source % of total emissions 

Energy (Industrial/domestic) 18.2 
Industrial processes 27.3 
Agriculture/nature 11.4 
Road transport 43.1 
Other transport 0.0 

Table 2-3: Sources of benzene in Inner London (Source: Mattai and Hutchinson, 2005) 
NB/ Rounding errors result in total of more than 100% 

2 3 . 2 2 1,3~butadiene 

The national emissions estimates for 1,3~butadiene only run from 1990. All 

l,3~butadiene emissions derive from anthropogenic sources and although it is an 

important industrial chemical (DEFRA, 2006a) it can clearly be seen from Figure 

2-2 that road transport is responsible for nearly all emissions in 1990 (over 80%). 

Large decreases have been seen with 2004 emissions approximately 30% of the 1990 

level. The large decreases seen from the road transport sector can be attributed to the 

introduction of tighter emissions standards for diesel and especially petrol vehicles. 

All emissions in hmer London are attributed to road transport (see Table 2-4). 

14,000 

* WJW 

10.000 

6,000 

4,000 

2.000 

1990 199X 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 

Year 

• Energy industries 
• Other transport 
• Military aircraft and shipping 
S Waste treatment and disposal 

• Manufacturing and construction 
• Residential 
• Fugitive emissions from fuels 

I Road transport 
I Agriculture and forestry fuel use 
I industrial processes 

Figure 2-2: UK l,3~butadiene emissions, by source, from 1990 to 2004 (Source: NAEI, 2006) 

Transport and air quality 12 



Ph.D. Thesis TRG, School of Civil Engineering and the Environment 

Source % of total emissions 

Energy (Industrial/domestic) 0 
Industrial processes 0 

Agriculture/nature 0 
Road transport 100.0 

Other transport 0 
Table 2-4: Sources of 1,3~butadiene in Inner London (Source: Mattai and Hutchinson, 2005) 

NB/ Rounding errors result in total of more than 100% 

2.3.2 Carbon monoxide (CO) 

The trend in national emissions of CO, in terms of end user, since 1970 is given in 

Figure 2-3. Overall emissions have declined to approximately 25% of their 1970 

levels with emissions from road transport following this trend despite an increasing 

level of road kilometres being travelled. Like most of the decreases in emissions 

described in this section, the decrease in road transport CO is due to improved 

vehicle emissions standards (e.g. EURO standards) since the early 1990's. 

Reductions have been achieved from other users due to banning of stubble burning in 

agriculture and a switch from coal to gas for provision of domestic electricity 

(DEFRA, 2006a). The current national figures indicate that road transport is 

responsible for approximately 50% of the national CO emissions. It can be seen 

from Table 2-5 that road transport is also the dominant source in urban areas. 

14,000 

12,000 

10,000 

w 6,000 

4,000 

2,000 

1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 

Year 

• Industry 

• Residential 
• Land use change 
B Other emissions 

• Road transport • Other transport 

• Commercial and public administration • Agriculture 

• Military aircraft and shipping • Exports 

Figure 2-3: UK CO emissions, by end use, since 1970 (Source: DEFRA, 2006b) 
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Source % of total emissions 

Energy (Industrial/domestic) 1.7 

Industrial processes 0.6 

Agriculture/nature 12.0 

Road transport 84.5 

Other transport 1.4 
Table 2-5: Sources of CO emissions in Inner London (Source: Mattai and Hutchinson, 2005) 

NB/ Rounding errors result in total of more than 100% 

2.3.3 Lead (Pb) 

Huge reductions in emissions of Pb have been achieved since 1970 largely due to 

reductions in the road transport sector (see Figure 2-4). This has been as a result of 

phasing out Pb as an anti-knock additive to petrol. Other reductions have been 

achieved by reduced use of coal in the iron/steel industry and better control of 

emissions from waste incineration sites. Levels in 2004 are approximately 1 % of the 

1970 emissions with road transport contributing negligible amounts. With this in 

mind, the pollutant is not reported in the 2003 LAEI. 

.O 
a. 

1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 

Year 

• Energy industries 

B Road transport 
• Residential 

H Fugitive emissions from fuel 

• Manufacturing and construction 
• Other transport 

• Agriculture 

• Industrial processes 

• Other transport 

• Commercial and institutional 
• Military aircraft and shipping 

• Waste 

Figure 2-4: UK Pb emissions, by source, from 1970 to 2004 {Source: NAEI, 2006) 
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2.3.4 Nitrogen dioxide (NO2) 

The UK NAQS refers specifically to NO2 but emissions are often measured in NO^. 

This is because NO2 and its closely related pollutants NO are involved in 

photochemical reactions when in the atmosphere. All NO has potential to take part 

in these reactions to form NO2 and vice versa v^th light energy (Av) causing 

photodissociation. A number of other reactions with inorganic and organic third 

parties can also take part in the NO^ reactions (Manahan, 2000). The equations for 

these reactions are given in Equation 2-1 to 2-4. NO^ also takes part in ozone 

reactions (see Section 2.3.5). The NAQS refers to NO2 in particular as it is in this 

form that NO^ damages human health. 

NO + O3 - -> NO2 + O2 (Eq 2-1) 

2 N 0 + O2 - ^ 2 N 0 2 (Eq 2-2) 

NO2 + hv --^NO + 0 (Eq 2-3) 

0 + O2 ^ O3 (Eq 2-4) 

In 1970, road transport was responsible for approximately 25% of all NOx emissions 

whilst in 2004 this had risen to approximately 40% whilst overall emissions had 

decreased to approximately 50% of 1970 levels (see Figure 2-5). The emissions 

from road transport would have been much greater in 2004 had vehicle emissions 

standards for both diesel and petrol vehicles not been introduced. Other significant 

reductions have come from reduced use of coal in supplying energy to the industrial 

and domestic sectors. In urban areas road transport is the largest contributor of NO^ 

emissions; half of NO^ emissions in Inner London (see Table 2-6). Exceedances of 

the NO2 air quality standards have increased in urban areas over recent years. This is 

thought to be due to the increase in primary NO2 (as opposed to secondary NO2 

formed through chemical reactions such as those above) emitted by road vehicles, in 

particular diesel vehicles whose market share has been increasing and whose use of 

oxidation catalysts has increased to meet tighter CO and HC emissions standards 

(DEFRA, 2006a). Using a novel approach to examining air quality datasets, Carslaw 

et al. (2006) was able to identify points in time where changes to localised traffic 

composition (increased % of buses and taxis) and technology on buses (use of 
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particulate traps) had resulted in increases in ambient NÔ .̂ PM,o was also found to 

increase at the time of the fleet change although PM2.5 had decreased. 

3,500 

3,000 

2,500 

= 2,000 

t 1.000 

3 

1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 

Year 

• Industry 

• Residential 

B Land use change 

• Other emissions 

• Road t r a n s p o r t • Other transport 

• Commercial and public admmistration El Agriculture 

• Military aircraft and shippmg • Exports 

Figure 2-5: UK NO, emissions, by end user, from 1970 to 2004 (Source: DEFRA, 2006b) 

Source % of total emissions 

Energy (Industrial/domestic) 32.9 
Industrial processes 9.9 
Agriculture/nature 0.2 
Road transport 49.9 
Other transport 7.2 

Table 2-6: Sources of NO, in Inner London (Source: Mattai and Hutchinson, 2005) 
NB/ Rounding errors result in total of more than 100% 

2.3.5 Ozone (O3) 

O3 is not emitted directly into the atmosphere; instead it is formed through a series of 

photochemical reactions featuring NO;c, CO, hydrocarbons and PM - Equation 2-5 

is a very simplified version of the reaction which occurs. More detailed equations 

relating to precise species can be found in Manahan (2000) or Allen (2002). Whilst 

stratospheric O3 is beneficial as it reduces the energy of UV travelling to the earth, at 

low ground level it has an impact on human health. During the decay (or oxidation) 

of HC's, O3 is formed as a by-product. Different HC's have a varying potential to 

take part in O3 forming reactions (Li and Andrews, 2006). The intensity of the 

sunlight is also important in determining the rate of oxidation. This HC oxidation 

can continue for hours and days. During this period the O3 and HC's can be carried 
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by the weather hence, the pollutants which result in O3 at a particular location may 

have travelled significant distances (of the order of 10 to 100 km) and once formed 

may persist for a number of days. Because the precursor pollutants that form O3 are 

produced in locations beyond the jurisdiction an effected LA, high levels in a 

particular urban area may be beyond the control of that particular LA. To give some 

compensation for this in concentration measurements a national background level is 

used with local values designated as the additional concentration. 

O3 also takes part in reactions with NO^ and these reactions are much quicker than 

those involving HC's. As a result, O3 levels are often higher in rural areas than 

urban areas as NO2 often acts as a reducing agent (see Equation 2-6) although levels 

increase as the precursor pollutants travel away from the urban area (DEFRA, 

2006a). This NO3 is then broken down by photodissociation to form NO and NO2 

allowing the complex chemistry cycle to continue. 

NOji- + HC + /zv ^ O3 + other products (Eq 2-5) 

NO2 + O3 —> NO3 + O2 (Eq 2-6) 

2.3.6 Particulate matter (PMio) 

Particulate matter is a complex pollutant. As understanding of the chemistry 

involved in its formation and composition has increased over recent years, so has the 

understanding of how road transport contributes to the problem. Rather than 

thinking of particulates in the sense of grains of sediment (such as those produced 

from quarrying or soil erosion) they should instead be thought of as complex 

compounds made up of many different elements. Whilst transport does produce 

particles in the sense of solids from wear of tyres, moving components and brake 

pads, particulates from combustion are far more chemically complex. Particulates 

from combustion are formed as primary solids, through condensation of pollutants 

emitted initially as a gas and secondary atmospheric reactions between other 

chemicals in the atmosphere (Holmen and Niemeier, 2003). 
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The initial concern over particulate pollution was based upon the visible smoke 

produced from industry and domestic coal burning. This concern can be seen in the 

measures of air quality in the 1950's where terms such as ' smoke' were used 

(essentially a measure of how much light could pass through the air). As the 

understanding of, and ability to, measure the composition of the smoke (i.e. it was 

made up of particles of different elements and compounds) increased then terms such 

as Total Suspended Particles (TSP) seemed to come into fashion. More recently the 

focus shifted to particulates below a size of 10pm as they were more easily inhaled 

into the body. Now, over the last few years, for the same reasons as for the 

refocusing on PMio, the attention is being focused on PM2.5 as they seem to have the 

most potentially damaging chemical composition and can travel further into the 

human body. As this transition of focus has recently shifted to the mass of 

particulates of a certain size, it is now shifting to the measurement of particle 

numbers (Holmen and Niemeier, 2003). This is due to concern over the higher 

relative surface area associated with smaller particles. The use of particle numbers 

may also be incorporated in the EURO IV emissions standards (EC, 2005) - this 

would lead to petrol vehicles being assessed on particulate emissions for the first 

time. 

UK emissions of PMio in 2004 were approximately 30% of those in 1970 (see 

Figure 2-6). Although road transport emissions had remained at the same absolute 

value as in 1970 it accounted for approximately 25% of all PMio emissions in 2004. 

The major reductions in emissions have resulted from reduced use of coal and wood 

as a source of energy for industry and domestic use. The amount produced by road 

transport would be higher given increases in road mileage and penetration of diesel 

vehicles into the market if improved emissions standards and lower sulphur fuels had 

not been introduced. In Inner London, road traffic is the dominant source of PMio 

contributing just over 50% of all emissions (see Table 2-7). 
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Figure 2-6: UK PMio emissions, by end user, from 1970 to 2010 {Source: DEFRA, 2006b) 

Source % of total emissions 

Energy (Industrial/domestic) 27.0 
Industrial processes 13.4 
Agriculture/nature 1.6 
Road transport 53.8 
Other transport 4.1 

Table 2-7: Sources of PM,o in Inner London (Source: Mattai and Hutchinson, 2005) 
NB/ Rounding errors result in total of less than 100% 

2.3.7 Polycyclic aromatic hydrocarbons (PAH) 

PAH is a sub group within a sub group of hydrocarbons which are broadly classed as 

Toxic Organic Micro Pollutants (TOMPs). Other species of TOMPS are furans, 

dioxins and PolyChlorinated Biphynals (PCB's). PAHs have received increased 

attention as a pollutant in recent years and were added to the list of NAQS pollutants 

in 2002. This was due to their high toxicity with even a small amount having 

carcinogenic properties. PAH emissions are measured using a marker species known 

as benzo[a]pyrene (B[a]P) which correlates well to PAH as a whole and has a 

relatively high potential to damage human health. PAH emissions have fallen since 

1990 as shown Figure 2-7. hi 2004, total emissions were approximately 25% of 

their 1990 levels although the relative share of the road transport sector has increased 

from approximately 25% to approximately 50%. Other sources have reduced their 

share (industry processes and domestic use) through more efficient processes or 
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reduced combustion of fossil fuels. There is considerable uncertainty over the 

modelling of emissions of PAH and for this reason no source apportionment could be 

made in the 2003 LAEI (LAEI, 2005). Diesel vehicles are responsible for most of 

PAH from road vehicles (DEFRA, 2006a). 
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Figure 2-7:UK PAH emissions, by source, from 1990 to 2004 (Source: NAEl, 2006) 

2.3.8 Sulphur dioxide (SO2) 

It can be seen from Figure 2-8 that road transport contributes a negligible amount of 

SO2 to total national emissions. The total amount of SO2 emitted in 2004 was 

approximately 15% of its 1970 level with most of the reductions coming from 

decreased use of solid fuels in electricity generation and industrial processes. Road 

transport emissions have also decreased due to the lower sulphur content in diesel 

fuel. Despite its low proportion as a source within national emissions, it is still a 

significant contributor to emissions in urban areas (see Table 2-8) but this is likely to 

decrease as sulphur levels in petrol and diesel continue to be reduced. 
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Figure 2-8: UK SO2 emissions, by end user, from 1970 to 2004 {Source: DEFRA, 2006b) 

Source % of total emissions 

Energy (Industrial/domestic) 253 
Industrial processes 27.3 
Agriculture/nature 1.3 
Road transport 16.5 
Other transport 29.3 

Table 2-8: Sources of SO2 in Inner London (Source: Mattai and Hutchinson, 2005) 
NB/ Rounding errors result in total of less than 100% 

2.3.9 How London source apportionment compares to other UK urban areas 

Compared to other UK urban areas, inner city London could be expected to have a 

higher density of traffic per square km and as such represent the worst case scenario 

of the contribution of road traffic to urban emissions. Table 2-9 shows emissions of 

NOx estimated from some other UK emission inventories. It should be noted that the 

methodologies, groupings and year of estimation for these emissions inventories are 

not identical and should be considered when interpreting the data. 

Emissions inventories were selected from Nottinghamshire (AQA, 2006) and 

Merseyside (Windel, 2006). The Merseyside emissions inventory was disaggregated 

into its constituent local authorities allowing three specific LA's to be selected for 
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comparison. These L A ' s reflect, in general, different land u se s . Liverpool is a large 

urbanised city, Sef ton is a more rural coastal area (with s o m e urbanised areas) whilst 

St Helens is a more industrial area. Not t inghamshi re inc ludes all of these land use 

types. 

Source % of total emissions Source 

London 
Merseyside LA s 

Notts 

Source 

London 
Liverpool St Helens Sefton 

Notts 

Energy (Industrial/domestic) 329 

Industrial processes 9.9 1 9 j 7&5 294 8&0 

Agriculture/nature 0.2 
Road transport 499 

IZO 
Road transport 

8&5 215 7L0 IZO 
Other transport 7.2 

Year of inventory 2002 2004 2004 
Table 2-9 : Sources of NO;,- in various UK atmospheric emissions inventories 

Compar ing across Table 2-9, it is clear that, regarding the cont r ibut ion of road 

transport to total emissions. Inner London should not be cons ide red as the wors t case 

scenario nationally. Clearly there is a large dependence of t h e relative contr ibution of 

each sector on the types of sectors located in an emissions inventory catchment area. 

Looking in more detail at the sources o f NO^ in Inner L o n d o n Emiss ions Inventory, 

this is in fact dominated by the burning of gas (likely f rom boi lers on commercia l 

and domest ic propert ies) . This contr ibution may be so h igh because of the h igh 

populat ion densi ty in London compared to the other areas cons idered . 

2.4 Impacts of the NAQS pollutants on health and the environment 

The air quali ty standards developed by the Wor ld Heal th Organ isa t ion ( W H O ) and 

the U K E P A Q S are based upon mit igat ing ha rmfu l impacts o n h u m a n heal th . 

However , there are fur ther impacts to be had on both the na tura l and buil t 

environment . 

2.4.1 Heal th impacts 

The rev iew of heal th effects of the N A Q S pollutants has b e e n d rawn f r o m a number 

of previous rev iews under taken in the area of t raff ic po l lu t ion and heal th . In near ly 

all instances the broad effects descr ibed for each pollutant a re a consensus f r o m these 
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reviews ( E P A Q S , 1994-2002; M c C u b b i n and Delucchi , 2003 ; Watkiss et al, 2000a; 

Hienrich et al., 2005; D E F R A , 2006). Mos t detail on individual studies can be found 

in Heinr ich et al. (2005) and M c C u b b i n and Delucchi (2003). 

Benzene is readi ly absorbed into the body and has a greater a f f in i ty to fat ty tissue 

than with water a l though most absorbed benzene is passed f r o m the body in urea. 

(EPAQS, 1994a). H igh industrial doses have been shown to damage bone mar row 

and as a consequence prevent blood fo rmat ion (Duar te -Davidson et al., 2001) . The 

largest concern over benzene exposure is its associat ion w i t h leukaemia. This has so 

far only been p roven in studies on industrial workers who h a v e been exposed to far 

higher concentrat ions than would be experienced by a m e m b e r of the publ ic in an 

urban city centre (where concentrat ions are highest) . ( E P A Q S , 1994a; Watk iss et al., 

2000a; Duar te -Davidson et al, 2001) . At current ambient levels the risk of damage 

to human heal th is considered to be low (EPAQS, 1994a; Duar t e -Dav idson et al., 

2001). 

Animal studies of the impacts of 1,3~Butadiene have s h o w n it to be a genotoxic 

substance wh ich reacts wi th body proteins and causes d a m a g e to ch romosomes . 

(EPAQS, 2002) . Ear ly exposure type studies on h u m a n subjec ts , under taken before 

its cancerous ef fec ts were known, have shown it to irritate t he eyes, nose and skin 

(Watkiss et al., 2000a; E P A Q S , 2002). Similar to benzene , m a n y of the s tudies 

indicating its carcinogenic potential in h u m a n s have involved industrial worker s who 

were exposed to far h igher concentrat ions than current U K ambien t levels ( E P A Q S , 

2002). 

Transport and air quality 



Ph.D. Thesis TRG, School of Civil Engineering and the Environment 

2 ^.7 J CO 

C O pollut ion affects the h u m a n body by reducing the o x y g e n carrying capacity of 

b lood vessels. This occurs as haemoglobin binds wi th C O ra ther than oxygen 

forming ca rboxyhaemoglob in (EPAQS, 1994c; M c C u b b i n a n d Delucchi, 2003) . The 

extent of this effect is a func t ion of the ambient concent ra t ion and exposure t ime as 

well as the depth and f requency of breathing (EPAQS, 1994c) . Those most at risk 

f r o m incidence of relatively h igh carboxyhaemoglobin are t hose who already have 

lower blood f l ow around the body and are susceptible to th is be ing reduced further. 

Wi th this in mind, those considered most at risk are people w i t h heart or lung 

condit ions relating to oxygen delivery (EPAQS, 1994c, Wa tk i s s et al, 2000a; 

M c C u b b i n and Delucchi , 2003) . A link be tween the del ivery weight of children and 

the smoking habit of mothers has been attributed to reduc t ion in the oxygen received 

by the foetus due to the carboxyhaemoglobin effect ( E P A Q S , 1994c). Other short 

term effects include loss of coordinat ion and concentrat ion due to lack of oxygen 

being transported to the brain (EPAQS, 1994c). 

Once absorbed into the body, either through ingest ion or inhala t ion, Pb accumulates 

throughout the body. It is the small proport ion that is not s tored in the body but 

instead circulates in the b lood stream which causes harm h u m a n s ( E P A Q S , 1998). 

The ma in implicat ion of lead is on the central nervous sys tem part icularly in 

children. The link be tween lead exposure and IQ levels in chi ldren has been proven 

(EPAQS, 1998; Watk iss et al., 2000a) . It has also been associa ted wi th lower 

productivi ty in later l ife (McCubb in and Delucchi , 2003). S ince the phas ing out of 

leaded petrol, a marked decrease in ambient concentra t ions have been observed wi th 

lead emissions being of little concern consider ing the m a i n pa thway is n o w through 

ingestion of food and water (EPAQS, 1998; Watkiss et al., 2000a) . 
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NO2 is thought to attack cell membranes and proteins due to its oxidising properties 

(EPAQS, 1996). Short te rm exposure is thought to induce in f lammat ion in the lungs, 

airway and cause eye irritation ( E P A Q S , 1996; McCubb in and Delucchi, 2003) . 

Long term exposure m a y cause chronic loss of lung func t ion (EPAQS, 1996). Very 

high exposures such as those encountered during industrial accidents, has caused 

severe and, on occasions, fatal lung damage ( E P A Q S , 1996). At concentrat ion levels 

well above those exper ienced in ambient heal thy people s h o w very little react ion to 

the inhalat ion of NO2. However , those w h o are predisposed to asthma have shown 

some sensitivity (EPAQS, 1996). The inhalat ion of NO2 is thought to inflame the 

lungs and as a consequence leave the individual more p rone to reactions w h e n in the 

presence of c o m m o n allergens such pol len or dust mite droppings . Again , these sorts 

of reactions have been shown at NO2 concentrat ions above the ambient norm 

(EPAQS, 1996). It is possible that if this effect is repeated f requent ly it m a y leave 

the individual more susceptible to respiratory infect ions ( E P A Q S , 1996). 

Epidemiological studies have of ten shown negat ive heal th e f fec t s at concentra t ion 

levels closer to those experienced in raised ambient pol lu t ion episodes ( E P A Q S , 

1996; Watkiss et al, 2000a; M c C u b b i n and Delucchi , 2003) a l though there are some 

doubts over the role of other pollutants in this observed e f f ec t (Watkiss et al., 2000a; 

McCubb in and Delucchi , 2003). 

Studies examin ing longer term exposure to NO2 are conf l ic t ing in their conclusions . 

From indoor studies considering homes wi th and without gas appl iances (where 

concentrat ions of NO2 tend to be lower and higher than the outdoor ambien t 

respectively) there is some evidence to suggest that the hea l th of chi ldren m a y suffer 

(EPAQS, 1996). Whils t there seems to be no conclusive p r o o f that NO2 has a long 

term exposure impact , it can not be discounted. NO2 is no t thought to be 

carcinogenic on its o w n but it is possible that they fo rm k n o w n carc inogenic 

compounds if they react wi th other compounds . This risk is considered to be small 

(EPAQS, 1996). 
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Similar to NO2, O3 has oxidizing propert ies a l though its i m p a c t as a short te rm 

irritant at normal ambient concentrat ions wou ld seem less adverse (EPAQS, 1994b). 

Short te rm exposure has been l inked wi th irritation of the a i rway and lungs ( whilst 

exposure to elevated concentrat ion in the longer term has b e e n associated wi th the 

development of immuni ty to its short te rm effects ( E P A Q S , 1994b). Some 

epidemiological studies have shown increased hospital admiss ions and mortal i ty 

during episodes of elevated O3 concentrat ions (EPAQS, 1994b , Watkiss et al, 

2000a; M c C u b b i n and Delucchi , 2003) . It is possible this l o w e r than expected 

susceptibil i ty in the long term, lies in the natural use of the b o d y of oxygen f ree 

radicals associated with O3 to combat infect ious bacteria, w i t h the damage caused to 

cells reduced by the product ion anti-oxidants. This action a lso causes localised 

damage to cells but only at levels above the normal ambien t concentrat ions (EPAQS, 

1994b). 

2. 7.7 f 

W h e n the original N A Q S standard was set it was based u p o n an E P A Q S report . The 

report states that the only studies on the link be tween hea l th and particulate 

concentrat ion levels were based upon epidemiological s tudies regarding hospi tal 

admiss ions and death rates during episodes of h igh par t icula te concentrat ions 

(EPAQS, 1995). Strong correlat ions were shown during t h e h igh pol lut ion episodes 

in 1950 ' s London al though the concentrat ions exper ienced t o d a y are far lower 

( E P A Q S , 1995). On the whole , the rev iew identif ied that ep i sodes of high 

particulate levels are associated wi th br ing forward deaths o f people already 

suffer ing f r o m heart or lung disease ( E P A Q S , 1995). H o w e v e r , later evidence 

suggests that any level of part iculates has an impact in t e r m s of br inging fo rward 

deaths, or exacerbat ing exist ing lung, heart or asthmatic cond i t ions ( E P A Q S , 1995; 

Watkiss et al., 2000a; M c C u b b i n and Delucchi , 2003). A poten t ia l l ink wi th 

increased risk of deve lopment of lung cancer has also been sugges ted a l though some 

confounding factors such as smoking, occupat ional exposure or exposure to other 

pollutants m a y have a greater inf luence on this link ( E P A Q S , 1995; Watkiss et al., 
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2000a). Studies on lab animals exposed to diesel exhaust ( the m a i n source of urban 

particulates) showed an increased incidence of lung cancers (Watk i ss et al, 2000a). 

Since the E P A Q S report was produced there has been a g r o w i n g research effor t into 

the ef fec t of part iculates wi th attention shif t ing to the smal ler PM2 5 (McCubbin and 

Delucchi , 2003). Bremner et al. (1999) indicated that levels o f PM2.5 did relate to 

increased mortal i ty but that similar behaviour was also seen w i t h PMio and that 

PM2.5 levels were closely correlated. 

Some species of P A H ' s are k n o w n carcinogens and are assoc ia ted with elevated risk 

of developing tumours in the lungs and skin, wi th some re la t ionship with bladder 

cancer also indicated ( E P A Q S , 1999; Watkiss et ah, 2000a) . P A H s are absorbed into 

the lungs either in gaseous fo rm or adsorbed on part icles (par t ic les f rom diesel 

vehicles are of part icular concern) (EPAQS, 1999; Watkiss et al., 2000a). Once 

absorbed into the body, the P A H s can be t rans formed into chemica l s which alter the 

D N A of cells a l though the body has some systems to mi t iga te this threat (EPAQS, 

1999). It is thought that long term exposure is more of a th rea t than short te rm 

exposure since carcinogenic ef fec ts have a greater associa t ion wi th those wi th long 

term exposure (EPAQS, 1999). 

2^.7.9 % 

SO2 is thought to have short te rm effec ts on lung capacity b y caus ing a nar rowing of 

the airways. It is also an irritant of the eyes, nose and a i rway w h e n encountered at 

h igh concentrat ions (EPAQS, 1995). In heal thy individuals th i s effect is thought to 

be insignif icant at normal ambient concentrat ions and m u c h h igher concentrat ions 

are required to p roduce a noticeable reaction. However , a s thmat ics have been shown 

to show symptoms of this effect at m u c h lower concent ra t ions ( E P A Q S , 1995). The 

mechan i sm for this is thought to be a reduct ion in the a i rways o f those w h o already 

have smaller than average airways (EPAQS, 1995). Toge the r w i th NO2, it is thought 
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to increase the sensitivity of asthmatics to al lergens ( E P A Q S , 1995). There is little 

evidence for negative heal th impact due to long term exposure . Most studies which 

have shown SO2 as having negat ive heal th effects have had i ssues with it acting as an 

indicator for particulate pol lut ion rather than being respons ib le for the observed 

effect (EPAQS, 1995; Watkiss et al, 2000a; M c C u b b i n and Delucchi , 2003). 

2.4.2 Ecological impacts 

Air pollutants also impact upon natural environment and th i s has wider implications 

than the loss of important habitats and ecosystems. Crop y i e ld s have been shown to 

be significantly affected by levels of ozone ( formed pr imar i ly f r o m NOx and VOC) . 

As a m e m b e r of the U N E C E group of nations, the U K has obl iga t ions to mainta in 

emiss ions of NO^: and SO2 be low an annual m e a n value. T h e s e limits were not set to 

protect h u m a n health but for the protect ion of the natural env i ronment . N0% and SO2 

are acids and w h e n these acids are deposi ted on the Ea r th ' s sur face , either as acid 

precipi tat ion (as a solution in rain) or acid deposi t ion (as a d r y gas or salt), they can 

have negat ive impacts on soils, vegetat ion and f reshwater ( M a n a h a n , 2000). 

The impact of the inf lux of acid on soils (and so the wider env i ronment ) is controlled 

by a soi l ' s cation exchange capaci ty (CEC) (Manahan , 2000) . Put simply, the C E C 

is the ability of a soil to hold cations which neutralise the ac id i fy ing effect of 

pollutants such as NO^ and SO2. This neutralising effect ac ts as a buf fe r against the 

ef fec ts of adding acids to the soil a l though this buf fe r will b e depleted if the rate of 

replenishment does not ma tch that of use. This means that s o m e soils are more 

susceptible to acidif icat ion than others based on the clay a n d h u m u s (organic matter) 

content. If the buf fe r ing effect is depleted then the increased acidi ty of the soil can 

have a direct impact on soil micro-organisms, as wel l as indi rec t e f fec ts th rough the 

release of toxic substances such as a luminium. These tox ic substances can then in 

turn disrupt vegetat ion growth, or be washed into f r e shwa te r systems. Acid i f ica t ion 

of f reshwater systems, f r o m run off through acidif ied soils, direct ly leads to loss of 

aquatic life at all levels of the food chain due their in to lerance of increas ing wate r 
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acidity. Vegeta t ion can be directly a f fec ted by loss of leaf or needles coverage 

(NEGTAP, 2001). 

As the inf luence of SO2 on acidif icat ion declines to a s ignif icant reduction in its 

emission the impact of NO^ on both acidif icat ion and eut rophicat ion has started to be 

understood. In land and sea ecosystems (and some f reshwate r ) a lack of ni trogen is 

the m a j o r l imiting factor in productivi ty. Where deposi t ion o f N O ^ takes place a 

reduct ion in terrestrial vegetat ion diversity or f reshwater eut rophicat ion can occur 

(NEGTAP, 2001). 

Perhaps more of an economical ly measurable impact is that o f O3 on crop yields. 

W h e n a plant absorbs O3 via its s tomata it produces by-produc t s which reduce the 

eff ic iency of the p lan t ' s photosynthesis (Murphy et al, 1999). The impact varies 

amongst crop species and Watkiss et al. (2006) includes a list of h o w various crops 

are affected. Barley, oats, rye, and olives show no react ion to O3 concentration, 

whilst wheat , pulses and cotton show the greatest yield reduct ions . 

2.4.3 Impacts on the built envi ronment 

The built envi ronment is also subjected to damage as a resul t o f air pollutants. The 

most valuable bui ldings and m o n u m e n t s are o f ten situated in the urban areas where 

pollutants levels are highest . Whils t deterioration of bu i ld ing mater ia ls would occur 

regardless of the presence of air pol lutants due to precipi ta t ion, f reeze / thaw and sea 

salt, the deteriorat ion rates are a factor of 10 to 100 less (Watk i s s et al., 2000b) than 

those result ing f r o m the presence of pollutants . 

SO2 and NOx are associated wi th corrosion of natural s tone and zinc, whils t O3 is 

known to have an inf luence on the l i fet ime of rubber p roduc t s and paints. (Watkiss et 

al., 2006) . The me thod of deposi t ion is an important fac tor o n the level of 

degradat ion exerted by a pollutant wi th dry deposi t ion be ing m o r e h a r m f u l than wet 

deposit ion. 
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Soiling of buildings, statues, etc. is probably the mos t not iceable impact of air 

pollutants on the built environment . This is most ly caused b y pr imary combust ion 

particulates wi th diesel derived particulates being the most damag ing due to their 

high elemental carbon content (Watkiss et al, 2006). 

2.5 Relationship between local air quality and climate change 

Often actions a imed at mit igat ing concentrat ions of N A Q S pol lutants at the local 

scale have been taken in isolation of the impact such a change will have on the 

release of greenhouse gases. However , as cl imate change h a s m o v e d up the public 

and political agenda the impact of measures to reduce one c a n have both posi t ive or 

negative impacts on the other. For example , the use of catalyt ic converters in petrol 

cars, to reduce toxic emissions, requires a certain air/fuel ra t io to operate efficiently. 

Mainta ining this air/fuel ratio results in the fuel combus t ion no t being as eff ic ient as 

it could potential ly be; this results in higher CO2 emissions pe r mile. The conversion 

reactions also result in extra CO2, as does the extra power r equ i red f rom the engine 

to provide electricity for the converter to operate. The latest N A Q S considers the 

synergy be tween pol icy measures to reduce emiss ions of t o x i c pollutants and reduce 

emissions of greenhouse gases ( D E F R A , 2006a). It conc ludes that in the short term 

there will be some situations where a t rade o f f is necessary (e.g. n e w E U R O V 

standards for petrol vehicles) but others where the two objec t ives will compl iment 

each other (e.g. introduct ion of cleaner diesel vehicles) . In t he long term the t w o 

object ives are envisaged to be in synergy (e.g. hybr id and f u e l cell vehicles) . 

More detai led discussion on h o w the two issues interact in t e r m s of physical and 

chemical react ions can be found in a draf t by the D E F R A suppor ted U K Ai r Qual i ty 

Group (AQEG, 2005). The A Q E G report also examines va r ious sector based 

policies on the object ive of reducing greenhouse gases and loca l toxic emiss ions . A 

summary of h o w these policy/ technical measures would impac t on each issue in 

terms of win or loss are presented in Table 2-10. 
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Measure 
Local 
AQ 

Climate 
change 

Comments 

Reducing fuel sulphur 
content and refinery 
emissions 

Win Win 
If reduced sulphur enables use of more fuel efficient 
technologies such as lean burn petrol engines. 

Control of petrol and 
diesel emissions 

Win Win For petrol vehicles using lean burn technology. Control of petrol and 
diesel emissions 

Win Lose 
For diesel vehicles with four way catalytic 
converters. 

Win Win Use of SCR on heavy duty vehicles. 

Win Lose 
Retrofitting of HGV's and buses with PM reducing 
technology results in 1% increase in CO2. 

Water-diesel emulsion Win/ 
Lose 

Win Lower PM and NO,̂  but higher VOC. 

Hybrid vehicles Win Win Especially in urban driving. 

Increased penetration of 
diesel over petrol 

Lose Win 
The climate change benefit may be small due to 
increased emissions of black carbon. 

Use of biofuels 
Lose Win 

Emissions of certain pollutants may increase. 
Impact on CO2 varies depending on methodology 
used in study. 

Use of hydrogen 

Win Win 

This may be a small climate change benefit 
depending on source of hydrogen. 
Leakage would have to be controlled as H is a 
greenhouse gas. 

Congestion charging Win Win Based on London example 

Low Emissions Zones 
(LEZ) 

Win Win 
Produce short term improvements in some AQ 
pollutants but little reduction in CO2. 

Urban planning Win Win 
Based upon measures to increase urban density 
(prevent sprawl) and encouraging soft modes. 

Modal shift 
Win Win 

Encouraging shift to modes with lower emissions 
/passenger km 

Reduced vehicle weight Win Win 

Reduced emissions 
standards 

Win Lose Was applied to LDV's and HGV's 

Car scrappage incentives 
Win Win 

But would have to ensure savings over vehicle's 
lifetime out weighed the CO2 emitted during its 
production. 

Low Emission Vehicle 
(LEV) incentive Win Win 

Table 2-10: Summary of outcomes showing the potential synergy between measures to reduce 
emissions from road traffic considered by AQEG {Source: AQEG, 2005) 
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2.6 Summary and conclusions 

The UK NAQS addresses the issue of air quality through a range of tools. Part of 

this suite of tools is the development of air quality standards which have been 

developed with the mitigation of the harmful effects of various pollutants on humans 

in mind. These standards, covering nine pollutants, are reviewed and monitored by 

LAs who have the responsibility to develop remedial action plans in the event that 

the standards were not achieved. In September 2006, 192 LAs had declared AQMAs 

mainly due to excessive levels of NO^ or PMio with road transport nearly always 

being identified as the source of the air quality problem. 

Nationally, road transport is the biggest contributor to nearly all of the nine of 

the NAQS pollutants with its contribution being even higher in urban areas. 

Whilst total emissions have continued to fall, the increase in road traffic and 

speciation of some of the pollutants has resulted in many urban areas still 

experiencing problems. Whilst the NAQS pollutants have the potential to cause harm 

to all humans, at the levels experienced in UK AQMAs, the main effect will be on 

those who have existing cardiovascular complaints, although some of the NAQS 

pollutants are known carcinogens of which only a small quantity could cause serious 

harm to the human body. In addition, there are also consequences for the built and 

natural environment such as building material degradation and reduced crop yields 

respectively. 

Air quality standards are addressing a social inequality. It is apparent, from the 

review on the health impacts which have driven the NAQS standards, that it is the 

most vulnerable people in society which are most at risk. This is because they may 

have a predisposition to the impact of a particular pollutant. It could be argued that a 

substantial amount of time and money is being spent on resolving an issue which 

affects only a minority of people in society when road transport is for the greater 

good. However, on the basis of a fair and inclusive society it is right that the 

standards should be set to protect those who most need it. 

Maintaining current road transport emissions levels and significant reductions 

in the future will be reliant on vehicle technology. Reductions in emissions from 
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the road transport sector have been largely reliant on technological improvements in 

vehicle emissions control technology not due to decreases in total vehicle mileage. 

This raises a need for the on-board vehicle emissions controlled technologies to be 

maintained and tools to monitor the performance of such technologies to be 

developed. This requires an effective inspection and maintenance programme. 

The potential solutions to transport derived air quality problems can have a 

complementary or incompatible relationship with the issue of climate change. 

There are a number of solutions which would appear to have a win-win result and 

perhaps it is these policies which should be prioritised in future policy development. 

This is an area which has received too little consideration in the past. It can be 

argued that one 'threat' (i.e. climate change or air quality) should take priority over 

the other, but the conflicting temporal and spatial scale of the impacts do not make 

policy decisions on which issue should be prioritised an easy one. What use is 

saving the planet for future generations to the ill person in the street who dies the 

next day because they have been exposed to poor air quality? 

To attain specified air quality targets, emissions from road transport should be 

reduced as much as possible. Whilst meteorological and topographical factors can 

have a significant influence on air quality concentrations leading to an exceedance of 

the specified limits, the only control humans can have on this effect is to reduce 

emissions. When emissions can be minimised, they should be. 
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3 SOURCES OF POLLUTANT EMISSIONS FROM LIGHT DUTY 

VEHICLES 

3.1 Introduction 

In recent decades, nearly all light duty vehicles were powered by either petrol or 

diesel engines. Other fuel sources such as Liquid Petroleum Gas (LPG), battery 

power/electricity or biofuels are currently enjoying an increasing market share 

although their prevalence compared to petrol or diesel vehicles is still very modest. 

Hence, it is the emissions from petrol and diesel vehicles, and their causes and means 

of mitigating such emissions, which have received most attention. This chapter 

describes the fundamental sources of pollutant emissions in internal combustion 

engines and current methods to mitigate such emissions. 

3.2 The basics of petrol and diesel engines 

A contemporary vehicle engine has three key demands placed on it, namely 

performance, exhaust emissions and fuel consumption (which relates closely to CO2 

emissions). The requirement to optimise all three of these demands has increased 

over recent decades as consumer and legislative trends have called for improvements 

in all three areas. Achieving the necessary improvements in these three areas often 

leads to a conflict in the parameters controlling engine operation. To maintain a 

suitable balance between the above three demands, precise engine control through 

the use of computerised engine management systems has become essential. To 

understand the techniques employed to reduce fuel consumption and pollutant 

emissions of both petrol and diesel vehicles it is necessary to explain the basic 

operating principles used for both engine types. 

An introduction to the principles covered in this chapter can be found in Bauer et al. 

(2004a and 2004b) whilst a detailed description of the processes is given by 

Heywood (1988) and a more detailed illustration of the thermodynamic processes 

involved is given in Stone (1999), additional background information was gained 

from the concise explanations given by Weaving (1990). Due to repetitive 
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duplication of references to the above sources, these references are not given in the 

text below whilst occasionally specific references are included. 

3.2.1 The four stroke cycle 

Both the Spark Ignition (SI) engine and the Compression Ignition (CI) engine found 

in today's vehicles operate following a four stroke cycle. The nature of the fuel 

means that different ignition methods are used. In both SI and CI engines, 

combustion of a mixture of air and fuel (A/F) moves a piston within a combustion 

cylinder in a reciprocating manner. The piston movement is transformed into 

rotational movement using a 'conrod' attached at one end to the piston and the other 

to the crankshaft. Nearly all modern vehicle engines operate on a four stroke cycle 

(i.e. there are four directional movements for one complete cycle). The crankshaft 

goes through two complete rotations for every complete cycle. 

Figure 3-1 illustrates the components and stages involved in operation of an SI 

engine. 

a) The induction stroke - Here the piston is moving from the Top 

Dead Centre (TDC) position down to the Bottom Dead Centre (BDC) 

position. As it does so it draws in fresh air or an A/F mixture, 

depending on the fuel injection system employed, through an open 

intake valve. The amount of air drawn in is regulated by a throttle 

valve. The timing of the opening of the intake valve can be controlled 

by a number of mechanisms but in the example in Figure 3-1 it is 

controlled by a rotating camshaft. 

b) The compression stroke - The piston begins to move upwards 

compressing the fresh air or A/F mixture. If fuel has not already been 

added to the cylinder, as is the case in direct injection SI engines, it is 
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added during this stage. The intake and exhaust valves both remain 

closed through the duration of this stroke. 

c) The power stroke - Just as the piston reaches TDC, the spark plug 

ignites the A/F mixture. The time at which the ignition is applied 

varies depending on the requirement placed on the engine. The intake 

valve and exhaust valves both continue to be shut during this time. 

Combustion of the A/F mixture produces heat which forces the gas in 

the enclosed cylinder space to expand forcing the piston downward 

again. 

d) The exhaust stroke - Here the exhaust valve is opened just before 

the piston reaches BDC of the power stroke. This allows the high 

pressure gases remaining after combustion to leave the cylinder. 

Remaining exhaust gases are pushed out as the piston moves up the 

cylinder 

a Induction stroke 
b Compression stroke 

c Power stroke 

d Exhaust stroke 

1 Exhaust camshaft 

2 Spark plug 
3 Intake camshaft 
4 Injector 
5 Intake valve 
6 Exhaust valve 
7 Combustion chamber 

8 Piston 
9 Cylinder 
10 Conrod 
11 Crankshaft 

M Torque 

a Crankshaft angle 
s Piston stroke 

Vh Piston displacement 

Vc Compression volume 

Figure 3-1: Four stroke cycle of a petrol SI engine (Source: Bauer, 2004a) 
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Figure 3-2 illustrates the components and stages involved in the operation of a CI 

engine. 

a) The induction stroke - Here the piston is moving from the Top 

Dead Centre (TDC) position down to the Bottom Dead Centre (BDC) 

position. As it does so, it draws in air through the open intake valve. 

In comparison to the SI engine, the CI engine does not regulate the 

amount of air drawn but instead, regardless of the operating mode, the 

same volume of air is drawn for every induction stroke. The timing of 

the opening of the intake valve can be controlled by a number of 

mechanisms but in the example in Figure 3-2 it is controlled by a 

rotating camshaft. 

b) The compression stroke - The piston begins to move upwards 

compressing the air. The compression leads to a rise in the 

temperature of the air (see Figure 3-3). Just prior to completion of the 

compression stroke, fuel is injected at very high pressures (causing it 

to atomise producing an A/F mixture) into the now hot, compressed 

air. The intake and exhaust valves both remain closed through the 

duration of this stroke. 

c) The ignition stroke - This stage produces the engines power. After 

short time lag past TDC, the fuel spontaneously ignites due to the heat 

in the compressed air. The intake valve and exhaust valves both 

continue to be shut during this time. Combustion of the A/F mixture 

produces even more heat which forces the gas in the enclosed cylinder 

space to expand forcing the piston downward again. The amount of 

energy produced during this stroke depends upon the amount of fuel 

injected. 
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d) The exhaust stroke - Here the exhaust valve is opened just before 

the piston reaches BDC the power stroke. This allows the high 

pressure gases remaining after combustion to leave the cylinder. 

Remaining exhaust gases are pushed out as the piston moves up the 

cylinder towards the second TDC position of the cycle. The cycle then 

begins again. As the exhaust stroke gives way to the induction stroke 

both the intake and exhaust valves are opened for a short time to cool 

any exhaust gases remaining in the cylinder. 

TDC 

BDC 

Induction stroke 
Compression stroke 
Ignition stroke 
Exhaust stroke 

1 Inlet valve camshaft 
2 Fuel injector 
3 Inlet valve 
4 Exhaust valve 
5 Combustion chamber 
6 Piston 
7 Cylinder 
8 Conrod 
9 Crankshaft 
10 Exhaust valve 

camshaft 

M Torque 
a Crankshaft angle 
s Piston stroke 
d Bore 
Vh Piston displacement 
Vc Compression volume 

Figure 3-2: Four stroke cycle of a diesel CI engine (Source: Bauer, 2004b) 
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40 

TDC Piston stroke BDC 
Figure 3-3: Rise in temperature with increased compression by piston during compression stroke 

(Source: Bauer, 2004b) 
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In general, diesel vehicles produce more useful work per unit energy in the fuel burnt 

(30-45%) when compared to petrol vehicles (-13%) (Bauer et al, 2004a and 2004b). 

Indirect injection delivers precisely metered amounts of diesel into the 

precombustion 'swirl chamber' (a chamber where the air is agitated to encourage 

even mixing of the atomised fuel). Alternatively, direct injection systems which, as 

shown in Figure 3-2, deliver the fuel directly into the cylinder are used. Direct 

injection reduces fuel consumption by up to 20% compared to indirect injection. The 

precise controls required for direct injection represents an advance in diesel 

combustion technology and as such is expensive compared to indirect injection 

systems. Direct injection CI engine combustion undergoes four phases within the 

combustion cycle. 

Delay phase - A delay is experienced in between the start of the fuel 

injection and the beginning of combustion as the pressure and 

temperature in the cylinder rise to a level great enough for auto 

ignition. 

Premixed combustion - After the delay period, a certain amount of 

the injected fuel (at the outer extremes of the jet of fuel injected) has 

already become mixed with the air and reached sufficient conditions 

for rapid combustion to take place. This rapid burning results in very 

high temperatures, which together with presence of oxygen is 

important in the formation of NO;̂  (see Section 3.3.2.3), This phase 

sees immediate rises in both temperature and pressure within the 

combustion cylinder. Injection of the fuel is still occurring at this 

time. 

Mixing controlled combustion - As fuel continues to be injected the 

distribution of the fuel in the cylinder is much more uniform due to 

thermal effects of the pre-mixed combustion. The temperatures 

produced by this burning phase are less than those in the pre-mixed 

phase although this stage lasts longer. 

Late combustion - Injection of fuel has stopped at this point. 

However, combustion continues in the ignition stroke as any 
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remaining fuel, some soot and fuel rich secondary HC are burnt. The 

temperatures and pressure in the chamber begin to fall. 

In practical terms, the same phases described above are followed by indirect injection 

diesel CI engines. However, instead of occurring within the combustion chamber, 

the delay and premixed combustion phases occur within the swirl chamber next to 

the main combustion cylinder. The swirl chamber has heated gas forced into it in a 

swirling manner from the main combustion cylinder during the compression stroke. 

The swirling action encourages mixing of the fuel as it is injected; this is not 

required in direct injection CI engines since the injection pressures and shaped piston 

heads encourages adequate dispersion of the fuel. Additional heat is provided to the 

injected fuel using a glow plug (heated element). As the premixed phase is reached 

in the swirl chamber, the rise in heat (and pressure) forces the partially burnt A/F 

mixture to be ejected at high speeds back into the main combustion cylinder where 

the mixing controlled phase begins, etc. 

A number of factors such as compression ratios, valve timing, A/F ratio and mixture 

type, and injection system are all important factors when considering the engine 

outputs such as power and torque output, fuel consumption and emission of 

pollutants. Altering these factors can have beneficial and negative effects on the 

engine outputs, however there are limits to how far each of the factors can be altered. 

This section will now concentrate on discussing some of the fundamental factors 

particularly relevant to fuel consumption and pollutant emissions. 

3.2.2 Air/fuel ratio (X,) 

For complete combustion of the A/F mixture, a particular mixture ratio must be 

maintained. This mixture is referred to as the stoichiometric ratio. The 

stoichiometric ratio for petrol is approximately 14.7kg air to 1kg fuel giving an A/F 

ratio of 14.7:1; for diesel vehicles the stoichiometric ratio is 14.5kg air to 1kg fuel 

leading to an A/F ratio of 14.5:1. X is used to measure the extent to which the A/F 

ratio varies from stoichiometric (which has a X value equal to 1.0). Since the 

stoichiometric values for both diesel and petrol vehicles are so similar it is possible 

to use one single version of X to compare the A/F ratios between both types of fuels. 
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Rich A/F mixtures have X<1 whilst lean A/F mixtures have 1>1. Knowledge of the X 

properties of A/F mixture in the cylinder of petrol SI and diesel CI engines is crucial 

to the control of pollutant emissions and trade offs with fuel consumption. 

How engine-out emissions and power from a petrol SI engine vary with changes in 

the A/F mixture from the ideal 1=1 is shown in Figure 3-4. Originally the formation 

of the A/F mixture in a SI engine was controlled by a carburettor which added the 

fuel to the air by vaporisation. Significant progress in controlling the A/F mixture 

was made with the development of manifold injection systems where precisely 

metered amounts of fuel are injected directly into the intake manifold. Manifold 

injection results in a homogenous A/F mixture (a mixture where the fuel is evenly 

dispersed as a vapour in the air) being drawn into the whole combustion cylinder. A 

more recent development is the use of direct injection which sprays the A/F mixture 

directly into the cylinder. The advantage of direct injection is that, when power 

demand on the engine is relatively low, it can form a small stoichiometric A/F 

mixture cloud only around the sparkplug leading to lower fuel consumption and very 

precise metering of the fuel used by each cylinder. However, since the rest of the 

chamber is filled with air and inert gas, the overall A/F mixture is lean - this has 

implications for the after treatment of the exhaust (See Section 3.4.1.2). In instances 

where the engines full power is required (i.e. the accelerator is fully depressed) direct 

injection systems can create a homogenous A/F mixture throughout the whole 

cylinder by injecting during the induction stroke. 

Is 
p -

1 8 

\ 

&6 &8 10 12 1̂ ^ 
Excess-air factor X 

Figure 3-4: Variation of CO, HC and NO,- due to changes in the A/F ratio or X 
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Due to the fact diesel does not readily vaporise like petrol, the fuel is instead finely 

atomised, from which fuel evaporates from the droplets to create the A/F mixture. 

The nature of diesel fuel means that it is impossible to produce a completely 

homogenous A/F mixture prior to or during combustion. This means that 

heterogeneous (made up of different parts) A/F mixtures are combusted. This 

heterogeneous A/F mixture means that there are a wide range of localised X values 

are observed from X=0 (pure fuel) near the injector nozzle to X= oo (pure air) at the 

outer extremes of spray. Rich areas of the A/F mixture cause 'sooty' emissions and 

so to prevent too many of these rich areas, diesel engines must always use an excess 

of air. There are even more localised X variations around a single droplet. How the 

localised X varies around a single diesel droplet and also how the speed of the 

perturbed air in the cylinder affects the flame zone is shown in Figure 3-5. The ideal 

situation, therefore, is finely atomised droplets and 'moderate' air flow thus creating 

many areas of lean combustion; this produces less soot and lowers NO^. Fine 

atomisation is produced by injecting the fuel at very high pressures whilst the correct 

air flow profile is produced through a combination of shaping the top of the piston 

and increasing the air pressure drawn during the induction stroke (supercharging). 

Liquid 
tud 
droplet I 

' Flame 
edge zone 
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Ignition Unwts 
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/. = 0 CwnbusUb̂  zone 
Eye of jet (flame zone) 

M M 

ii) 

d Droplet diameter 
(between 2-20 |.im) 

a Moving droplet with 
/oif relative velocity 

b Moving droplet with 
high relative velocity 

1 Flame zone 
2 Vapour envelope 
3 Fuel droplet 

4 Air Flow 

Figure 3-5: Localised variations in 1 around a diesel fuel droplet, i) Variation in 1 with distance from 
edge of fuel droplet and ii) pattern of flame and fuel vapour envelope around a droplet in moving air 

(Source: adaptedfrom Bauer, 2004b) 

Localised variations in X occur within both SI and CI cylinders and mixtures, hence X 

can be used to refer to the average A/F ratio of a mixture but also the localised 

variations in one 'charge' of fuel. 
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3.3 Combustion and exhaust gas emissions 

In general, the problematic emissions from petrol SI engines differ from those related 

diesel CI engines. In addition, large variations in engine-out emissions occur within 

a single vehicle depending on the demands placed on it. To meet increasingly 

stringent legislative limits on pollutant emissions, vehicle designers use a variety of 

techniques of engine management and after engine exhaust treatment. This section 

deals with the formation of exhaust emissions from both petrol and diesel vehicles 

together allowing a comparison of the relative merits of each fuel/engine type. 

Section 3.4 deal with the two fuel/engine types individually, examining how engine 

management and exhaust after treatment can be applied to each. 

3.3.1 Emission sources 

There are four sources of engine related emissions in a modern light duty vehicle. 

Firstly, the imperfect combustion of the A/F mixture leads to toxic components 

within the engines exhaust gas. As the combustion process becomes less efficient, 

the formation of the secondary exhaust products increases. Secondly, crankcase (the 

housing around the crankshaft) ventilation occurs when the exhaust gases move from 

the cylinder chamber down the cylinder walls, past the piston ring (a seal between 

the piston and cylinder) and into the crankcase. To prevent their direct release into 

the environment closed crankcase ventilation systems, which return the crankcase 

exhaust back to the intake manifold, are now mandatory for both petrol and diesel 

engines. Thirdly, evaporative emissions from the vehicles fuel tank which can occur 

regardless of whether the vehicle is in use or not. Evaporative emissions are only a 

real concern for petrol as diesel has only an extremely low content of highly volatile 

(meaning they evaporate readily) constituents when compared to petrol. New petrol 

vehicles have systems to capture these emissions and return them to the fuel tank. 

Finally, the wear on vehicle components including tyres and brakes result in 

particulate matter (Abu-Allaban et al, 2003). 
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3.3.2 Exhaust gas constituents 

The ideal combustion of a pure fuel with the sufficient amount of oxygen should 

only produce H2O and CO2 - this is represented by Equation 3-1. It should be noted 

that Equation 3-1 is an extremely simplified version of the fuel oxidation 

(combustion) process. Even combustion of a simple HC molecule in fuel such as 

propane (CsHg) undergoes approximately 100 reactions and produces 30 separate 

species of secondary compoimds (Stone, 1999). 

ni CxHy + mi O2 —> n] H2O + mz CO2 (Eq 3-1) 

In reality this perfect combustion never occurs because, despite precisely metered 

engine management, the quantity of oxygen available varies. Together with the fuel 

composition, this leads to the production of toxic by-products (at least when present 

in sufficiently high concentrations). The composition of engine-out petrol and diesel 

emissions are given in Figure 3-6. It should be noted that direct comparisons are not 

possible between petrol and diesel using these charts as petrol figures are by volume 

and diesel figures are by weight. 

As can be seen in Figure 3-6 there are four major components of exhaust: 

Water (H2O) - The water chemically bound in the fuel is turned into 

water vapour during combustion. This water condenses as the exhaust 

gas cools. On cold days the plume which can be seen from a vehicles 

exhaust is the water vapour in the exhaust gas. The proportion of 

water present will vary significantly in diesel exhaust gases depending 

upon the operating mode required of the engine since stoichiometric 

conditions are not always maintained. 

Carbon Dioxide (CO2) - During ideal combustion, the carbon fraction 

of the hydrocarbon fuel bonds with the oxygen in the air creating CO2. 

Fuel consumption and CO2 are directly linked. This relationship is the 

cause of an increasing amount of research into producing more fuel 

efficient engines, both petrol and diesel, as well as exploring the 
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possibility of 'carbon neutral' biofuels. Again, CO2 content of diesel 

engine exhaust varies depending on the operating mode required of the 

engine. 

Nitrogen (N2) - Nitrogen is not directly involved in the combustion 

process but is included in the exhaust gases as it is the major 

constituent of the air drawn by the vehicle. Its presence does allow 

formation ofNO^. More detail on the formation of NOĵ  is given in 

Section 3.3.2.3. 

Oxygen (O2) - During stoichiometric combustion all the oxygen in the 

air drawn by the engine is combusted. Since this is the ideal for petrol 

SI engines there is very little oxygen in the exhaust, Figure 3-6 shows 

that this is also true for diesel engines when X, =1. However, since 

diesel engines nearly always operate with excess air there is oxygen 

left in the exhaust. 

Of the by-products of combustion there are four which are of particular significance 

and more detailed discussion of their formation is given below. 
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Figure 3-6: Composition of engine out emissions from i) a petrol SI engine operating at 1=1 n.b. 
figures in % by volume, ii) a diesel CI engine operating at part load with average 1>1 n.b. figures in % 

by weight, and iii) a diesel CI engine operating with average 1=1 n.b. fiigures in % by weight 
{Source: i)Bauer, 2004a, ii & iiiJBauer 2004b) 
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J. j . 2.7 moMoxzcfe 

CO is formed when there is a deficiency in oxygen (k< 1) available to the 

combustion process. If sufficient oxygen were present then the carbon would instead 

associate itself with an oxygen molecule (O2) and form CO2. When there is a 

shortage of oxygen the carbon atoms instead 'fight' to associate with any sort of 

atomic oxygen, hence CO. Extremely small concentrations of CO are also formed 

during lean combustion conditions (i.e. even with an excess of air) due to 

disassociation (i.e. CO2 separates to form CO and O), brief excursions in the A/F 

mixture from stoichiometric or small inconsistencies in the fuel mixture where rich 

conditions are present (i.e. a droplet of fuel which does not disperse correctly). It 

should also be remembered that virtually all vehicle engines have more than one 

cylinder and each cylinder is primed with the correct operating conditions for a 

precise moment in time. Thus inter-cylinder variations can also be important when 

considering levels of engine out exhaust pollutants. An example of this is given in 

Stone (1999) who use estimated CO values based on idealised stoichiometric 

combustion equations: 

'This can be illustrated by a simple example, a two cylinder engine 

operating with an overall stoichiometric mixture: 

case (a) both cylinders stoichiometric, then exhaust will contain 

CO 

case (b) each cylinder operating 5% away from stoichiometric 

(one lean, one rich), then exhaust will contain about 

+ 0 . 2 ^ / ^ = 7.06% CO,... ' 

CO emissions are also reduced when the flame temperature of the combustion is 

raised. Since the A/F mixture is so crucial in the level of engine-out CO, it is only of 

real concern for SI engines since CI engines always operate with an excess of air 

(e.g. CI engine CO accounts for ~ 0.1% volume of engine out exhaust gas where as 

in an SI engine with a rich mixture this can be up to 5% - see Figure 3-7). 
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Figure 3-7: Variation in engine out emissions from a petrol SI engine with changing A/F ratio - n.b. 
bottom scale is based on 'equivalence ratio' which is an alternative measure of A/F ratio in which the 

lean and rich sides of stoichiometry are inverted. {Source: Stone, 1999) 

Hydrocarbons 

HC is a collective term for a large number of compounds in which hydrogen (H) and 

carbon (C) is combined. HC emissions are derived from incomplete combustion and 

both primary and secondary hydrocarbons are present in engine-out exhaust. 

Primary hydrocarbons are those which exist in the fuel in the first instance where as 

secondary hydrocarbons are formed by separation or joining of the primary HC 

molecule chains, joining of newly separated chains, etc. Hydrocarbons are caused by 

there being an insufficient amount of oxygen for complete combustion and their 

concentrations fall as the A/F mixture become leaner, although if the A/F mixture 

becomes too lean, the ease with which it combusts is reduced leading to an increase 

in HC again. 

The HC is not fully combusted in specific places within the cylinder where the fuel is 

not exposed to the flame front of the combusting fuel. The formation locations of 

HC (together with CO and NOj^) within the cylinder of petrol SI engines are shown in 

Figure 3-8. 
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Explanation of the specific effects of the 'quench layer', oil film and crevices are 

given below: 

Quench layer - The quench layer is caused by the flame front being 

extinguished close to the relatively cold cylinder walls - this distance 

is typically '/2mm. 

Crevices - Here the fuel is trapped in the small areas where the 

quench distance is too small for the flame to burn. The most important 

crevice is that between the piston, cylinder and piston ring. The A/F 

mixture is absorbed into the crevices as the pressure in the cylinder 

increases during the compression and power stroke, and desorbed back 

into the exhaust as the pressure begins to fall. 

Oil film - The film produced by residual lubricating oil on the sides of 

the combustion chamber absorbs fuel vapour both before and after the 

combustion stroke. This effect is exhibited by the deposits which 

build up in the chamber. 
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Figure 3-8: Sources of CO, HC and NO^ from a petrol SI engine {Source: Heywood, 1988) 

A final source of engine-out HC is partial or complete misfire (i.e. very slow or no 

burning of the A/F mixture) or bulk quenching of the flame. This occurs when 

engine speeds are very low during combustion and the average cylinder X value is 

lean (due to excessive use of exhaust gas recirculation or a lean A/F mixture) 

together with retarded ignition timing in the cycle - such conditions occur during 

transient operation (i.e. moving from one 'power vs engine speed' point to another 

required for example when accelerating). Misfire may also occur in CI engines 

although to a far lesser degree because of lesser cycle to cycle variations in the 

combustion process. 
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With the exception of wall quenching, the sources of HC in diesel CI engines differ 

from those explained above for petrol SI engines - these sources of HC (together 

with CO and NO .̂) within the cylinder of diesel direct injection CI engines are shown 

in Figure 3-9. In addition to wall quenching, over leaning and undermixing of the 

A/F mixture are important mechanisms for HC formation in diesel CI engines. 
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Burned gas: NO 
Fuel jet 
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Burned 
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on walls: HC 
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Fuel vapor 
• f rom nozzle 

sac volume 

Figure 3-9: Sources of CO, HC and NO^ from a diesel CI engine {Source: Heywood, 1988) 

Over leaning - during injection of the fuel (as it is dispersing) part of 

the mixture becomes too lean to autoignite and can only then be 

oxidised by thermal effects in the cylinder - this results in unbumed 

fuel and partially oxidised HC. 

Undermixing - A lack of mixing of the fuel with the air is caused by 

slow mixing of the fuel with the air (e.g. the sac of fuel remaining at 

the tip of the injector) or when excessive fuel is injected. 

HC emissions are far greater for petrol SI engines than diesel CI engines although 

HC emissions from a CI engine will rise to the order of SI engines with rising engine 

load. Diesel CI engines generally produce hydrocarbons which are associated with a 

distinct odour such as aldehydes. 
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j . 2. j MZ/rogeM 

Again this is a collective term; it refers to both nitric oxide (NO) and nitrogen 

dioxide (NO2). Practically all formed during combustion is NO but as the 

exhaust cools some of the NO is oxidised to NO2 leading to a ~90%/~10% split in 

engine out exhaust respectively (although the cooler combustion in diesel engine 

produces more primary NO2. There are also miniscule amounts of nitrous oxide 

(N2O) emitted. Once emitted from the vehicles tailpipe it is assumed that all NO 

oxidises to NO2. NOx is formed by the burning of nitrogen in the air drawn by the 

engine and as shown in Figure 3-9 is produced in the combustion flame. The 

formation of NO^ can be quite complicated with three mechanisms responsible for its 

formation, namely 'thermal', 'prompt' and 'nitrous oxide'. 

Thermal - The thermal mechanism is illustrated by the extended 

Zeldovich process. See Equations 3-2 to 3-4: 

2O2 + 2N2 ^ 2 N 0 + 2N (Eq 3-2) 

N + O2 NO + O (Eq 3-3) 

N + OH NO + H (Eq 3-4) 

The rate of these reactions is relatively slow when compared to the 

time taken for combustion of the A/F mixture. This mechanism only 

forms NO when temperatures in the flame are high and engine speed is 

low. Since petrol contains only very small amounts of fuel bound 

nitrogen the thermal mechanism is the most dominant source for SI 

engine NO emissions. 

Prompt - This mechanism is of particular importance to NO 

formation when nitrogen is bound to the fuel or when the flame 

parameters render the thermal reaction relatively small (see Equation 

3-5). The prompt process then makes N available for NO formation by 

the appropriate thermal reactions. 

CH + Nz-^HCN + N (Eq3-5) 
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Nitrous oxide - This mechanism has most influence when flame 

temperatures are low and there are lean conditions; it follows the 

reaction given in Equation 3-6. The nitrous oxide then decomposes to 

form NO. 

N2 + 0 + M —> N2O + M (Eq 3-6) 

This type of pollutant is also referred to as smoke although it should be separated 

from the blue or white smoke which is characteristic of any engine burning oil or 

emitting unburnt fuel respectively (both of which affect SI and CI engines). 

Although all vehicles emit particulate pollution it is, in general, a problem associated 

with diesel CI engines. A comparison of particulates with other common particles is 

given in Figure 3-10. It is important to distinguish between the particulates from 

vehicles due to wear and tear of brakes, tyres and moving components, and those 

from the combustion process. The combustion derived particulate matter is made up 

of carbon particles (soot) which form during combustion in rich areas of the A/F 

mixture. The soot particles then grow by attaching themselves to each other or by 

adsorbing primary and secondary HC. It is also possible for primary and secondary 

hydrocarbons to condense resulting in separate particulate matter. When the 

particles move into a lean zone they are oxidised and so the amount of particulate 

matter in the engine-out exhaust depends on the ratio of the rate of formation to the 

rate of oxidation. 
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Figure 3-10; Size of particles emitted from diesel vehicles in comparison to other particles found in 
the environment {Source: Bauer, 2004b) 

3.4 Emissions reduction techniques for petrol and diesel engines 

To meet ever more stringent emissions limits (see Chapter 4 for more detail) vehicle 

manufacturers have had to reduce tailpipe emissions using both engine management 

techniques and exhaust treatment systems. Since SI and CI processes, fuels, 

emissions etc. are quite different this section will deal with each engine technology 

separately. 

3.4.1 Emissions control in petrol spark ignition engines 

3.^.7.7 Controlling engine-out emissions 

For petrol SI engines a number of key parameters can have a substantial influence on 

emissions of CO, HC, and even particulates. To obtain the optimum 

performance, low emissions and reduced fuel consumption, computerised engine 

management systems are used to monitor and control these parameters. However, 

for all situations, the ideal outcome of high performance, low fuel consumption and 
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low emissions can not be achieved as they conflict with one and other in terms of 

their control parameters. 

Engine load 

This is expressed as the torque (rotational force) generated by the vertical piston 

movement and translated into the rotational movement of the crankshaft. As the 

torque required increases then so does the temperature of combustion. The increased 

temperature leads to reduced levels of HC emissions as the size of the quench layer 

from the cylinder walls is decreased leading to a smaller volume in the cylinder for 

unbumed hydrocarbons to reside. The higher temperatures also result in more 

complete combustion of the primary and secondary HC, this effect also leads to 

reduced levels of CO (which is oxidised more fully into CO2). As described above, 

higher combustion temperatures from increased torque have a disproportionately 

negative effect on NO ĉ emission levels. 

Engine speed 

Engine speed influences the amount of time available for A/F mixture formation and 

combustion. Higher engine speeds reduce the time for these processes leaving 

behind increased levels of unbumed HC. CO follows the same pattern as there is 

less chance for complete oxidation of carbon in the A/F mixture. For NO ĉ the 

relationship is the opposite with lower engine speeds giving more time for NO;̂  

formation. However, opposing this effect, the lower engine speed allows for more 

exhaust gas to remain in the cylinder following the exhaust stroke (exhaust gas has 

the effect of reducing the temperature of combustion thus the tendency for N0% 

formation - see Section 3.3.1.2 on EGR). Whilst, virtually no particulates are 

produced by petrol SI engines, the stratified charge concept used in direct injection 

engines can sometimes result in poor A/F mixture formation at high engine speeds 

causing localised fuel rich areas which result in particulates. 

Increasing engine speed places more power (load or torque) demand on the engine 

due to increased power consumption from ancillary devices (e.g. the water pump) 

and also increases frictional losses hence fuel consumption increases 

disproportionately. When considering engine speed it is also important to consider 

transmission effects (i.e. chosen gear) since producing a required power at high 
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engine speeds (e.g. low gear) consumes more fuel than if the same power were 

produced at a lower engine speed (e.g. higher gear); this increased fuel consumption 

in turn increases emissions. 

Excess air 

As described above, the influence of 1 on the formation of pollutant emissions is 

great. Controlling the X value of a petrol SI engine is crucial. Rich A/F mixtures 

lead to increased amounts of fuel which can not be fully oxidised thus increasing HC 

emissions. The lack of air also results in incomplete oxidation of the carbon in the 

fuel to CO2 causing increased CO. HC emissions also rise with lean conditions due 

to a lack of combustible A/F mixture to allow a consistent flame front to move 

through the mixture. CO levels remain extremely low during lean conditions. 

Maximum NO;̂  emissions are produced with slightly lean A/F mixtures (1=1.05-

1.1). In rich conditions there is less oxygen available to the combustion leading to it 

being preferentially used for other reactions instead of oxidation of nitrogen. Lean 

conditions lead to a reduced temperature in the cylinder (due to the increased air 

being drawn acting as a heat sink) thus reducing the tendency for NO^to form. 

Whilst reductions in NO ;̂ can be obtained at lean or rich conditions they are not as 

great the reductions obtainable using a three way catalytic converter (see Section 

3.4.1.2) which need stoichiometric conditions to operate properly. Alternatively, a 

direct injection SI engine can operate lean using the stratified charge and a NO^ 

storage catalyst. 

Ignition timing 

Ignition timing is an important parameter because of its influence on the formation of 

the A/F mixture. Ignition timing is the point in the compression stroke that the A/F 

mixture is ignited. The ignition timing is measured by the angle of crankshaft with a 

greater angle (e.g. = 50°) indicating an earlier ignition point in the compression 

stroke. The time taken between ignition of the A/F mixture and formation of a full 

flame front moving through the A/F mixture is constant at two milliseconds. So, if 

engine speed increases the timing must be advanced for complete combustion within 

the time available between the end of the compression stroke and duration of the 

combustion stroke. Advancing the ignition timing (i.e. moving from = 20° 

towards 50°) results in higher HC concentrations in the engine-out exhaust as the 
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overall lower exhaust temperatures lessens the secondary oxidation of the HC. 

Advancing the ignition timing leads to an increase in combustion temperature since 

the combustion occurs in the cycle when the cylinder volume is relatively low, this in 

turn results in a greater and quicker formation of NO^. Advancing the ignition 

timing is deliberately used in the warm-up phase of an SI engine to keep NO^ levels 

relatively low as the catalytic converter warms up to its optimum temperature. 

Retarding the ignition timing reduces the efficiency of the engine and increases 

specific fuel consumption. Varying ignition timing has very little effect on CO 

emissions. 

J. 4.7.2 exAawj'f 

As emissions limits on vehicles have become tighter, control of engine parameters 

alone to maintain low pollutant levels has not been enough. A number of methods to 

reduce engine out emissions to suitably low tailpipe emissions have been utilised 

since the 1970's. The methods to mitigate tailpipe emissions given below are 

presented in an approximate chronological order of use by the commercial 

automotive industry. 

Exhaust Gas Recirculation 

Exhaust gas recirculation (EGR) is a standard technique used to reduce levels of NO;t 

and also to reduce fuel consumption in petrol SI engines. EGR involves returning a 

portion of the exhaust gas back into the combustion process to dilute the A/F 

mixture. The inert gas acts as a sink for heat during the combustion process which 

has the effect of reducing the peak temperature of the combustion thus reducing NO^. 

The moderate use of EGR (up to 25%) results in a small increase in HC emissions 

whilst higher levels of EGR increase HC emissions markedly. This occurs because 

as the peak combustion temperature lessens the stability of the combustion flame is 

compromised leading to incomplete combustion. When first implemented in US cars 

in the 1970's, fuel consumption increased since they used 'slow' burning engines 

which were susceptible to instability in the combustion flame. Today's vehicle's SI 

engines have higher bum rates and tolerate EGR to the extent that fuel consumption 

can actually be improved by 5%. As explained in Section 3.4.1.1, a lean A/F 
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mixture also reduces NO^ but makes use of catalytic converters problematic since the 

fluctuating reduced/oxidised state required for their correct operation is not 

maintained. 

Thermal reactors and secondary air 

Once evacuated from the cylinder, HC and CO continue to be oxidised in the exhaust 

system. To enhance this effect an enlarged exhaust manifold unit is attached to the 

engine. The 'thermal reactor' causes mixing of the exhaust gases. Often a secondary 

source of air is required to ensure adequate oxygen is available to continue the 

oxidation process. For an exhaust manifold to effectively oxidise CO and HC, the 

temperature, time spent by the exhaust gases in the thermal reactor and ease with 

which it warms up all need to be high. This form of emissions reduction is not 

completely effective at removing HC and CO and is often used during the warm up 

phase of vehicle operation i.e. before the catalytic converter has warmed to an 

effective operating temperature. Use in this way also has the advantage of warming 

the exhaust gases leading to even quicker warm up of the catalytic converter and so 

earlier reduction of NO^. 

Oxidation, three way and NO,^ accumulator catalytic converters 

Catalytic converters are devices through which the exhaust gas passes for HC, CO 

and/or NO ĉ to be removed. A catalytic converter consists of a substrate or beads 

covered in a noble metal coating. The substrata approach uses either ceramic or 

metallic monoliths with a tight honeycomb-like structure which are resistant to high 

temperatures (up to 1000°C). The bead method uses small spherical, ceramic beads 

(~3mm diameter) although such designs have largely given way to the monolith 

approach. The advantage of the monolith approach is the relative ease with which 

the exhaust gases can still pass through the system and so not creating problematic 

back pressures in the exhaust system which can effect engine operation. On the 

surface of th substrate is a wash coating of extremely porous aluminium oxide 

impregnated with the catalyst (a noble metal). Using the washcoat increases the 

effective surface area of the catalytic converter by a factor of 7000. Stabilisers are 

added to the washcoat to enable it to maintain its porosity at high temperatures. The 

actual catalytic reaction is based on the adsorption of the pollutant to be oxidised 
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(HC or CO) or reduced (NO;^), the appropriate chemical reaction and then desorption 

of the new chemical species. 

Catalytic converters were originally developed for industrial processes. In such 

processes the state and content of the exhaust gases are far more stable than those for 

a vehicle exhaust since the vehicle by its nature is operating in rapidly fluctuating, 

wide ranging conditions. Hence, the ideal characteristics of a vehicle catalytic 

converter are a low light-off temperature (the temperature at which it becomes 50% 

effective), high conversion efficiency and high resistance to thermal aging. 

To minimise the period taken until light-off both passive and active systems have 

been used. A number of passive approaches to early light-off are available. For 

example, one method requires the engine to run on a rich mixture during warm up, 

the HC in the exhaust is then burnt in a shielded area of the converter using a glow 

plug (a hot element). A second approach is to place a small catalytic converter very 

close to the engine where the high temperature of the exhaust quickly warms it; this 

is often used in three way catalytic converter systems. However, the smaller 

converter has relatively low conversion efficiency and so a larger converter is placed 

downstream in the exhaust. One active warming system uses electrical heating to 

raise the converters temperature - this approach does have fuel consumption 

penalties as electrical energy is required. 

Generally, catalysts are required to operate with high efficiency to beyond 50,000 

miles. Other physical factors to be considered are that it should be able to withstand 

the high frequency oscillations from the vehicles engine and it should be sufficiently 

insulated to prevent it starting grass fires. The best catalysts which can be added to 

the washcoat are found in the transition metal group in the periodic table. Such 

metals include the precious metals of platinum (Pt), palladium (Pd), rhodium (Rh) 

and ruthenium (Ru) , or the base meta l s iron (Fe), nickel (Ni) , cobalt (Co), copper 

(Cu) or vanadium (V). A number of these metals can be discarded due to the ease 

with which they are attacked the acidic components in the exhaust or the possibility 

of toxic by products. The most commonly used catalysts in modem vehicles are Pt, 

Pd and Rh. Base metals can be used as catalysts but they are much more susceptible 

to deactivation of the surface from sulphur in the fuel. 
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Catalytic converter poisoning is a problem when considering the various additives 

present in both fuel and oils. Indeed, use of lead in petrol was phased out not only 

due to the increasing levels of lead in ambient air but also because they poisoned 

catalytic converters. Care must always be taken to prevent misfire on SI engines 

when fitted with a catalytic converter since when the unbumt fuel passes through the 

exhaust system it combusts and raises the temperature inside the converter up to 

1,400°C, effectively reducing the conversion efficiency to zero. 

Oxidation catalysts only remove CO and HC from the exhaust. The CO and HC are 

held on the catalyst surface as the exhaust passes through converters channels. 

Secondary air is added to the exhaust before the converter to provide sufficient 

oxygen for the CO and HC to be oxidised. Oxidation catalysts use a combination of 

Pt and Pd are used. Pd is better at oxidising CO, and olefin and methane HC's; for 

aromatic HC's the efficiency of Pt and Pd is equal whilst for paraffin HC's Pt is the 

most active. 

NOx reduction catalysts use the CO present in the exhaust to take oxygen from NO^ 

and oxidise. To produce sufficient CO however, the engine has to be run on a rich 

A/F mixture; this results in some CO and HC being present in the exhaust after it has 

passed through the reduction catalytic converter. The reaction used in this type of 

converter is given in Equation 3-7. 

2C0 + 2 N 0 2CO2 + N2 (Eq 3-7) 

To oxidise the remaining CO and HC, an oxidation catalytic converter is used with 

secondary air being added. This approach was not entirely successful as the NO^ 

subsequently reappeared in the exhaust after the second converter. This is due the 

formation of ammonia in the first converter (NH3) because hydrogen was present in 

the exhaust, the ammonia was then oxidised in the second converter to produce NOj .̂ 

Ru and Rh catalysts are far more selective when reducing NOx, producing 

substantially less NH3 than Pd and Pt catalysts when the engine is operated under 

slightly rich conditions. Whilst Ru would seem ideal for such converter set up, it is 

easily removed from the washcoat under oxidising conditions. 
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Three way catalytic converters are a progression in research in to vehicle catalytic 

converters. Three way converters use only one substrate to remove all three key 

pollutants (hence the name) by oxidising both CO and HC and reducing The 

three way converter washcoat contains Pd and/or Pt (for CO and HC) as well as Rh 

(for NOjc). In addition to the usual additives, three way catalytic converters also have 

redox agents such as cerium oxide (CeOi) and barium oxide (BaO) added to the 

washcoat. For the principle of a three way converter to work effectively, the A/F 

mixture must be maintained within a very small 'window' either side of 

stoichiometric. Figure 3-11 shows effective margins for CO, HC and NO^ treatment 

either side of X=l. As can be seen, any deviation outside this window substantially 

increases emissions. 
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Figure 3-11: Effect of a three way catalytic converter on engine out emissions within and outside of 
the stoichiometric window a) engine out emissions, b) tailpipe out emissions and c) O2 sensor voltage 

feedback {Source: Bauer, 2004a) 
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The operating principle of a three way converter is based on achieving a chemical 

balance within the exhaust gases. To broaden the window within which successful 

removal of CO, HC and NO^ occurs, the engine management system oscillates the X 

value slightly either side of stoichiometric providing a fluctuating environment in the 

converter. This oscillation is in the region of 0.5 to 1 Hz. During slightly lean 

conditions NO ĉ is preferentially reacted over O2 with any CO, Hi and HC; some of 

the remaining O2 and NO^̂  is stored by the redox material in the washcoat (i.e. CeOi). 

During rich conditions all O2 and NO^ in the exhaust plus the stored O2 and NO^ is 

scavenged by CO, H2 and HC which need to be oxidised. Balanced examples of the 

reactions which occur in a three way catalytic converter are given in Equations 3-8 

to 3-11. 

2C0 + 0 2 2CO2 (Eq 3-8) 

2C2H6 + 7O2 —4CO2 + 6H2O (Eq 3-9) 

2 N 0 + 2C0 ^ N2 + 2CO2 (Eq 3-10) 

2NO2 + 2 C 0 —> N2 + 2CO2 + O2 (Eq 3-11) 

In addition, CO is removed by water-gas shift reaction (see Equation 3-12) and HC 

by the steam reforming reaction (see Equation 3-13) both of which are aided by the 

Pt and Rh catalysts. 

CO + H2O Hz + CO2 (Eq 3-12) 

CxHy + H2O ^ CO, CO2, Hz (Eq 3-13) 

Since very close to stoichiometric combustion is always required then fuel 

consumption is not as economical as it should. At part load on the engine, suitable 

performance can be gained by running the engine on a lean A/F mixture. The fuel 

penalty for running the engine at stoichiometry is approximately 10% (with the 

associated rise in CO2 emissions). 

To maintain such close control on X, closed loop control is required. Close loop 

control uses oxygen sensors which feedback to the engine management system. A 

schematic of the closed loop control system is given in Figure 3-12. Upstream of 

the catalytic converters, an oxygen sensor is used to monitor if there is excess oxygen 
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in the exhaust. If excess oxygen is detected, the A/F mixture being added to the 

cylinders is lean, in which case, the engine management system adjusts the mixture 

towards the rich direction. Conversely, when the sensor detects a lack of oxygen the 

exhaust the A/F is too rich and the engine management adjusts to a leaner A/F 

mixture. 
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Exhaust gases 
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Injector 
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-H 

Two step or Two step or 
broadband Two step 

lambda sensor lambda sensor 
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Figure 3-12: Schematic of the closed loop control system employed in a petrol SI car 
.Bower, 200'̂ a) 

Conventionally the detection of O2 in this upstream position was achieved using a 

two step sensor which gives a higher or lower voltage feedback depending on the 

conditions - an example of this feedback is given in Figure 3-11. In this example 

the high voltage relates to a rich mixture and the low voltage to a lean mixture. The 

voltage change experienced is by no means binary but a simple algorithm in the 

engine management system is applied to determine the A/F mixture state because the 

voltage change is so distinct. The frequency at which it alters the A/F mixture is 

relatively high. 

More recently 'continuous action' X sensors have been used in this position. The 

broadband signal given by such sensors not only provide information on the X state 

in the exhaust gases but also provide information on the extent of any deviation from 

stoichiometry. This allows much tighter control of the A/F mixture keeping it within 

the window for optimum operation of the three way catalytic converter for a greater 

proportion of driving (e.g. more of the transient operations). 
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Using an O2 sensor so close to the engine leaves it vulnerable to high temperatures 

and untreated exhaust, limiting its accuracy. A second sensor is placed downstream 

of the converter but, due to its distance down the exhaust system from the engine and 

the influence of treated exhaust, the sensor is relatively unresponsive to changes in 

the engine A/F mixture. The downstream sensor, therefore, takes part in a relatively 

low frequency feedback allowing longer term alterations to the engine management 

system. The downstream sensor can also be used to monitor oxygen storage capacity 

of the catalytic converter by comparing its response to that of the upstream sensor. 

So, if the upstream sensor is detecting O2 then a delay should occur before the 

downstream sensor detects excess O2 since the catalyst should be storing the excess 

O2, The extent of this delay, when considered together with other parameters, 

informs of the 0% storage capacity of the catalyst - this is important for the 

diagnostic operation of the engine management system. 

The latest development in emissions control for petrol SI vehicles is the NOx 

accumulator catalytic converter. The use of converters which can better deal with 

high means that lean bum technology can be used by the engine (e.g. the 

stratified charge concept used by direct injection engines). Lean burn technology is 

desirable since it is a very effective way to reduce fuel consumption (and so CO2 

emissions). The problem with such operation is the excessive NO^ emissions which 

can not be treated. During lean bum operation the excessive O2 levels react to 

oxidise the CO and HC meaning N0% is not reduced adequately. A solution to this 

problem is therefore desirable. 

The NO;c accumulator catalytic converter is essentially a three way catalytic 

converter with additional additives in the washcoat which specifically hold the 

excess NO^. Additives include oxides of potassium, calcium, strontium, zirconium, 

lanthanum and barium. The NO^ converter undergoes a three stage process 

(accumulation, release and conversion) whilst the CO and HC are being constantly 

oxidised by the excess 0%. Typical accumulation, release and conversion reactions 

on the of the NO^ accumulator catalyst are given in Equation 3-14 to 3-16 

respectively. 
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2BaO + 4N02 + 0% 2Ba(N03)2 (Eq 3-14) 

Ba(N03)2 + 3C0 SCO; + BaO + 2 N 0 (Eq 3-15) 

2N0 + 2C0 -> Nz + 2CO2 (Eq 3-16) 

Accumulation - The NO is held by the Pt on the surface and oxidised 

to form NO2. The NO2 is then held by the additive oxides. Two 

approaches are used to determine when the converter has reached its 

storage limit. The first method is to take the temperature of the 

catalyst, the theoretical NO^ produced, etc. into account and apply a 

model to calculate the amount of stored NO2. The second method 

requires a sensor downstream of the catalyst; when the sensor 

detects NOĵ  then the converter is full. 

Removal - Once the storage threshold is reached the engine is briefly 

run on a rich, homogenous A/F mixture. An excess of CO, HC and H2 

is then present in the exhaust and used as reducing agents to remove 

the NOx from its nitrate form. For example using CO; the excess CO 

is used as an oxidant to remove the NÔ ^ from the barium nitrate 

(Ba(N03)2) resulting in CO2 and NO. 

Conversion - The NO is then oxidised by more CO in the same way as 

on a three way converter. The oxidation reactions described can 

equally take place with H2 and HC although the products are obviously 

different. H2 is the most readily oxidised with HC being the slowest. 

Similarly to the accumulation stage, two methods are available to 

determine when the NO^ has been fully removed from the catalyst. 

The first method uses a model to calculate the level held on the 

catalyst. The second method uses an O2 sensor downstream of the 

catalyst to detect when the X switches from lean (significant O2 is 

produced during the removal stage) to rich. 

The NOx converter's ability to accumulate is greatest in between 300 and 400°C 

meaning the converter has to be placed further away from the engine than a 

conventional three way catalytic converter. Such restrictions mean a pre-cat nearer 
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the engine is essential. Low sulphur or sulphur free fuel is a further requirement of a 

NOx accumulator catalytic converter since the oxides which accumulate the also 

accumulate sulphur by creating sulphates. To reduce the sulphates the converter has 

to be heated to between 600 and 650°C at regular intervals; if not done regularly the 

level of sulphates becomes so great that no amount of heating will remove them. A 

closed loop control system similar to the three way catalytic converter is also 

employed for this type of converter. However, if the model approach to storage 

control is not used, a two step X sensor downstream of the converter, which also has 

an integrated NOjc sensor, can be utilised. 

3.4.2 Emission control in diesel compression ignition engines 

3.4.2.1 Controlling engine out emissions 

Whilst diesel CI engines have less opportunity for cycle to cycle variations in 

combustion parameters when compared to a petrol SI engine, some important 

dynamic changes can be made by the vehicle's engine management system. The 

dynamic parameter with most influence on performance, emissions and fuel 

consumption is the fuel injection. There are many sub-variables associated with the 

fuel injection process namely injection timing, injection pressure, and the rate-of-

discharge. Engine speed is a further important factor. Since CO is negligible from 

diesel CI engines they are not considered in this section. Altering dynamic 

parameters is a process of balancing often conflicting issues such as fuel 

consumption, NO ĉ, HC, soot and particulates and noise. 

Injection timing 

The point at which combustion of the A/F mixture begins can not be directly 

controlled by diesel CI engines (i.e. it does not require an ignition spark to be applied 

to begin combustion). Instead, a key method of control is varying the point within 

the compression stroke that the fuel injection is begins. In a similar manner to 

ignition timing in petrol SI engines, injection timing in CI engines is expressed in 

degrees of rotation in the crankshaft. The injection timing is important as it not only 
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governs when the fuel is delivered to the cylinder but, as a consequence, it has an 

effect on the air flow profile, pressure and density within the cylinder (these 

variables change as the compression stroke progresses into the ignition stroke). All 

these factors combine to affect the point at which the premixed stage of ignition 

takes place. This in turn has an impact on the combustion by-products. Therefore, 

the injection timing has to be altered depending on engine speed and load (and if cold 

starting, temperature) on the engine. 

At a given engine speed and load for a warmed up engine, the effects of retarding or 

advancing injection can be compared. The distribution of and HC as the 

injection timing changes from the top dead centre (TDC) position of the piston is 

shown in Figure 3-13. The caveat relating to how the injection varies according to 

load is also important. The manner in which noise, smoke (proxy for soot or 

particulates), N0% and fuel consumption change with injection timing and the trade 

off made when optimising one over another is given in Figure 3-14. Advancing the 

timing before TDC means the premixed combustion phase is reached before the 

piston is ready to be forced downward and therefore actually slows down the engine. 

Whilst a more advanced timing is associated with improved fuel consumption, 

because improved thermal efficiency of the engine, there is a point where the 

increased work inefficiency leads to not only increased fuel consumption, but also to 

increased levels of noise due to higher peak pressures and NO^ due to higher 

combustion temperatures. HC and smoke on the other hand are both relatively low 

as more time is available during the mixing controlled combustion phase for 

complete combustion. Retarding the injection timing increases relative fuel 

consumption, HC and smoke emissions whilst NO^ and noise are both reduced. The 

increased fuel consumption in this stage can be explained by the less complete 

combustion (leading to the increase HC emissions). Contemporary diesel CI engines 

have sophisticated fuel injection systems which are capable of starting injection 

within <± r of the desired crankshaft angle. 
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Figure 3-13: NO^ and HC distribution with variation in injection timing in a diesel CI engine 
{Source: Bauer, 2004a) 
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Figure 3-14; Trade off curves between noise, smoke, and fuel consumption with different 
injection pressure and injection timing (Source: Stone, 1999 reprinted from Glikin, 1985 by 

permission of the Council of the Institution of Mechanical Engineers) 
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Injection pressure 

The injection pressure is a controlling factor on the manner in which the fuel is 

atomised with higher injection pressures leading to greater atomisation. Figure 3-15 

shows how fuel consumption, NOĵ  and black smoke vary with injection pressure and 

injection timing for a direct injection CI engine. It can be seen that both smoke and 

fuel consumption are sensitive to injection pressure. The greater mixing of the air 

and fuel leads to less of the localised rich zones which cause soot emissions. Smoke 

emissions are highest during the mixing controlled phase of combustion and so 

improved mixing of air and fuel during this stage will significantly reduce smoke. 

Fuel consumption is also improved by this increase in atomisation as more of the 

injected fuel is completely combusted. 
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Figure 3-15: Effect of injection pressure on trade-off curves between NO^ and smoke, and NO -̂ and 
fuel consumption {Source: Bauer, 2004b) 

The injection pressure for direct injection engines varies with engine speed (since the 

pressure generated by the pump is related to the engine) with peak injection pressures 

only possible at high engine speeds (lOOObar - 2050bar). The exception to this are 

engines with a common rail injection system where an independent pump generates 

high pressures independently of engine speed and stores the fuel in a constantly, 

highly pressurised state. The pressure of fuel stored in the 'common rail' can be 

altered as a function of the engine load required by returning excess fuel to the tank. 

The amount of fuel injected by such systems is related to the time the injector valve 

is open and the known pressure in the rail. For indirect injection CI engines there is 
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little advantage in having injection pressures above 450bar since there is a limit on 

how this can influence the manner in which the partially burnt A/F mixture is 

injected from the swirl chamber. 

Injection rate-of-discharge curve 

Controlling the profile of the mass of fuel injected and injection duration can lead to 

benefits in noise, emissions and fuel consumption. How fuel consumption, NO^̂ , HC 

and soot vary with injection duration and injection timing (at a constant engine speed 

and load) is shown in Figure 3-16. It can be seen that there is little variation in HC 

emissions with increased injection duration. Fuel consumption and soot both 

increase whilst NOjc decreases with increased injection duration. 

Due to the phenomena of premixed and mixing controlled combustion phases, the 

profile of injection can be utilised to mitigate the negative outputs of each stage. To 

precondition the cylinder for the main injection event, a technique called pre-

injection can be used. The pre-injection is a very small charge of fuel which has the 

effect of raising the temperature and pressure inside the cylinder. This rise in 

temperature and pressure dampens the sharp temperature and pressure rises that 

occur during the pre-mixed phase of the main injection event, reducing both noise, 

NO;t and fuel consumption. In addition, the pre-injection also reduces the delay 

period phase between fuel injection and ignition allowing a quicker premixed 

combustion phase and quicker overall combustion in the cylinder. 

Post-injection can also be used to reduce emissions by injecting a delayed charge of 

fuel toward the end of the main combustion phases. This delayed burning event re-

bums any soot particles and can reduce soot emissions by between 20 and 70%. 

A useful summary of the effect of various injection related parameters on 

performance, emissions and fuel consumption is given in Table 3-1. 
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Table 3-1: Effect of various fuel injection parameters on performance, emissions and fiael 
consumption for a diesel CI engine (^owrce. 200^6). 

Engine speed 

Variation in emissions levels at different engine speeds can be explained by the need 

to alter the injection timing to ensure enough time is available for complete 

combustion. So for higher engine speeds the injection timing has to be advanced. 

With this in mind the consequential changes in emissions from increased engine 

speed are already described above under 'injection timing'. 

Engine load 

For diesel CI engines, increasing the load on the engine can be thought of as 

increasing both the pressure and temperature within the cylinder. Some simple 

relationships based on this fact can be used explain variations in NO;,, HC, and 

smoke. As the load increases at a given engine speed so does the level of NO^ since 

the higher peak temperatures are favourable for NO^ formation. Engine designers 

often use this relationship and advance the timing of injection at low loads as this is 

where best Aiel consumption can be achieved (up to a limit). At fiill load, HC and 

soot levels are lower since there is less effect of wall quenching and over leaning as 

the higher cylinder temperatures reduces the quench layer and improves secondary 

burning of over leaned A/F mixtures. To capitalise on this relationship, injection is 

often retarded during these operations reducing noise and NO^. 
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j . 2.2 f o 

Similar to petrol SI engine vehicles, the emissions limits on diesel CI engine vehicles 

have become increasingly stringent. These limits have nearly all been achieved 

though improvements in the engine design and control. Of the post exhaust 

treatment methods EGR is currently widely used although diesel catalytic converters 

and particulate traps will be increasingly used in future vehicle designs although 

reductions of sulphur levels in diesel fuel are necessary for this. In future, to meet 

even tighter emissions limits combinations of the technologies described below will 

be required. 

Exhaust gas recirculation (EGR) 

EGR is used to reduce NO^ emissions and has been a standard method of emissions 

control on diesel cars and commercial vehicles since the early 1990s. Previously, the 

sensitive control systems required to meter EGR were not available. The use of EGR 

also has an advantageous effect in reducing combustion noise from diesel engines by 

causing a smoother and lower profile of pressure/temperature increases during the 

ignition stroke. The apparent reduction in is attributed to the influence of 

increasing the CO2 included in the combustion chamber during the ignition stroke. 

Three effects have been identified; firstly, the increase in CO2 in the combustion 

chamber displaces the amount of fresh air drawn and so reduces the amount of 

excess O2 in the chamber available for formation. Secondly, the CO2 and H2O 

in the exhaust gases have a higher specific heat capacity thus reducing the 

temperature of combustion. Finally, the quantity of exhaust gases expelled are 

reduced (EGR of up to 50% is used in diesel cars). Cooled EGR increases the NO^ 

reducing effects (although this can cancel effects of reducing noise). The use of 

EGR on diesel CI engines is not as effective as observed for petrol SI engines. EGR 

for diesel engines requires careful control because if quantities are too high, it can 

have adverse effects on CO, HC and smoke emissions since too great a reduction of 

oxygen produces a rich A/F mixture. 

Oxidation, three way and NO^ accumulator catalytic converters 

These types of converters operate in the same manner as those described in Section 

3.4.1.1. When used for diesel emissions, some reduction in more volatile particulate 

Sources of pollutant emissions from light duty vehicles 73 



Ph.D. Thesis TRG, School of Civil Engineering and the Environment 

matter is also possible. Using catalytic converters with diesel emissions should lead 

to reductions in the HC compounds responsible for the distinct odour emitted by 

diesel engines. The three way catalytic converter method can be used when additives 

are added to the washcoating. The additives compensate for the high levels of excess 

O2 and allow some of the NO;, (5-10%) to be reduced in the oxidation of HC and 

even CO emissions. One major difficulty in the use catalytic converters is the high 

level of sulphur present in diesel fuel. The sulphur is oxidised to form sulphur 

trioxide (SO3) which leads to sulphuric acid, which in turn produces sulphates on the 

surface of the catalyst. This not only reduces the efficiency of the converter but also 

increases back pressure of the exhaust system affecting the engine. The mass 

introduction of ultra low sulphur diesel (<10ppm sulphur) is allowing this technology 

to be used more often. A further problem with the use of converters with diesel 

exhaust gases is that they are comparatively cool when compared to SI engines. To 

overcome this problem the catalysts have to be designed with very low light off 

temperatures and placed close to the engine. 

Particulate filters 

A number of types of particulate reduction techniques are available. 

Regenerating particulate traps use a filter made of a porous ceramic to capture 

particulates in the exhaust as the pass through it. However, as the trap fills an 

undesirable back pressure is created. When a specified retained amount of 

particulates is reached, they have to be burnt at temperatures of over 600°C. A 

pressure sensor can be used to determine when the threshold for burning has been 

reached. Since these temperatures are not normally reached by the relatively cool 

exhaust gas the trap requires an additional source of heat. The additional heat can be 

produced by drastically retarding the injection timing, or the exhaust bypasses the 

trap and an electrical heating system is used - both lead to increased fuel 

consumption. To mitigate this effect additives can be used in the fuel to lower the 

temperature at which the particulates bum. This technique requires the trap to be 

cleaned manually, periodically to remove ash which remains from the additive. 

The continuously regenerating trap (CRT) uses NO2 produced from an oxidation 

catalytic converter upstream of the trap. The particulates are then burnt in the 
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presence of the NO2 instead of O2 - this has the efkct of reducing the temperature at 

which the particulates bum (>250°C). This temperature range is much more in the 

order observed in diesel vehicle exhausts allowing the traps to be effective even for 

short journeys. Sensors monitoring pressure, temperature and particulates are used to 

monitor the trap. It is possible to use a catalytic washcoat on the surface of the filter 

to oxidise and filter particulates in one unit. CRT traps can reduce particulate 

emissions by -80%. 

Cyclonic filters use centripetal force within a chamber to remove large particulates 

which are then removed through a small orifice at the bottom of the cyclone. The 

'cleaned' exhaust passes out through the top of the chamber. However, this 

technique only work with particles >10|j,m and so an electrical charge must be added 

to the particulates encouraging them to cohere to sufficiently large agglomerations. 

Selective catalytic reduction (SCR) 

By using a reduction catalyst such as urea up to 90% of NO;, can be removed from 

the exhaust. Carefully controlled amounts of urea are, based upon the assumed 

(using a data map and exhaust temperature) or known (using a NO;, sensor 

measurements upstream of the converter) level of NO^ in the exhaust, added to a 

thermo/hydrolysing catalyst to produce ammonia (NH3). The ammonia is then used 

in the SCR catalytic converter to reduce the NO;, to nitrogen and water. Using an 

oxidising catalyst upstream of the SCR converter oxidises the NO to NO2 which 

improves the efficiency of the SCR method. To prevent any NH3 not used in the 

reduction reaction being emitted an ammonia blocking catalytic converter is used. 

Equations 3-17 to 3-20 detail the chemical reactions involved at each stage. 

Oxidation: 2 N 0 + O2 —> 2NO2 (Eq 3-17) 

Thermolysis: (NH3)2CO NH3 + HNCO + H2 (Eq 3-18) 

Hydrolysis : HNCO + H2O NH3 + CO2 (Eq 3-19) 

Reduction: NO + NO2 +2NH3 2N2 + 3H2O (Eq 3-20) 
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3.5 Summary and conclusions 

Engine designers have responded to increasingly stringent emissions standards and 

consumer desire for greater fuel economy. Based on a detailed understanding of the 

thermal, chemical and dilution processes inside the combustion chambers of both SI 

and CI engines, operating parameters of the engine have been optimised. To control 

the necessary parameters, sophisticated computerised engine management systems 

have been utilised. Control of engine parameters can only lead to partial gains in 

emissions reductions and fuel economy and so post-exhaust treatment techniques 

have been employed to gain further reductions. 

Diesel CI engined vehicles will become increasingly dependent on exhaust after-

treatment approaches in order to meet the required emissions standards. SI 

post exhaust treatment has evolved from relatively simple thermal reactors to 

sophisticated catalytic converters which are equipped with sensor arrays which in 

turn feedback to the engine management system. CI post exhaust treatment has to 

deal with the added burden of particulate emissions. In future, particulate traps in 

conjunction with NO^ reducing catalytic converters will be required to meet 

emissions standards. The role of cleaner petrol and diesel fuels to allow such devices 

to be utilised is also an important piece of the solution. 

Reductions in emissions from light duty vehicles has resulted in fuel 

consumption trade offs. As CO2 emissions and the associated climate change issue 

becomes more important in future years a more holistic approach to the combined 

problems of local air quality and CO2 will be needed. This will require automotive 

solutions which reduce both types of emissions. 

Vehicle technology approaches have their limits in their effectiveness at 

reducing emissions. Will there ever be a point where no more tailpipe emissions 

reductions can be made and air quality standards (which may also be reduced as 

vehicle emissions are reduced) are still being breached just because of the sheer 

volume of traffic? 
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The reliance on these sophisticated systems to maintain relatively low emissions 

means that monitoring their effectiveness is of increasing importance. A 

malfunctioning vehicle could be producing far greater emissions than if it were 

operating properly which makes identifying such vehicles a high priority. This leads 

to the question; 'AoM; we// are fAg cwrrgnr gympZoj/gg/ fo (fgrgc/ vgAfc/g^ 

with an emissions fciult, working and how will this effectiveness change in the 

future'1 

Increased reliance on sophisticated emissions control technology can result in a 

lack of driver awareness of an emissions related problem with their vehicle and 

due to increased repair expense, a delay in undertaking a repair. It is also 

apparent the ability of vehicle owner to maintain, and more importantly being able to 

observe an emissions related fault, is being removed as the vehicle control systems 

increase in sophistication. This could result in excess emissions and the responsible 

fault not being rectified until the vehicle is due for its service or MOT. The cost of 

repairs is presumably also going to increase as the diagnosis and repair become 

increasingly specialised jobs and the cost of spares increases. In such circumstances 

if the owner is aware of the fault then they may not have it rectified due to the one-

off expense, especially if a vehicle is coming the end of its useful life (e.g. as is 

currently the case for early generation petrol catalyst cars). 
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4 INSPECTION AND MAINTENANCE PROGRAMMES 

4.1 Introduction 

A number of approaches to reducing road traffic pollution are utilised by policy 

makers. One of the more successful tools is that of an Inspection and Maintenance 

(I&M) programme. I&M programmes are used by National or Regional 

governments to ensure that on-road vehicles operate somewhere near their maximum 

potential in terms of producing relatively low emissions compared to a 

malfunctioning vehicle. 

4.2 The need for I&M 

4.2.1 The rationale of I&M 

As discussed previously the maintenance of cars is crucial if their optimum 

emissions performance is to be sustained. This is especially important for cars built 

in the last decade where the use of emissions control systems and computerised 

engine management has enabled large decreases in tailpipe emissions. To illustrate 

this point the emissions from a petrol SI engine car equipped with a three way 

catalytic converter are presented in Table 4-1 (Norris, 2001b). This test involved 

comparing the emissions over a number of drive cycles with original, new and no 

catalyst fitted. This vehicle complied with EURO I limits and for petrol SI vehicles, 

the importance of catalyst activity (and the necessary engine management systems 

for its optimum performance) on meeting the stricter, later EURO standards 

increases (CVTF, 2000). This will become the case more and more with diesel CI 

vehicles as their emissions control technology matures to match that of petrol SI 

engines. 

Emissions (g/km) 
CO THC NO; 

Vehicle with New catalyst 2.83 0 3 0 0.09 
Vehicle fitted with Original catalyst OJl &22 
Vehicle fitted with No catalyst 8 65 0.52 1.26 

Table 4-1: Emissions over the NEDC of a EURO I petrol SI vehicle which had travelled 125, 000 
miles with three different catalyst states {Source: Norris, 2001b). 
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In its original state this vehicle was, when taking into account allowable degradation 

and the change in test cycle, within the excessive emissions limits. The impact if this 

vehicle's catalyst had become totally ineffective, would have been an increase in CO, 

THC and NO^ emissions by a factor of 2, 2 and 6 respectively - in effect increasing 

the number of vehicles on the road. More detailed examples of the potential effects 

of a malfunction in a vehicle on emissions are given in McCrae et al. (2001). Whilst 

data from a number of studies (CVTF, 2000; Norris, 2001b; McCrae et al. 2001) into 

the performance of catalysts shows, on the whole, good catalyst durability with age 

and use, it follows that identifying even the small percentage of cars which are not 

operating effectively will have a beneficial impact on overall air quality. 

McCrae et al. (2001) review studies which show the effect of maintenance on the 

CO, HC, NOi and fuel consumption. For vehicles pre-selected due to their high 

emissions percentage emission reductions were 84%, 80%, -107% and 20% 

respectively. CVTF (2000) report that for both non-catalyst and catalyst equipped 

petrol SI engine cars which are not high emitters, routine servicing has beneficial or 

at least have no negative effect on CO, HC, NOj and fuel consumption. The effect of 

the regular service in terms of percentage improvements was greatest for non-catalyst 

cars; this effect is to be expected since the engine management system of catalyst 

equipped cars uses inputs from its many sensors to finely tune the vehicles operation 

towards its optimum. The majority of vehicle owners will under take maintenance 

and repairs due to annual service requirements for the vehicle (less so for older 

vehicles), to continue for it to be used and the need to pass the MOT test. Given the 

observed effect of maintenance on reducing emissions reported by the CVTF (2000), 

it is possible that a vehicle may be passed fit in terms of emissions at an MOT test, 

but not be performing in terms of reduced emissions as it could. 

The cost effectiveness (the benefit as a result of improvement to air quality versus 

the cost of implementing the necessary tests to find an excessive polluter or vehicles 

where emissions improvements could be made) is the acid test of any I&M 

programme. The use of standards representing thresholds of emissions (or suitable 

proxies) is a form of deterrent to poor vehicle maintenance (although the financial 

case in terms of fuel use can also be a powerful incentive). 
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4.2.2 Common faults leading to excess emissions 

Norris (2000 and 2001b) and McCrae et al. (2001) provide comprehensive reviews 

of possible faults with both petrol SI and diesel CI engine cars which could lead to 

increased emissions. Information for these reviews was provided by vehicle garages, 

roadside call outs to the RAC, leasing companies, I&M programmes elsewhere in the 

world and anecdotal knowledge. Petrol SI and diesel CI faults are dealt with 

separately below. 

^ . 2 2 7 

Petrol SI engine cars can be divided in to two distinct groups based on their 

emissions control technology (i.e. non-catalyst and catalyst). High emissions for 

non- catalyst cars, can largely be attributed to general wear and tear on the vehicles 

fuelling and ignition system. This can cause the vehicle to run rich or lean, or 

misfire. The effects of these faults on emissions are given in Table 4-2. The most 

common fault is a gradual shift towards a rich A/F mixture with time which is 

normally rectified during a regular service by replacing the air filter and adjusting the 

carburettor (McCrae et al., 2001) - as a result it is possible that maintaining a vehicle 

with this sort of fault could cause a small increase in NO^. 

Fault Possible reasons Effect on emissions 

Rich A/F mixture 
Incorrectly adjusted carburettor 
Worn carburettor 
Dirty air filter 

High CO, HighHC 

Lean A/F mixture 
Incorrectly adjusted carburettor 
Worn carburettor 
Air leak at inlet manifold 

Low CO, Low HC, High NO^, 
If mixture is very lean misfire 
occurs which may result in high 
HC emissions 

Engine misfire Faulty spark plug, HT leads, etc. Low CO, High HC 

Table 4-2: Common causes of high emissions in non-catalyst petrol SI engine cars 
(Source: McCrae etal., 2001) 

Catalyst equipped cars can obviously have faults relating to the catalyst itself, in 

addition to those rich or lean mixtures or engine misfire situations experienced by 

non-catalyst cars. However, the causes of rich/lean mixtures more commonly relate 

to the engine management system whilst misfiring is more commonly due to faulty 

sensors or their electrical connections. The typical faults and reasons for high 

emissions for petrol catalyst cars are presented in Table 4-3. The most common 
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faults observed relate either to failure of the catalyst due to natural aging effects or 

some form of sudden distress, and due to a fault with the engine management system. 

Faults with the engine management system will manifest itself differently between 

vehicle models depending on the how the system reacts. Norris (2001b) suggests, in 

order of frequency, the faults influencing emissions for catalyst petrol SI cars are 1 

sensor faults, break up of catalyst monolith, and external leaks to the catalyst (e.g. 

corrosion in exhaust system). 

Fault Possible reasons Effect on emissions 

Catalyst Failure 
Normal thermal aging with time 
Thermal shock 
Mechanical shock 

High CO, High HC and High 
NO;, 

Rich A/F mixture Engine management fault High CO, High HC 

Lean A/F mixture Engine management fault H^^NO* 

Engine misfire 
Faulty spark plug, HT leads, 
X sensor fault 

Low CO, High HC 

^ . 2 2 2 

Table 4-3: Common causes of high emissions in catalyst petrol SI engine cars 
{Source: McCrae et al, 2001) 

Diesel compression ignition engine cars 

Norris (2000) presented an extensive appendix listing the possible faults with 

components in CI diesel engine cars which could cause excess emissions; this can be 

used in conjunction with a list of technology used in different generations of diesel 

vehicles to produce tables similar to those for petrol SI cars above. The possible 

faults associated with diesel cars complying with EURO I standards are presented in 

Table 4-4. An important caveat is that diesel engines are relatively robust and the 

table column stating the 'probability of a fault' relates to vehicles for which an 

emissions related fault has been observed. Control of the engine parameters at this 

time was largely by mechanical means and this is reflected in the nature of faults (i.e. 

largely due to wear on the engine). The faults most likely in a diesel car meeting the 

EURO II standard are given in Table 4-5. The increased use of computerised engine 

management and exhaust after-treatment means that these components begin to 

appear on the faults list. It is likely that with the increased use of engine 

management the mechanical errors will become less of a problem as they are no 

longer needed (e.g. computer controlled fuel metering), or it alerts or addresses early 

symptoms of a fault due to wear. Based on evidence presented by McCrae et al. 

(2005) regarding vehicles using EGR (it is not specified if these vehicles are petrol or 

diesel) the most likely component to fail in diesel vehicles will be the EGR valves. 
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In a similar manner to the influence of catalysts on reducing and causing high 

emissions, faulty post exhaust treatment components will give the largest increases in 

emissions over the vehicles original design specifications. Whilst a likelihood of a 

particular fault causing high emissions is given there is no empirical data to support. 

Fault 
Component 

fault Likelihood 
Effect on emissions 

Fault 
Component 

fault Likelihood 
CO HC NOx PM 

Too little air 
charge 

Blocked air 
filter 

Vayh^h 
Up 

(moderate) 
Up 

Down 
(small) 

Up 

Poor atomisation 
of fuel hence 
poor fuel mixing 

Fuel injectors High Up Up 
Down 

(moderate) 
Up 

(moderate) 

Reduced engine 
compression 

Worn engine 
rings/cylinder 

Medium but 
worst for high 
mileage 

Up Up 
Down 

(moderate) 
Up 

(moderate) 

Poor control of 
EGR 

Faulty EGR 
valves -

Up 
(large) -

Poor aspiration 
Worn timing 
cams 

Medium but 
high for high 
mileage 

Up Up 
Down 
(small) 

Up 
(moderate) 

Over fuelling 
Worn fuel 
meter 

Medium but 
high for high 
mileage 

Up Up 
Down 
(small) 

Up 
(large) 

Table 4-4: Faults which are likely to cause increased emissions for a EURO I diesel CI 
(Source: Adapted from Norris, 2000) 

car 

Fault Component Likelihood Effect on emissions 
fault CO HC NOx PM 

Too little air 
charge 

Blocked air 
filter 

Very high Up Up 
Down 
(small) 

Up 
(moderate) 

Too little air 
charge Block/Leak 

from 
intercooler 

Medium/High Up Up 
Up/down 

(moderate) 
Up 

(moderate) 

Poor atomisation 
of fuel hence 
poor fuel mixing 

Fuel injectors High Up Up 
Down 

(moderate) 
Up 

(moderate) 

Reduced engine 
compression 

Worn engine 
rings/cylinder 

Medium but 
worst for high 
mileage 

Up Up 
Down 

(moderate) 
Up 

(moderate) 

No reduction of 
CO/HC 

Faulty Oxy-
cat 

Not stated 
Up 

(large) 
Up 

(large) - -

Poor control of 
EGR 

Faulty EGR 
valves 

Not stated - -

Up 
(large) 

-

Worn timing 
cams 

Medium but Down 
(small) 

Up 
(moderate) Poor aspiration 

Worn timing 
cams 

high for high 
mileage 

Up Up 
Down 
(small) 

Up 
(moderate) 

Wrong injection 
timing 

ECU&mk Very low - " 

Possible 
increase 

Possible 
increase 

ECU fault Very low - -

Possible 
increase 

Possible 
increase 

Over fuelling 
Worn fuel 
meter 

Medium but 
high for high 
mileage 

Up Up 
Down 
(small) 

Up 
(large) 

Table 4-5: Faults which are likely to cause increased emissions for a EURO II diesel CI 
(Source: Adapted from Norris, 2000) 

car 
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4.3 UK I&M programme 

In the UK, vehicle emissions standards and their enforcement are the responsibility 

of the Department for Transport (DfT). Whilst DfT sets policy for Britain, it must as 

a minimum comply with relevant EC directives on 'type approval' and 'in service 

testing' (i.e. I&M). A summary of the relevant EC directives and UK legislative 

tools is given in Table 4-6. D f l implements its version of EC emission standards 

policy through two agencies (NAO, 1999) namely the Vehicle Certification Agency 

(VCA) and the Vehicle Inspectorate (VI) (now covered under the VOSA umberella). 

4.3.1 Type approval 

The Vehicle Certification Agency (VCA) is responsible for ensuring that EC type 

approval legislation is satisfied. This requires that each new vehicle model to be sold 

in the UK meets maximum allowable limits for a number of pollutants. Over the last 

thirty years type approval emissions standards have become stricter and the tests 

used to quantify them more rigorous. Nearly all types of road vehicles are now 

subject to maximum allowable emission limits and, as discussed previously, this has 

had, and will continue to have, a large effect in reducing emissions from road 

vehicles. The relevant standards which have been applicable to cars (the key subject 

of this thesis) are listed in Table 4-7 and 4-8 and illustrates how they have become 

tighter throughout the past twenty years. 
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Relevant EC Directives ^^KJegisl£tive^ools_ 
Road Traffic Act 1988 (as amended by the 
Road Traffic Act 1991) provides legal basis 
for the Secretary of State to regulate 
acceptable levels of emissions, makes testing 
compulsory and provides Vehicle Inspectorate 
with powers to: 

- conduct statutory tests on HGVs and 
PSVs. 
- supervise the operation of the MOT 
scheme and enforce its standards 
- monitor and enforce the condition of 
HGVs and PSVs in-use through roadside 
monitoring and other checks, by prohibiting 
the use of polluting vehicles, and by 
prosecuting drivers and operators 

Road Vehicles (Construction and Use) 
Regulations 1986 (section 61) making it an 
offence to drive a vehicle emitting 'smoke, 
visible vapour, grit, spark ashes, cinders or 
oily substances. 

Amendments to these regulations give effect 
to European Community directives or in-
service emissions requirements. 

Road Traffic (Vehicle Emissions) (Fixed 
Penalty) Regulations 1997 give pilot local 
authorities the right to check vehicles at the 
roadside and to inflict a £60 penalty on 
excessive polluters. 

Road Traffic (Vehicle Emissions) (Fixed 
Penalty) Regulations 2002 supersedes the 
1997 regulations giving all Local Authorities 
which have declared an AQMA the powers to 
check vehicles at the roadside on roads in or 
leading into the AQMA. A £60 penalty can 
be issued to excessive polluters. Vehicles 
parked and idling unnecessarily in the AQMA 
can be issued with a £40 penalty. 

Table 4-6: Legislation at both EC and UK level relating to the emissions from road vehicles 
(Source: Update on NAO, 1999) 

Type approval 
. 91/441 (by 31/12/92) - new petrol engined 

passenger cars to be fitted with a catalytic 
converter, set strict new limits on particulate 
emissions for new diesel vehicles. 

• 94/12 (by 01/01/97) - set tighter emissions 
limits for both new petrol engine and new 
diesel cars. 

• 96/96 (by 01/10/98) - set tighter limits for 
light commercial vehicles in line with 94/12 
for cars. 

• 91/542 - set tighter emissions limits in two 
stages: EURO I by 01/10/93 and EURO II by 
01/10/98. 

• 98/69 & 98/70 - further tightening of limits in 
2000 (EURO III) and again 2005 (EURO IV). 

In-service testing 
' 77/143 and 88/449 (by 01/01/95) - required 

in-service testing of emissions for goods 
vehicles, large passenger vehicles and taxis. 

• 92/55 (by 01/01/97) - sets out specific testing 
and limits for emissions relating to 
roadworthiness tests for petrol, catalyst and 
diesel vehicles. 

' 96/96, 01/09, 03/26 & 03/27 (by 01/01/04) -
updates to the testing and limits for emissions 
of all vehicle types. 
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Implementation 
Type approval 

Limit (2/km) 
Emission 
Standard 

Directive 
Implementation 
Type approval CO HC NOx HC + 

NOx 
PM 

Pre EURO 7a%20 - l&O — - 2.55 -

EURO I 91/441 01/01/93 2J2 - - &97 -

EURO II 94/12 01/01/96 2JW - - OJO -

EURO III' 98/69 01/01/00 2J0 0200 CU5 - -

EURO IV 98/69 01/01/05 IIW OĴ O - -

EURO V Proposed 1.00 &075 0 06 - 0.005^ 

Table 4-7: Emissions standards for petrol SI passenger cars sold in the EU {Source: Adapted from 
Norris, 2001b) 

Implementation 
Type approval 

Limit fs/km) 
Emission 
Standard 

Directive 
Implementation 
Type approval CO HC NO;, 

HC + 
NOx 

PM 

Pre EURO - 3.88 140 0203 

EUROI 91M41 01/01/93 2J2 - - Oj^ 0.140 

EUROn 94^2 
01/01/96 for DI 
only 

1.00 - - 0.90 OĴ O 

EURO II 94/12 
01/01/97 for IDI 
30/09/99 for DI 

1.00 - - &70 0.080 

EUROm 98/69 01/01/00 Ojd - 0.50 0^6 0.050 

EURO IV 98/69 01/01/05 0.50 - OUO &025 

EURO V Proposed 0.50 - QjW Oj^ 0IW5 

Table 4-8; Emissions standards for diesel CI passenger cars sold in the EU {Source: Adapted from 
Norris, 2000) 

Petrol cars are tested according to limits for CO, HC and NO^, whilst diesel cars are 

tested according to CO, HC, NO;̂  and PM. Car produced during 2005 were required 

to meet EURO III standards although as far back as 2001 some manufacturers were 

producing cars which satisfied EURO IV standards even though this standard did not 

actually come into force until 2006 (VCA, 2001). The emissions standards for petrol 

and diesel cars for CO and HC + NO, emissions are compared in Figure 4-1. 

The VCA also test vehicles which have been used for real-world driving to ensure a 

model-type maintains its ability to adhere to the EURO standard to which it was first 

built to achieve. This requires vehicle manufacture to surrender a sample of vehicles 

which have been used on-road for representative distances to the VCA. The VCA 

testing procedure for these cars gives allowances are made for natural degradation of 

the emissions control system and general vehicle wear. 

' New European Drive Cycle (NEDC) used. This removes the 40secs warm up period allowed under 
ECE15 +EUDC. 
• Only for petrol engines using lean burn technology. 
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The type approval procedure for EURO I and II cars involved driving the vehicle 

model on a chassis dynamometer following a set drive cycle called the ECE15 + 

EUDC. The ECE15 + EUDC, drive cycle consists of two sub cycles, namely the 

urban cycle and extra urban cycle. The emissions produced over the two cycles are 

combined and used to calculate the average grams of each pollutant/s produced per 

kilometre. In addition to type emissions testing the same drive cycles are used to 

quantify fuel consumption and CO2. 

Comparison of Petrol and Diesel car CO emission standards 

_ y | 
Pre EURO EURO 1 EURO II EURO II 

Emission Standard 

T o Petrol B Diesel , 

EURO IV EURO V 

Comparison of Petrol and Diesel car HC + NO;, emission standards 

HC contribution 

NOx contribution 

EURO II Pre EURO EURO I EURO I 

Emission Standard 

I • Petrol • Diesel I 

EURO IV EURO V 

Figure 4-1: Comparison of petrol SI engine and diesel CI engine car emissions standards over the last 
twenty years {Source: Adapted from Norris, 2000 and Norris, 2001a) 
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The development of the emissions standards has been undertaken by the EC with the 

involvement of relevant stakeholders. The EURO I and II standards were developed 

within the AUTO OIL programme where automobile manufactures were involved; 

the EURO III and IV standards from the AUTO OIL II programme also involved 

environmental groups (AUTO OIL II, 2000). Such consultation with stakeholders 

enables challenging yet technically feasible standards to be agreed. However, there 

is evidence that the suggested EURO V standards could have been tighter (SAR, 

2004; EC, 2005; T&E, 2006). 

Since 1999, the type approval procedure has used a revised drive cycle referred to as 

the New European Drive Cycle (NEDC); this new drive cycle is exactly the same as 

the ECE15 + EUDC except the vehicle is tested from a cold start as opposed to 

following a 40 second idle period (which enabled some warming of the engines and 

catalytic converter before undertaking the cycle). Whilst the NEDC is a more severe 

drive cycle than was previously used for EURO I and II standards (reflected in the 

fact that some emissions limits are actually lower for EURO II than EURO III) it is 

still far short of being representative of driving styles, vehicle use, road or weather 

conditions experienced in real life (Felstead et al, 2006). In addition only one car 

within a particular type is driven thus not accounting for any inter car variability that 

may exist. The subject of cycle-beating is also particularly relevant here. A number 

of instances have occurred in the US where the engine management system of the 

vehicle is able to recognise the prescribed format of a drive cycle and alter its 

fuelling and emissions management profile accordingly. In the EU it has been noted 

that a number of manufacturers do just enough to ensure low levels of emissions over 

the areas of engine torque and speed tested under the NEDC (Kageson, 1998). 

Beyond these areas emissions are significantly higher. 

The use of type approval emissions standards has forcibly encouraged the motor 

industry to design cleaner petrol and diesel vehicles. Improvements in engine design 

coupled with cleaner fuels have had significant impacts in reducing their emissions 

whilst catalytic converters have aided major reductions in emissions from petrol 

vehicles. To satisfy increasingly stringent standards (of both CO2 and toxic 

emissions) new technologies such as lean bum engines, particulate traps and diesel 

catalytic converters will be necessary. 
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4.3.2 In-service emissions testing 

The UK is bound by EC legislation to undertake in-service emissions inspection of 

all on road vehicles. Minimum requirements of the test are outlined but member 

states can go beyond these requirements as they see fit. The Vehicle Inspectorate 

(VI) is responsible for ensuring that on-road vehicles are roadworthy. The VI 

directly test heavy goods vehicles and public service vehicles through the 'statutory 

test' whilst, for private and light goods vehicles (i.e. motorcycles, cars and vans), 

they oversee the 'MOT test' undertaken by 19,000 certified private garages and 

dealerships (McCrae gf a/., 2001). Within both tests vehicles are tested according to 

maximum allowable emissions. This study is concerned only with cars which are all, 

at sometime during their lifetime, subject to the MOT test. In addition to the off road 

MOT based tests, the VI also undertake roadside tests as an incentive for drivers to 

maintain their vehicles if they suspect their emissions are not as they should be. 

Failure of the roadside test can result in the owner being fined. 

In 2002, following a pilot study in 1997 with seven Local Authorities, the 

Government granted powers to all Local Authorities which had declared AQMAs 

(see Chapter 2) allowing them to test vehicle at the roadside. A review of the Local 

Authority testing is given by McCrae et al. (2005). These schemes are intended to be 

funded by the Local Authority with some funding from fines generated by vehicles 

which fail the test; no Central Government funding is given. The issued fine can be 

reduced or waived if the vehicle owner can produce evidence that the: 

i) vehicle passed an MOT test in the previous six months, 

ii) vehicle is repaired within 14 days of the offence, 

iii)vehicle has records showing all reasonable efforts have been 

undertaken to maintain the vehicle. Relatively rigid guidance on 

procedures for roadside testing by Local Authorities has been 

issued by Central Government (Df l , 2001). 
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The VI and Local Authority roadside testing procedure follows that of the MOT but 

uses raised emissions standards to account for some added inaccuracy of undertaking 

the test outdoors; the standards used compared to the MOT standards are given in 

Table 4-9. 

J . 2.7 

All petrol and diesel engine private and light duty vehicles are tested once they are 

over three years old and thereafter annually. However, motorcycle emissions are not 

subject to emissions standards although the EC are currently reviewing this and it 

likely in the near future motorcycles will be legislated for. The lack of testing for 

vehicles less than three years old, and the subsequent emissions caused by 

malfunctioning vehicles within this age group, is not thought to significantly 

contribute to overall emissions from road vehicles. The logic being newer vehicles 

should have a better emissions performance and are less likely to suffer from faults 

relating to the vehicles engine management or emissions control systems. 

The frequency of the UK testing regime and the age of vehicle before its initial test 

are stricter than those required by the relevant EC legislation. The EC requires a 

vehicle's emissions to be tested once it is four years of age and biannually thereafter. 

It has been calculated that this stricter regime cost an individual motorist £16.16 

extra over a ten year period (NAO, 1999) (i.e. £1.61 per year). This is currently 

equivalent to approximately £2 each based on the change in the Retail Price Index 

since that time. This is based on a vehicle still needing an MOT each year but not 

foregoing the emissions element of the test every other year. The NAO report (1999) 

states that little has been done to assess the cost effectiveness of the UK regime, in 

terms of emissions saved, compared to the EC stipulated regime. However, there are 

other considerations regarding the higher frequency of the testing regime. Currently 

the emissions test sits as part of the roadworthiness test and as such is a convenient 

(and beneficial) opportunity for vehicle owners to implement the emissions test as 

well as informing them of any malfunctions regarding their vehicle. 
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The emissions component of the MOT test (referred to as the MOT test 6om here 

on) for petrol and diesel cars are very different procedures. The test, equipment used 

and the pollutants measured are completely different between the two fuel types. 

The pollutants tested under the petrol SI engine test are CO and HC. For catalyst 

equipped vehicles, X is also calculated using values of CO2, CO, HC and O2 in the 

exhaust - this acts as a proxy to check the closed loop fuelling system. All gaseous 

emissions tested are measured as a percentage of total gases present in the exhaust 

and are either reported as % or parts per million (ppm). The testing of CO is 

mandatory under EC legislation whilst HC has been added at the UK's discretion. 

The diesel test is based on tbe smoke opacity of the exhaust plume by measuring how 

much 'light' is absorbed. The Hartridge units are m'̂  (i.e. referenced to a measure of 

light penetration through a depth of Im of smoke). 

j . 2. j /Ae 

Both petrol and diesel cars require preconditioning before they are tested. This 

normally requires the vehicle to be driven on the road or revved to high idle (approx. 

3000-3500 rpm) for approximately three minutes. This is to ensure that the engine is 

at a normal operating temperature thus negating issues with cold starts (See Chapter 

3 for more on the effect of cold starts on emissions). From this point the tests for the 

different fuel types differ. For both fuel types the test is unloaded (i.e. the vehicle is 

not required to over come any force other than its engine inertia) although the petrol 

test uses steady idle states (engine rpm held at a specified level) and the diesel test 

requires a transient (i.e. accelerating the engine rpm). A detailed description of the 

test procedure for both petrol and diesel cars is given in the VPs handbook on in-

service emissions standards (Df l , 2001). 

Petrol cars 

The standards to which petrol cars are tested are dependent on the age of the vehicle. 

An abridged version of the standards is given in Table 4-9. After an initial visual 

test of the exhaust plume to see if there is any visible blue or black smoke, the 
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vehicle then has a tailpipe probe inserted into the exhaust (cars first used before 1®' 

August 1975 only undergo this visual inspection). Depending on the age of the 

vehicle, and hence whether it is equipped with a catalytic converter, the relevant test 

procedure is selected. For a vehicle used between 1®' August 1975 and 31^ July 1986 

the vehicle only undergoes an idle test during which CO and HC is measured whilst 

non-catalyst cars first registered after 1®' August 1986 are tested to a stricter CO 

standard but the same HC standard. All catalyst cars (first registered after 1992) are 

tested for CO at a low idle and CO, HC and X, at a specified high idle speed. In 2001, 

a new EC directive tightened the in-service emissions standards as a reaction to the 

stricter type approval emissions standards. Manufacturers of catalyst equipped 

petrol cars are allowed to specify limits other than the default limits given in Table 

4-9 if they can show that it adequately represents a well maintained vehicle. In 

reality, few vehicles differ from the default standards (although some actually set 

tighter standards including Lamborghini!). Where manufacturers do state their own 

standards, it is done so on a vehicle type 'family' basis (i.e. a specific vehicle model 

with the specific engine model) and included in the considerable annex to the VFs 

in-service emissions handbook. This requires the tester to determine the make, 

model, engine type and VIN of the car and determine the pass or fail to the relevant 

standards. This much more involved test is undertaken by the tester using a 

computerised, menu driven gas analyser. 

In response to a review of the in-service emissions test by the NAO (1999) the 

procedure for testing catalyst equipped cars was simplified for testers as many 

reported the process to find the appropriate VIN, set up the thermocouple to measure 

engine temp etc., as relatively time consuming, considering how many vehicles were 

identified as excess emitters. In 2001 a 'fast pass' test called the Basic Emissions 

Test (BET) was introduced. This allowed the tester to ensure the engine is warm 

enough for the test in a general manner by feeling the coolant pipes or noting the 

activation of the cooling fan. The vehicle is then tested to the appropriate generic 

standards. Only if the vehicle fails is it then required to be tested under the more 

involved manufacturer specified conditions. 
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Diesel Cars 

As with petrol vehicles, the standards to which diesel vehicles are tested depends on 

age and engine technology. For diesel cars first used before August 1979, only a 

visual inspection of the exhaust plume is undertaken after raising the engine speed to 

approximately 2500rpm and then returned to the idle speed. If blue or black smoke 

is present then the vehicle is failed (vehicles manufactured before 1960 are allowed 

some tolerance if it is judged the smoke is unavoidable). 

For vehicles first used after 1^ August 1979, a metered Free Acceleration Smoke 

(FAS) test is undertaken. The standards which the vehicle must meet are given in 

Table 4-9. After an initial check to ensure the speed governor of the engine is 

working properly, a probe is inserted into the tailpipe and the engine is accelerated to 

its maximum speed and held for two seconds. The unit then reports the peak smoke 

emission. This process is repeated a further two times and an average of all three 

readings is calculated. If the value is below the appropriate standards the vehicle is 

passed. In the event that the first three readings do not average below the standard, 

the test can be repeated up to a further three times until the consecutive average is 

below the standard. Failure after this results in the cars being failed. A final visual 

check is undertaken where, regardless of the metered test, if the tester deems the 

vehicle to be emitting an excessive amount of smoke so as to obscure the view of 

other road users, the cars is failed. 

Car type Test Pollutant MOT 
limits 

Local 
Authority 

limits 
VI limits 

Non-catalyst petrol 
(01/08/75-31/07/86 

ime 
Ide 

CO 
HC 

4 j % 
1200ppm 

4.95% 
1320ppm 

5% 
1350ppm 

Non-catalyst petrol 
(later than 01/08/86) 

Ide 
Ide 

CO 
HC 

3.5% 
1200ppm 

3^^% 
1320ppm 

4% 
I350ppm 

Catalyst Petrol 
(before 31/12/2000) 

ime 
High idle 
High idle 
High idle 

CO 
CO 
HC 
1 

0.5% 
03% 

200ppm 
0.97-1.03 

0^5% 
0J3% 

220ppm 

0.85% 
035% 

220ppm 

Catalyst petrol 
(later than 01/01/01) 

Idle 
High idle 
High idle 
High idle 

CO 
CO 
HC 

0.3% 
0.2% 

200ppm 
0.97-1.03 

033% 
022% 

220ppm 
? 

Diesel turbo FAS Opacity 3m"' 33nf' 3.7m^ 

Diesel non- turbo FAS Opacity 2.5m' 2.75ra^ 3m"' 

All diesel 
(after 01/01/05) 

FAS Opacity 1.5m^ 1.65rn^ ? 

Table 4-9: In-use emissions standards for SI and CI engine cars {Source: McCrae et al, 2001) 
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2. ̂  

A number of studies have been undertaken during the last decade examining the 

effectiveness of the MOT test at identifying gross polluting vehicles (NAO, 1999; 

Norris, 2000-2005; Samaras gf a/., 2001). A m^or drawback of the current MOT 

tests for petrol and diesel cars is its lack of parity with the type approval test 

procedure. Norris (2000 and 2001b) agrees with the VPs definition of an excess 

emitter as 'a vehicle whose emissions vary significantly away from its design 

Norris goes on to clarify this definition by addressing the meaning of 

Account should be taken of the irreversible degradation of the vehicles' technology 

(e.g. catalyst aging), and the interval since it was last serviced. Given this further 

step, an excess emitter can be defined as 'a vehicle which fails to meet the emissions 

standards it first passed during the type approval process having accounted for 

6)/ yacfonng rAg e/M/j'j'zoMj' The 

factor used to raise the type approval limits will vary depending on the engine 

technology (i.e. EURO standard) and pollutant concerned. With this definition in 

mind, the real effectiveness of the MOT test should be a comparison by testing 

vehicles against an appropriately weighted ECE+EUDC/NEDC test (depending on 

the standard or pollutant) against the relevant MOT emissions test. This would result 

in vehicles belonging to the discrete areas shown in the schematic given in 

Figure 4-2 based on how they performed in both tests. When a vehicle fails one test 

but not the other, this is commonly known as either an error of commission or 

omission respective of which test is regarded as the benchmark test. (Stephens et al, 

1996; and Barlow, 1998) 
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Figure 4-2; Schematic showing how the effectiveness of the MOT test should be evaluated. This 
would need to be applied separately to the different pollutants covered under the NEDC for petrol and 

diesel cars manufactured to the relevant EURO standard 

The nearest work that could be found which covered a direct comparison of the two 

tests on a vehicle by vehicle basis was a study funded by the EC referred to as the 

JCS study. A major deficiency in the analysis of the study is the grouping of all 

vehicles which have catalysts and all diesel vehicles (Samaras et al, 2001). A fair 

study would have separated the vehicles into the relevant emissions standards. It is, 

however, appreciated that a study which obtained a statistically robust number of 

vehicles into so many facets would be costly. Despite its lack of resolution, the JCS 

study is a useful indicator of the effectiveness of the idle style MOT test. Norris 

(2000 & 2001a) includes the JCS study as part of a study of the effectiveness of the 

MOT. In addition relevant studies from TRL (described in McCrae, 2001) and NAO 

(NAO, 1997) were also considered. 

Non-catalyst petrol cars 

The MOT for non-catalyst petrol cars was not in the remit of the Norris study 

(2001b). The JCS study does examine this. It concludes that the MOT is effective at 

identifying excess emitters although the low idle standard for CO should be reduced 

to 1.5%. A recommendation was also given to add a measurement of HC to the test 

with threshold of SOOOppm; the UK MOT already includes the measurement of HC 

but has a threshold of 1200ppm. The reasoning behind the two HC thresholds is not 

known but there maybe errors of omission associated with the current UK test. 
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Catalyst petrol cars 

The JCS study concluded that the current test was generally 'ineffective' in 

identifying failures but its ability to identify failures improved as emissions from the 

extent of excess emitter emissions increased. The X element of the test did enable 

more N0% excess emitters to be added but it also increased errors of commission. 

The use of HC did not identify any extra excess emitters. 

The NAO (1997) had considered the JCS study but having taken views from other 

parties considered the use of 'ineffective' as too strong. There were also a high 

number of vehicles which recorded a zero CO reading which may indicate faulty 

apparatus or abuse of the testing process to enable a vehicle pass. 

Conclusions from the TRL study (described in McCrae, 2001) are limited by the lack 

of an excess emitter definition but from the inspections made on failing vehicles it 

was concluded that the m^ority of the faults leading to failure of the MOT would 

also lead to excess emissions if the vehicle was tested over a loaded drive cycle. 

Based on data presented in these studies, Norris addresses the common faults 

highlighted in Table 4-3 and presented in a revised manner in Table 4-10 with some 

additional (but less likely) faults added. 

Reason for high emissions Effectiveness of test at detecting fault 
Catalyst failure; 

Loss of catalyst activity Low (barring serious deactivation) 
Loss of mechanical integrity Low (but high in extreme cases) 
Loss of exhaust integrity (prior to catalyst) High 

Closed loop fuelling system failure; 
1 sensor fault Moderate/high 
Electrical fault associated with the A, sensor Moderate/high 
ECU fault Moderate 
Injector fault Moderate/high 
Failure to move beyond 'warm up' phase High 

Table 4-10; Effectiveness of the current MOT to detect a range of emissions faults for a petrol 
catalyst equipped car {Source: Norris 2001b) 

Based on the reviewed evidence, the MOT is judged to be performing 'moderately'. 

The current strength of the MOT test for catalyst petrol cars is its ability to identify 

the highest excess emitters in a low cost and quick manner. It should be noted that 
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this strength is hkely to be weakened as the catalyst and fuelling system technology 

matures thus reducing the number of highest excess emitters. 

Diesel cars 

The JCS study of the diesel MOT test observed that none of the tested vehicles failed 

on CO, HC or NO^ emissions from loaded chassis dynamometer tests. The only 

failures occurred for PM emissions. The reliability of the FAS test to identify PM 

excess emitters was considered suspect and there was only a very poor correlation 

with the PM output of the NEDC. The main reason for the lack of correlation was 

thought to be the comparatively extreme nature of the acceleration during the FAS. 

The FAS is highly dependent on the preconditioning adding further unreliability. 

It should be remembered that the studies of the diesel test have examined relatively 

few EURO III and beyond diesel cars. For these later generation cars, the reliance on 

emissions control systems and computerised engine management to attain the 

standards may mean the FAS test becomes extremely unreliable at identifying excess 

emitters. These devices will reduce all pollutants suggesting pollutants other than 

PM will also need to be monitored. 

Other considerations 

Outside of the representativeness of the MOT and its ability to identify excess 

emitters there are also issues of timing, correct diagnosis and repair, and vehicle 

'chipping' by owners (McCrae et al, 2005). 

A vehicle can malfunction at anytime and so from the moment a petrol or diesel car 

leaves the MOT garage it can become an excess emitter with no one being aware 

(probably not even the owner). Whilst the annual test may expose a number of 

excess emitters it is unknown how quickly after their last test the vehicle can become 

an excess emitter. Evidence for this is borne out in the NAG study (1999) which 

took data of vehicle emissions measurements from a number of sources to illustrate 

how the number of vehicles which fail the MOT increases throughout the year. 

As vehicles become increasingly complicated and computerised, the ability of a 

small repair garage to fix items relating to emissions control are diminished. 
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Dealerships have access to expensive bespoke diagnosis tools which can 

communicate with the vehicle. For example, there is evidence that many catalysts 

are changed unnecessarily when the problem simply lay with the 1 sensor - this 

would have been identified from the ECU. 

Finally, as computerisation has replaced the need to manually tune an engine, so the 

market for devices which can alter the engine operating parameter has developed. 

Such devices are intended to reprogram the engine management system with the 

intention of giving added performance or improved fuel economy - this is at the 

expense of emissions. Such a simple and undemanding test as the MOT may not 

identify these vehicles as excess emitters when in fact their performance over the 

NEDC would identify them as so. Furthermore, their real world performance at 

higher engine load and speed ranges could be even worse. 

In addition to the fitness of the test in detecting genuine excess emitters, the ease of 

implementation and cost effectiveness of the test should be considered. Currently, 

the MOT for both petrol and diesel cars is relatively inexpensive and straightforward 

to implement compared to other methods (e.g. using chassis dynamometers). It 

should not be forgotten that the motorist, whilst having a responsibility to drive a 

clean vehicle, have a right to drive their vehicle. In the current climate of perceived 

high motoring costs, the additional cost of a more in depth emissions test would be 

an extra burden for the motorist not only under the MOT but also for use of the test 

for servicing (although for modem cars the use of OBD should identify most faults). 

An expensive servicing regime would be a deterrent and could in fact have negative 

impacts on air quality due to the potential development 'drive until it stops' attitude. 

j . 2. J . E / M Z f a W cof / j'f 

Quantifying the emissions saved by identifying excess emitters through the MOT is 

not a straightforward task. Initially, it is worth examining the quantity of cars failing 

the MOT wholly or partly due to the emissions component. The percentage of cars 

failing the MOT due to the emissions component is shown in Figure 4-3 (DfT, 
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2004). It can be seen that over the last ten years the figure has been faUing for both 

petrol and diesel vehicles. 

Figure 4-3: Percentage of tested petrol and diesel cars failing emissions component of annual MOT 
{Source: DfT. 2004) 

A number of methodologies to quantify the emissions savings from the current MOT 

regime have been observed during the writing of this review. Both Norris (2000 and 

2001b) and NAO (1999) have attempted to quantify the emissions saved by the 

current test regime whilst McCrae et al. (2005) go a step further and attempt to infer 

the reduction air pollution levels for some hypothetical roads"\ 

The most comprehensive methodology is that presented by Norris (2000 and 2001b) 

which uses the National Atmospheric Emissions Inventory (NAEl) to scale up the 

estimated savings observed from the NAO report, a priori information based on 

component failure rates and the JCS study. As a summary, it can be observed that 

the current test, if continued for the next 20 years, will become less cost effective in 

terms of grams of pollutant saved per pound sterling spent (g/£). When put into 

context this trend would be expected as the vehicle fleet in twenty years time will be 

significantly cleaner than at present. Therefore, when the vehicles do surpass the 

tighter standards, the amount to which they are an excess emitter will be lower in 

both percentage and absolute terms than observed at present. This is also coupled 

with the fact that the numbers of vehicles failing the emissions component of the 

^ Strictly speaking this study examines a number of Local Authority initiatives and not the MOT but 
the methodology is equally applicable to quantify the MOT. 
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MOT is falling. A fairer method to assess the future cost effectiveness of the test 

would be the amount of pollutant saved as a proportion of the total emitted from all 

sources per pound sterling (e.g. % of total emission from all sources saved/£) - this 

would ultimately have to be related to impact on air quality. It is possible that whilst 

the MOT might be less cost effective in terms of emissions saved, the fact that road 

traffic is such major contributor in urban areas where the air quality issues tend to be, 

in terms of improving air quality it is actually a more cost effective solution. 

4.3.2.6 Future changes to the MOT 

In a series of reports for the DfT on the effectiveness of the current in-service 

procedure for SI and CI engines, Norris (2000, 2001a, 2001b, 2002a, 2002b, 2005) 

suggests a number of improvements and possible changes to the current test. This is 

largely in reaction to the changes in vehicle pare technology (i.e. moving to a fleet 

with a majority of catalyst/particulate trap equipped cars). The much lower 

emissions experienced with today' catalyst equipped cars and sophistication of the 

fuelling and emissions control systems requires an approach which is seen as more of 

a diagnostics check rather than an assessment of real life on-road emissions. Tests 

on emissions should be viewed as indicators of the efficiency of the systems 

designed to maintain low emissions. 

The introduction of On-Board Diagnostics (OBD) has required vehicle 

manufacturers to have a dashboard indicator which informs the driver if a component 

in the vehicle has malfunctioned and is likely to be causing excess emissions above a 

defined threshold. The OBD technology is considered to be too immature to be a 

reliable method at identifying if the vehicle has a problem with its emissions control 

system. It is expected that in future OBD will shift to On-Board Measurement 

(OBM) as relatively low cost sensors for the relevant pollutants are developed. 

Indeed, NO^: sensors are already being used as the implementation of de-NO;^ 

technology requires them. 

A shift to loaded testing using chassis dynamometers and instrumentation similar to 

the type approval testing would improve the ability to accurately identify excess 
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emitters as defined by the ECE+EUDC/NEDC. However, it would also be 

considerably more expensive and inconvenient than the current regime - the cost 

effectiveness may change for the worse. 

As the vehicle pare becomes cleaner, the sensitivity and accuracy of the tailpipe 

probes will need to improve for the current style of testing to be effective. 

4.4 A place for remote sensing? 

Two of the reports referenced in this chapter make reference to or are written about 

the use of remote sensing as a tool for inspection and maintenance (NAO, 1999; & 

McCrae et al, 2001). The use of remote sensing devices to measure the emissions of 

passing cars is not a new concept, indeed it has been utilised by a number of US 

States, with US Environment Protection Agency (EPA) approval, since 1996 (ESP, 

2005a). Passive measurement of vehicle emissions using remote sensing devices has 

the ability to measure vehicles at any time during their use, not just on an annual 

basis. It also has the advantage of measuring the vehicle under some form of load 

which is particularly advantageous for NO^ measurement. Of course there are also 

drawbacks to this form of emissions measurement and these are outlined in the next 

chapter. 
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4.5 Summary and conclusions 

A vehicle with an emissions related fault will produce significant excess emissions 

compared to what it is capable of, if operating correctly. This has the effect, in terms 

of emissions, of increasing the number of vehicles on the road. Natural degradation 

is accepted and regular servicing can minimise this degradation. To ensure 

improving vehicle emissions in the UK there are two strands of inspection. The first 

considers the type approval of a vehicle model family (i.e. the same vehicle model 

with the same vehicle engine). In terms of emissions, these must comply with 

increasingly strict emissions standards as defined by the EC (commonly known as 

EURO standards). Thus, the definition of a gross polluting vehicle is one which fails 

its type approval test when degradation is taken into account. 

The second inspection checks that individual vehicles are operating as they should be 

in terms of emissions. Vehicles registered in the UK are required to undergo an 

emissions test within the annual MOT after three years of use. The tests for petrol 

and diesel cars are very different, both in terms of procedure and pollutants tested. 

The standards to which the vehicles are tested have become tighter in parallel with 

type approval emissions standards implemented at EU level. The effectiveness of 

these tests at identifying those vehicles which, under the definition above, should be 

classed as excess emitters has been shown to vary. The test for non-catalyst petrol 

cars is reasonably effective although their numbers in the UK vehicle pare is 

continuing to diminish. The catalyst petrol car test is considered to be performing 

moderately although in the future it is anticipated that this will become less effective. 

The diesel test does not correlate very well with identification of excess emitters. In 

defence of the current tests, they are relatively quick and inexpensive to implement 

and some changes could improve its 'fitness for purpose'. 

The declining percentage of car failures due to the emissions component of the 

MOT does not mean that the numbers of vehicles with an emissions related 

problem are falling. This can either be due to more cars actually passing the test or 

the test being less effective at identifying vehicles which actually have an emissions 

related fault. This second possibility is a result of having vehicles which rely on 
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such technology that they are not apparent under the unrealistic conditions of the 

current MOT test. 

Traditionally easy to identify and fix emissions related faults are becoming 

rarer as the car fleet increasingly depends on sophisticated emissions control 

technology. For both non-catalyst petrol and diesel cars the most common faults to 

cause increased emissions are due to mechanical wear. For vehicles that depend on 

computerised engine management systems and post exhaust treatment it will most 

often be these components causing excess emissions, although mechanical wear will 

inevitably still be the cause of some faults. Mechanical faults can be readily 

identified by an experienced mechanic through visual observation of the component 

alone. The use of more sophisticated means to control car emissions has, and will 

continue, to require equally sophisticated diagnostic tools to interrogate the vehicle. 

How adept the average car mechanic is with such an approach varies but fixing 

components of such sophistication may well be beyond them. This can lead to a full 

replacement of a part rather than simply fixing it. This has implications for the cost 

of vehicle maintenance and possible knock on effects on the avoidance of repairs. A 

cynic might also conclude that the use of sophisticated and expensive diagnostic 

tools tailored to a particular vehicle marquee, not only forces independent mechanics 

out of business (due to equipment costs) but also encourages vehicle owners to only 

take their vehicle to a marquee approved garage. 

Future use of self diagnosis, using the cars ECU (using OBD), has potential but 

is considered to immature to be relied on at present. As real time exhaust gas 

sensors for the pollutants of interest become less expensive they may be suitable as a 

substitute to current tailpipe tests. As this develops then the need for an emissions 

test within the MOT will be redundant. Instead, the vehicle need only be 

interrogated to see if any events have occurred where emissions higher than they 

should be and the reason for this occurrence. Where a vehicle fails a relevant 

emissions limit using this approach the driver would be informed using a dashboard 

indicator. This approach raises two questions: 

i) How will an emissions limit be specified? If it is from real world 

driving, how the emissions measurements be related back to what 
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is considered the current definition of a gross polluter (i.e. based on 

the vehicles type approval standards). 

ii) Who will ensure that a vehicle is brought in for inspection and 

maintenance if a fault is detected? A s d i scussed b e f o r e , the 

expense of the necessary repair may lead to avoidance and have a 

negative impact on emissions. 

A further, criticism of the current testing regime is the relatively long time a car can 

go without being inspected and as a result it could be producing excess emissions as 

soon as it has left the testing garage. 

A potential solution to a number of the issues identified above is the use of 

remote sensing as a form of driver feedback to assist them in monitoring their 

vehicles emissions. The use of remote sensing is discussed in the next chapter. 
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5 ON-ROAD REMOTE SENSING OF VEHICLE EMISSIONS 

5.1 Introduction 

One approach to measuring vehicle emissions, which has been used extensively in 

the USA, is the use of roadside remote sensing devices (RSD). The principles 

behind the approach and issues surrounding its use are described below. RSDs have 

been used for a range of vehicle emissions related applications including I&M 

programmes. An examination of the RSD unit used for this research was undertaken 

including issues regarding measurement accuracy and on-road use. 

5.2 Principle of remote sensing 

5.2.1 Exciting molecules 

When light, regardless of wavelength (e.g. ultraviolet, infrared or visible), passes 

through a gas molecule some of the energy from the light is absorbed by the 

molecule and raises it to an excited state resulting in some loss of intensity of the 

light. This is the basic operating principle of remote sensing of passing vehicle 

emissions. Different gases react significantly to different wavelengths of light with 

many reacting at a number of wavelengths. A good summary of the physics behind 

this behaviour is given in Jimenez's excellent and detailed thesis (1999). For the 

purposes of this explanation it is only necessary to accept the basic principle 

explained above. 

Using this behaviour it is possible to find wavelengths of light at which only one gas 

reacts. Because of this useful behaviour a number of databases mapping the different 

wavelengths at which gases react have been developed. Figure 5-1 shows an 

example of the HITRAN database (Rothman et al., 1998) which pictorially shows 

the wave numbers (a different expression for wavelength) and wavelengths at which 

a number of gases react. Some of the gas species which are of particular interest to 

those studying vehicle emissions are highlighted. 
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Figure 5-1: Wavelengths at which various gas species absorb IR radiation as given in the HITRAN 
database. Levels of absorption are not equal across the range for which absorption is indicated 

(Source: Rothman er a/., 1998) 

Once the wavelengths for the gas species of interest, which have no interference 

from other gases, have been identified it is possible to measure the loss of energy at 

these wavelengths to quantify the amount of a particular gas species. A number of 

methods to isolate the light of a particular wavelength have been developed and 

whilst these could be discussed at length, the most important point is that they can be 

isolated. The remote sensing device (RSD) used for this research is based solely in 

the infrared (IR) spectrum (the same as that used by a television remote control). 

The intensity of the particular IR wavelength is measured by specifically designed 

detectors which translate this intensity to a voltage which can then be used to 

produce a 'meaningful' quantitative value. 
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5.2.2 On-road remote sensing 

By comparing the amount of the gas species (referred to here on as pollutant) of 

interest present in a passing vehicles exhaust plume to a reference gas also emitted in 

the plume, it is possible to determine the ratio of the pollutant gas to the reference 

gas (i.e. amount of pollutant gas/amount of reference gas). The reference gas used 

by all RSD systems is CO2. Whilst water vapour could be used, the very high and 

variable background levels make it too insensitive to the exhaust plume. The 

pollutant gases measured for this project are CO, HC and NO. This results in a 

number of 'channels' being measured concurrently. A reference channel which is 

not absorbed by any gas is used to correct for changes in the intensity of the output 

ER source (McCrae et al, 2001). An example of a typical RSD system is shown in 

Figure 5-2. From the source unit an IR beam is projected across a road towards a 

reflective comer cube mirror. This mirror then returns the beam to the source unit 

where measurement of the IR intensity at set wavelengths is measured. 

^ B e a r a s 

% I 
Control 
Centre 

Figure 5-2: Typical RSD site setup {Source: Golden River Traffic, 2004) 

When a vehicle passes through the beam an initial total loss of signal is experienced 

as the car blocks the beam. When the vehicle clears the beam, the beam then 

interacts with the exhaust plume as it passes through it, resulting in some loss of 

signal intensity. The data capture lasts for approximately 0.5 seconds which when 
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refined to isolate the plume absorption in the measured trace, leaves 0.2 seconds of 

data. The instrument used for this research measured the signal with a frequency of 

1750Hz. Figure 5-3 shows a typical plume profile from a vehicle in which three 

distinct periods are noticeable: 

i) A stable signal for each channel before a car is detected 

ii) Car blocks IR beam resulting in no signal from any of the 

channels. 

iii) Recovery of signal after car has passed and IR beam is 

unblocked, returning a signal. 

Note how the reference channel (top, red line) stabilises to the previous background 

value whilst the CO (ringed second from top, green line) and the CO2 (ringed fourth 

from top, yellow line) take time to recover because the channel signal is being 

absorbed by the presence of these gases in the decaying car plume. The variations in 

the other channel can be seen to match the reference channel meaning that this 

variation is due to obscuration of the IR beam or changes in source intensity. This 

means there is minimal presence of these particular species. 
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Figure 5-3: Typical vehicle trace showing a channel for each gas species of interest. 
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Figure 5-4 shows how the plume concentrations of CO2 and CO (in %.m), from the 

above vehicle trace, follow each other. 
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Figure 5-4: Measured concentrations of CO] and CO from the vehicle trace shown in Figure 5-3 

The absolute concentrations in the plume vary depending on the vehicle model 

tailpipe height, the height of the beam and the turbulent mixing due to the vehicle 

wake and localised wind. Whilst the point in the plume where the absolute 

concentration of the gases is highest varies the relative concentration of two gases of 

interest does not. RSD units measure the concentration of the pollutants and CO2 in 

% metres (%.m) or parts per million metres (ppm.m) and account for background 

concentrations by subtracting the concentrations observed for a reasonable period 

before the vehicle entered the beam. 

5.3 RSD technologies 

All RSD systems operate using the same basic principle of trying to observe the 

absorption of light at a given frequency to identify the presence of a given gas 

species. Over the years a number of different approaches have been applied to the 
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problem. A history and review of these technologies have been described by McCrae 

er a/. (2001) and REVEAL (2000). 

Briefly three approaches have been used: 

• Non-dispersive infrared and ultraviolet (NDIR and NDUV respectively) 

which samples light in the wavelengths of interest using narrow bandwidth filters in 

the IR region (e.g. Stedman, 1989). The main problem with this approach is 

interference from other exhaust constituents in the range of wavelengths measured by 

one filter. 

• Tuneable laser diodes (TDLs) which transmit at very specific wavelengths 

in the near IR or UV regions (e.g. Nelson et al, 1998) thus being inherently more 

accurate in isolating the species of interest. A draw back of this approach is the need 

for cryogenic cooling of the diode sources and receivers which make the systems 

bulky and comparatively expensive. Non-cooled TDLs have been developed but 

suffer from noise limitations (McCrae et al.., 2001). 

• Dispersive infrared (DIR) which utilises rapid scanning capabilities of more 

recent electronic systems to capture a wide range of IR and UV wavelengths 

(spectra). The spectra data for each vehicle is then analysed using software to 

identify absorption at the frequencies of interest (Baum et al., 2000 & 2001). 

Most RSD studies available in the literature has used units based on the NDIR/UV 

approach developed by Stedman's group although the study by Jimenez utilised the 

TDL approach. 

As interest in the impact of vehicle particulates has grown, approaches to quantifying 

the emissions of particulates using RSD has been explored. Early systems quantified 

particulates by examining the opacity of the vehicle plume (ESP, 2001) although 

more sophisticated Light Detecting and Ranging (LIDAR) has been demonstrated 

(Kuhns et al., 2002). This LIDAR approach used a narrow band of UV light and 

observed the amount of particle reflectance, or back scattering, from within the 

exhaust plume. This back scattering measure was then used within an algorithm 
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based on assumptions of particle size distribution and composition to estimate a 

particle mass/COg ratio. 

5.4 Site selection 

Since the early seminal work by Don Stedman and Gary Bishop from Denver 

University (Stedman, 1989), a range of RSD devices have been developed but using 

the same operating principle of passing a beam across the road. A wealth of 

experience has been built up in the RSD community leading to a best practise 

approach to site selection (Swayne, 1999). 

The use of RSD to gather meaningful data is dependent upon careful site selection. 

As with any fair test there should be some form of control of other variables which 

might influence the end result other than the aspect of interest (i.e. maintenance and 

vehicle emissions). There are a number of other factors which should be considered 

which will also have a significant affect on emissions but not offer any insight into 

emissions reduction capabilities of the vehicle (e.g. road gradient or vehicle power 

use). In addition to those factors influencing emissions, other issues such as site 

safety of operators, drivers and vehicle throughput need to be addressed. With these 

points in mind it is possible to draw up a best practice on RSD site selection. Site 

selection against the following criteria occurred during the Winchester study (see 

Chapter 6) in 2002/2003. 

i) Use single lanes of traffic - the RSD would have difficulty in 

operating efficiently across two or more lanes of traffic. For 

clean capture of a passing vehicles plume there should be no 

interference from other vehicles. Whether over a bi-directional 

two lane road or two lanes in a single direction the frequency 

of overlap from other vehicles other than the ones of interest 

will be too high, and the number of correct readings will be 

reduced. Use of ANPR and speed measurement equipment can 

also be difficult when there is more than one lane of traffic, 

even more so when records from all three systems need to be 
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integrated. It transpired that the road width across which the 

RSD could be used was 6-7 metres - fortunately the 

approximate width of a single lane. 

ii) /ArowgA /Ag Aorve reaf 

consistent operating conditions - The vehicles speed and 

acceleration through the measurement site can have a 

significant impact on the vehicles emissions. To undertake a 

fair comparison amongst vehicles, the range of operating 

conditions should be quite narrow although the development of 

the VSP parameter (see below) has enabled fairer inter-

comparison. 

iii) The site should be on a slight incline, have a gentle bend and 

vehicles should be under moderate acceleration — such sites 

enable similar speeds and acceleration rates from vehicles but 

more importantly they ensure the vehicle is under a load (i.e. 

doing reasonable work) when measured. It has been discussed 

in Chapter 4 that one of the reasons why the current MOT is 

not particularly effective is that it is performed when there is 

no load on the engine. With the vehicle under load and 

operating in a gentle transient mode (i.e. light acceleration), the 

emissions control systems, be it a catalyst or EGR, will have to 

be working harder to control emissions to an acceptable level. 

This is a much more robust testing condition to identify high 

emitters and for comparison between vehicles. 

iv) A relatively high volume of vehicles should pass through the 

site - for a low cost per measurement the site should have a 

high number of vehicles passing through the site. In many US 

studies freeway on ramps have been used. Whilst in the US 

this would be suitable in terms of operating conditions the 

higher motorway speeds of the UK would mean the vehicle 

would have to be accelerating quite quickly to reach a safe 
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merging speed. Statistics from the US seem to indicate that 

many vehicles never actually travel on freeways, it is unsure 

this is the case in the U K \ The low proportion of gross 

polluting vehicles in the fleet means that the higher traffic 

flow, the higher the chance of observing gross polluting 

vehicles. It is therefore advisable to try and capture peak flow 

whenever possible. Care should be taken to not use data from 

when high levels of flow result in vehicles following each 

other too closely thus not allowing adequate plume dispersion 

from the previous vehicle. 

v) Avoid sites subject to cold-starts - When a vehicle engine is 

first started the emissions and fuel consumption as higher than 

when fully warm. There is some fuel enrichment petrol cars as 

the fuel metering system compensates for condensation losses 

of fuel on the cold sides of the intake manifold (this is not such 

an issue for diesel vehicles). The engine management system 

will also operate the vehicle in rich fuel mode to warm the 

engine as quickly as possible. Beside the extra fuel used, there 

are direct emissions effects of cold starts due to inefficient 

combustion in the engine and cold catalysts. A vehicle in a 

cold start state may therefore appear to be a higher polluter 

than it really is. RSD sites away from sources of cold start 

vehicles, such as car parks or housing estates, is necessary. 

Euro II vehicles are thought to achieve a fully warm state after 

approximately three kilometres of driving. 

vi) Vehicles passing through the site should be under normal, 

freeflow driving-the use of traffic management (e.g. signs and 

cones) should be kept to a minimum so as not to alter the 

normal driving pattern through the site. Conversely, coning 

can be useful in some instances to modify passing traffic 

' Given that it is Winchester's city centre which is the AQMA it would be wise to sample traffic from 
vehicles travelling into the city the centre during the morning peak and not away from the city. 
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behaviour (e.g. by narrowing the road way with a coned 

'funnel' vehicle leaving will be accelerating and so under load. 

Traffic devices such as give way junctions, signal junctions or 

pedestrian crossings should be avoided due to the possibility of 

vehicle backing up into the site. 

vii) Sites should be safe for operators and drivers — safe site set-up 

puts restrictions on, not only what time of day the survey can 

take place but also what roads can be monitored. The UK 

Government has some fairly overbearing guidance for on-

street works and their safe set up which must be adhered to for 

fear of prosecution in the event of an accident. This guidance 

is clearly designed with 'hole in the ground' type of street 

works rather than static cabinets which, in many instances, are 

not in the live roadway. For the designs have been drafted for 

the sites chosen for this project, it may be that the guidance has 

been misinterpreted. The safety of drivers passing through the 

site must also be a priority. 

It is necessary to note that despite careful site selection, it is impossible to control for 

every variable. One particularly difficult factor to quantify as the vehicle passes is 

the load. The vehicle load can be affected by the number of persons/goods the 

vehicle is carrying, tyre pressure, or accessories such as air conditioning, headlights, 

etc. 

Due to the inevitable variability discussed, more certainty can be applied to a 

measurement if repeat readings are taken. 

5.5 Vehicle Specific Power (VSP) 

Work by Jimenez (1999) identifies the useful measurement of VSP as a strong 

indicator of the load the vehicle in under as it passes the measuring site. VSP is 

calculated by assuming standard coefficients for rolling resistance, drag. etc. and 
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determining a vehicle speed, acceleration and road gradient. VSP is useful tool for 

relating the emissions produced to the work undertaken by the passing vehicle. It 

can be used in two ways: 

i) to filter out results where the vehicle is accelerating harshly and 

the emissions would be expected to be high. It has been 

highlighted in Chapter 4 that vehicle manufacturers often do 'just 

enough' in terms of emissions abatement to pass the legislative 

drive cycles to which they are type approved. Beyond the 

operating conditions (i.e. engine speed and load) experienced on 

the legislative drive cycles the emissions may be much higher 

almost as if there were no emissions control operating. These 

events are referred to as off-cycle events. It would be unfair to 

identify a vehicle operating in an off-cycle event as a gross 

polluting vehicle since there would be no faulty component in the 

vehicle which could reduce its emissions. By calculating the 

maximum vehicle specific power experienced on the NEDC it is 

possible to use it as a threshold of vehicle operation beyond which 

the emissions values should be discounted for the purpose of 

identifying gross polluters. 

ii) to compare emissions results from different sites. At different 

sites, vehicles will be operating in a different manner. For 

example the average work of a car at a site which is 30 mph and 

on a flat road will be lower than that of a site which is 40 mph and 

uphill. As a result the emissions from these two sites will be 

expected to be different and as such it will be impossible to 

objectively compare the emissions. By correcting the average 

emissions profile of Site A to that of Site B it is possible to know 

what the emissions distribution would have been like if the 

vehicles at Site A operated at the VSP of Site B. 
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5.6 Applications of remote sensing in the field of vehicle emissions 

measurement 

Since its development, the roadside RSD has been applied to a number of areas of 

emissions research and management. The bulk of literature is from US based studies 

although RSD's have been used in Europe, New Zealand and Asia. Indeed, RSD 

devices have also been developed in New Zealand (Gong et al, 1999) and Europe 

(REVEAL, 2004). 

5.6.1 Fleet characterisation 

As well as undertaking trials which proved the concept of using RSDs as vehicle 

emissions measurement tools, much of the early work with RSDs attempted to 

profile the emissions from vehicle fleets. The emissions profiles were compared to a 

number of parameters such as vehicle age, speed and acceleration. The 

characterisation of a fleet is often the first step taken when RSDs are first used by 

third parties in other countries (Zhang et al., 1993; Guenther et al., 1994; Stedman et 

al., 1994; Sjodin and Lenner, 1995; Zhang et al., 1995; Sadler et ah, 1996; Bishop et 

aZ., 1997; Fisher er a/., 2003; SchiAer gf aZ., 2003; ESP, 2005). 

Within all of these studies some general conclusions are borne out consistently: 

• Half the emissions measured at a site are produced by a disproportionate 

minority of the vehicles measured. 

Within all of the fleets monitored by remote sensing it can be said that some vehicles 

emit more emissions than others. RSD studies often report the percentage of 

vehicles which produce 50% of the total emissions measured, or the contribution of 

the most polluting 10% towards the total measured emissions. An example of the 

later approach where the emissions measurements are ordered and divided into 

deciles is given in Figure 5-5; the emissions from each decile are totalled and 

expressed as a percentage of the total emissions measured. 
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Figure 5-5; Example showing how 10% of the highest polluters contribute a disproportionate amount 
of emissions. (Source: Fisher et al, 2003) 

Variations in emissions measured at a particular instant can be expected to vary in 

this way due to a number of factors such as engine load, emissions standards, 

maintenance, natural degradation with mileage, etc.. Some of the issues which 

confuse the statistical analysis of RSD measurements were presented by Wenzel et 

al. (2000). Early criticisms of the usefulness of RSD measurements highlighted that 

when looking at second by second emissions data, from a vehicle following a driving 

cycle on a chassis dynamometer, when the data were treated in a maimer shown in 

Figure 5-5, 10% of the measurements would produce a disproportionate amount of 

emissions (Swayne, 1999). 

However, in such circumstances the variation can be considered to be due to the 

variation in vehicle operating conditions, and so variation in how the emissions 

control system copes with these changes. Other factors are controlled for because 

the test is of just one vehicle. So, to ensure that the emissions profile seen in is not 

solely due to varying operating conditions, sites are selected where the range of 

vehicle operating conditions (in terms of speed and acceleration) is narrowed (Klein 

and Koskenoja, 1996). Furthermore, when emissions data f rom a chassis 

dynamometer tests from a large number of vehicles are considered this same effect is 

shown with some vehicles having significantly higher emissions than others (Zhang 

et al., 1994). In these circumstances the operating conditions of the vehicle are 
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controlled for (all vehicles follow the same driving profile) and so the emissions 

variation must be due to other factors. Jimenez (1999) shows that for fleet RSD 

measurements, VSP does have some influence on emissions. This highlights the 

benefits of VSP in restricting the data considered for use of RSD studies removing 

unrepresentative data 

Grouping measurements as they appear in Figure 5-5 enables a clear picture of how 

disproportionate the emissions distribution fi-om a vehicle fleet is. When the 

distribution of a histogram showing how often a particular pollutant concentration 

(see Figure 5-6) is measured the potential of I&M programmes which target the 

highest polluters can be seen. This distribution has been modelled using log-normal 

(Stephens, 1994) or gamma (Zhang et al, 1994) distributions. 
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Figure 5-6: NO emissions distribution plotted against the expected value for a y-distribution with the 
same mean and standard deviation (Source; Jimenez, 1999) 

Average emissions deteriorate with vehicle age and emissions vary within 

individual age groups 

Trends of increasing average emissions with age is attributed to a correlation 

between age and a combination of vehicle emissions standards, vehicle maintenance 

and fuel mix (diesel vs. petrol), and vehicle mileage. (Guenther, 1994; Sjodin and 

Lenner, 1995; Zhang et ai, 1995; Stephens et al., 1997; McCrae et ai, 2001, Fisher 

et al., 2003; Schifter et al., 2003). Figure 5-7 gives the average emissions of CO and 
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HC when binned by vehicle age with each age group divided into five groups 

according to their emissions value; these data are fi-om Leicester in the early 1990s. 

It can be seen that emissions increase steadily with age (due to maintenance, vehicle 

design or fuel) but that emissions within age groups also vary (this maybe a 

maintenance, vehicle design, fuel or operating condition effect). Operating 

conditions can be discounted from having an influence on the increasing emissions 

with age as, on the whole, there is no reason why an older vehicle should be driven 

any differently than a new vehicle. 

1 2 3 4 5 G 7 8 9 10 1 1 1 2 1 3 1W15 

Vehicle Age {year) 

2 Od 

1 2 3 4 5 6 7 8 9 1W11 1 2 1 3 1 4 1 5 

Vehicle Age (year) 

Figure 5-7: Average CO and HC emissions from Leicester binned by age and emissions value 
(Source: Zhang et al, 1995) 

Whilst fuel type may have some influence on both the variation with age and within 

age groups, this phenomenon is also present in US studies where the influence of 

diesel vehicles is negligible (Zhang et al., 1995). Fisher et al. (2003) compared 

emissions from vehicles according to their Warrant of Fitness (WoF; equivalent to 

UK MOT) status (i.e. current, less than six months out of date and more than six 

months out of date). This showed an increase in average emissions as the WoF 

became more out of date thus indicating the influence of maintenance picked up by 

the WoF (or would have been remedied by members of the public conscientious 

about having a valid WoF) does have an influence on fleet emissions. 

To understand the influence of the vehicle operating conditions on the within year 

variation the VSP could be controlled for. If a large enough sample of vehicles were 

collected within a small VSP range then a similar plot as in Figure 5-7 could be 

produced and if the within variation remained, with a higher degree of certainty this 

could be attributed to vehicle design or maintenance. Such a plot is presented in 
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Figure 5-8. It can be seen that for vehicles of the same year of registration, within 

narrow VSP bands, that the top decile of polluters have a much higher average CO 

emissions value. 
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Figure 5-8: Decile plot for vehicles of same model year, and within narrow VSP bands 
{Source: USEPA, 2004) 

Even better would be to separate the vehicles according to their date since last MOT 

as well as age. An example dataset of showing how average fleet CO emissions 

based upon time period leading upto and just after a vehicle had been subjected to an 

I&M test is presented in Figure 5-9. The data seem to suggest that vehicle emissions 

deteriorate in the few months preceding the test with some reduction in the month 

immediately prior to the test (perhaps as vehicle owners have repairs made to ensure 

their vehicle passes). A reduction due to any repairs made as a result of the 

inspection (or scrapping of a failure) is also apparent. 
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5.6.2 Vehicle emissions inventories 

One of the key advantages of the RSD approach to measuring vehicle emissions is 

the high number of vehicles it can measure within any given time period (up to 4000 

veh/hr). This results in large databases giving an unparalleled insight into fleet 

emissions. These emissions can be converted into either fuel or distance based 

emissions factors using idealised combustion equations and, in the distance based 

factors, an assumption of fuel consumption rates. Vehicle emissions factors are 

usually developed using chassis dynamometer measurements of a small number of 

vehicles and their representativeness if often questioned due to their small sample 

size and driving cycle design (Bluett and Fisher, 2005). RSD measurements on the 

other hand capture a large number of vehicle with vehicles operating over a range of 

operating conditions (extent of this range depends on the site chosen). RSD 

measurements can be used as a check on chassis dynamometer derived emissions 

factors in a similar manner to tunnel studies (Bishop et al, 1996). Using one second 

chassis dynamometer data as a substitute for RSD measurements, Stephens et al., 
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(1996) showed that the use of a large number of RSD measurements was appropriate 

at determining fleet representative emissions factors, although this study was limited 

to relatively new vehicles. Using RSD derived emissions factors a worldwide CO 

emissions inventory was derived by Bradley et al. (1999). 

5.6.3 Inspection and Maintenance 

Following the emergence of the RSD in the late 1980s/early 1990s, the approach was 

put forward as replacement for the I&M procedures in place at the time whilst others 

suggested the opposite. Early research confirmed the latter but did show RSDs had 

potential to supplement the current I&M tools by making them more efficient. 

(Vescio, 2002). In the USA areas in which necessary air quality standards are not 

achieved are subjected to State Implementation Plans (SIPs). The SIPs are analogous 

to the AQAPs developed by UK LAs in the event of an AQMA. SIPs which identify 

the reduction of vehicle emissions as a solution to the air quality problem declare 

enhanced areas where a more rigorous I&M campaign is introduced. This 

necessarily covers a much wider area than the area troubled by poor air quality due to 

the transient nature of motor vehicles. These areas are known as enhanced areas. 

Within the USA Clean Air Act Amendments (1990), a provision was made for areas 

with enhanced I&M programmes to monitor improvements in on-road emissions 

using RSD measurements of 0.5% of the fleet in the enhanced area. 

Reading between the lines of the available literature it would seem that some US 

states were reluctant to implement the centralised chassis dynamometer tests 

suggested by the USEPA due to the expense, time and public accessibility to a few 

centralised testing stations. Indeed, California instead opted for a less expensive, 

decentralised testing regime simplified inertia dynamometer called the ASM due to 

cheaper costs etc.. Some states also resisted the implementation of the 0.5% 

sampling approach (Vescio, 2002). 
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5.6.3.1 Gross polluter identification 

Gross polluter identification uses RSD measurements to identify those vehicles 

which have a high probability of failing a legislative emissions test (e.g. idle or 

chassis dynamometer). Since a vehicle can develop an emissions related fault at 

anytime regardless of when it was last subjected to I&M, the gross polluter 

identification approach operates as a monitoring system which supplements the 

current I&M programme. By identifying vehicles whose excess emissions would 

otherwise not have been removed from the road until they were next tested. 

The cost effectiveness of such a programme requires the correct 'cut-points' or 

thresholds to be set for the RSD measurements (i.e. the indicator) which corresponds 

to a failure on the I&M test (i.e. the standard). This relationship is not perfect with 

the RSD identifying some vehicles as failures or passes incorrectly when compared 

to the I&M test (i.e. errors of omission or commission). A definition and schematic 

representation of these errors is given earlier with Figure 4-2. Barlow's study 

(1998) (also reported in McCrae et al, 2001) is the most relevant to this current 

study as it considers a European fleet. A threshold for catalyst vehicles of 5% CO 

and lOOOppm NO was suggested as it is at this point errors of commission reach a 

reasonable low level whilst not incurring errors of omission which are too high 

(McCrae et al.). This strategy was chosen so as not to undermine confidence in the 

approach. For RSDs to be most effective a threshold would ideally be based upon 

comparison of RSD measurements to the I&M standard (ideally a chassis 

dynamometer test) based on EURO standard and fuel type. This would lead to a 

lower threshold for a EURO IV vehicle than that for a EURO I vehicle. 

Barlow (1998) found that based on a cut point of 5% CO that 0.5% of the measured 

UK catalysed fleet would be classed as an RSD gross polluter. In the same study 5% 

of the measured fleet in Greece would have been classed as a gross polluter. Based 

on chassis dynamometer measurements of these gross polluters removing these 

excess emissions from the road would result in a 6% decrease in CO emissions. 

Neither estimates for reductions in HC, NOj^, CO2 and fuel consumption and the 

necessary emission rates to perform this calculation were presented. The proportion 

of all excess emissions identified using the RSD cut-point approach can be expressed 
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as a percentage of those excess emissions that were identified when vehicles were 

subjected to a chassis dynamometer test instead - this is presented in Table 5-1. 

This failure rate may be higher today as early generation catalyst vehicles begin to 

reach the end of their useful life this percentage of the fleet failing may increase. 

Pollutant 
% of actual excess 

emissions identified 

CO 68% 
HC 47% 
NO^ 12% 
COz -2% 
Fuel 16% 

Table 5-1: Percentage of excess emissions identified using chassis dynamometer tests that were 
identified by RSD measurements using a threshold of 5% CO {Source: Barlow, 1998) 

The USA Greely study (Klausmeier and McClintock, 1998) also examined the use of 

RSDs to identify gross polluters although few chassis dynamometer failures were 

tested. The Greeley study was undertaken over a three year period and compared 

RSD results with I&M chassis dynamometer results. As the RSD threshold value 

was decreased an increasing number of vehicles which would fail the chassis 

dynamometer test were identified. The use of HC in addition to CO as a threshold 

criteria reduced the effectiveness in terms of percentage of excess emissions 

identified. Table 5-2 presents errors of omission, commission and percentage of 

excess CO and HC emissions saved for various CO thresholds. From the data 

presented it is clear that when using RSD to identify gross polluters, a balance 

between errors of omission/commission and percentage of excess emissions 

identified based on changing threshold values needs to be found. Larger datasets 

from Denver indicated higher errors of commission and lower percentages of excess 

emissions identified. 

CO 
threshold 

RSD 
failures 

(%) 

Errors of 
omission 

(%) 

Errors of 
commission 

(%) 

Excess HC 
emissions 

identified (%) 

Excess CO 
emissions 

identified (%) 

1% 9.8 11 54 33 62 

2% 6.4 29 44 26 50 

3% 4.8 41 35 22 43 

4% 2.6 58 27 15 29 

Table 5-2: Percentage of vehicles above RSD CO threshold and associated errors of omission, 
commission and excess emissions identified (Source; Klausmeier and McClintock, 1998) 
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Summar ies of other gross polluter enforcement studies are g i v e n in N A S (2001). 

Texas and Virginia operate gross emitter identif icat ion p r o g r a m m e s (ESP, 2005a) 

whilst outside the US, such an approach has been used in B u d a p e s t (Asboth and 

Polay, 1998) and Ta iwan (ESP, 2005b) . 

Repeat readings 

It has been suggested that errors of omiss ion/commiss ion can be reduced us ing the 

average of two readings for the same vehicle. This seemed to be an effect ive 

strategy in the Greeley study (Klausmeier and McCl in tock , 1998). Other studies of 

the two 'h i t ' approach have shown three groups of vehicles - those which are 

consistently be low the R S D threshold, those w h o are consis tent ly above the R S D 

threshold and those which m o v e be tween the two or ' f l i ppe r s ' (Stephens et al., 

1996). The presence of this f l ipping behaviour m a y indicate tha t the vehicle has an 

intermittent vehicle fault. 

Whils t certainty that the vehicles identif ied as h igh polluters b y R S D measurements 

would fail the I & M test if conf i rmed by two R S D m e a s u r e m e n t s (rather than one) 

increases, the size of the fleet considered as the probabil i ty o f repeat readings 

decreases the number of hits increase (Wil l iams et al, 2003) . There is no benef i t to 

having more than three hits for a single vehicle (Swayne , 1999) . 

5.6.3.2 Clean screen programmes 

Whilst identif icat ion of gross polluters is possible us ing R S D s it is clear that it is not 

an appropriate substi tute to an annual I & M test. If an R S D o n l y approach is used, it 

is likely that mos t vehicles wou ld actually avoid the R S D si tes. H o w e v e r R S D s can 

still p lay a part in reducing burden on vehicle owners in t e rms of emiss ions test ing 

and increase the cost ef fect iveness of an I & M programme. U s i n g the R S D as a stick 

rather than a carrot m a y create ant ipathy wi th a backlash aga ins t the t echnology 

similar to that exper ienced by speed cameras (International H e r a l d Tribune, 2006) . 

Rather than trying to ident i fy h igh polluters the R S D can ins tead be used to ident i fy 

l ow polluters - this approach is k n o w n as c lean screening. 
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Studies into the design of clean screening approaches (Klausmeie r and McClintock, 

1998; McCl in tock, 1998) suggest setting low thresholds of 0 . 5 % CO, 200ppm H C 

and ISOOppm N O . It was found that for clean screening to b e m o s t effective, a 

single vehicle should have had two valid clean screening measu remen t s to avoid 

unacceptable errors of omiss ion. Table 5-3 presents es t imates o f h o w altering the 

clean screen thresholds affects the percentage of excess emis s ions captured 

(compared to if all vehicles were selected) as wel l as the pe rcen tage of the fleet given 

exempt ions . A significant port ion of the fleet can be exempt us ing this approach 

a l lowing the more costly and t ime consuming I & M tests to b e conducted on vehicles 

which have a higher probabil i ty of fail ing. 

Threshold Vehicles 
exempt (%) 

Excess emissions identified (%) 

C O ( % ) HC (ppm) NO (ppm) 
Vehicles 

exempt (%) CO HC NO, 

0.5 200 - 51% 93 91 72 

0.5 200 2000 40% 95 94 85 

0.5 200 1500 37% 99 95 88 

0.5 200 1000 29% 99 96 93 

Table 5-3: Percentage of fleet exempt and excess emissions captured for various clean screening 
thresholds {Source: McClintock, 1998) 

For both gross polluter ident if icat ion and clean screening, t h e use of V S P as an 

addit ional parameter is necessary as this has been shown to in f luence emissions. 

This makes a pre-study of potential R S D sites necessary ( K u h n s et al, 2002) . 

The advantage of the clean screen approach is that it encourages vehicles to drive 

through the site relatively regularly and in the proper m a n n e r in order to have a val id 

R S D measurement . There is no reason w h y a clean screen a p p r o a c h can not be used 

in conjunct ion with gross polluter identif icat ion (i.e. exempt ing the cleanest on an 

annual basis but ident i fying the highest polluters as and w h e n ) . 

I&M evaluation 

A s I & M prog rammes are implemented , it is important to unde r s t and whe ther or not 

they are having the desired effect (i.e. a decrease in vehicle fleet emiss ions) . In the 
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case of U S A enhanced I&M, this was initially to be assessed us ing chassis 

dynamometer data. This was revised in the late 1990s to inc lude R S D measurements 

(Vescio, 2002) . One of the key advantages of the use of r e m o t e sensing is the high 

number of measurement s acquired per hour . This lends i tself to collecting data on 

large numbers of vehicles wi thin a fleet and so assessing changes in fleet (and sub 

groups within) emiss ion rates. 

The U S E P A has re leased guidance on the use of R S D s for I & M programme 

evaluat ion ( U S E P A , 2004) . The guidance suggests three approaches to quant i fy ing a 

change in f leet emiss ions: 

i) Step change method - This utilises a point in an I & M p r o g r a m m e where half of 

the vehicles have been subjected to the n e w I & M p r o g r a m m e and half have not . So, 

if applied w h e n a n e w annual I & M regime was introduced, t he compar ison point 

would occur 6 mon ths into the n e w p r o g r a m m e (i.e. at that po in t half wou ld have 

been subjected to the n e w regime and half wou ld not). At tha t m o m e n t in t ime a 

large scale R S D campa ign would produce a database which cou ld be divided into 

two even sized sub-f leets based upon whether a vehicle has b e e n tested or not tested 

under n e w p rog ramme. Due to the non-normal distr ibution o f the measured vehicle 

emissions only relat ively weak non-parametr ic statistics cou ld be applied to 

determine a d i f fe rence in the two sub fleets. To counter this the m e a n emiss ions 

measurement for a number of per iods can be used (e.g. dai ly f lee t averages over a 

week) to increase the number of values represent ing the t w o sub-f leets thus 

improving the statistical robustness of any compar ison . 

ii) Comprehens ive method - This is the classic before and a f te r s tudy approach . To 

control for other n o n - I & M effects the R S D sample is d iv ided up into t ime before or 

after the vehicles I & M test, model years and according to the i r I & M test ou tcome. 

This sort of analysis a l lows some insight into the cont inued e f fec t iveness o f any 

repairs made . Es t imates of total emiss ions reduct ions based o n I & M test be fo re and 

after values wou ld assume the reduct ion to remain constant th roughout the year until 

tested again but R S D studies have shown increases in g roup average emiss ions as the 

t ime per iod since their last I & M test increases (see Section 5.5.1). Because of the 
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division into numerous sub-groups, this fo rm of appraisal c a n be expensive as very 

large datasets are required. 

iii) Reference method - Here the I & M fleet R S D measu remen t s are compared to 

R S D measurements f rom a f leet outside of the area subjec ted to the enhanced I & M 

programme. Addit ional vehicle record informat ion such as ave rage daily mileage or 

previous addresses can remove uncertaint ies f rom the compar i son . 

All three methods will be subject to confounding variables w h i c h have to be 

accounted for in any analysis including fleet age, climate, t a x regimes, socio 

economic factors, measurement site variat ions etc. (Wenzel et al, 2000; U S E P A , 

2004). 

5.6.4 Other uses 

J. (̂ . 7 C o M on 

Boul ter (1999) used the R S D unit to measure emiss ions fo r cars as they entered three 

car parks which were chosen to be representat ive of a range o f park ing policies. The 

car parks chosen (as descr ibed by Boul ter) were: 

i) Supermarket - short average parking duration and high 

turnover 

a) Golf course - medium average parking duration and a medium 

turnover 

iii) Railway station - long average parking duration and low 

turnover 

As expected, due to the k n o w n emiss ions implicat ions of c o l d starts, percent i le 

means for C O emiss ions increased wi th increasing percent i le m e a n parking durat ion. 

The percent i le m e a n approach removes other variat ions due t o the ambient 

tempera ture dur ing measurement , variat ions in vehicle f leet age , site layout etc. It is 
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suggest that this basic relat ionship could be used to quant i fy emiss ions f rom sources 

such as car parks for fu ture city wide emissions models . 

5.6.4.2 Traffic management schemes 

Boul ter (1999) also a t tempted to use R S D measurements to quan t i fy changes in 

vehicle emissions due to the introduct ion of t raff ic calming m e a s u r e s (speed humps 

and speed cushions) on a suburban road. Whils t the average speed on the two roads 

under invest igation had decreased as a result of the t raff ic c a l m i n g measures, there 

was an increase in the var ia t ion of the speed prof i le as veh ic les passed through the 

sites. It was found that emiss ions of CO, at locations immed ia t e ly before and 

be tween the t raff ic ca lming measures , increased compared to the situation before 

their installation. This increase was despite expected emis s ions reductions due to 

natural fleet renewal. Pr ior studies had quant if ied this emis s ions effect using a small 

number of ins t rumented vehicles but the R S D enabled this t o be proven for the 

general vehicle fleet pass ing the sites due to the h igh n u m b e r o f emissions 

measurements gathered by the R S D . 

5.6.4.3 Immediate driver feedback 

W h e n a vehicle passes an R S D site the driver will of ten n e v e r k n o w h o w their 

vehicle pe r fo rmed dur ing the instantaneous emissions ' tes t ' t h e y jus t took. Dur ing 

U S clean screening p r o g r a m m e s or gross polluter ident i f ica t ion p rogrammes , the 

owner of the vehicle is normal ly traced by their number pla te a n d they are called into 

a chassis dynamomete r test ing station for their emiss ions to b e checked more 

thoroughly. In areas not opera t ing c lean screening gross po l lu te r identif icat ion, there 

is no w a y of the driver knowing h o w their vehicle emiss ions c o m p a r e to the required 

standard in be tween the manda to ry test ing intervals (in the U K this wou ld be the 

yearly M O T test). 

A novel solution to this p rob lem was developed by Bishop et al. (1998) w h o 

developed a ' smart s ign ' . The smart sign was a R S D unit w h i c h measured C O and 
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CO2 and was designed for unmanned operation on a freeway on ramp in Denver, 

USA. The RSD binned measurements of CO concentrations into three groups; 

GOOD, FAIR or POOR and then transmitted this measurement to an electronic 

roadside display. The sign's appearance for each of the three emissions bins is 

shown in Figure 5-10. By informing passing drivers of the personal financial impact 

of their vehicles emissions performance (i.e. POOR emitters were using more fuel 

than a GOOD emitter) it was hoped appropriate vehicle maintenance would be 

undertaken by the vehicle owner. The site topography ensured that vehicles were 

operating at the optimum conditions for RSD emissions measurements. 

YOUR CAR'S HEALfH 

-'i • u — _ 

YOUR CAR'S HEALTH 

C 0 $ T I N 6 MOMEV! 

YOUR CAR'S HEALTH 

' 

C O S T I N G T M W M O N E V Z 

... -

Figure 5-10: Smart Sign displaying showing three different levels o f emissions and its relative 
financial implications (Source; Bishop et ai, 2000) 

The smart sign operated continuously for a year, after which time 3 million 

measurements had been made. Most vehicles were classed as GOOD although the 

FAIR and POOR categories contributed the majority of emissions. In a follow up 

questionnaire to owners of measured vehicles, 1.6% of the overall fleet (16% of 

those who received a POOR measurement) indicated that they had taken their vehicle 

for repairs following their vehicle receiving a POOR measurement - this had 

potential to reduce total emissions by 5% (Bishop et al.., 2000). More details on the 

response of drivers to the Smart Sign are featured in Chapter 7. 
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5.7 The REVEAL RSD unit 

5.7.1 General operation 

The REVEAL RSD unit was developed within an EC funded project. Documents 

describing the instrument in more detail were produced within the project (REVEAL, 

2004a & b). In general the system operates on the same principles as all other RSD 

systems (described in Section 5.2.2). 

The REVEAL instrument's beam path is illustrated in Figure 5-11. From the source 

unit an IR beam is projected across a road towards a reflective comer cube mirror. 

This mirror then returns the beam to the source unit where measurement of the IR 

intensity at set wavelengths is measured. When a vehicle passes through the beam an 

initial total loss of signal is experienced as the car blocks the beam. When the 

vehicle clears the beam, the beam then interacts with the exhaust plume as it passes 

through it resulting in some loss of signal intensity. The data capture lasts for 

approximately 1 second which when refined to isolate the plume absorption in the 

measured trace leaves 0.2 seconds of data. The REVEAL instrument has a sampling 

frequency of 1750Hz. 

Main unit 

a Diverging inbound beam 

Narrow outbound beam 

Comer cube retroflector 

Figure 5-11: IR beam path of the REVEAL instrument (Source: REVEAL, 2004b) 
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In addi t ion to the combust ion and emiss ion reduct ion e f f i c i ency of the vehicle, the 

absolute concentrat ions in the p lume vary depending on the veh ic le model tailpipe 

height, the height of the beam and the turbulent mix ing due t o the vehicle wake and 

localised wind. Whils t the absolute concentrat ion of the gases varies, in theory, the 

relative concentrat ion of two gases of interest does not. R S D uni ts measure the 

concentrat ion of the pollutants and CO2 in parts per mil l ion m e t r e s (ppm.m) and 

account for background concentrat ions by subtracting the concent ra t ions observed 

for a - 0 . 5 second per iod before the vehicle entered the beam. 

The approach used by the R E V E A L instrument is to moni to r the reduction in the 

relevant channel signal compared to the background values. Th i s is measured on a 

scale normal ised to the background value and, af ter taking in to account expected 

variat ions measured by the reference channel , this remain ing normal i sed at tenuation 

is converted to a gas concentrat ion us ing inbuilt calibration curves . The suppliers 

report that part of the novel approach used by R E V E A L is t ha t on site calibration is 

unnecessary as a set of cal ibrat ion curves are used which re la te to different ranges of 

background CO2 concentrat ions. The calibration curves are deve loped by 

introducing a k n o w n concentrat ion of the gas of interest in to a gas cell and observing 

the corresponding vol tage drop for the respect ive channel. T h e resultant r a w data 

has a sample of approximate ly 330 data points (about 0.2 s e c o n d s at the R E V E A L 

sampling rate of 1750 Hz) . M o r e informat ion on the opera t ion of the entire R S D site 

set up and operat ion can be found in Sect ion 6.1.3. 

5.7.2 Output of the R E V E A L inst rument 

The R E V E A L instrument , w h e n in its usual moni tor ing set u p , outputs f ive ratio 

values for each pollutant , for each p lume measured . Each r a t io va lue is der ived f r o m 

a dif ferent approach to process ing the measured absolute gas concentra t ions in the 

p lume. The var ious approaches are descr ibed in Table 5-4. 

On-road remote sensing of vehicle emissions 131 



Ph.D. Thesis TRG, School of Civil Engineering and the Environment 

Approach Summary of approach 

Peak emissions Concentrations of CO2 and pollutant at point of 
highest CO2. 

Total emissions Time integrated value of emissions over the Total emissions 
complete plume data. 

Average emissions Average of CO2 and pollutant from a small 
number of the highest CO2 values. 

Average start emissions 
Average of the CO2 and pollutant during the first 

half of the vehicle plume data. 

Average end emissions 
Average of the CO; and pollutant during the first 

half of the vehicle plume data. 

Table 5-4: Approaches used in producing summary values used for quantifying each passing 
vehicle's emissions efficiency (Source: Lloyd, 2005) 

In contrast to most other R S D studies, the ma in results repor ted in this study will be 

based u p o n the ratio of the measured pollutant to CO2. Mos t o the r R S D studies 

report emiss ions measurements in te rms of ppm. This conve r s ion f rom p p m . m to 

p p m is based upon an idealised combus t ion equat ion for pet ro l vehicles (this still 

works for diesel vehicles but is not comparable to a tailpipe p r o b e measurement as it 

cannot factor- in the proport ion of air not included in diesel c o m b u s t i o n but exits via 

the tailpipe) (Kuhns et ah, 2002). Instead the basic ratios o f p a t h length pollutant 

concentrat ions give an indicat ion of the emiss ions ef f ic iency (i.e. unit of tailpipe 

pollutant/ unit of fuel burnt) of each pass ing car given that CO2 is proport ional to fuel 

consumpt ion. This removes assumpt ions used in the ideal ised combus t ion f r o m the 

vehicle emiss ions measurement . This does have impl icat ions f o r defini t ion of 

emissions ef f ic iency limits for ident if icat ion of gross pol lu ters howeve r - this wil l be 

discussed fur ther in Section 6.6.3, 

The R E V E A L developers r ecommend that the ratios resul t ing f r o m the ' average 

emiss ion ' values be used in quant i fy ing the emiss ions e f f i c i ency of each vehicle. 

This seems sensible since, in theory, the pollutant concent ra t ion in the p lume should 

be highest w h e n p lume capture is greatest (i.e. CO2 is h ighest ) . D u e to an increasing 

inf luence of noise in the measurement (see be low) as absolute pol lu tant 

concentrat ions tend to zero, the mos t accurate pollutant va lues should be gathered 

during this t ime. Due to the l imited summary informat ion p r o d u c e d for each vehicle 

measurement , it is impossible to know, wi th any certainty, h o w accurate each 

measurement and subsequent ratio value is. The developers r e c o m m e n d compar i son 

be tween the peak ratio and the average ratio as a measure of accuracy . This is a 
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crude measurement of accuracy since the peak absolute va lues relate to one point in 

the measured vehicle p lume and so any measurement noise exper ienced at this point 

could significantly alter the resultant ratio values . Thinking o f t he signal to noise 

ratio (SNR) for the measurements , this wil l increase as the m e a s u r e d absolute gas 

concentrat ions tend to zero. For vehicles wi th low emissions va lues , whilst the SNR 

m a y be high, it is a relatively insignif icant absolute value. T h i s means that in terms 

of h o w the signal noise affects general ised fleet emissions e f f i c i ency profi les it is 

relatively insignif icant (since the vehicles the noise affects m o s t are actually very 

low emitters compared to those with an emissions related faul t ) . 

Using the r ecommended ' average ' values, the stated standard devia t ion of a single 

point measurement is given in Table 5-5. 

Gas species 
Standard deviation 

Gas species 
(ppm.m) 

CO2 1200 
CO 100 
HC 10 
NO 50 

Table 5-5: Standard deviation of single point measurements as reported by REVEAL equipment 
suppliers 

In order to unders tand the conf idence wh ich can be placed in measu remen t s , the 

standard deviat ion can be compared to average decile concent ra t ion values reported 

in the trials reported in Chapter 6. The decile average va lues fo r the measured 

concentrat ions, are presented in F igure 5-12, together with t h e repor ted s tandard 

deviat ions shown as error bars. It can be seen that, for mos t CO2 measurements , the 

standard devia t ion is relatively small in compar i son to the m e a s u r e d values . This 

means for most CO2 readings, the true va lue will be close to tha t repor ted. For the 

C O measurements the standard deviat ion is greater or equal t o m o s t of the decile 

average values except for the top decile. The none over lapp ing nature of the 

standard deviat ion in the highest decile wi th the ninth decile, g ives greater 

conf idence that a va lue of this scale has t rue membersh ip of th i s ca tegory. The H C 

standard deviat ion is o f t en less than the average value of dec i le popu la t ion but 

because o f the close nature of the decile averages the t rue v a l u e of a m e a s u r e m e n t 

could be in m a n y of the other deciles; this is less so for the h ighes t deci le . Finally, 

for N O measuremen t s a similar relat ionship as that seen for H C is present . 
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Due to the possibil i ty of a single average value be ing subject to error for m a n y 

vehicle measurements , relat ionships with the measured v e h i c l e ' s V S P will not be 

observed. However , the instrument is still usefu l at iden t i fy ing h igh emitt ing 

vehicles which are of part icular interest to this study since t h e concentrat ions of 

interest are high and the relative potential error in the reading small . Due the nature 

of the error (i.e. it should fo l low a normal distr ibution) some indicat ion of the decile 

distribution of all vehicle emissions ef f ic iency can be p rov ided f r o m fleet data. 
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5.7.3 Comment on the accuracy of the R E V E A L ins t rument 

Whils t it is not the object ive of this study to develop or appra ise the R E V E A L 

system, some limitations in the approach used to process t he da ta captured wi th each 

pass ing vehicle p lume have been observed. These l imitat ions relate mostly to the 

processing algori thms and approach to data capture. These l imitat ions are thought to 

have greatest effect on the accuracy of the instrument results as absolute pollutant 

concentrat ions tend to zero. The result is confl ict ing ratio va lue s for the var ious ratio 

approaches used. Correct ing for these l imitations is beyond the scope of the work 

presented here but some c o m m e n t is provided. 

Variat ions in the measured IR light at the f requencies of in teres t can, in simple terms, 

be attributed to three sources - the IR output source, the absorpt ion/b locking by 

elements in the path length and measurement of the re turn ing signal by the IR 

detectors. Most of the noise due to variations in the the rmal source and obscurat ion 

due to objects b locking the beam is accounted for by no rma l i z ing the channel signals 

to the reference channel . The remaining noise can be a t t r ibuted to the accuracy of 

the measurement of the returning signal strength by the IR detec tors for each channel 

and interference f rom gas species which are not of interest. Th i s noise will have 

greatest inf luence on the absolute values measured (and the i r resultant ratios) at low 

emiss ion values. Hence , it is desirable to measure concent ra t ions in the p lume at 

their peak level. One m e t h o d to do this is capture the p l u m e w h e n it is at its densest 

- see Section 5.6.3. 

The signal noise should focus around a m e a n and standard t i m e series noise 

reduct ion techniques, such as the use of a moving average, w h i c h smooth out 

variabil i ty in signal data. Because the ratios are der ived f r o m t w o channels the noise 

will not necessari ly be coincident . The averaging approach used by the R E V E A L 

instrument selects only a small number of approximate ly 3 0 0 samples based upon the 

size of the CO2 concentrat ion. A s an example of the wors t case , it is entirely 

possible that the highest CO2 values are those where the no i se in the CO2 channels is 

at i t ' s highest but the noise in the C O channel is at it lowest . This resul ts in the 

absolute concentrat ions being artificially high (CO2) or ar t i f ic ial ly l ow (CO) , and so 

produces an inaccurate ratio. 
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J imenez (1999) identif ies the sampling rate as a fur ther in f luence on the error f rom 

an RSD. A sampl ing rate of approximately 100 H z is r e c o m m e n d e d and whilst the 

R S D instrument used in that study measures at h igher f r equency , the desired rate is 

achieved by co-averaging the signal strength f r o m each channe l over a lOmS period. 

J imenez chose this per iod fo l lowing exper imental and theoret ica l studies of the 

temporal resolut ion of var iat ions in p lume variations. This averag ing approach has 

the effect of smoothing out variat ions due to noise in the s ignal measurement . 

It is also noted in the R E V E A L documents ( R E V E A L , 2 0 0 4 a ) that the response of 

each channel in te rms of loss of signal strength is not directly proport ional to 

absolute concentrat ion of the gas of interest. In an ideal s i tuat ion, the calibration 

curves (i.e. the relat ionship be tween signal loss and the concent ra t ion of a pollutant 

in the exhaust p lume) wou ld fo l low a non-l inear re la t ionship. Limitat ions on the 

accuracy of the gas cell equipment at the calibration stage s e e m to be the l imit ing 

factor in this cal ibrat ion procedure and so l inear re la t ionships have been used instead. 

Finally, rather than use the average of a small n u m b e r of m e a s u r e m e n t s f r o m the 

sampled p lume, most other R S D units use a l inear least m e a n s regression method . If 

this approach were used then an R^ value f r o m the regress ion could be repor ted 

indicating the quali ty of the measurement . Example s of h o w such an approach 

would fit be appl ied to p lume concentrat ions f r o m two separa te exhaust p lumes (one 

with relatively h igh average pollutant emiss ions and one w i t h l ow average C O 

emissions) measured by R E V E A L are shown in F igure 5 - 1 3 and F igure 5-14. 

These p lumes were captured during the Winches te r m e a s u r e m e n t campaign . Where 

the concentrat ions were relatively h igh (Figure 5-13), the va lue of the regress ion 

is m u c h higher than w h e n the concentrat ions were relat ively l o w (Figure 5-14) . The 

gradient co-eff ic ient of the linear regression equat ion can a l so be compared to the 

various ratio values repor ted in the R E V E A L summary stat is t ics (see Tab le 5-6). 

Both S tedman and J imenez report that regressions wi th an e r ror greater t han 2 0 % are 

rejected by their sys tems (McCrae et al, 2001; J imenez, 1999) . 
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Figure 5-13: Linear least squares regression line for a plume captured during the Winchester trials 
which has relatively high CO concentrations and good plume capture. Area shade green indicates the 

range covered by values for the exhaust plume shown in Figure 5-14 
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Figure 5-14: Linear least squares regression line for a plume captured during the Winchester trials 
which has relatively low CO concentrations and poor plume capture. 

Summary 
approach 

Ratio value Summary 
approach Figure 5-13 Figure 5 14 

Peak 0.021305 0.022952 

Total 0.042411 0.017045 

Average 0.027013 0.013952 

Average start 0.026309 0.017211 

Average end 0.054292 0.023993 

Table 5-6: Ratio value produced using different approaches to summarising the measurement data for 
Figure 5-13 and Figure 5-14 
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5.7.3 P lume capture 

Due to relatively h igh errors in the emiss ions measurement f o r vehicles with low 

pathlength concentrat ions, measurements f r o m vehicle wi th l o w pollutant/COz ratios 

suffer f rom large uncertainty in their actual value. To explore any relationships 

be tween various pollutants and VSP , an increased accuracy in the R E V E A L 

instrument measurements is necessary. Whils t the current measu remen t s a l low some 

estimate of the highest polluters contr ibution to total emiss ions , reducing the error 

would add more certainty to the profi les . However , the average emissions values are 

not only a funct ion of the measured concentrat ion of pol lu tants but also the CO2 

concentrat ion since this ref lects the level of p lume capture b y the R E V E A L unit. 

For example; 

A vehicle emits a plume with an average concentration of lOOppm.m 

CO, if it were measured on a more sensitive REVEAL unit, and a CO 2 

vaZwe 2 0 0 0 rgj'wZ/ZMg ZM a CO/CO2 f a / f o 0 / 0 . OJ. 

CO2 concentration measured is not only a function of the amount of 

CO2 emitted by the vehicle but also closely the highest measured parts 

of the captured exhaust plume reflect its actual maximum 

concentration. So, in this example, if it were possible to improve the 

beam and plume overlap so that the average CO2 concentration is 

4000ppm.m, then since the ratio CO/CO2 ratio would remain 0.05, the 

captured concentration of CO would now be lOOppm.m — thus 

allowing more confidence in the accuracy of the REVEAL 

measurement. 

The importance of captur ing the p lume as soon as possible a f t e r leaving the tailpipe 

is supported by the R E V E A L (2004b) which states that, f r o m p l u m e mode l l ing 

evidence the concentrat ions in the p lume are 1% of the or iginal value w h e n the 

p lume is 0 .5m wide. This rapid dilution process is also suppor ted by W a n g et al. 

(2006) a l though not at the same rate as above (these measu remen t s were mode l led 

for idle condit ions). If the p lume can be captured almost immedia te ly as it exits the 
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tailpipe rather than later as the p lume disperses into the b e a m path, much higher 

concentrat ions of both CO2 and pollutant will be detected. T h e relative concentrat ion 

of C O as it leaves the exhaust of a stationary vehicle is s h o w n by the contour 

d iagrams in Figure 5-15. F rom the tightly packed contours t he initial dilution and 

dispersion processes are relat ively quick. The relative d i spers ion is similar to an 

exponent ial rate of decay seen in radioact ive isotopes (i.e. h a l v i n g with every 

increment) . It also highl ights the importance of capturing the p lume in the vertical 

axis as close to the tailpipe as possible. 
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Figure 5-15: Dispersion contours of CO for stationary vehicle at low idle conditions. The z-plane is 
the vertical plane. Each tickmark on the z-axis is approx. 4cm height from road. 

{Source: Wang et al, 2006) 
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A commonly used parameter from other RSD studies to measure the level of strength 

of plume capture is the peak CO2 value although a better measure is the time 

integrated emissions measurement since the measurement noise will affect all the 

points rather than just one (i.e. total emissions measured) (Jimenez, 1999). Both 

parameters will be used in this analysis. To compare how plume capture from 

previous Winchester monitoring (not that presented in Chapter 6) varies from that 

observed in the Jimenez study data the Peak CO2 emission values are used. 
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Figure 5-16: Distribution o f Peak CO; for Winchester dataset and results presented by Jimenez 
(1999) 

The Peak CO2 from this Winchester dataset compared to the distribution obtained by 

Jimenez (1999) in a study of cars in Santa Barbara, California is shown in 

Figure 5-16. It can be seen that the Winchester distribution has a far greater positive 

skew (i.e. majority of points towards the left of the distribution). Whilst some of this 

difference can be explained by US vehicles having higher average fuel consumption 

than European vehicles (proportional to tailpipe CO2) and possible differences in 

vehicle operating conditions associated with the site, the difference in distributions 

indicate that improved plume capture may indeed be possible. 
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Opt imis ing the beam height in the case of R E V E A L is not j u s t a case of altering the 

height of a single beam across the road but two opposing, d ive rg ing beams which 

result f r o m the comer cube mirror arrangement . The beam p a t h of the R E V E A L unit 

is represented in Figure 5-11 and described in stages be low; o n e particular point of 

note is the fact that the beam is diverging throughout its pa th . Th is means the 

intensity of the beam per m^ is decreasing as it diverges. 

Stage 1: 3mm^ IR source emits IR beam. 

Stage 2 : IR B e a m f r o m outbound aperture ref lec ted b y top mirror 

onto lower gold mirror . 

Stage 3: Gold mirror sends relatively small but concent ra ted beam 

across road to lower w i n d o w of corner cube re t rof lec tor unit. 

Stage 4: IR beam is emit ted f r o m top w i n d o w of re t rof lec tor unit 

back towards the main unit. 

Stage 5: B e a m hits large area of the gold mirror a n d is reflected 

upward onto concave top mirror which focuses a l a rge proport ion of 

the beam into the inbound aperture. 

Stage 6: The focused beam is sent to the detectors. 

Look ing at the beam path it is clear that there is opportuni ty f o r the point at w h i c h 

exhaust leaves the tailpipe not to be in the path of either b e a m al though the b e a m will 

detect the p lume eventual ly as it disperses. This ef fect is r ep resen ted schematical ly 

in Figure 5-17. 
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Moving car 

o o o 

Time 

This example shows how the 
two beams can miss much of 
the exhaust when at the early 
stages o f the plume's ' l i fe'. 
This period is when species 
concentrations are highest. 
Whilst the detected 
concentrations wi l l still show 
the diminishing 

concentrations with time in 
the plume profile the initial 
concentrations wi l l not be as 
high as possible. 

Figure 5-17: Schematic diagram illustrating how the area of the vehicle plume where concentrations 
are highest can be missed. 

So, the ability to capture the vehicle plume is dependent on i) the vehicle exhaust 

height, ii) the heights of the main unit and the retroflector unit, iii) position of the 

vehicle in the road, and iv) position of the exhaust along the rear of the vehicle 

The optimised beam height 

Instructions on the unit's set up (Golden River Traffic, 2004) require the outgoing, 

lower beam to be 20 -25cm above the road surface. Given the need to optimise the 

beam heights, in order to capture the highest possible plume concentrations, and a 

lack of empirical evidence to support the suggested set up, a small survey of 174 

vehicles parked in the vicinity of the University of Southampton was undertaken. 

Tailpipe heights, position (nearside or offside) and shape (straight or down turned) 

were recorded. The results of this survey are presented in Table 5-7. It can be seen 

that regardless of which side the exhaust is positioned or the shape, the optimum 

height for direct plume capture should be approximately 29cm and 50% of all 

exhaust heights lie within a 4cm range around this point. So the 20-25cm window 

for the narrow, lower beam would rarely directly hit the tailpipe. From the idle state 

modelling presented by Wang (2006) missing the tailpipe by only a small distance 

could reduce the concentration measured by lOO"' of its original value. 
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Exhaust shape* Exhaust position 
Height statistics All (cm) Straight Down Passenger Driver 

(cm) (on) (cm) ^ m ) 

Mean 29.03 29jW 2946 28 86 292 

Median 29 28 29 29 28 

Std Deviation 4.0 3.9 4.2 3.8 4.5 

Inter Quartile Range 4(27-31) 4(27-31) 4(27-31) 4 (27-31) 4(27-31) 

10"̂  percentile 25 25 25 25 25 

90"̂  percentile 33 33 34 33 33 
* 'Straight exhausts' were measured from centre point of exhaust and 'downward' exhausts were measured from the lowest 

point 

Table 5-7: Results of exhaust tailpipe height survey for 174 cars 

The quest ions n o w remain ing are; which beam should be op t imised to the height of 

29cm and should vehicles be encouraged to drive closer to t he m a i n unit than the 

retroflector unit since most exhausts are on the side nearest t h e uni t (approximately a 

70/30 split for passenger/dr iver side posit ion). There seem to be trade offs be tween 

the intensity of the beam and the chances of the beam ach iev ing a 'direct h i t ' on the 

exhaust . To unders tand the best set up the height of the re t rof lec tor unit was altered 

systematically at the same site and the t ime integrated CO2 dis t r ibut ion compared to 

see wh ich gave the best p lume capture distribution. 

Figure 5-18 shows h o w the distr ibution changes wi th var ia t ions in the height above 

the road surface of the bot tom w i n d o w on the retroflector. Stat ist ics relat ing to each 

distr ibution are presented in Table 5-8. The centre of the b o t t o m mirror on the main 

unit was set at the opt imal 2 9 c m above the road height . It c a n be seen the best 

distr ibution (i.e. mos t skewed f rom zero) is w h e n the re t rof lec tor is p laced as l ow to 

the ground as possible. 
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Figure 5-18: Distribution of plume capture parameter 'time integrated CO2' for a range of heights of 
the bottom window of the retroflector unit above the road surface. 

Height of bottom window above road surface 

14cm 19cm 24cm 29cm 31.5cm 

Valid 497 515 507 550 514 

Mean 281.8 229 6 203.4 224.9 212.1 

Median 250.0 199.0 181.0 210.0 197.0000 

Std. Deviation 176.9 174.2 121.7 121.8 127.8 

Minimum 62.0 42.0 35.0 51.0 44.0 

Maximum 1995.0 1958.0 926.0 921.0 1262.0 

25 178.5 121.0 116.0 137.0 122.7 

Percentiles 50 250.0 199.0 181.0 210.0 197.0 

75 334.0 283.0 267.0 274.2 268.0 

Table 5-8: Statistics relating the distribution of the timer integrated CO2 measurement at different 
retroflector heights above the road surface 

This new approach to the instrument set up can be explained by the wider returning 

beam from the retroflector having a greater chance of overlapping the most 

concentrated parts of the dispersing plume. 
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5.8 Moving REVEAL from an offline to real time processing algorithm 

At the end of the R E V E A L project , an algori thm to process t h e t ime series of 

pathlength emissions concentrat ions into mean ingfu l vehic le p l u m e concentrations 

was developed. However , this algori thm was an off- l ine a p p r o a c h which processed 

approximately three seconds of data containing pathlength concentra t ions f r o m the 

t ime immedia te ly before the vehicle broke the beam, during t h e beam break and 

immediate ly fo l lowing the beam break. 

To output results in real- t ime (i.e. immediate ly af ter a vehic le has passed), to have 

immedia te results available to post on a V M S d o w n stream o f the moni tor ing site and 

remove the burden of off - l ine processing, the a lgor i thm had to be transferred to an 

on-line process ing approach. This required the R E V E A L deve lopers to p rogram the 

off l ine algori thm into the R E V E A L unit itself wi th both the r a w data set and final 

output being recorded onto an external laptop PC. 

U p o n delivery of the R E V E A L unit in Sept 2004, some initial on-road trials were 

pe r fo rmed in Southampton to investigate the accuracy of the real- t ime output. This 

process highl ighted some peculiari t ies in the results being de l ive red from the unit . 

5.8.1 Compar ing a trial dataset to high polluter thresholds 

By compar ing a dataset o f measured vehicles to the gross po l lu te r thresholds 

suggested in the R E V E A L project ( R E V E A L , 2004a) it w a s apparent that there were 

too m a n y gross pol lut ing vehicles being returned by the unit . 
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Figure 5-19 shows how the results compare to suggested polluter thresholds for CO 

and HC (at this time the NO channel had not been added to the unit). It can be seen 

that a considerable percentage of CO readings and all HC readings were above the 

thresholds and so indicated an unusually high number of gross polluters in the small 

fleet of cars measured in this trial. 
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Figure 5-19: Comparison of reported REVEAL CO/CO2 and HC/CO2 ratio from initial Southampton 
trial (Sept. 2004) to suggested gross polluter thresholds 
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5.8.2 Comparing to original REVEAL trial data 

Following the presentation of the above dataset to the REVEAL developers, it was 

agreed that there was a fault in deriving the summary results being reported by the 

unit. The dataset was then compared to the results which had been collected during 

the development of the unit. At this point the online data produced by the REVEAL 

unit was compared to the data produced from offline processing of raw data collected 

from a site in London. A comparison of these two datasets is given in Figure 5-20. 

For these figures the data was sorted in rank order and then normalised according to 

the vehicle population size to illustrate the emissions profile. 
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Figure 5-20: Rank ordered fleet CO/CO2 (top) and HC/CO2 (bottom) emissions ratio profiles from the 
initial Southampton trials and REVEAL project Farringdon Road, London trials 
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At this point it was clear that there was some sort of error in emissions values being 

produced. The raw data from the Southampton trial was then processed using the 

offline algorithm used to process the London dataset. Comparisons of the offline and 

online ratios of CO/CO2 and HC/CO2 as well as the pathlength concentrations for 

each measured gas are given in Figure 5-21 and Figure 5-22. It is clear from these 

comparisons that the error lay in deriving the raw pathlength concentrations and this 

was in turn resulting in erroneous ratio values. Having diagnosed the problem with 

the online results, the developers spent two days on site assessing the unit in 

operation and reprogramming of the REVEAL online algorithm until the offline and 

online results matched. 
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Figure 5-21; CO/CO2 (top) and HC/CO2 (bottom) ratios from initial Southampton trial using online 
and offline REVEAL processing algorithms 
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Figure 5-22: Comparison of a) CO], b) CO and c) HC pathlength concentrations from initial 
Southampton trial using online and offline REVEAL processing algorithms 
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5.9 Summary and conclusions 

The principle of absorpt ion spectroscopy can be used to m e a s u r e emissions f r o m 

vehicle as they pass and it has the advantage over some fo rms of legislative 

emissions tests in that the measured vehicle is under some load . Whilst a number of 

different technologies have been used for roadside RSDs , t he basic approach is the 

same wi th losses in signal strength for part icular light wave leng ths being converted 

into a concentrat ion pathlength (ppm.m). Mos t R S D s used f o r measurement of 

vehicle emiss ions measure CO2 as a reference gas (a proxy f o r fuel burnt) and CO, 

H C (of ten measured as propane) and N O ; a number of s tudies have also measured 

other exhaust const i tuents including particulates, ammonia a n d pr imary NO2. 

Using VSP, an estimate of the work undertaken by the measured vehicle can be 

made. A veh ic le ' s R S D measurement can be inf luenced by a number of di f ferent 

factors a l though some level of control of these factors can be achieved by the 

selection of a suitable site and measurement of vehic le opera t ing parameters . Using 

VSP, an est imate of the work under taken by the measured veh ic l e can be made . This 

VSP measurement can he lp fil ter out vehicles for wh ich h igh emissions wou ld be 

expected either because they are p roduc ing a negat ive V S P or a posit ive V S P which 

is higher than the legislative cycle to which they are tested ( an off -cycle event) . V S P 

is also a usefu l parameter to determine the suitability of a site fo r use in an R S D 

study. Other var iables such as fuel type can only be k n o w n b y linking to vehicle 

databases m a k i n g A N P R essential to the system. 

Due to imperfect agreement between the vehicles which exceed the RSD 

thresholds and the legislative test thresholds, RSDs are not able to replace 

legislative testing. Us ing emissions cut points or thresholds to identify vehicles 

which are suspected of fai l ing or pass ing the appropriate legis lat ive emiss ions tests, 

R S D s can be used as a screening tool. Instances o f d i sagreement be tween the two 

test approaches are called errors of commiss ion and omiss ion . These errors vary 

depending on the R S D threshold used and so select ion of the appropriate threshold is 

important w h e n striking a balance be tween ensuring public con f idence in the system 

and capturing suff ic ient real polluters so as to r emove excess emiss ions f r o m the 

road. Use o f R S D reading to ident ify gross pol luters or l ikely non-fa i lures o f t en 
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requires two readings to be sure of their status. Use of two measurements for the 

same vehicle reduces errors of commiss ion and omiss ion a l though it does reduce the 

sample size measured. Us ing a gross polluter threshold approach based upon 

thresholds (5% C O and lOOOppm N O ) f rom a U K fleet s tudy (Barlow, 1998) 0 .5% of 

the fleet would fail. This appears to be a small amount but it is feasible that there are 

variat ions in this f igure a round the country due to var iat ions in vehicle maintenance. 

Indeed, a similar study in Greece found that 5% of the f leet wou ld have exceeded the 

thresholds. A previous use of R S D measurements to encourage voluntary vehicle 

repair us ing a roadside V M S was est imated to have reduced total emissions by 5% 

(Bishop et al, 2000) . 

The REVEAL RSD unit used within this project has a susceptibility to errors at 

low pollutant concentrations although it is useful for producing estimates of 

fleet profi les or ident i fy ing gross pol lut ing vehicles. S o m e improvements in the 

accuracy of the system have been suggested and relate to the process ing algori thms, 

the calibration curves used and the physical build. The s u m m a r y statistic used for the 

analysis of the m u c h of the R S D results in Chapter 6 should minimise any 

measurement error. Mos t of the r ecommended improvemen t s are beyond the scope 

of this study al though one adjus tment to the unit a l ignment w a s found to be 

beneficial . 
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6 MEASUREMENT CAMPAIGN IN WINCHESTER 

6.1 Introduction 

During April and July 2006, a measurement campaign was undertaken using the 

REVEAL RSD instrument in conjunction with a speed and acceleration 

measurement instrument over a total of seven days. This campaign was undertaken 

at the Badger Farm Road and Andover Road in Winchester. 

6.2 Site setup, selection and valid readings 

6.2.1 Site selection 

Five sites on the outskirts of Winchester were identified as having potential to be 

suitable for use of the RSD at the roadside. These sites satisfied most if not all of the 

criteria for an 'ideal site' as described in Section 5.4. Of the five selected sites two 

(Badger Farm Road and Andover Road) were chosen to be the basis of the RSD 

emissions measurement campaign in Winchester - a map showing the location of 

these sites in relation to Winchester is given in Figure 6-1. A brief description of 

the sites and how they satisfied the 'ideal site' criteria is given below: 

Andover Road - This site had a gentle up hill gradient (2%) and 

speed limit of 40mph. It was a single direction carriageway with 

space either side for the safe location of the RSD at the correct 

width. Under normal conditions most vehicles were estimated to 

be travelling at a steady speed if not under going moderate 

acceleration. The site had a small slip road adjacent to the road 

where the equipment trailer and van could park and act a base for 

the associated computers. Due to the location of the RSD close to 

the road way some traffic management (i.e. traffic cones, signs 

etc.) were necessary. The site was relatively remote from 

housing. Regarding the potential for cold start vehicles, the 

nearby army barracks is estimated to be a five minute drive from 
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the site and few vehicles were observed to be passing through the 

site from there. The adjacent sewage works was approximately a 

three minute drive from the site and contributed very few 

travelling through the site. Given the small number of vehicles 

from these potential cold start sources and their distance from the 

site their effect on the overall emissions profiles is considered 

negligible. The site is also on one of the main radial routes into 

Winchester city centre and as such had a relatively high hourly 

traffic flow. 

Badger Farm Road - This site was located on a roundabout exit 

arm near the M3 motorway. The site was again on a gentle 

gradient (2.5%) and had a speed limit of 60mph. Due to the 

location of the site so close to the roundabout, this speed limit was 

rarely achieved by passing vehicles although they were estimated 

to be undergoing modest acceleration. The site had sufficient 

verge area for the trailer and van to be safely located. Again, 

because the limitations on the separation of the two RSD 

components meant they needed to be located close on the live 

carriageway, therefore there was a need for traffic management. 

The site was located on a single direction carriageway and was on 

one of the main radial routes leading into Winchester. The only 

sources of potential cold start vehicles identified were a small 

number of residences a three minute drive from the site. The 

number of vehicles which would chose to travel through the site 

from their location was considered to be negligible in terms of the 

results presented. 
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Detailed traffic management setup for each site is given in Appendix 1. 
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Figure 6-1: Map showing location of RSD sites in Winchester. Only results from Andover Road and 
Badger Farm Road were used in this analysis. 
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6.2.2 Equipment 

The general equipment layout for both sites is shown in Figure 6-2. As the vehicle 

travelled through the site the LightSpeed equipment measured two speeds and an 

acceleration value. As the vehicle was in the same approximate location as the 

LightSpeed equipment the ANPR system captured its number plate. The vehicle 

then passed through the RSD unit beam. This whole process took place within one 

second. Each component is described in more detail below. 

LightSpeed instrument - Two infra red (IR) sources and 

receivers were used as light gates. The beam on which the 

sources and receivers were mounted were aligned parallel to the 

road and each source was aligned to its opposite receiver. This 

produced two IR beams across the road perpendicular to the 

road's edge. The receivers were connected to a high resolution 

data logger which stored the voltages from each receiver. The 

data logger then passed a buffer containing 500ms of voltage 

values from each receiver to a laptop computer. When a vehicle 

broke the beams the voltage would increase. The laptop ran a 

program continuously which examined the buffer information and 

where it identified a vchicle blocking the beams, used the time 

stamp of the blocking and unblocking of each receiver (and the 

known distance between the receivers) to calculate the speed and 

acceleration. The sources and receivers were made by Banner 

Industries, Inc. and were kindly donated by Prof Don Stedman at 

the University of Denver. 

Each vehicle pass resulted in two speed values and one 

acceleration value. Each 'event' was logged to a text file on the 

laptop computer together with the laptop time stamp. Each event 

was later combined, offline, with the appropriate emissions 

reading using a macro (which matched the emissions and 

speed/acceleration readings using both the time stamp and vehicle 

sequence number). This instrument was located 15m upstream of 
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the RSD unit. This distance was chosen based on results 

presented by Jimenez (1999) who estimated the residence time of 

the exhaust gases in the vehicle's exhaust system for vehicle 

speed versus its VSP. This distance was based upon a vehicle 

speed and VSP in the range of 35-40mph and 5-lOkWtorme"' 

respectively. This gave more relevance of the measured VSP to 

the captured emissions reading. In an ideal situation the speed 

and acceleration would be measured using a 25m long array of 

sensors with the data used final speed and acceleration values 

used being based on the average over the whole array. 

ANPR system - This operated using separate computer 

equipment fitted with a Jetgrab graphics card and ANPR 

platform. The system was a bespoke design developed by 

Goldenriver Traffic Ltd. The camera was a standard black and 

white surveillance camera. As each vehicle approached the RSD 

unit, the number plate was recorded by the system. This was then 

combined with the RSD emissions file online using a serial 

connection between the ANPR computer and the laptop computer 

connected to the RSD unit. The number plate was combined with 

the appropriate emissions reading based on both the vehicle 

sequence and an estimated delay time between ANPR capture and 

RSD measurement. 

In optimum light conditions the capture rate for all passing 

vehicles (including HGV's, buses, which often have irregular 

number plates were not recognised by the software) was estimated 

at 90-95%. On some occasions low sun behind approaching 

vehicles prevented the necessary contrast between the number 

plate and the vehicle bumper colour and so no number plate was 

associated with the RSD reading. This problem was often 

associated with white and silver cars. 
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RSD system - A detailed description of the RSD unit in terms of 

the operating algorithms, specific height setup of the main unit 

and retroflector, and the potential sources of error is given in 

Section 5.7. The physical set up routine was as follows. The 

main unit was located on the side of the road where the van was 

parked with the front lined up approximately parallel to the road 

edge. The retroflector unit was placed on the opposite side of the 

road approximately opposite the main unit, again, with its front 

approximately parallel to the road edge. 

The mid point of the bottom mirror on the main unit was set to 

29cm above the road level and front of the unit horizontally 

levelled using the precision spirit level on top of the unit's 

cabinet. The retroflector unit was set as low to the roadway as 

was possible meaning the bottom window of the unit was 

approximately 14cm above the roadway. The front of the 

retroflector unit was then levelled horizontally using the unit's 

spirit level. The units were then roughly aligned to face each 

other at the correct angle using the sighting scopes on top of the 

cabinets with a final precision alignment using the inbuilt gun 

sights. The optimum beam alignment was then made by altering 

the pitch and yaw of the bottom mirror based upon the signal 

levels reported on the laptop computer. 

Upon measurement of a passing vehicle's plume the data is 

processed by the inbuilt PC and the resultant summary emissions 

values transmitted to the laptop computer via a high speed 

ethernet connection. Each vehicle reading is stored as a separate 

text file and combined with the appropriate number plate being 

transmitted from the ANPR computer. To extract the data in 

these individual files into one spreadsheet containing a complete 

day of data, a macro was written. 
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Figure 6-2: General site set up of the RSD, ANPR and LightSpeed 
instruments. 

6.2.3 Selection of valid readings 

A total of 13221 readings were gathered from the REVEAL instrument (11029 from 

Andover Road and 2192 from Badger Farm Road). The total dataset was processed 

to remove invalid readings. Readings for which there was no associated number 

plate were removed as it was impossible to be sure if these readings related to motor 

vehicles or had been triggered by non-motorised objects such as bicycles, dogs or 

site operators. This could also be due to the ANPR subsystem not being connected 

during emissions measurement. 

The next stage of processing matched the acquired VSP readings with the emissions 

data using the timestamps of each vehicle in the datasets. Emissions readings 

without a matched VSP reading were removed - for the Andover Road data the 

losses in emissions readings due to a lack of VSP reading were substantial on some 

days due to problems with the laptop computer. This was thought to be caused by 

the laptop computer having difficulty in saving both the emissions readings and 

speed/acceleration readings simultaneously; this was fixed in the last few days of 
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testing. The fault was thought to be due to a lack available PC memory and was 

seemingly fixed by altering the memory settings on the laptop PC. 

Finally, some further readings for which a sensible acceleration value was not 

measured were removed. Some measurements from the LightSpeed instrument were 

affected by peculiarities in vehicle shape or difficulties with triggering the light 

detectors; only readings with acceleration between -2.5ms"^ and 2.5ms'^ were 

included. These limits were based upon previous work which indicated that a 

relatively powerful vehicle driven aggressively rarely operated at acceleration rates 

beyond these limits (Felstead et al., 2006). The losses of vehicle emissions readings 

at each step are shown in Table 6-1. 

Site 
Total of 

emissions 
readings 

With invalid 
number plate 

(#& 

original total) 

With invalid 
VSP reading 

( # & % ( / 
original total) 

Final database 
size plate {# & % 
of original total) 

Andover Road 11029 899 (& 7) 6308 (f7.2) 3822 {34.6) 

Badger Farm Road 2192 297 424 ( /PJ) 1471 {67.1) 

Combined 13221 1196 {9.0) 5293 {50.9) 5293 {40.0) 

Table 6-1: Losses due to removal of invalid emissions readings 
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6.3 Non-emissions measurements 

6.3.1 Speed, accelerat ion and V S P 

The distr ibution of speed, acceleration and V S P at each site is presented in Figure 6-

3 to Figure 6-5, and Table 6-2. 

Speed (ms ') 

• Andover Road • BadgerFarm 

Figure 6-3: Distribution of speed measurements at Andover Road and Badger Farm Road 

Badger Fa rm Road has a tendency to have vehicles t ravel l ing through the 

measu remen t site at a lower speed when compared to the speeds observed at the 

Andove r Road site. This result is not unexpected consider ing the nature of the two 

sites (i.e. Badger Fa rm Road site is jus t af ter a roundabout exit whilst Andover Road 

is at b row of a long straight road). The inf luence of the site on the speed profi les of 

the pass ing vehicles can also be seen in the distr ibution of accelerat ions from the two 

sites. Given that mos t vehicles passing the Andover Road site were at or close to the 

sites speed limit of 5 0 m p h (~23ms ' ' ) it can be assumed that the vehicle driver is 

close to their target speed and so only require relat ively small acceleration rates or 

indeed feel they should s low down as they drive through the measurement site. At 

the Badger Fa rm Road site however , the vehicles are pass ing through the site at a 
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relatively low speed compared to the 60mph (~27ms"') speed limit and so require 

relatively large accelerations in order to reach their target speed. 

It is also likely that the driver passing through the site will be less worried about the 

nature of the site (i.e. is it a speed trap) if they know they are not close to the speed 

limit and so continue accelerating through the site. This site influence is also seen in 

the distribution of VSP. For the Andover Road measurements a bi-modal 

distribution can be seen with one peak at -7.49 to -5 k W tonne"' and a second larger 

peak at 10.01 to 12.50 k W tonne"'. This trend is also seen in the VSP distribution for 

the Badger Farm Road site albeit to a lesser extent. This may indicate that when 

drivers are travelling through the site there is a tendency to either brake or lift the 

throttle pedal if they are worried or curious about the purpose of site, or to continue 

or increase their current power requirement if they are unconcerned by the site. As 

would be expected if this were true, the distribution at Badger Farm Road is far more 

homogenous with a smaller standard deviation. 

This is an important result when considering future site layouts and selection. This 

could even be used to the improve the number and homogenei ty of valid readings by 

slowing vehicles before they reach the site (e.g. a 100m stretch of 30 mph) and 

allowing them to speed up to the higher speed limit as they travel through the RSD 

equipment. 

35 

30 

25 

n k-i 

.op y y y 
Acceleration ( m s ' ) 

• Andover Road • Badger Farml 

Figure 6-4: Distribution of acceleration measurements at Andover Road and Badger Farm Road 
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Figure 6-5: Distribution of VSP at Andover Road and Badger Farm Road 

Speed 
(ms"') 

Acceleration 
(ms"̂ ) 

VSP 
(kW tonne"') 

Site 
Andover Badger 

Road Farm Road 
Andover 

Road 
Badger 

Farm Road 
Andover 

Road 
Badger 

Farm Road 

Mean 18.86 14.46 -0.25 0.29 7.25 7.8682 

St. Dev. 2.59 1.98 0.83 0.58 18.30 10.26204 

Table 6-2: Mean and standard deviation of speed, acceleration and VSP at Andover Road and Badger 
Farm 

6.3.2 Age profile of vehicles 

The age of each vehicle captured was estimated based on the relevant character/s 

within the number plate. The determining character was different for the three most 

common number plate types as shown in Table 6-3. A macro was written which 

firstly determined the format of the number plate and then used a look-up table to 

determine the year the number plate was issued. This was not always a perfect 

approximation of the vehicle age due to the release of private number plates which 

are associated with the owner and not the vehicle. However, given the small 

percentage of such number plates in the measured fleet their effect on the overall 

distributions presented are considered negligible. 
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Period Example number plate format 
1963 -1983 PNA61W 
1984 - 2001 E51 WWT 

2002 - present HN03 UGS 

Table 6-3: Number plate formats as an indication of the year the vehicle was first registered. The 
character/s in bold for each format can be used with look up tables to determine the appropriate year. 
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Figure 6-6: Age distribution of the measured vehicle fleets at Andover Road and Badger Farm Road 

The age distribution of the vehicles passing through both sites is similar although the 

Andover Road site appears to have a greater proportion of newer vehicles travelling 

through the site. The reason for this apparently newer fleet is unknown but could be 

due socio-economic differences in the areas the vehicle were travelling into to 

Winchester from thus having an influence on their vehicle choice. A test shows 

(see Table 6-4) that the relationship between site and year of registration distribution 

maybe significant (i.e. the difference in the distributions based upon which site the 

vehicle was observed at is significant) although the Cramers V statistic indicates that 

this possible relationship is very weak (Field, 2006). So whilst the distributions are 

different and this is more than would be expected than if jus t due to chance the 

difference is small. 
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Statistical test Value Degrees 
freedom Significance 

Pearsons ^ 38T95 22 &017 

Cramers V 0 086 - &017 

Table 6-4: Results of % test on vehicle age distributions at Andover Road and Badger Farm Road 
sites. A significance of < 0.05 indicates that the site and age distribution variable are related but the 
low Cramers V value (shows strength of relationship on scale of 0 to 1) indicates this relationship is 

very weak. 

As shown from previous studies (see Section 5.6.1) vehicle age (a proxy for vehicle 

technology and maintenance) can have an affect on fleet emissions profiles. But 

given the small difference between the Andover Road and Badger Farm Road 

vehicle age profiles, only a small proportion of any difference in the emissions 

profile at each site could be explained by vehicle age. 
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6.4 Plume capture 

Using the t ime integrated CO2 value, the distribution of p lume capture between both 

sites can be compared. This gives an indication of the overlap of the R S D beam with 

the passing vehicle plume. These distributions are shown in Figure 6-7. 
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Figure 6-7: Time integrated CO2 distribution for Andover Road and Badger Farm Road 

It is clear that better p lume capture was experienced at the Badger Farm Road site. 

However , since the RSD equipment set up was exactly the same at each site this 

improved p lume capture cannot be explained by better overlap of the beam and the 

exhaust p lume and the nature of the fleets should be similar in terms of relative 

exhaust pipe position. The difference is more likely to be due to high exhaust output 

experienced due to the higher VSP distribution shown in Figure 6-5. 
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6.5 Emission variation with combined speed and acceleration 

To examine how the emissions efficiency of the measured Badger Farm Road and 

Andover Road vehicle fleets compare, a series of contour plots showing average 

emission ratios for bivariate speed/acceleration bins are given in Figure 6-8; these 

are also known as emissions maps. These emissions maps illustrate how the fleet 

average emission ratios vary according to the speed and acceleration bin of the 

measured vehicle. The plots in Figure 6-8d show the bivariate distribution of speed 

and acceleration at each measurement site with the percentage of all measured 

vehicles for a particular speed/acceleration plotted. 

6.5.1 Variation in CO, HC and NO emission maps at same sites 

The emissions maps show that the highest average areas (or peaks) are located 

towards the extremes of the measured operating conditions. When considered 

together with the joint speed/acceleration distribution, it can be seen that the speed 

and acceleration of most vehicles measured also forms the centre where emissions 

are lowest. The very low values on the periphery of the emissions maps are due to 

no measurement being made in that bin rather than the average emissions being 

particularly low. 

The CO and HC emissions maps closely follow each other with areas of high 

emissions being coincident. This is to be expected given that high emissions of CO 

and HC are formed in the same combustion circumstances (i.e. a rich A/F ratio) and 

the same after-treatment approach (i.e. oxidation). The NO peaks are in areas where 

some elevation in the CO and HC readings are observed but are on the whole in areas 

distinct from CO and HC peaks. 
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Figure 6-8: Speed vs Acceleration maps for CO, HC and NO to CO2 ratios at Andover Road and 
Badger Farm Road (Rows A-C) and a joint distribution of Speed vs Acceleration readings (Row D) 

Measurement campaign in Winchester 168 



Ph.D. Thesis TRG, School of Civil Engineering and the Environment 

6.5.2 Explaining the speed and acceleration map 

Two observations are apparent in the speed/acceleration emissions maps when 

considered together with the joint speed and acceleration distribution. 

i) The two sites have different speed and emissions maps. 

Firstly, it is not useful to use the speed and acceleration maps to compare emissions 

across different sites because the two sites have different capacities resulting in 

different speed and acceleration profiles. This is consistent with Section 6.3.1 and 

Figure 6-8d. In such circumstances the choice of gear driving through the sites will 

be different. Engine emissions maps are based upon engine speed versus engine 

torque. A vehicle measured travelling at exactly the same speed and acceleration at a 

particular site but using different gears would, on a speed/acceleration emissions map 

be located at the same point, but on an engine speed/torque emissions map would be 

in different areas with one having a higher emission efficiency (i.e. pollutantlCOi 

ratio) than the other. The reason for using gears is to move a vehicle's drive train 

back to the engine's optimum (whether it be performance, fuel consumption or 

emissions) engine speed and torque. Beyond this optimum, relative emissions 

concentrations will be higher. So the emission profiles from each site may actually 

be more similar than it appears from the speed/acceleration maps. 

ii) The areas of high average emissions are located to the extremes of the 

measured speed and acceleration. 

Three factors could result in this observation. Firstly, emissions are highest under 

extreme driving conditions. For most driving performance requirements (i.e. speed 

and acceleration) the emissions are controlled adequately by the engine management 

and associated emissions control systems and thus emissions are relatively low. 

However, more extreme demands on the engine can result in the loss of this 

emissions control thus resulting in lower emissions efficiencies (Felstead et al, 

2006). 
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The second factor relates to the apparent insensitivity of the REVEAL equipment at 

low emission concentrations. As described previously in Sections 5.7.2 and 5.7.3, if 

a measurement is taken where the plume capture is relatively poor, the measurement 

noise can create artificially high emissions measurements. As shown in Section 

5.7.2, for most measurements the relative error for each measurement channel on the 

REVEAL instrument is high. Therefore, when considering average emissions, the 

average value is far more susceptible to the influence of high or low noise values 

when the frequency of measurement is low as there is less chance of the observed 

mean value centring on the true mean value. Due to the manner in which a 

measurement was reported by the REVEAL system, the quality of the measurement 

(i.e. for a single plume, how closely the variation in a pollutant concentration 

matched that for CO2) was unknown and so this can not be explored further. 

Also, it is possible that different emissions standards/fuel types are apparent at the 

more extreme speed/acceleration bins due to the lower frequency of vehicles 

measured at those points (i.e. a Pre-EURO diesel vehicle would be expected to have 

a high NO emissions reading compared to a EURO IV petrol vehicle). 

Each of these three factors is likely to be influencing the observed speed/acceleration 

maps though it is impossible to know the extent of each. Also, it should be noted 

that because the relative concentrations are higher, it does not mean the absolute 

concentrations are also higher. The influence of relative fuel consumption on 

absolute emissions is important. Considering two vehicles, one with a low 

pollutant/COi ratio the other with a high pollutant/COz ratio, if the former has a 

particularly high fuel consumption compared to the latter then the absolute emissions 

from the former could be greater than the latter. So, in instances where relative 

emissions are high during deceleration, the actual fuel consumption is likely to be 

low, especially in modern vehicles which have a fuel shut off in such driving modes. 
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6.6 Relationship of emissions to VSP 

Emission measurements can be binned according the estimated VSP of the measured 

vehicle and these measurements then averaged for each VSP bin. This was 

undertaken separately for the Andover Road and Badger Farm Road datasets for 

CO/CO2, HC/CO2 and NO/CO2 emission ratios (see Figure 6-9). 

Two observations can be made regarding these data. Firstly, the average emission 

ratios appear to fall with increasing VSP and, secondly, in general Andover Road and 

Badger Farm Road appear to follow the same trend but are offset from each other. 

Due to the influence of noise on the majority of measurements contributing to the 

average emission ratio value for each VSP bin, the uncertainty in the average values 

is high. This means that any apparent relationship is highly unlikely to be due to the 

emissions performance of the fleet rather due to another confounding variable. 

The apparent decrease in emissions with VSP and the offset between the two sites 

can be explained by the quality of plume capture. It has already been shown in 

Section 6.4 that the quality of plume capture is best at the Badger Farm Road site. If 

the quality of plume capture is better then the measured CO2 pathlength 

concentration will be higher thus have a higher SNR. This does not mean however 

that the CO, HC or NO measurement is high enough for the SNR to be as 

insignificant. Remember, of the four channels, the CO2 charmel is already the least 

susceptible to noise and so the relative error is much bigger for CO, HC and NO 

channels than for CO2. This means that the average CO2 denominator in the 

emission ratio will be higher for the site with best plume capture (i.e. Badger Farm 

Road). This will result in a consistently lower pollutantlCOz ratio for the same VSP 

for the Badger Farm Road dataset compared to the Andover Road dataset. This 

'offset' effect is seen less with the CO/CO2 data because the CO concentrations are 

often higher than that of HC and NO, so will be less affected by noise. 
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Figure 6-9; Average a) CO/CO2, b) HC/CO2 and c) NO/CO2 ratios, binned according to VSP, for 
Andover Road and Badger Farm Road 
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This explanation also explains why the average pollutant/COi ratio values decrease 

as V S P increases. The CO2 output is will be greater as the power required by the 

engine increases (due to increased fuel consumption) thus the fact that the CO2 error 

diminishes at a quicker rate than the CO error means that the denominator in the 

pollutant/COj ratio begins to dominate the ratio and so a decreasing trend is seen. 

To confirm this explanation, the average CO2, C O and H C pathlength concentrations 

have been binned according to VSP (see Figure 6-10). 
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Figure 6-10: Average pathlength concentrations of CO2, HC and CO from An(iover Road site, binned 
by VSP 

So, for data collected using the R E V E A L instrument, plotting emission ratio values 

according to VSP will not offer any insight into how fleet vehicle emissions vary 

according to VSP. 
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6.7 Decile emissions distribution 

The REVEAL instrument has been observed to be fairly insensitive at low pollutant 

concentrations (ppm.m). So, for most emissions measurements, a particular vehicle 

can not confidently be attributed to the reported emissions value - instead it can be 

said that the vehicle's true emissions value will be within a range of values (i.e. a 

confidence interval). This range becomes smaller as a percentage of the true value as 

the measured emissions concentration increases. Since more certainty can be placed 

in the CO2 value than for any of the measured pollutant values (see Section 5.7.2) for 

values with highpollutantlCOi ratios the ratio is more likely to be correct. Thinking 

of how this error should be distributed amongst all measurements (e.g. some higher, 

some lower than the true value) over all measurements a reasonable estimation of 

overall fleet values can still be made. 

With this in mind some estimation of the fleet decile average emissions efficiency 

can be undertaken. This is useful at showing how the upper most decile for CO, HC 

and NO compare to the lower nine deciles. The top decile is the least affected by the 

measurement noise discussed previously, whilst the effect of noise in the lowest nine 

deciles even itself out over (i.e. the distribution over the lowest 9 deciles should be 

similar to that that would have been produced if the true values were known and used 

in this analysis). This is a standard way to analyse RSD study data although it is 

normally undertaken using data converted to ppm. This conversion is undertaken 

using idealised combustion equations under the assumption that combustion is under 

stoichiometric metric conditions (see Appendix 2). Other conversions to units such 

as g pollutant// fuel or g pollutant/Ag fuel can also be undertaken and are used in 

some RSD studies. The combustion equations are used to convert the RSD ratio 

measurement to a measurement which would be equivalent to that of a tailpipe probe 

(such as those used in the MOT idle test) (Kuhns et al., 2002). The equations use 

generalised values regarding fuel density, fuel Carbon/Hydrogen ratios and fuel 

molar mass (Ning et al., 2004). These three parameters are different for petrol and 

diesel fuels, so using generalised values would distort any results; the use of ratios 

negates the problem of the analysis including vehicles of unknown fuel type. In 

addition, the use of ratios is arguably more relevant as it reports the emissions per 
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unit CO2 (i.e. p roxy for fuel consumpt ion) . A compar i son of the use of jus t ratios 

shows good correlat ion wi th the combust ion equat ion approach used in mos t R S D 

studies ( R E V E A L , 2004a) . 

Figure 6-11 presents the percentage contr ibut ion to the total o f all measured 

pollutant/COi rat ios w h e n grouped into deciles rank ordered b y the ratio value. 

Table 6-5 presents the total emiss ions ratios w h e n grouped into deci les rank ordered 

b y the ratio value. It can be seen that the o f ten quoted f igures o f 10% of the 

measured vehicles are responsible for 5 0 % of the pol lut ion, is not t rue in this study. 

It w o u l d appear that Winches ter has a c leaner fleet than has been reported in 

previous R S D studies. Despi te this, the frequently reported t rend of a minor i ty of 

vehicles p roduc ing a disproport ionately high amount o f emiss ions seems to hold true 

for C O , H C and N O . 
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Figure 6-11: Percentage of total pollutantlCOj ratios for each decile of the vehicle fleet rank ordered 
by ascending pollutant/COz ratios. Results are for CO, HC and NO. 

Pollutant 
Decile 

Pollutant 
1 2 3 4 5 6 7 8 9 10 

CO 1.0 2.9 4.6 6.3 8.0 10.1 13.1 18.0 27.9 58.4 

HC 0.3 0.6 0.9 1.2 1.4 1.8 2.2 3.0 4.4 7.9 

NO 0.1 1.5 3.0 4.4 6.0 7.9 10.2 13.7 1&9 34.3 

Table 6-5: Total pollutantAZOi ratios for each decile of the vehicle fleet rank ordered by ascending 
ratio values. 
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There are a number of possibilities to explain this departure from previously reported 

trends: 

The Winchester fleet is better maintained than previously 

measured fleets, 

As the fleet is renewed with vehicles which adhere to tighter 

emissions standards, the impact of relative high polluters is 

less, and there maybe fewer of them, 

• The REVEAL instrument is underestimating emissions, or 

• The inclusion of diesel vehicles in the analysis has affected the 

emissions data. 

The Winchester fleet has a greater proportion of new vehicles 

compared to previously measured fleets 

The results in Table 6-5 can also be used to derive the decile average pollutant 

emissions (ppm.m) per unit CO2 for each of the pollutants by dividing by the number 

of vehicles in each decile (529). 

Examining the top decile for each site (see Table 6-6) it can be seen that the top 

decile at Badger Farm Road has a higher contribution to the total CO/CO2 ratios and 

higher average CO/CO2 ratio than at Andover Road. For HC and NO, the percentage 

contribution to the total ratios is similar although the average is higher at Andover 

Road than at Badger Farm Road. Reasons for this could be differences in the fleet 

make up at each site (differences in fuel type, age or maintenance), or differences in 

the VSP distribution. Without supporting data to control for these effects it is 

impossible to determine a precise cause for this. 

Average ratio % of total ratios 
Pollutant Andover 

Road 
Badger Farm 

Road 
Andover 

Road 
Badger Farm 

Road 

CO 0J[06 0.122 35 j 4&7 

HC 0.016 0.011 31.7 34^ 

NO 0IG5 0.018 334 35^ 

Table 6-6: Average ratio value and contribution to total ratios of top decile at each site for 
CO, HC and NO 
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6.8 Influence of vehicle age on emissions 

Many RSD studies have shown a Unk between vehicle age and emissions. This 

relationship was attributed to vehicle maintenance but has more recently been 

associated with tighter emissions standards. To see if this was true for the 

Winchester fleet, the emissions ratios were separated into groups which broadly 

related to the periods for each EURO standard. For each emissions species, sub 

divided by the age groups, the quintile values and averages have been plotted (see 

Figure 6-12). 

Cuw 

Pie 1993 0 001 1993-199) 1996-1999 2000-2004 0 
Post 2005 

Quintilcs 

PK 1993 1993-1995 1996-1999 2000̂2004 PwiZOO) 

g 0 008 

Q 0.U06-

Prc 1993 :993.:993 1996-1999 2000̂2004 Pom 200) 

Figure 6-12: Mean and quintile values for vehicle emissions grouped by vehicle age. (broadly relate 
to emissions standards to which vehicles were designed) Clockwise from top left for CO, HC and NO. 

The relationship of increasing emissions with age band can clearly be seen in the CO 

data with the effect becoming more apparent with age. The relationship is less clear 

when considering HC and NO emissions. This does not mean that it does not exist 
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but it is more likely that the poor sensitivity of the REVEAL instrument at the 

normal concentrations experienced in the measured vehicle plume results in more of 

the measurements being an artefact of measurement noise rather than a detected 

concentration. If this analysis could separate petrol vehicles from diesel vehicles the 

difference may be come clearer (e.g. diesel vehicles inherently have low CO and 

would fall into the lowest quintile for CO emissions regardless of age). This analysis 

could not be undertaken as verifying the fuel type of all the measured vehicles would 

have taken too much time. This would have involved cross checking the vehicle 

registration with the vehicle image captured at time of measurement to determine the 

manufacturer, and then using this data to search for each individual vehicle on the 

DVLA website. 

The variation in NO tracks the variation of HC closely but neither tracks changes in 

CO particularly closely. This could be explained by CO2 dominating the 

pollutantlCOi ratio value for NO and HC since the measured concentrations were an 

order of power lower than for CO. 
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6.9 Identifying gross polluters 

6.9.1 Definition of gross polluters 

Gross polluters are commonly defined as vehicles being over a specific emissions 

limit. Each I&M campaign (whether RSD based or not) which seeks to identify 

vehicles over a certain limit has its own objectives and so a range of thresholds are 

available from the literature. A number of possible cut points or thresholds to 

compare the data against. These various thresholds are presented in Table 6-7. 

Study/legislation Test type Vehicle type Pollutant Threshold 

UK MOT (2001) Tailpipe 
probe 

Petrol - catalyst 
post 2001 

CO - low idle 
CO - high idle 
HC 

03% 
0.2% 
200ppm 

Petrol - catalyst 
pre 2001 

CO - low idle 
CO - high idle 
HC 

0.5% 
0.3% 
200ppm 

Petrol - non 
catalyst 

CO — low idle 
HC 

3.5% 
1200ppm 

McCrae et al, 2001 RSD Petrol - catalyst CO 
NO 

5% 
1% 

Petrol - non 
catalyst 

CO 7% 

Stedman, (2002) RSD All vehicles All 

Selection 
based on ratio 
ofCO:HC:NO 

Top 1% 
vehicles 

4:1:2 until 
1% of total 
vehicle 
population is 
selected 

Dept of Environmental 
Quality, Oregon (2003) 

RSD All vehicles Clean 
CO 
HC 
NO 

Fair 
CO 
HC 
NO 

Dirty 
CO 
HC 
NO 

0-0.49% 
0-1 lOppm 
0-499ppm 

0.5-1.094 
11 l-220ppm 
500-1 OOOppm 

>1.0% 
>220ppm 
>1000ppm 

Tailpipe 
probe 

All vehicles CO 
HC 

1% 
220ppm 

REVEAL (2004) - Gross 
polluter 

RSD All vehicles CO 
HC 
NO 

5% 
ISOOppm 
1% 

REVEAL (2004) - Super 
polluter 

RSD All vehicles CO 
HC 
NO 

2.8% 
ISOOppm 
0^% 

Table 6-7: Various thresholds used to identify gross polluting vehicles 
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It can be seen that a range of values for each of the pollutants measured are used in 

the small selection of studies presented above. The study by McCrae et al (2001) has 

been chosen to represent the thresholds used here to identify gross polluting vehicles. 

This study was based on UK and European fleets and the thresholds identified were 

based upon comparisons of RSD measurements with MOT style idle test 

measurements. The thresholds were set to avoid unacceptable errors of commission 

(i.e. RSD gross polluters not failing the MOT emissions test) associated with lower 

threshold values. The concern is that having false failures would undermine public 

confidence in the use of RSD measurements. 

A flaw in this approach is that the comparison of RSD measurements to a standard 

value is only as good as the standard being worked to. It has already been discussed 

in Chapter 4 how the current MOT test is not a particularly good indicator that the 

vehicle has an emissions related error. Switching the relationship between the two 

types of emissions measurement (i.e the RSD measurement is the standard and the 

MOT test is ad hoc test) then the MOT test could be considered to undermine public 

confidence in the RSD test. Many areas of the US use centralised chassis 

dynamometer tests as the method of testing a vehicle's emissions compliance. If this 

approach were used in the UK then the relevant EURO standard chassis 

dynamometer emissions limit (with an allowance for vehicle degradation with age) 

would be the standard to be attained. 

The data presented by McCrae (2001) shows how chassis dynamometer data for 

legislative cycles compares to the vehicles RSD measurement. Decreasing the CO 

RSD threshold increases the percentage of true failures (according to the chassis 

dynamometer). With this in mind, the Winchester dataset will also be compared to 

tighter RSD CO threshold of 3% simulating how RSD use could supplement a more 

centralised chassis dynamometer testing approach. This lower threshold will only be 

applied to vehicles of an age where they could be expected to adhere to EURO I or 

higher standards (i.e. first registered 1992). If RSD were to be used as part of an 

I&M programme then ideally thresholds would be derived considering the fuel type 

and the EURO standard the vehicle was designed to meet. For the on-road RSD 

measurements this could be derived from DVLA database. 
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A further important ou tcome of the McCrae (2001) study w a s that RSD C O is a 

better indicator than R S D H C of whether a vehicle will be a H C chassis 

dynamomete r failure. Wi th this in mind, only C O and N O wi l l be used as R S D gross 

polluter criteria. 

6.9.2 Translat ion of % or p p m limits into ratios 

Rather than t ransform all the Winches ter data into p p m or % values using the 

idealised combust ion equat ions (see Append ix 2), the th resho lds will be t ransformed 

into an appropriate ratio value (this has the advantage of m a k i n g the limits applicable 

to diesel vehicles as well as petrol vehicles) . 

To do this, firstly, an assumed CO2 concentrat ion value n e e d s to be derived. Us ing 

the idealised combust ion equat ions on the Winches ter dataset , the average % 

concentrat ion f rom all vehicle measurements is 14.7. So the denominator for the 

ratio of C O % / C 0 2 % used will be 14.7. However , because there is only a l imited 

amount of carbon in the fue l being burnt , when C O is re la t ively high the amoun t of 

C 0 2 will be lower. To account for this carbon balance e f f ec t the denomina tor has to 

be %C02 minus %C0 (REVEAL, 2004a). 

So the 5% and 3 % CO thresholds, w h e n expressed as a ra t io of CO/CO2 are 0 .51 

(i.e. 5/(14.7-5)) and 0 .26 (i.e. 3/(14.7-3)) respectively. 

Calculat ion of the NO threshold as a ratio does not need to cons ider a ca rbon balance 

and so equals 0 .06 (i.e. 1/14.7). 
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6.9.3 N u m b e r s o f gross polluters 

Based on the thresholds identif ied above, the number s o f vehic les which would be 

def ined as gross pol luters are presented in Table 6-8. F e w vehicles measured in 

Winches te r wou ld appear to be gross polluters. 

Pollutant and threshold 

CO NO 

Threshold 
(% of exhaust) 5% 3%* 1% 

Pollutant/C02 
threshold 

0.51 0.26 0.071 

# of measurements 5294 4947 5294 

# of vehicles 
22 3 exceeding 4 22 3 

% of measurements 0.1 0.4 0.1 

Table 6-8: Numbers o f vehicles above gross polluter thresholds 

*only considers vehicles first registered in 1992 or later 

If vehicles over the 5 % and 3 % C O emissions threshold were r emoved f r o m the road, 

total emiss ions , f rom the total measured fleet, of C O per unit CO2 emit ted would be 

reduced b y 2 % and 5 % respectively. If vehicles over 1% N O threshold were 

r emoved f r o m the road, total emiss ions of N O per unit CO2 emitted would be 

reduced b y 2%. 

The D V L A websi te a l lows for some data ( including year of manufac ture , fuel type, 

engine size and C O i / k m where measured) for individual vehicles to be checked if the 

registrat ion and m a k e of a vehicle are known. By checking the still images of the 

gross pol lu t ing vehicles, their make could be determined. The three N O gross 

pol luters were diesel vehicles. This is not entirely surpris ing as diesels have 

inherent ly h igh N O emiss ions compared to an equivalent mode l year petrol engines 

(see Chapters 3 and 4). It could well be that these vehicles were in fact not gross 

pol luters as w h e n tested on a chassis dynamomete r they would be well under the 

relevant l imits a l though it is also possible that the E G R mechan i sm (which reduces 

NO;c) for these vehicles had failed. All but one of the C O gross polluters were petrol 

vehicles. This result is to be expected since diesel vehicle p roduce negligible C O as 

they operate fuel lean and C O is produced in fuel rich condit ions. The one diesel 
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vehicle which failed the C O threshold is l ikely to have had a f a r higher fuel 

consumpt ion than it should. 

6.9.4 Use of R E V E A L unit to clean screen vehicles 

The R E V E A L instrument was not sensitive enough to be u s e d as a 'c lean screen' 

tool wi th any certainty that the vehicle was in fact be low the l o w threshold required 

for such an approach. 
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6,10 Conclusions 

Site selection is important in gathering results from vehicles travelling through 

the site in a more homogenous operating conditions. The use of VSP is important 

in fi l tering out results f rom vehicles pass ing th rough the site u s ing extreme power 

requirements thus ensuring non-representat ive results are n o t included in the analysis 

for gross polluters. 

A link to other vehicle information would be beneficial to gain more 

understanding of how various parameters such as fuel type affect RSD readings 

and to control for these variations. This data could also b e u sed to set var ious 

gross polluter thresholds based upon the E U R O standard w i t h wh ich the vehicle was 

designed to comply . 

The visual impact of the site appears to be important with both sites showing a 

bimodal distribution. This would indicate that there are t w o types of react ion by 

drivers to the site. Some drivers a l low their vehicle to s low d o w n as they travel 

through the site either out of curiosity or fear of a speed trap, whi ls t others are 

unper turbed by the site and so drive th rough normal ly . 

The average vehicle emissions deteriorate with vehicle age, this is most likely 

due to a combination of the varying emissions standards, the level of 

maintenance and some factor relating to degradation of the emissions related 

controls of the vehicle . Some di f ference in the est imated a g e of the vehic le fleets 

seems to be apparent but this d i f ference is small and is un l ike ly to result in the 

dif ferences in emiss ions f rom the highest pol luters which h a s b e e n seen. 

The contribution of the highest decile to total emissions can be estimated to be 

between 35 to 4 0 % for each of C O , H C and N O . This is a l ower f igure than is 

of ten quoted in the literature a l though no comparable data f o r the U K could be 

found. It is u n k n o w n h o w typical these results are of the res t o f the current 

Hampshi re or U K fleet . 

Measurement campaign in Winchester 184 



Ph.D. Thesis TRG, School of Civil Engineering and the Environment 

There are seemingly very few gross polluting vehicles (0.4% of measured fleet) 

being measured at the test sites indicating that Winchester does not have a 

problem with excess emiss ions f rom passenger cars. R e m o v a l of these f e w gross 

polluters would only improve emissions by a small amount . It is unknown if this is 

typical of Hampshi re or U K car fleets. All but one of the C O gross polluters were 

petrol vehicles and the three N O gross polluters were diesel vehicles - these are 

results were expected g iven the nature of the emiss ions p r o d u c e d by each fue l type. 

This number of gross pol luters can be compared to the 0 . 5 % of the fleet wh ich were 

identif ied in a previous U K R S D study (Barlow, 1998). T h e current M O T test fails 

approximately 1.5% of tested vehicles due to emiss ions ( D f T , 2004) and recent in-

use compl iance test ing by the V G A on vehicles built since 2 0 0 1 has found 6 % of 

both diesel and petrol vehicles to fail to meet their natural a g i n g adjusted emiss ions 

limits. The V G A sample is subject to wide conf idence l imi ts due to only a relatively 

small number of vehicles being tested. It can be expected tha t the R S D percentage 

would be less than that o f the M O T . Due to the tendency f o r older vehicle to have 

lower annual mi leage, their l ikelihood of being observed b y the R S D is less than that 

of a newer vehicle. The M O T also exempts vehicles under th ree years old 

exacerbat ing this e f fec t - if vehicle under three years old w e r e exempted f r o m this 

analysis then the gross polluter percentage is es t imated to b e 0 .6%. This still be low 

the M O T failure rate suggest ing that the relevant thresholds , w h e n using the 

R E V E A L equipment , should be reassessed. 

Future w o r k should use a more sensitive instrument . Th i s wil l a l low a more 

accurate unders tanding of the contribution of the highest po l lu te r s to the w h o l e fleet, 

as well as a l lowing conf ident use of V S P as a parameter to cont ro l for var ia t ions in 

the vehicle operat ing condi t ions be tween sites. Other sites shou ld be used to 

unders tand h o w the results f rom Winches ter compare to o the r areas of Hampsh i r e 

and the U K . 
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7 QUESTIONNAIRE ON RSD MEASUREMENT FOR PUBLIC 

FEEDBACK 

7.1 Introduction 

To unders tand h o w the general driving publ ic would react t o var ious mechanisms of 

delivering feedback of their vehicles R S D measurement a ques t ionna i re survey was 

undertaken. This chapter describes the survey methodo logy , t he various feedback 

mechan isms explored within the quest ionnaire and presents a n d discusses the 

outcomes. A rev iew of issues surrounding quest ionnaire s u r v e y design is also 

included. 

7.2 The survey process 

The purpose of the survey was to unders tand h o w various a p p r o a c h e s to feeding back 

emissions informat ion f rom R S D ' s wou ld be accepted by t h e publ ic and to explore 

the potential for using the voluntary emissions test approach . There were t ime and 

cost implicat ions for the design of the survey which rest r ic ted its scale and running 

period. A rev iew of literature on survey sampl ing design is g i v e n in Sect ion 7.3 to 

illustrate that the issues surrounding survey design have b e e n appreciated, 

particularly h o w a sampl ing f r ame would be derived for a l a rge r , more 

comprehens ive survey. 

7.2.1 The sample 

In M a r c h 2006, a total of 2120 quest ionnaires were dis t r ibuted to drivers w h o travel 

within or into Winchester . The sample was derived f rom a n u m b e r of sources. A 

panel list o f - 1 8 0 0 names and addresses of people known t o t ravel in Winches te r 

was available f r o m a previous survey under taken for the M I R A C L E S pro jec t 

( M I R A C L E S , 2007) which was used to gauge opinions on t r anspor t re lated issues in 

Winchester . Those approached in the earlier survey c o m p r i s e d of a s imple 

probabil i ty sample of all addresses in the electoral role ( w h i c h in theory should be 

100% of occupied addresses in Winchester) and of an on-s t ree t handout o f s imilar 
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quest ionnaires to member s of the publ ic w h o h v e d outside Winches te r . The 

quest ionnaire of fered two £50 shopping vouchers as an incen t ive to complete and 

return the questionnaire. Respondents w h o filled out the in i t i a l questionnaire were 

invited to become members of a quest ionnaire panel to he lp fo rmula te Hampshire 

County Counci l transport pol icy in Winches ter and to have t h e chance of winning 

extra prizes. 

For the R S D survey, the panel list was fi l tered to include o n l y people who had 

previously indicated that their household had at least one c a r w h i c h was available for 

cont inuous use. If the n a m e on the list was not a car driver, t h e y were instructed to 

pass the quest ionnaire to a m e m b e r of the household who d i d have access to a car for 

private use. The postal sample size was 1320. To supp lemen t this postal sample, 

800 quest ionnaires were also circulated to drivers using car p a r k s in the city centre. 

Half of the quest ionnaires were handed to people parking in t he morn ing peak period 

at Tower Street car park (typically commuters working in W i n c h e s t e r city centre) 

and the rest were handed to people parking in The Brooks S h o p p i n g centre or 

Middlebrook Street car park (typically city centre shoppers) . 

As an incentive to raise the response rate to the ques t ionnai re a pr ize of an in-car 

satellite navigat ion system was of fe red (or the equivalent v a l u e in shopping 

vouchers , ~ £250). A n overall response rate of 3 8 % was ach ieved . This was a 

pleasing result consider ing the large amount of text p resen ted in the questionnaire, 

which was considered necessary to fu l ly explain the scenar ios be ing examined 

including the potential costs and benefi ts . 

The sample technique used in this survey was that of conven ience sampl ing (i.e. take 

all wil l ing volunteers) . Data input errors w h e n t ransferr ing f r o m the quest ionnaire to 

computer were min imised by use of 100% veri f icat ion (i.e. t h e quest ionnaires were 

entered twice and discrepancies be tween the response to a pa r t i cu la r variable f lagged 

with the correct response being entered) 
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7.2.2 The quest ionnaire 

The aim of the quest ionnaire was to unders tand h o w the gene ra l public would react 

to various scenarios where RSD readings of their vehicle's emissions would be 

fedback to them. The scenarios were a imed at encouraging owners/dr ivers o f those 

vehicles suspected of having an emissions problem to have their car inspected and 

repaired. 

The area of emissions test ing us ing R S D ' s is one in wh ich v e r y f e w of the general 

public would have any knowledge . A n y quest ionnaire a p p r o a c h to understanding 

their reactions to var ious scenarios would have to a l low the respondent to have 

adequate informat ion on the motivat ion, technology and d e s i g n behind the scenarios 

being tested. To qual i fy the respondent in predict ing h o w t h e y would react in the 

scenarios presented, a suff icient amount of background in fo rma t ion on the emissions 

moni tor ing scheme would need to be provided. 

With these requirements in mind it was felt that a postal ques t ionnai re approach 

would be the mos t appropriate option. All content of the ques t ionnai re and 

accompanying leaflet w a s draf ted wi thin this study. U s e f u l guidance on the design 

of quest ionnaires w a s taken f r o m Weiers (1984), Luck and R u b i n (1987) and 

Malhotra and Birks (2006) as well as previous experience. Th is approach al lowed 

sufficient wri t ten mater ia l to be included within the ques t ionnai re pack and a l lowed 

the respondent to take the questioimaire away to complete it in their o w n t ime. 

Complet ing the questiormaire at the respondents conven ience a l lowed them to take 

their t ime to unders tand the scenarios being presented and a l so decreased the number 

of people re fus ing to initially take the quest ionnaire. Cop ies of the contents of the 

questionnaire pack are given in Append ix 3. The ques t ionnai re pack included; 

• Enve lope which gave details of the content o f the pack, w h o 

it was f r o m (HCC) and advert ised the incent ive o f the pr ize 

draw. 
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Covering letter 6om the MIRACLES project manager at 

H C C . The letter introduced the project , the i dea of vehicle 

emiss ions monitor ing, gave brief instruct ions o n h o w to 

complete the quest ionnaire and h o w long it w o u l d take. It 

also stressed that confident ial i ty in the results w o u l d be 

maintained. 

A leaflet which descr ibed the emiss ions mon i to r ing program 

in more detail including w h y it was being d o n e , h o w it was 

being done and the potential benef i ts f rom the scheme. It 

also introduced the var ious scenarios which w e r e being 

tested in the quest ionnaire. The rear of the l ea f l e t gave a list 

of t ips on h o w drivers could reduce their emis s ions and fuel 

consumption, as well as information on the MIRACLES 

project . 

Quest ionnaire which expla ined each of the scenar ios being 

presented including the t ime required for the ac t ions 

suggested by each scenario, the cost of hav ing their vehicle 

checked and the potential benef i ts f rom hav ing an emiss ions 

faul t corrected. Other in format ion about the r e sponden t 

wh ich m a y have an inf luence on their react ion to the 

scenarios was also collected. The front of t he ques t ionnai re 

again introduced the subject be ing examined a n d h o w to 

complete the quest ionnaire. In addit ion to the p r i ze d raw 

being offered, respondents were also given the oppor tuni ty 

to enter their vehicles registrat ion to receive f e e d b a c k on 

their vehicles emissions. 

• Rep ly paid envelope to m a k e post ing the ques t ionna i re back 

less of a burden. 
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The questionnaires wh ich were to be sent by post and those handed out on street 

were requested to be dif ferent colours. This wou ld have a l l o w e d the responses f rom 

each group to be compared in the analysis - unfor tunate ly t he printers did not fo l low 

these instructions. 

The quest ionnaire used a number of quest ion types but m a i n l y used likert scale 

quest ions for the respondent to rate var ious attributes, yes /no quest ions to understand 

h o w their experience of or react ion to given situations, and ca tegory questions to 

understand f requency react ion and demographic in format ion . In addition, open 

ended quest ions were used to a l low the respondent to fu r the r explain their thoughts 

on the various scenarios presented. 

7.2.3 The scenarios 

Using R S D s to quant i fy the numbers of gross polluters has b e e n done in numerous 

contexts in the U S and other studies wor ldwide a l though o n l y to a small extent in the 

U K (see Chapter 5). The second aspect of this s tudy is to unders tand h o w the 

general publ ic migh t react to a number of approaches to p rov id ing them wi th 

feedback on their R S D emissions measurement and so encourag ing voluntary 

maintenance of their vehicle as well as reducing the n u m b e r o f gross pol lut ing 

vehicles in Winches ter city centre. These approaches were p resen ted as scenarios 

within the quest ionnaire. The scenarios examined were: 

• Fol lowing a similar approach to that presented in Section 

5.6.4.3, a drivers emiss ions reading would be d i sp layed to them 

at the roadside us ing a V M S . Their vehicle emi s s ions wou ld be 

p laced into three bands ( G O O D , F A I R or P O O R ) . Suppor ted by 

an appropriate disseminat ion exercise, the veh ic l e drivers wou ld 

k n o w that a change in their vehicle emiss ions r e a d i n g would 

indicate their vehicle had an emissions related p r o b l e m and 

would be costing them extra in fuel costs. By l ink ing the 

measurement with the registration number using the ANPR 
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associated wi th the R S D , the driver wou ld k n o w that a particular 

reading was associated with their vehicle - i.e. the US approach. 

The location of the RSD sites on the edge of Winchester limits 

the number of vehicles which would pass t h r o u g h the site. In 

addi t ion to the R S D check it is l ikely that a g rea te r incentive 

would be needed to encourage a driver to d r ive out of their way 

to pass the site. By integrating the R S D emiss ions reading with 

the current M O T test, it is possible that a ' c l ean screen ' 

approach (see Section 5.6.3.2) be used w h e r e an emissions test 

wou ld be foregone if the vehicle had recent ly h a d two valid 

R S D readings which were be low a certain th re sho ld for each 

pollutant considered. The incentive in the ques t ionnai re is a 

reduced pr iced M O T al though for this to be e f f ec t i ve the vehicle 

would have to be normal ly subject to a more r igorous , more 

expensive and more t ime consuming emiss ions test (i.e. a 

separate chassis dynamomete r test). 

• Us ing a websi te database or te lephone hot l ine as an alternative 

or complementa ry approach to the roadside V M S wou ld a l low 

the publ ic to check their vehicles last emiss ions read ing at their 

o w n convenience. 

• To fur ther encourage repair of h igh pollut ing veh ic le s a 

subsidised inspect ion and repair service could b e o f fe red to 

those vehicles which had been identif ied by t h e R S D as a gross 

polluter . This m a y encourage more people to ac tua l ly have their 

vehicle inspected and repaired if a faul t is f o u n d than those w h o 

would have it repaired voluntari ly. 

• The final scenario would be for a vehicle w h o s e emiss ions were 

measured as being F A I R or P O O R to be d iver ted to a Park and 

Ride site instead of being a l lowed to cont inue the i r j o u r n e y into 
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a city centre. Winches ter has one Park and R i d e site. This 

could not be enforced as the driver might ac tua l ly be driving 

through the city centre en route to another loca t ion . It would 

therefore have to be a voluntary diversion. 

7.3 A review of survey sampling 

One of the most neglected stages of a survey design is the compos i t ion of the sample. 

This quest ionnaire for var ious reasons used a convenience sample . A discussion of 

survey sampling fol lows. 

7.3.1 Def ine the target popula t ion 

The first stage in the sample design determines exactly the popu la t ion to which the 

researcher wants to general ise the result to. The def ini t ion o f the target populat ion, 

part icularly the size as a whole , and within dif ferent s t ra t i f ied sub-classes can be a 

diff icul t task. If it is done within an institution (e.g. a Un ive r s i ty or workplace) 

where details of the who le popula t ion are already held on r e c o r d the task is relatively 

straight forward . O n the other hand, knowing popula t ion s izes and characteristics of 

the general popula t ion l iving in a city is problemat ic but c a n be he lped by the wider 

release of census data and government popula t ion size es t imates . 

7.3.2 Def ine the sampl ing f r a m e 

It is near ly always impract ical on financial grounds alone t o col lect data f r o m the 

whole populat ion of interest unless it is very small. Even t h e U K census w h i c h 

at tempts to capture data f r o m the whole popula t ion living in the U K will never 

achieve a 100% success rate due to people not responding. Convenien t ly , by us ing a 

f ract ion of the whole populat ion, informat ion relating to t he popu la t ion can be 

gathered - this is sampling. E a c h individual within the popu l a t i on or sample is 

called a unit. 
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A number of approaches to sampling can be taken, and creating a good sample is no 

trivial task. Sampl ing approaches can be divided into probabi l i ty and non-

probabil i ty approaches: 

7.3.2.1 Probability sampling strategies 

Probabil i ty samples result in a particular unit wi thin the s a m p l i n g f rame having a 

k n o w n probabil i ty of select ion within the sample. A n u m b e r o f probabil i ty sampling 

approaches exist. 

Simple random sample 

This approach requires no prior knowledge of the popula t ion w h i c h is being sampled 

and is based upon each unit wi thin the popula t ion having a n equa l chance of 

selection. This type o f sample is o f ten drawn by having a f u l l list of the popula t ion of 

interest and assigning to each an unique identif icat ion n u m b e r . A random number 

generat ing p rogram can then be used to produce a list of u n i q u e numbers of a 

specif ic size. The list of r andom numbers can then be m a t c h e d to the un ique 

numbers in the popula t ion list. Those units which have a m a t c h are selected to be 

included in the sample. For small populat ions, issues of s a m p l i n g with or wi thout 

replacement need to be considered as this affects the p robab i l i ty o f select ion and so 

some of the accuracy of inference of the result to the general popula t ion . 

Systematic sampling 

Here a unit is chosen because they are a part icular number w i t h i n a sequence. B y 

dividing the k n o w n popula t ion size by the required sample, s ize the interval be tween 

unit selections can be determined. A random number w h i c h is less than the interval 

number is then chosen as the start point. So for a popula t ion o f 10000, f o r w h i c h a 

sample of 1000 is required, the sampl ing interval wou ld be 10. If the r a n d o m 

number chosen w a s 2, then the first unit selected would be t h e 2"*̂  on the list then the 
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equal chance of selection but those uni ts which do not lie o n the interval have no 

chance of selection. The list f rom which the units are c h o s e n can either be ordered 

according to an attribute which is unrelated or related to the characteristics being 

studied. Depend ing on the nature of the list ordering, can e i the r increase or decrease 

the accuracy of the result inferred to the general populat ion. 

Stratified random sampling 

This approach fo l lows two or more stages. The popula t ion is divided according to 

non-overlapping characteristics (e.g. number of cars in the household) - this is called 

a stratum. A number of units wi thin the stratum is then s a m p l e d using a s imple 

random sample. The stratification variable should be related to the characteristics of 

interest. Strat if ied sampl ing can increase the accuracy of t h e resul ts without 

increasing the cost. The increased accuracy comes f rom e a c h s t ratum having units of 

similar characterist ics and so the variat ion be tween units in t h e stratum is less. The 

numbers of units chosen can either be proport ional to the re la t ive size of the stratum 

membersh ip to the populat ion (e.g. the sample wi th in each s t r a tum contains 5 % of 

the units conta ined within that s tratum) or disproport ionate t o counter issues relating 

to wider var ia t ion in behaviour of part icular stratum such as r e sponse rates. 

Cluster sampling 

Similarly to stratified sampling, the popula t ion is divided acco rd ing a non-

overlapping characterist ic except this t ime it is unrelated to t h e character is t ics of 

interest. Each cluster is assumed to have the same variat ion in behav iour as is shown 

in the popula t ion of interest. The clusters used for the s ample are then chosen using 

some form of probabi l i ty sampling. The clusters can be c h o s e n either accord ing to 

the number of units wi thin the cluster so that those with m o r e uni ts have m o r e chance 

of being selected or by a simple probabil i ty approach. Ei ther all the uni ts wi th in the 

selected clusters can be chosen to be in the sample or they c a n also be subjec ted to a 

probabil i ty sampl ing approach. A c o m m o n fo rm of cluster s a m p l i n g is ba sed upon 

geographical area in which the unit l ives (e.g. vot ing wards) . Clus te r s ampl ing 
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increases the ef f ic iency of the sampl ing procedure (i.e. cove r s a wider area but with 

more variat ion in behaviour within clusters) where as s t rat i f ied sampling increases 

the sampling precision (i.e. covers a smaller area but with greater precision). 

7.j .22 

Non-probabi l i ty sampl ing is usefu l where the units of interest are difficult to reach or 

costs for the survey need to be min imized . The probabil i ty o f selecting a particular 

unit is not known. 

Convenience sampling 

As the name suggests this approach relies on the unit being avai lable at the 

convenience of the person doing the sampling. The units a re selected because they 

were wil l ing to be selected. This approach is considered to b e the cheapest and least 

t ime consuming fo rm of sampling but has the potential to h a v e considerable 

limitations in te rms of accuracy and inference to the popu la t ion of interest due to 

potential biases involved in the selection process . The b igges t bias wi th convenience 

sampling is that of self-selection. 

Judgmental sampling 

The choice o f which uni ts are included in the sample is left t o the j u d g m e n t of the 

researcher. The units are chosen to represent wha t the resea rcher considers is 

representative of the popula t ion of interest. Similarly to conven ience samples , 

j udgmen t samples are o f ten quick and inexpensive but are sub jec t to bias in t roduced 

by the researcher in selection of the units . Inferences to the genera l popula t ion are 

prone to bias wi th this sampl ing approach. 
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Quota sampling 

This method is a hybrid approach be tween probability s a m p l i n g and, either 

convenience or judgmenta l sampling. Initially, some prior in fo rmat ion relating to the 

populat ion is used to select the propor t ion of units within a par t icular group which 

should be selected (e.g. within a certain age and sex category). Based on a given 

sample number the numbers of units wi thin each of the ca tegor ies is calculated. The 

researcher can then chose units either by convenience (to ach i eve a quota as quickly 

as possible) or j udgmen t (to represent what the researcher cons iders to be the 

populat ion of interest) 

Snowball sampling 

This approach is usefu l for reaching units wi th in the popu la t i on which have rare 

characteristics and associate with other units wi th those par t icu lar characteristics. If 

only a very small minori ty of units have a part icular character is t ic , a probabi l i ty 

sample would not prove a cost effect ive approach. Once a smal l number of units 

wi th the characteristic of interest have been contacted it is poss ib l e for t hem to 

suggest which other units would be of interest to the researcher . 

7.3.2.3 Probability vs non-probability samples 

Smith (1976) presented a review of the history of the deve lopmen t of probabi l i ty 

sampling wi th m u c h of the theory used today be ing at t r ibuted to N e y m a n (1936). 

Doher ty (1994) summar ised the deve lopment of probabi l i ty ve r sus non-probabi l i ty 

samples. Non-probabi l i ty approaches to sampl ing are o f t en g iven scant d iscuss ion in 

more academical ly orientated texts on sampl ing theory and p rocedures (Foreman , 

1991; Maisel and Hodges-Persel l , 1996; Lohr , 1999). H o w e v e r , texts re la ted to 

market research give the approach more considerat ion but st i l l stress its l imitat ions 

(Weiers, 1984, Luck and Rubin , 1987; Malhot ra and Birks, 1999). This is perhaps a 

ref lect ion on the number of c i rcumstances in real-world s i tua t ions where cost and 

t ime l imitations are the determining factors in a survey des ign . 
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It is widely accepted in the references in the above paragraph, that samples which 

include some form of randomness in their selection p roduce resul ts which can be 

inferred to be true for the target popula t ion wi th more cer ta in ty than those which do 

not. This is because the errors associated with the sample se lec t ion, and its upscaling 

to represent the general populat ion, can be quant if ied and s o a va lue of prediction 

accuracy determined. 

Whils t there are a number of tools which can t ransform a non-probabi l i ty sample to 

look more representative of the target popula t ion there is n o w a y of knowing h o w 

these t ransformat ion reduce (or introduce) error or bias in t h e final predictions. 

Smith (1983) discusses the validity of mak ing inferences f r o m non-probabil i ty 

samples. Other techniques are available which apparently a l l o w non-random 

samples to be used for inferences to the general popula t ion w i t h an est imation of the 

accuracy of any inference. Such techniques include p ropens i t y scoring or matching 

(Rubin, 1997; Larsen, 1999; Schonlau et ah, 2004; C o b b e n a n d Beth lehem, 2005) or 

through a combinat ion of random and non- random samples (Schonlau et al, 2001; 

Rivers et al., 2003). These techniques are still in their i n f a n c y and there is some 

debate as to the effect iveness at addressing the inference i s s u e ; wi th this in mind 

combined wi th l imited informat ion on h o w to implement t h e s e methodologies they 

were not pursued further . 

7.3.3 Errors in surveys 

Errors or bias relating to h o w accurate and representative r e s p o n s e s der ived f r o m 

surveys are in terms of the general popula t ion can come f r o m t w o sources (Luck and 

Rubin , 1987; Lohr , 1999, Malhot ra and Birks, 1999, Or tuza r and Wi l lumsen , 2002): 

7.3.3.1 Sampling error 

This error occurs because the sample selected is not representa t ive of the target 

popula t ion due to r andom variations. This uncertainty does no t a f fec t the va lues for 
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the variables of interest but it does affect the level of c o n f i d e n c e or uncertainty which 

can be placed in inferr ing the values to the target popula t ion (i .e. a measure of the 

variat ion be tween the value acquired f rom the sample and t h e va lue which exists in 

the target populat ion) . Wi th random samples this error can b e est imated using central 

limits theory and the use of the normal distribution as a ' m o d e l ' to which data 

gathered f r o m random samples apply. The fact that a non-probabi l i ty sample has 

been used does not m e a n that the f requencies acquired w o u l d no t be reflected in the 

general populat ion, jus t that there is no way of measur ing t h e level of confidence or 

uncertainty for the derived values. This is because a s sumpt ions of what 'mode l ' the 

sample should fit can not be made. Wi th this rationale in m i n d , for self-complet ion 

postal quest ionnaire surveys, this error m a y actually be re la t ive ly small for both 

probabil i ty and non-probabi l i ty samples when compared w i t h other errors or biases 

which can affect the final values. 

7.3.3.2 Sampling bias 

This is also referred to as non-sampl ing errors in some texts a n d relates to all errors 

which are not related to variat ions of a probabi l i ty sample. M a l h o t r a and Birks 

(2006) divided these biases as response and non-response. 

Non-response bias 

Non-response bias occurs w h e n some of the units wi th the c h o s e n sample do not 

reply either because they choose not to or are not contactable . Non- re sponse should 

always be fac tored into required sample size approximat ion a s the achieved sample 

size will a lways be smaller than that used in the first ins tance. Such is the potent ia l 

importance of non-response entire chapters of sampl ing and m a r k e t research texts are 

dedicated to the issue - a short discussion is presented here. F o r a good target 

popula t ion list (e.g. address of the electoral role), the no t -con tac tab le p ropor t ion of 

this bias should be relatively small a l though it is possible tha t f o r postal surveys, a 

significant por t ion of the sample receive the survey but do n o t even open it (e.g. m a y 

be mis taken for j u n k mai l ) (Brennan and Hoek, 1992). H o w e v e r , some popu la t ion 
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lists wil l miss elements of the target populat ion (e.g. the typ ica l example quoted in 

older literature is of te lephone surveys where not everyone i n the population had 

telephones). It is thought that the behaviour of this group o f non-respondents does 

not vary f rom those w h o respond (Armstrong and Over ton, 1977) . 

The other fo rm of non-response bias is introduced by those w h o are contacted but 

refuse to complete survey - this is of ten jus t quoted as non - r e sponse in the text. For 

postal quest ionnaires this can be part icularly high. Re fusa l s h a v e the potential to add 

significant bias as the opinions or reported data f r o m those w h o did not respond may 

be very different to those w h o did respond. If this port ion o f the sample were 

ignored then the general isat ions to the rest of the popula t ion cou ld be very different 

f rom the reality. On the other hand it is possible that those non- respondents would, 

in general, report exactly the same behaviours or responses as the respondents - their 

only reason for non-response is a lack of mot ivat ion or t ime t o complete the survey 

in quest ion (reply by Ehrenberg in Copas and Li, 1997). T o pro tec t against and 

understand bias f r o m non-response researchers can use a n u m b e r of approaches 

i) Improv ing the response rate - By minimis ing t h e propor t ion of 

the original sample wh ich does not respond, the b i a s is also 

reduced. Prior not i f icat ion informs the sample tha t they should 

expect to be included in a survey in the near fu tu re , w h a t the survey 

pertains to and what the benefi ts there are to t h e m personal ly . This 

prior not i f icat ion can take the fo rm of a t e lephone call , 

postcard/let ter or a short doorstep visit. 

Incentives can be used to encourage a response. W i t h fal l ing 

response rates to the U K National Travel Survey ( N T S ) , an 

incentive trial was implemented . This found that a smal l incent ive 

of £5 per comple ted quest ionnaire not only r e d u c e d the n u m b e r o f 

partially comple ted quest ionnaires returned but a l s o reduced the 

total non-response rate (Stratford et al., 2003) . In genera l , 

incentives do increase response rates but the m e a n s and type o f 

incentives have varying effects (Church, 1993). Incen t ives can be 
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non-monetary (e.g. a pen or feedback on the resu l t s ) or monetary 

(some form of payment ) . It is thought that incen t ives given on first 

contact rather than as a condit ion of a comple ted su rvey are more 

effect ive. Regard ing moneta ry incentives a direct payment s (i.e. to 

each person unit complet ing the survey) are t h o u g h t to be more 

successful than lotteries (completed ques t ionnai res are entered into 

a prize draw) (Roberts er a/., 2000). The key balance of offering 

incentives is whether the increase in responses ( a n d so decrease in 

non-response bias) is wor th the cost and effor t s p e n t on providing 

the incentives. 

The design of the survey and the manner in w h i c h it is administered 

has an impact on the number of respondents c o m p l e t i n g the survey. 

The language, structure of the quest ions, appea rance etc. of a survey 

are important . The manne r in which the survey is d isseminated 

(e.g. personal ised address rather than jus t ' the o c c u p i e r ' or a 

f r iendly persuasive person handing out the questionnaires) can also 

encourage comple t ion of a survey. 

C o m m o n in quest ionnaire surveys are fo l low-up p rocedures . Postal 

surveys are o f ten under taken in a series of ' w a v e s ' whe re those w h o 

have not replied after a short t ime after the initial ques t ionnai re was 

posted are sent a reminder letter wi th another ques t ionna i re 

included. U p to four waves can still improve the overa l l response 

rate and informat ion f r o m those late responders c a n be used in later 

analysis to mit igate any non-response issues. 

ii) Assess ing and correcting for non-response - A w e a l t h of 

informat ion is available on var ious techniques w h i c h can be u s e d 

for ident i fy ing w h e n non-response bias m a y exist a n d me thods o f 

correct ing for this non-response. (Filion, 1975; A r m s t r o n g and 

Overton, 1977; Pearl and Fairley, 1985; Hol t and El l io t , 1991; 
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Lynn, 1996; Malhot ra and Birks, 2006; Lindner et al, 2001; 

Pickering et al., 2005). 

Methods to ident i fy non-response bias include c o m p a r i n g 

responses for di f ferent waves of surveys returns o r compar ing 

characteristics of respondents to those who do n o t respond by 

per forming a l imited fo l low-up of non- respondents asking them 

to complete socio-demographic information. 

If non-response bias is detected then a number o f approaches are 

available such as t rend analysis (based upon the w a v e or t ime 

taken to respond to the survey), imputat ion (using logist ic 

regression mode ls where the characteristic of in teres t is 

dependent on the socio demographic data col lec ted by the 

respondents and then applied to same soc io -demograph ic details 

of the non-respondents to suggest wha t their r e s p o n s e might have 

been), or weight ing (where the answers given by par t icu lar 

respondents are given more or less importance in t e r m s of the 

overall value for the achieved sample). 

Response bias 

Response bias occurs w h e n the answers given by individuals in the sample either do 

not reflect their t rue behaviour or are incorrect ly recorded. T h e s e errors can be 

mit igated by careful design of the distr ibution method, the d e s i g n of the survey 

m e d i u m or quality control at the data imputat ion stage. L u c k and Rub in (1987) list 

the mos t c o m m o n sources of response bias whilst a more i n d e p t h discuss ion on 

response bias is given in Malhot ra and Birks (2006). 

7.4 Sampling for this study 

The diff icul t ly wi th transport related surveys is that they a t t e m p t to s tudy t ransient 

popula t ions and as such the characterist ics and even size of t h e who le popu la t ion is 
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difficult to def ine or contact. This makes the select ion of probabi l i ty samples 

extremely problemat ic and decreases the accuracy of i n fe rence f r o m surveys to the 

populat ion of interest. Ortuzar and Wi l lumsen (2001) descr ibe some of the problems 

faced when sampl ing for transport surveys. These include k n o w i n g the whole 

populat ion characteristics, gett ing the people to fill in / respond to the survey, 

accessing the target sample and turnover of respondents . 

In the part icular case of this survey there are two popu la t ions of interest; firstly, car 

driving residents of Winches te r and secondly, car driving non-res idents of 

Winchester who visit the city for a variety of reasons. 

Regarding Winches ter residents , an ideal approach to m a k e contact would have been 

to send out quest ionnaires to a s imple random sample of addres ses held on the 

electoral role for Winchester . With in the quest ionnaire p a c k , the covering letter 

would instruct whoever opened the letter (expected to be a h e a d of household when 

addressed to the occupier) to give the quest ionnaire to the pe r son , out of all those in 

the household w h o owned a car and had a bir thday next . T h e s e two sampling stages 

would ensure that r a n d o m individuals were chosen to c o m p l e t e the questionnaire. 

However , due to the extensive text required to ful ly exp la in t he various scenarios 

under examinat ion in the quest ionnaire it is likely that the r e sponse rate to the 

questionnaire wou ld have been extremely low thus in t roduc ing potential ly h igh level 

of non-response, requir ing a ve ry large sample to achieve a suff ic ient number of 

responses, and/or under tak ing a lengthy and costly process o f sending repeated 

waves and reminders for comple t ion of the quest ionnaires . 

There is no clear me thod to probabil ist ically sample the popu l a t i on of non-res idents 

driving into Winchester . A postal approach would have con t ac t ed too f e w 

households wi th a car driver w h o travelled to Winches ter a n d wou ld have been bo th 

costly and t ime consuming . Those travel l ing into or t h r o u g h Winches te r var ied by 

t ime, day, purpose , and parking location (if they parked) . 

For both samples, it wou ld have been problemat ic to i m p l e m e n t in a probabi l is t ic 

manner. Given cost, t ime and sampl ing considerat ions the dec i s ion was t a k e n to 
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fo l low a convenience sample approach hence the nature of t h e sampling procedure 

fol lowed. 

In addit ion to their relatively low cost per quest ionnaire rat io , convenience samples 

are usefu l to understand the issues surrounding the survey t o p i c as well as being 

useful to understand be tween group di f ferences (Schonlau, 2 0 0 4 ) . The purpose of 

this quest ionnaire was to unders tand what the mos t e f fec t ive des ign of a feedback 

mechan i sm would be as wel l as to determine if there were par t icu la r cohorts which 

did not respond favourably to the feedback mechan i sms b e i n g suggested. Based on 

the results f rom this study it is possible to present a more gener i c final design of a 

single feedback approach to unders tand h o w a wider popu la t i on would behave in 

response. 

By examining isolated respondents with characterist ics typ ica l ly prone to the above 

biases in terms of those w h o answered posi t ively to those w h o answered negatively it 

is possible to moni tor the current sample for bias. 

7.5 Questionnaire results 

7.5.1 Screening the data for non-response bias 

Both the Winches ter residents and non-residents samples w e r e screened for non-

response bias. This fo l lowed a procedure r ecommended by Mi l l e r and Smi th (1983) 

and Lindner et al. (2001) wh ich divided those w h o did r e s p o n d into two equal groups 

based upon h o w soon af ter the quest ionnaire was distr ibuted the respondent replied. 

This approach is based u p o n the assumpt ion that respondents w h o reply later are 

more similar in their behaviour to non-respondents than those w h o reply earlier. The 

two groups are then compared for each variable of interest t o de te rmine if there is a 

relat ionship be tween the per iod in which the quest ionnaire w a s returned and the 

f requencies of response to the various options for a given var iab le . This re la t ionship 

is tested statistically us ing the test. The s ignif icance level o f the ^ test fo r the key 
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variables in the quest ionnaire for both the Winches ter res iden ts and non-residents 

samples is reported in Table 7-1. 

Quest. 
No. 

Variable description X^sig. 

Possible 
non-resp. 

bias 

Winchester residents 

A3 Rating of air quality in Winchester &628 X 

B l a Arrange voluntary check if change from GOOD to FAIR &689 X 

Bib Arrange voluntary check if change &om GOOD to POOR &081 X 

Blc Arrange voluntary check if change from FAIR to POOR 0.037 

B2 Drive out of way to drive through site 0771 X 

B3 Drive out of way to drive through site if potential to reduce cost of MOT 0796 X 

C2 Use a website to check emissions readings &200 X 

C4 Use a telephone hotline to check emissions readings 0.995 X 

D1 Use a free emissions check service if readings POOR 0J^6 X 

D2 Use a free emissions check with £50 repair subsidy if readings POOR. 0.834 X 

F9 Aware Winchester city centre was an AQMA 0.544 X 

Winchester non-residents 

A3 Rating of air quality in Winchester 0.307 X 

B l a Arrange voluntary check if change from GOOD to FAIR 0J24 X 

B i b Arrange voluntary check if change from GOOD to POOR &250 X 

Blc Arrange voluntary check if change from FAIR to POOR &236 X 

B2 Drive out of way to drive through site 0420 X 

B3 Drive out of way to drive through site if potential to reduce cost of MOT &203 X 

C2 Use a website to check emissions readings 0.094 X 

C4 Use a telephone hotline to check emissions readings 0/105 X 

D1 Use a free emissions check service if readings POOR &048 X 

D2 Use a free emissions check with £50 repair subsidy if readings POOR &998 X 

E3 Divert to P&R if requested to OJ07 X 

E4a Divert to P&R if requested to but had free parking in city centre 0313 X 

E4b Divert to P&R if requested to but had to pay for parking in city centre 0.070 X 

F9 Aware Winchester city centre was an AQMA 0138 X 

* Given that all other variables indicate there to be no non-response bias and that the Cramer's V 
statistic indicates only a very weak relationship (0.115) this result will be ignored. 

Table 7-1: Analysis for non-response for a number of questions based on comparison of groups 
delimited by reply date. A test was used to determine whether there was any relationship between 
the frequency of response to particular questions and whether the respondent was in the or 2"^ half 

of respondents when sorted by reply date. A significance value ofp<0.05 indicated a relationship 
existed (i.e. non-response bias may exist). 

7.5.2 Approach to analysis 

The approach taken in analysing the quest ionnaire was to f i r s t d ivide the respondents 

into two distinct groups based on where they live. Each s a m p l e has been weigh ted to 

match an est imated age/sex structure relating to drivers w h o are Winches t e r residents 
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and those w h o are non-residents . These est imated age/sex s t ructures can be thought 

of as hypothetical populat ion models wh ich have been d e v e l o p e d to reflect the target 

populat ions of interest. This fo rm of weight ing is k n o w n as poststratification 

weight ing (Smith, 1983; Hol t and Elliot, 1991; Lyrm, 1996). It is used here to reduce 

bias w h e n inferr ing results to a popula t ion model a l though, it can also be used to 

reduce any non-response error. The samples are weigh ted to ma tch the population 

models to better a l low the results to be inferred to the gene ra l populat ion although 

caution should be taken when doing this as explained be low. 

The assumed target age/sex structure of these populat ion m o d e l s was derived f rom 

2001 census data for the selected areas us ing the N O M I S service . The non-resident 

popula t ion was assumed to fo l low that of those living in a d j o i n i n g district or unitary 

authorities such as Southampton, N e w Forest , East H a m p s h i r e etc.. The N O M I S 

popula t ion est imates were then altered to account for the pe rcen tage of the various 

age groups, del imited by sex, which held driving l icences — these percentages were 

derived f r o m the 2004 U K Nat ional Travel Survey. R e s p o n d e n t s aged 17-24 have 

been removed f r o m the weighted samples as their numbers w e r e too f e w for which to 

create reasonable weights . 

W h e n inferr ing these results to the general populat ions o f Winches te r residents and 

non-residents a number of assumpt ions have to be taken: 

The proport ions, by age and sex, of the W i n c h e s t e r resident 

and non-resident dr iving l icence holding popu la t i ons are the 

same as the national propor t ions 

• There is no correct ion necessary for non- response 

• Those answer ing the quest ionnaire are representa t ive in their 

opinions of their respective general popula t ions . 

• The age and sex structure, f r o m the 2001 census , of both 

Winchester , and the areas surrounding Winches t e r , are true for 

the 2006 Winches ter residents and non- res iden t s age/sex 

structures respectively. 
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• Non-residents of Winchester who travel there by car for 

whatever purpose have the same age/sex attributes as the non-

resident population model. 

As can be seen from the age/sex structures in Figure 7-1 both Winchester resident 

and non-resident questionnaire respondents differ from the population models they 

are supposed to represent. This difference is an artefact of the method of sampling 

and differing response rates by age and sex. The weighting adjusts the contribution 

of an individual's response to a particular question to account for this difference. 

35-44 

% b y g r o u p 

I M a l e B F e m a l e 

I) l# ) # ) M 

•/• by g r o u p 

B M a l e • F e m a l e 

45-54 

3S44 

% by g r o u p 

I M a l e • F e m a l e 

55-64 

% by g r o u p 

B M a J e • F e m a l e 

Figure 7-1; Age/sex structure of a) estimated driving license holding population of area surrounding 
Winchester, b) questionnaire respondents - City o f Winchester non-residents 

c) estimated driving license holding population of City of Winchester residents d) questionnaire 
respondents - City of Winchester non-residents questionnaire 
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7.5.3 H a v e you ever dr iven through one of the emiss ions moni tor ing sites? 

Roads ide emiss ions moni tor ing w a s carried out at two sites in Winches te r 

intermit tent ly over a 22 mon th period from Sept 2004 to Augus t 2006. Resources 

were focused on measu remen t s from these two sites as they provided good testing 

condi t ions and had a h igh throughput of t raff ic . Three other poss ible sites on the 

outskir ts o f Winches te r were identif ied in the early s tages o f the work . 

g" 30 

Yes No 

B Resident B Non-resident 

Resident= 507 

Non-resident - 279 

Don't know 

Figure 7-2: Proportions of weighted samples who stated i f they had driven through one of the 
MIRACLES emissions monitoring sites. 

The propor t ions o f the weighted samples which have driven th rough the site is shown 

in F igure 7-2. Just under one fifth of the weighted sample had driven through the 

emiss ions moni tor ing site. However , an equal number were unsure as to whether 

they had or not , wi th the major i ty ( - 6 0 % ) stating that they had not driven through the 

site. For fu ture emiss ions moni tor ing work some fo rm of publ ic 

awareness /promot ion exercise would be r ecommended , wi th part icular reference as 

to where the sites could be found and when they were going to be active. The sites 

were quite dist inctive w h e n in operat ion al though the s igning could have been more 

obvious as the amount of t raff ic cones and t raff ic managemen t s igns would have 

been taken the attention away f rom the single roadside sign which read 

' W I N C H E S T E R V E H I L C E E M I S S I O N S M O N I T O R I N G ' . The trailer which 

t ransported some of the equipment to the site was also given l ivery which advertised 
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what the activity was . However , drivers were unlikely to see this as the livery was 

on the sides of the unit which was a lways parallel to the road w a y and not facing the 

approaching driver. 

7.5.4 React ion to changing emissions band 

The quest ionnaire explained h o w the scheme could provide dr ivers with information 

on their vehicles emiss ions w h e n they drove through the site. This would be based 

upon a banding scale of G O O D , F A I R or P O O R based on th resholds for each of the 

measured pollutants. W h e n a vehicle drove th rough the site a roadside Variable 

Message Sign ( V M S ) situated be tween 30-100m downs t ream of the measurement 

site would then relay their vehicles measurement , together w i t h their vehicles 

registration number , to them. This approach could then be u s e d by drivers to 

moni tor emiss ions regularly. By not ing if their emissions b a n d changed (e.g. 

normal ly read ' G O O D ' but on the last f e w occasions read ' P O O R ' ) drivers could 

moni tor the emiss ions pe r fo rmance of their vehicle . The ques t ionnai re also informed 

of the respondents what a change for the worse could mean (i.e. their vehicle m a y 

have an emissions problem) and that they would have to p a y f o r a garage to conf i rm 

this. The est imated costs, t ime requirement and organisa t ion of the check by the 

driver was explained as well as the potential benef i ts of r e m e d y i n g any problem. 

The responses to each scenario are given in F igure 7-3. 
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b) 
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Figure 7-3: Drivers reaction to a change in a vehicles emissions band as displayed on a V M S sign; a) 

change from G O O D to FAIR, b) change from G O O D to POOR and c) change from FAIR to POOR. 
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The results indicate that a change to the POOR band from either the GOOD or FAIR 

category would encourage most of the weighted sample to have their vehicle 

checked. It would seem that the FAIR emissions band is a useful step to ensure that 

people do not have their car checked unnecessarily although it would encourage 

some people to organise a check. The POOR band thresholds have to be set 

sufficiently high to allow enough confidence in the acquired emissions measurement 

due to uncertainties associated with the measurement. The rationale for the FAIR 

banding is that it allows a staggered shift from what would be considered a 'good' 

emissions level to a 'poor' one. Without this intermediate stage some vehicles which 

have no problem could be falsely identified as having one; it also allows drivers of 

vehicles with different emissions technology to act accordingly (i.e. an older vehicle 

which has inherently higher emissions to one only recently manufactured, would 

have to fall into the POOR band before they could have enough certainty that their 

vehicle has a fault, whereas the new vehicle would only have to fall into the FAIR 

category for a similar level of certainty. Again, dissemination material would have 

to make this sort of message clear to drivers. Overall, in terms of how drivers would 

react, the results are very encouraging and the extremely large difference observed in 

the responses would indicate that the approach would encourage maintenance of 

vehicles which developed emissions problems. 

Many of the vehicle profiling studies have found that the numbers of gross polluters 

have a tendency to increase with age (see Section 5.6.1). Therefore, it is important 

to understand if the age of an owners vehicle has any influence on their propensity to 

undergo a voluntary emissions check on their vehicle. Since new vehicles tend to 

have a 3 year warranty it is likely that these vehicle owners would behave in the 

same way so vehicles aged 3 years or under have been grouped together to ensure 

each vehicle group has a sufficient sample size. Vehicles over the age of ISyears 

have been removed as they have only a small sample size. The results of the analysis 

for a change in the signs display from GOOD to POOR (the worst scenario) are 

presented in Figure 7-4. It would seem that owners of older vehicles are less likely 

to undergo a voluntary test under these circumstances. 
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Figure 7-4: Drivers reaction to a change in a vehicles emissions band as displayed on a V M S sign 

from G O O D to POOR, grouped according to the drivers' vehicle age. 

A test indicates that there is a relationship between vehicle age and the 

respondents' likelihood of reaction to the sign (see Table 7-2) although the Cramer's 

V statistic indicates this is a relatively weak relationship. 

Test Statistic 
Degrees of 

freedom 
Significance 

Pearsons 12.461 4 0 .015 

Cramer's V 0.091 - 0 .014 

Table 7 -2 : statistics for relationship between age o f vehicle and Drivers reaction to a change in a 
vehicles emissions band as displayed on a V M S sign from G O O D to POOR A significance value 

<0.05 indicates a relationship exists. Cramer's V statistic indicates the strength o f any relationship on 
a scale 0 to 1 with 1 being a very strong relationship. 

7.5.5 How a link with the MOT might encourage people to check regularly 

As described in Section 5.5.6.3, in the USA, RSD measurements of vehicle 

emissions are used in some places which have air quality problems as a filter for the 

mandatory emissions test. In such areas the emissions test is more demanding and 

representative than that used in the UK's MOT test because it involves chassis 

dynamometer replication of a drive cycle. The RSD filtering approach enables 

vehicles which will almost certainly pass the chassis dynamometer test to receive an 

annual exemption fi-om having to take the test. Not only does this approach 

encourage people to drive past the RSD sites in the correct way in order for their 
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measurement to be valid (i.e. slight acceleration) but it also allows the resources 

directed towards the chassis dynamometer centres to be spent on those vehicles 

which need to be tested. This question was designed to understand if a similar link to 

the UK MOT test would encourage people to change their driving routes and 

behaviour. The questionnaire first of all asked if the respondent would make a 

detour from a normal journey into or around the city to determine their vehicle 

emissions. It then described a scenario where vehicles which had a valid 

measurement from the emissions monitoring site could save money on part of the 

MOT if their measurement was low enough. The same question was then asked 

again. The results are given in Figure 7-5. 

The initial results are not particularly favourable with few of the weighted samples 

being prepared to change their route into or within Winchester to check their 

emissions. This in part could be because the respondents were training their thoughts 

on the Andover Road and Badger Farm Road sites only and that these sites were 

inconvenient to their usual routes. However, it can be seen that the incentive of a 

reduced cost MOT scheme encouraged more of both weighted samples to divert from 

their normal journey to visit the site including persuading those who previously said 

'no'. A potential problem of any future emissions testing approach such as this, is 

that the cost of the RSD units and associated staff costs could be too high to allow 

extensive networks to be installed. By having the incentive of reduced cost vehicle 

checks, the cost per measurement of the scheme would be improved by encouraging 

more drivers to find and go through the sites. Whilst it is feasible for such a scheme 

to be implemented for MOT test stations in or around Winchester, there is also an 

issue with the portion of vehicles driving through Winchester originating from 

outside the city. It is unknown how many of the measured vehicles so far are based 

in Winchester. 
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Figure 7-5: Would divert from normal trip into or around Winchester to check emissions at 
monitoring site a) with no M O T test incentive, b) with an M O T test incentive - Winchester resident 

sample, and c) with an M O T incentive - Winchester non-resident sample. 
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7.5.6 Use of a website or telephone hotline 

It would also be possible to develop a searchable database based upon the collected 

emissions measurements. This could allow the public to check their vehicle 

emissions and observe if their measurements were changing with time. The same 

banding scheme as above was presented in the questionnaire and respondents told 

they would only be able to obtain information on the vehicle for which the 

registration number was given. For those whose emissions deteriorated, to confirm 

their vehicle had a fault they would have to have it checked by a garage of their 

choice and at their own expense in the same way as the roadside sign scenario. 

Approximately 90% of both samples had access to the internet and so could check 

their vehicle emissions via the described approach. Figure 7-6 shows how many of 

those with access to the internet would check emissions via a website and how often. 

Whilst the majority would check the website they would not check it particularly 

frequently. However, it can be assumed that those checking the website would be 

those who were most concerned about maintaining their car and so would organise to 

have their vehicle checked if it were thought to have a fault. Some respondents 

commented how they would check reasonably regularly at first but then desist from 

doing so after the 'novelty had worn of f whilst others preferred the instant feedback 

offered by the VMS. It would seem that the website could serve as a useful reference 

tool for those who were using the sign and alerted by a 'POOR' measurement. Other 

suggestions were for an SMS messaging service, to which the public could be 

subscribed to, which alerted drivers of their emissions reading. There were concerns 

raised about third parties being able to track a vehicle's movements or acquire a 

vehicle's emissions readings. 

The telephone hotline approach received little support with only 10% of the weighted 

samples stating that they would use the service. 
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Figure 7-6: U s e o f website to check emissions from database a) what percentage o f the samples, and 

b) o f those that would, how often they would do so. 

7.5.7 The incentive of a free emissions check 

For those drivers whose vehicles are detected as having high emissions, by taking 

away some of the effort of organising an emissions check it was hoped that more 

drivers would have their vehicle checked than would be the case if they had to 

organise and pay for it themselves. The questionnaire described how, by registering 

to be alerted if their vehicle had produced a POOR reading, the vehicle owner would 

be eligible for a free emissions check of their car. This check would be organised by 

Hampshire County Council at an approved garage in Winchester at a time convenient 

to the vehicle owner. If any repairs were necessary the vehicle owner would have to 
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pay for them but the actual check was free. However, they would be under no 

obligation to have their vehicle repaired. 

An extension of the above scenario was also described in which a small (£50) 

subsidy towards any repair was also offered as a further incentive to have their 

vehicle checked. Quite often the problem may just lie with the tuning or replacement 

of spark plugs and such repairs would be covered by the subsidy. More expensive 

repairs (e.g. replacement catalytic converters or O2 sensors) would be subsidised up 

to the £50 limit. 

Figure 7-7 show how people would respond to the offer of a free emissions check 

and to a free emissions check plus a £50 subsidy. 

The increase in those who would have their vehicle inspected is marginal amongst 

the weighted samples when compared with those who would organise their own 

emissions check based on VMS sign information. The offer of a subsidy towards 

maintenance would seem to encourage a small increase in those who would have 

their vehicle checked if only the check was free. One issue which is raised by this 

question is that there seems to remain a significant minority of respondents in the 

weighted sample who would not have their vehicle checked even if this check were 

free, organised by someone else for them and they were given a subsidy towards any 

repair; this is in addition to potential fuel cost benefits which may be gained and 

potential improvements in their vehicle contribution to air quality. 

To understand if the same relationship between vehicle age and the respondents 

decision to have their vehicle checked (as described in Section 7.5.4) still existed in 

light of the subsidy offer, an identical analysis was carried out for this question. 

These results are presented in Figure 7-8 whilst the statistics are presented in 

Table 7-3. The difference between the responses according to vehicle age is much 

smaller than that shown in Section 7.5.4 whilst the results indicate that there is no 

relationship between the respondent's vehicle age and their likelihood of taking up 

the free emissions check and subsidy. This would indicate that the subsidised check 

would be a more effective approach in terms of reducing excess vehicle emissions as 
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previous studies indicate that older vehicles are more likely to fail an emissions 

check than new ones. 
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Figure 7-7: The weighted samples take up o f a) a free emissions check if their vehicle was measured 
as having poor emissions, and b) a free emissions check and £50 subsidy towards repair. 
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4-6 years old = 237 
7-15 years old = 214 
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Figure 7 -8: Take up o f free emissions check and subsidised repair according to respondent's 
vehicle age 

Test Statistic Degrees of 
freedom Significance 

Pearsons 5.113 4 0 .276 

Cramer's V 0.058 - 0 .276 

Table 7-3: % statistics for relationship between age o f vehicle and take up o f free emissions check and 
subsidised repair. A ^ significance value <0.05 indicates a relationship exists. Cramer's V statistic 

indicates the strength o f any relationship on a scale 0 to 1 with 1 being a very strong relationship. 

Some of those who would not use the free emissions check stated that they would 

prefer their own mechanic to undertake the check whilst others would not have a 

check out of principle as they felt it was their responsibility to maintain their car or 

were concerned about it coming from HCC funds. Table 7-4 shows how those who 

responded to the offer of a free emissions check with repair subsidy replied to the 

proposition of having to organise their own emissions check voluntarily. Those that 

stated 'no' to both can be considered as the 'hard core' of drivers who would not 

react to the scheme at all - this group of respondents is present in both weighted 

population samples. 
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Please indicate where 
vou live 

If you were also offered £50 towards 
the cost of any repairs done at the 
HCC appointed garage, would you 
use the emissions check service 

described? 

Total 
Please indicate where 
vou live Yes No Don't know Total 
1 live in Winchester The sign usually 

says your emissions 
are GOOD but the 
next few times it 
changes to POOR 

Would arrange voluntary 
emissions test 

68.7% 4.0% 8.9% 81.6% 1 live in Winchester The sign usually 
says your emissions 
are GOOD but the 
next few times it 
changes to POOR 

Would not arrange 
voluntary emissions 
emissions test 

6.9% 2.8% 1.3% 11.0% 

1 live in Winchester The sign usually 
says your emissions 
are GOOD but the 
next few times it 
changes to POOR 

Don't know 5.3% 1.1% .9% 7.3% 

1 live in Winchester 

Total 80.9% 8.0% 11.1% 100.0% 

1 live outside Winchester The sign usually 
says your emissions 
are GOOD but the 
next few times it 
changes to POOR 

Would arrange voluntary 
emissions test 

63.5% 6.5% 8.5% 78.5% 1 live outside Winchester The sign usually 
says your emissions 
are GOOD but the 
next few times it 
changes to POOR 

Would not an'ange 
voluntary emissions 
emissions test 

9.1% 3.5% 1.2% 13.8% 

1 live outside Winchester The sign usually 
says your emissions 
are GOOD but the 
next few times it 
changes to POOR 

Don't know 5.8% .6% 1.2% 7.6% 

1 live outside Winchester 

Total 78.5% 10.6% 10.9% 100.0% 

Table 7-4: Cross tabulation showing proportion o f respondents who would not undergo either a 
voluntary or subsidised emissions check. Proportions in red boxes indicate the respondents who 

would not undergo either emissions check. 

By comparing the characteristics of those who would not have their vehicle checked, 

either voluntarily or with the incentive of a subsidy, to those who would in one, or 

both scenarios, some potential differences can be identified. 

7.5.8 Diversion to Park and Ride 

The final scenario presented in the questionnaire examined how people would 

behave if they were presented with a sign which told them their emissions were 

POOR and asked to redirect to the adjacent Park and Ride. A number of Winchester 

residents stated that this question was not appropriate for them as they would actually 

be travelling home when they would pass the sign. For this reason only those living 

outside Winchester were analysed for this question. The results are divided 

depending on the respondent's previous use of the Park and Ride service. Figure 7-9 

shows how respondents who live outside Winchester would react to the sign. 
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Figure 7-9: Respondents reaction to a sign asking them to divert to the P&R site due to their vehicle 

having POOR emissions. 

It can be seen that regardless of whether the respondent had used the Park and Ride 

service previously most respondents would not divert to the Park and Ride site 

although respondents were more likely to divert if they had used the service before. 

7.6 Previous RSD feedback studies 

Two studies in the US have explored the possibilities of RSD measurement feedback 

and driver/owner reactions to such methods. One study examined the use of a 

subsidised emissions check following a vehicle being assessed as having a high 

emissions reading (Jasper, 1998) whilst the second study examined the impact of 

immediate feedback using a VMS (Jasper, 1998; Bohren and Williams, 1997; Bishop 

et ai, 1998; Bishop et al, 2000). 

Due to non-attainment of air quality standards in Ada County, Idaho, a new vehicle 

emissions test design was investigated. This was based on a clean screening 

approach to exempt vehicles from undergoing a basic idle emissions test. To 

encourage drivers of vehicles observed as high polluters to have their vehicle 

checked voluntarily, the group of vehicles observed as high polluters were divided 

into three sub-groups. These sub-groups were offered either a free or discounted 

($20 off) emissions check, or were informed by letter their vehicle was observed as 
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having high emissions. Vehicle owners were contacted via post following their 

vehicles high reading. Of those given a free emissions check voucher, 8% redeemed 

it, whilst none of those who received the discounted check voucher redeemed it. 

Those who only received a letter informing them their vehicle may have an 

emissions problem were later contacted by telephone; 30% stated that they had taken 

some remedial action. This last result was considered to be suspect given that a lower 

proportion of those who had the maximum incentive had under gone remedial work 

compared to those who had no added incentive (Jasper, 1997). However, the report 

states that those who were only sent a letter were informed of the benefits (emissions, 

fuel consumption etc.) of having their vehicle checked; it does not say the same for 

those offered a discount. It is possible that if those who received a letter only, were 

exposed to a more persuasive argument for having their vehicle examined they may 

have been more likely to act. 

The second study related to the Denver SMART sign (described in Section 5.6.4.3). 

Owners of vehicles which had been detected by the sign were contacted for a follow 

up interview by telephone (Bohren and Williams, 1997). As a vehicle drove past, the 

sign reported the emissions band of the vehicle based on the measured CO emissions 

value. The following percentages of emissions readings were observed; GOOD 

(86%), FAIR (10%) and POOR (4%). The follow-up questionnaire asked 

respondents whether they would take any action as a result of the signs reading. 8% 

stated that they plarmed to do something with those who had received a POOR 

reading being more likely to take some action compared to those who received a 

FAIR reading (31% and 16% of group respectively). This would be just over half of 

all those who had received a POOR or FAIR reading. As well as examining planned 

action, the survey also asked if respondents had taken some remedial action already 

with just 1.6% stating they had already taken some action. This is about one tenth of 

those who had received either a POOR or FAIR reading. Again, more of those who 

received a POOR reading showed a higher likelihood of actually undertaking some 

form of remedial action than those who had received a FAIR reading (16% and 2%). 

Based upon the number of unique vehicles measured by the SMART SIGN it was 

estimated that 4,400 voluntary vehicle repairs had taken place (from 232,000 unique 

vehicles). 
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In the above studies the incentive approach to encouraging a vehicle check seems to 

have had only a small impact when compared to the percentage of those who would 

take up the offer of a free emissions check or react to a VMS sign in the Winchester 

questionnaire. This can be explained by: 

i) cultural/attitudinal differences towards maintaining a properly 

working vehicle especially towards reducing its environmental 

impact or towards financial burden of extra fuel consumption, 

ii) presentation of benefits/scenario in the two studies, 

iii) respondents having a false perception of how they would really 

react. 

7.7 Motivation for emissions related vehicle repairs 

The two USA studies described in Section 7.6 and UK government guidance on 

roadside emissions testing by LAs underlines the importance of a successful 

dissemination exercise. This dissemination should not only raise awareness of the 

campaign in question but also the rationale behind it and the benefits to the driver. 

Whilst the objective for vehicle emissions testing and encouraging voluntary 

emissions related vehicle maintenance, from the LA perspective is to lower 

emissions and improve air quality, the motivation for the car driver may be very 

different. In a study of consumer attitudes to low carbon/fuel efficient cars, Lane 

(2005) reviewed a number of sources to understand what the motivations for car 

choice are. Whilst, emissions from road traffic are generally of concern to the 

general driving population, when considered against other environmental issues in 

life (Lane, 2005), the environmental performance of a vehicle is not a particularly 

high priority. Table 7-5 lists the relative importance of various factors in the car 

buying decisions according to the responses to a questionnaire survey for the DfT 

(Lehman et al, 2004) on the CO2 graduated vehicle excise duty system. However, it 

is interesting to note that some factors which are associated with a car with an 
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emissions problem do rank highly, namely fuel consumption, service/running costs 

and reliability. 

Most important (10 -30%) 5-10% Least important (<5%) 

Price Performance/power Depreciation 
MPG/fuel consumption Image/style Personal experience 

Size/practicality Brand name Sales package 
Reliability Insurance costs Dealership 
Comfort Engine size Environment 

Safety Equipment levels Vehicle emissions 

Service costs Road tax 
Style/appearance Recommendation 

Alternative fuel 

Table 7-5: Percentage of respondents who indicated a particular factor was important to their car 
purchase decision. (Source: DfT, 2004) 

This general attitude can still be considered to be the case for car owners after their 

purchase. So whilst dissemination materials should discuss the environmental 

benefits of properly functioning vehicle (for the general public rather than the 

individual driving) it should also stress the associated benefits in terms fuel savings, 

the possibility of more repairs expensive repairs in future and continued reliability of 

their car. It can be seen from the explanation of the various scenarios in the RSD 

questionnaire, and from the accompanying leaflet, that this full range of benefits 

were explained. This may result in the higher likelihood of undergoing an emissions 

check indicated in the RSD questionnaire results compared to the US studies. Other 

factors discussed in Section 7.6 could also contribute to this observed difference. 
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7.8 Conclusions 

Responses were similar for those living inside or outside Winchester. Little 

variation in the responses provided by the resident and non-resident groups were 

observed. There was potential for significant differences between the two groups 

with the residents being more concerned about 'their' local air quality and so being 

more receptive to the scenarios presented. 

A high percentage of respondents would have their vehicle checked if they were 

told it was suspected of having an emissions related fault. The majority of 

respondent would arrange for their car to have an emissions check voluntarily if their 

emissions readings, which were feed back to them at the roadside via a VMS, 

indicated their vehicles emissions had deteriorated to the POOR band. Those with 

older vehicles (more likely to be a high polluter) would be less likely to react to the 

sign if their emissions reading changed from GOOD to POOR. An exemption from 

the emissions element of the MOT test for vehicles which had been measured to have 

low emissions would seem to be a potentially successful incentive at increasing the 

numbers of drivers who would deliberately drive out of their way to drive through 

the site. 

The web service would seem to be more useful as a support tool for vehicle 

owners rather than a stand alone service operated instead of the use of the 

roadside sign. This approach had the appeal of allowing vehicle owners to check 

their vehicle emissions if their reading on the sign had changed recently. Some 

respondents suggested it would be convenient if they could go to the website only 

once and subscribe to an SMS messaging service which informed the driver of their 

latest emissions reading. 

The offer of a subsidy removed the effect of owners of older vehicles not having 

their vehicle checked. The offer of a free emissions check only slightly increased 

the proportion of respondents who would have their vehicle checked compared to 

them having to organise their own check voluntarily and the additional offer of a 

repair subsidy again only slightly increased the proportion taking up the offer. The 
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offer of a subsidy removed the effect of owners of older vehicles not having their 

vehicle checked. This could be due to socio-economic issues (i.e. those who own an 

older car can not afford a voluntary check if they had to pay for it). There appears to 

be a proportion of the respondents who would not be willing to have their vehicle 

checked under any circumstance based on the measurement of the RSD. 

Diverting people to Park and Ride would seem to have chance for limited 

success at preventing drivers of POOR vehicles entering the city. However, 

those who had used the Park and Ride previously were more likely to divert if asked 

todoso. 

A higher rate of remedial action is reported when the Winchester stated 

preference results are compared with those from revealed preference surveys of 

similar initiatives undertaken in the USA. The reason for this difference is not 

known although differences in how the benefits are presented, cultural/attitudinal 

differences and/or false perception of their behaviour in real life could offer some 

explanation. The relative cost of fuel in the total cost of an individuals driving (and 

lifestyle) is also higher in the UK and so the reduced fuel consumption benefits of 

identifying a malfunction will be more influential. 

Motorists are more concerned about the cost implications of motoring than 

their environmental impact. Dissemination campaigns which support emissions 

feedback campaigns should discuss the environmental benefits to society but also 

stress the cost benefit and reliability benefits from having their vehicle checked 

should their vehicle receive a high reading. Successful strategies to reduce emissions 

from private cars should therefore be strongly linked to polluter pays principle. 
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8 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

RESEARCH 

8.1 Introduction 

Air quality is an issue which can have serious health and environment related 

consequences if leA unabated. The UK government has developed a National Air 

Quality Strategy (NAQS) as a policy tool to address the issue of air quality for nine 

pollutants. Part of this policy is the setting of threshold concentration standards for 

the NAQS pollutants with the responsibility for monitoring and achievement of these 

standards being devolved to LAs. Road traffic is a significant contributor to national 

emissions of air quality and in urban areas can often be the largest (or only) 

contributor. Some vehicles produce a disproportionate amount of emissions which 

can not be controlled for as it is inherent in their design but there is also a portion of 

vehicles which are not operating to their potential in terms of minimising emissions. 

This thesis has examined how vehicle emissions are currently controlled and how 

successful the current I&M strategy is at identifying vehicles which have an 

emissions related fault. It is apparent that identifying and removing (either by 

scrapping or repair) these excess emissions from the road would be beneficial. One 

such approach examined in this thesis is the use of RSDs to inform vehicle 

owners/drivers that their vehicle has an emissions problem sooner than they would 

normally have been aware. The potential effectiveness of various feedback strategies 

has been examined using a questionnaire. 

8.2 Controlling and maintaining vehicle emissions 

A new or modified emissions test will be needed in the future to successfully 

identify gross polluting vehicles. The true definition of a gross polluting vehicle is 

factoring up the emissions standards' (Norris, 2000 and 2001b). Similar to many 

countries around the world, in the UK, to ensure the vehicle continues to comply 
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with the emissions standards it was designed to meet, part of the vehicles 

roadworthiness test includes an emissions test (for both petrol and diesel vehicles). 

For cost and convenience these are relatively simple tests which have variable 

success at identifying vehicles that have an emissions related fault. The MOT 

emissions test is really being used as an indicator as to how a vehicle would fare if it 

were tested against the type approval emissions standard (and the associated test 

procedure) it was designed to meet. However, an indicator is only useful if it can 

successfully represent the state it is supposed to show. The current tests have been 

assessed as being effective for non-catalyst petrol cars but have limited effectiveness 

for diesel and catalyst petrol cars. This has been attributed to the design of the tests 

not reflecting on-road driving conditions, to the insensitivity of the equipment and 

possible abuse of the system. As the vehicle fleet becomes more technologically 

advanced, the ability of the current MOT tests to identify vehicles with excess 

emissions is predicted to become less effective. 

The future in-service emissions tests will require external monitoring to ensure 

gross polluters are removed from the road as soon as possible. It is envisaged 

that in the long term, vehicles will become self-policing in that they will use on-

board diagnostics (evaluating the performance of components) or monitoring (the 

real time emissions) to determine whether emissions are being controlled as they 

should be. The problem with such an approach is how the OBD/M (On-Board 

Diagnostics/Monitoring) approach would be applied. In the case of OBD, if a 

component began to show signs that it was not operating with a required efficiency 

then the vehicle would know it had a potential problem. In the case of OBM, this 

approach taken could be a system where the OBD samples the instantaneous 

emissions measurements and selects measurements from those power ranges covered 

by the type approval test. If the average emission rate exceeds the type approval test 

limits (within a certain tolerance) then the vehicle would know it had a potential 

problem. In either of these instances it would be down to the driver to arrange an 

immediate inspection when such an 'alarm' is activated although it is possible they 

could just ignore or reset it. In the medium term likely the UK I&M programme will 

based upon a refinements of the current approach. Some gaps exist in the current 

and future I&M programme in the UK: 
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Emissions checked once a year but can develop a problem 

anytime without owners knowledge 

Test is unrepresentative of on-road driving conditions 

If the owner is alerted to an emissions problem with their 

vehicle no-one can make them fix it. 

8.3 Use of roadside Remote Sensing Devices (RSDs) for vehicle emissions 

measurements 

The use of Vehicle Specific Power (VSP) will increase the usefulness of RSD 

measurements as an indicator that a vehicle would be a gross polluter according 

to the type approval definition. The current literature, comparing emissions results 

for RSDs and type approval chassis dynamometer tests show that there are errors of 

omission and commission. However, this work did not consider using VSP as a filter 

to use RSD measurements that were take 6om vehicles in the appropriate power 

range. Using VSP as and RSD measurement filter, USA clean screen and gross 

polluter programmes have been able to increase the probability that a vehicle which 

has an RSD measurement above a set threshold should be subject to a more detailed 

inspection. By using RSD measurements from when the vehicle is under load 

should make the measurement more representative of real world driving than the 

current MOT emissions tests. The use of VSP with RSD measurements was only 

just becoming common place in the USA when the European comparison was 

undertaken by Barlow (1998). 

RSDs have the ability to fill some of the current and future gaps in an in-service 

emissions programme. Since RSDs can be used to measure vehicles throughout the 

year they are not subject to only seeing a vehicle once a year and so can be used to 

detect vehicles which have a fault which is either being ignored or is unknown to the 

owner. This is limited by the manner in which the vehicle drives through the RSD 

site. For those vehicle owners who genuinely want to check their vehicle's 

emissions status, with the correct education on how to drive through the site to obtain 
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a valid VSP reading, RSD measurements are a solution. Those people who still want 

to avoid being measured could simply drive through the site in a manner v^hich 

would produce a VSP that rendered the RSD measurement unrepresentative. There 

would need to be an incentive for the vehicle to drive through the site properly. The 

key issue with their use, is the number of units needed to cover a road network or 

whether they could be targeted for use in areas with air quality problems. Could all 

vehicles registered within a certain radius of an AQMA be subject to a more indepth, 

time consuming and costly I&M inspection with a network of RSDs offering the 

opportunity to be exempt from such a test? 

If a clean screen programme were to be implemented in the UK using RSDs it is 

likely that people would drive out of their way to an RSD site to ensure they had a 

chance of forgoing the expense of a check. This is shown in RSD questionnaire 

results with a higher percentage of respondents (-36%) stating they would drive out 

of their way if they would not have to pay for an emissions test at their next MOT 

than if there were no MOT implications (-8%) . The extra inconvenience if the 

emissions test were a separate chassis dynamometer test can be expected to enhance 

this public reaction. Providing they had been educated beforehand, a clean screen 

approach would also encourage drivers to pass through the site in the correct manner 

to ensure their vehicle measurement was valid. The gross emitter identification 

approach could also be used in conjunction informing suspect vehicles to come for a 

check sooner than they were scheduled to. Using two readings gives more 

confidence to the emissions state of a passing vehicle so such an approach would 

also be more successful at getting two reading for a single vehicle. 

Roundabout exit arms provide excellent sites for RSD units meaning the UK 

should have a large number of sites suitable for RSDs. There are issues with the 

selection of appropriate RSD measurement sites which limits its use. Perhaps the 

greatest challenge in identifying suitable sites is satisfying the topographical 

requirements (gentle upward gradient), the need to remove the effect of cold starting 

vehicles which have inherently high emissions and ensuring the site is suitable and 

safe for operators and drivers. However, selecting a suitable site will not guarantee 

the drivers pass through the site with a similar VSP profile. Regardless of site 
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topography and road characteristics if the site is conspicuous then they is always a 

percentage of drivers who will slow down for fear of speed enforcement or just out 

of curiosity. There is evidence from this study to indicate that people react to the site 

differently depending upon how quickly they were travelling in relation to the speed 

limit. If the RSD site has tendency for relatively low travelling speeds compared to 

speed limit, the more homogenous the VSP at the site will be. Roundabout exit arms 

were found to be ideal as vehicles circulate the roundabout at a relatively low speed 

compared to the speed limit to prevent the vehicle losing grip on the road and sliding 

wide of the carriageway. As drivers leave the roundabout onto a relatively straight 

road, a higher speed can be safely achieved and so the drivers accelerate to this 

speed. RSDs located close to the roundabout exit (less than 100m) therefore measure 

vehicles operating under ideal conditions. With an RSD instrument that can operate 

over a wider range of road widths than the REVEAL instrument, the key is then 

identifying sites where cold starts are accounted for. This can be done by using sites 

away from significant sources of cold start vehicles. 

RSDs emissions measurements can not be used to prevent access to an area with 

any practical certainty. Using an RSD measurement as a criteria for preventing 

access to an area (e.g. a city centre) on air quality grounds would not be an effective 

way of isolating the highest polluting vehicles. Whilst the REVEAL instrument was 

not sensitive enough to analyse repeat readings, data within the reviewed literature 

indicated that there can be considerable variation in RSDs measurements for the 

same vehicle. To be certain (or at least be certain enough that there is a right to 

restrict someone's movements) that a vehicle exceeded a predefined threshold at 

least two measurements are necessary. It would require a gross polluting vehicle to 

have already been allowed to pass through before they could be restricted on their 

second observation. A possible solution could be the use of RSDs in tandem 

although there would be nothing to stop someone driving through the site in such a 

way that the measurement is unrepresentative. 
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8.4 The REVEAL instrument 

The current REVEAL RSD instrument is sufficiently accurate to detect gross 

polluting vehicles but could not be used for a clean screening application. The 

influence of the errors increased as the measured emissions decreased and so for high 

emitters a higher degree of confidence could be placed in the measurement. Future 

RSD studies should always ensure the instrument is capable of measuring the 

emissions of low emitting vehicles with reasonable accuracy. This adds value to any 

use of RSDs as it can be used to develop an understanding of the fleet emissions 

characteristics. The limitations of the current REVEAL RSD unit meant that only 

the contribution of the top decile of vehicle emissions measurements could be 

compared to the rest of the fleet and that relationships with vehicle VSP could not be 

explored. The current REVEAL instrument could not be used in a clean screening 

application although it is apparent there are some methods to improve the current 

REVEAL instrument. The scale of this improvement is unknown. 

8.5 High polluting vehicles in Winchester 

The use of RSDs to identify gross polluters in Winchester would result in 

negligible emissions savings. Using the REVEAL instrument and based on the RSD 

thresholds selected very few vehicles in Winchester could be classed as gross 

polluters. The excess emissions saved by identifying and remedying these vehicles 

can be estimated to be small (in the range of 2-5% for CO gross polluters and 2% for 

NO gross polluters). Approximately 0.1-0.4% of the car fleet were estimated as 

gross polluters depending on the pollutant and threshold used. This can be compared 

with the 0.5% of gross polluters observed with the same thresholds in a 1998 study in 

Leicester (Barlow, 1998), so the Winchester result is not unreasonable. A study in 

Greece undertaken at the same time as the Leicester trials reported 5% of vehicles 

being classed as gross polluters. How the gross polluter percentage varies around 

Hampshire and the UK is unknown. 
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8.6 Response to RSD questionnaire 

In the UK, using a roadside VMS is would be a successful feedback mechanism 

to encourage voluntary repair of a gross polluting vehicle. The most successful 

method of feedback, in terms of how the respondents would react, was the use of a 

VMS sign at the roadside with approximately 80% of respondents stating they would 

organise a voluntary emissions check if their reading changed from GOOD to POOR. 

The web based database was viewed as a good supporting tool for the VMS approach 

ratbiertlian jusd t)eing a starui aloiie apiiroadbu Sonie resfworuieiits sugwgested using an 

SMS service or email to inform owners of their vehicles emissions. 

A subsidised or free check should be offered with any scheme aiming to remove 

gross polluting emissions from the road. There was some variation in how drivers 

would react if their vehicle's emissions were displayed as POOR according to the 

respondent's vehicle age with those with older vehicles being less likely to organise a 

repair. Since older vehicles are more likely to develop an emissions fault this 

observation is not ideal. Providing a free emissions check and a subsidised repair 

removed this age effect. Offering such a subsidy is important in order to overcome a 

probable socio-economic effect on the likelihood of undergoing an emissions check. 

There was some concern about HCC paying for such subsidies with some 

respondents indicating they would not take up such an offer on principle. 

Some people would never have their vehicle repaired on the basis of feedback 

from an RSD. There was a 4% hardcore of respondents who would not have their 

vehicle checked regardless of whether a subsidy was offered or not. As a solution, a 

follow-up letter could be sent to the registered vehicle owner highlighting the 

problem. Such an approach would require a partnership with the DVLA in order to 

link the measured vehicle to the owners address. Upon repeated measurement of 

gross polluting vehicles and several notifications via post, it could be demanded that 

liie veilbicle tie tHKyugrht to fheiiearexstT/OISyL test statioiilGor inaqpecdicHi try a set ckibs. 

If the owner did not comply, the vehicle could be confiscated. 
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A public awareness campaign that highlights the financial benefits to the 

individual, as well as the community benefits of cleaner air resulting from the 

repair of a gross polluting vehicle is essential. The results from the questionnaire 

were compared to previous studies in the USA which examined subsidised 

maintenance and use of a roadside VMS for RSD emissions measurement feedback. 

It would seem that the respondents to the Winchester questionnaire were far more 

likely to arrange an emissions check if their vehicle has a POOR reading that either 

approach in the USA. Whilst some over estimation is common in stated preference 

surveys compared to revealed preference, the scale of the difference seems too large. 

One key reason for this may have been the associated dissemination material 

distributed with the Winchester questionnaire. This information highlighted both the 

environmental benefits to the community and the financial beneGts to the vehicle 

owner of having a vehicle with an emissions fault repaired. 

8.7 Recommendations 

If RSDs were to be used in future to encourage voluntary emissions checks and 

repairs the following key recommendations from this thesis should be considered: 

• Select a range of RSD sites which are on gentle inclines, where 

sources of cold starts are accounted for and where the vehicles are 

accelerating to the speed limit. 

• Choose an RSD unit flexible enough to operate over varying 

carriageway widths to minimise the scale of traffic management 

(e.g. signs and cones). 

• Set the RSD beam height to be 29cm above the roadway. 

• Characterise the fleet to understand the extent of the problem 

before embarking on a campaign as there may be few gross 

polluting vehicles present. 

• Use an RSD unit which is sensitive enough measure emissions 

from those vehicles whose plume capture is weak or whose actual 

emissions are low. 
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' If a suKcient number of gross polluters are observed, use a 

roadside VMS to provide feedback with website, SMS and/or email 

as supporting tools. 

' OGer a subsidised emissions check and repair to remove any 

financial risk for those with less disposable income. 

' Develop a supporting marketing campaign which stresses the 

Gnancial benefits to the vehicle owner of having a gross polluting 

vehicle repaired as well as the environmental benefits to the 

community. 

8.8 Future research 

During the course of the work presented in this thesis, a number of areas have been 

identified where a gap in the current knowledge exists. 

i) Improved accuracy of the REVEAL instrument — some 

aspects of the work presented in this thesis were limited by the 

accuracy of REVEAL instrument. Some suggestions of how the 

instruments accuracy could be improved are given in Chapter 5. 

This may involve some re-engineering of the physical design of 

the unit but also some software changes to the processing 

algorithm and the internal calibration curves. 

11) Fleet characterisation at a range of sites In UK — the number 

of gross polluting vehicles identified in Winchester was smaller 

than expected. Whilst the result was comparable to that of an 

RSD survey in Leicester the variation in fleet emissions around 

Hampshire and the UK is unknown. Since fleet emissions have 

been shown to reflect the degree of vehicle maintenance and 

vehicle age, it could be expected that less affluent areas may 

have fleets with higher emissions in general and more gross 

polluters. 
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iii) Definition of EURO standard and fuel specific gross polluter 

thresholds - a general set of thresholds has been used within the 

work presented here. However, it is reasonable to expect the 

appropriate thresholds to vary not only according to the 

emissions standard to which the vehicle was designed but also by 

fuel type. Suitable thresholds would have to be derived by 

comparing a sample of vehicle RSD reading to the appropriate 

standard (be it the MOT idle test or the KEDC type approval 

test). These may lead to variations in the CO and NO RSD 

thresholds used. By then linking to the DVLA using the vehicles 

registration number, some extra information (e.g. year, fuel type 

and type approval emissions) could be added to help determine 

the EURO standard of the vehicle and what threshold profile 

should be applied to the vehicle. 

iv) Understand RSD measurement differences in diesel and 

petrol vehicles — Use of RSDs in the US normally ignores the 

possibility that the measure car could be a diesel vehicle 

meaning the conversion of pathlength concentrations (ppm.m) to 

relative concentration (ppm) is not appropriate. The UK has a 

far higher market share of diesel vehicles and so the influence of 

diesel vehicle emissions on the general fleet profile can not be 

ignored. The Auckland study was able to link vehicle 

registrations to the New Zealand vehicle database and divide the 

fleet according to petrol and diesel {Fisher et al., 2001). A 

similar approach should be taken in future UK studies although 

current access to data of this type from the DVLA is expensive. 

v) Understanding of catalyst failure numbers - catalytic 

converters are required to have a lifetime of 100,000km or five 

years (Directive 98/69/EC). This means that many of the early 

catalyst equipped vehicles could now be coming to the end of 
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their useful life and so catalyst failures in between MOT tests 

could conceivably increasing as more of the early catalyst 

equipped vehicles pass the minimum design standard. This issue 

will also become relevant for Aiture diesel vehicles as they rely 

on catalytic converters to maintain their emissions. Due to the 

mechanisms of failure, it may also be that some vehicles are 

more susceptible to failure (e.g. those which undergo a high 

frequency of cold starts). 

iv) Cost effectiveness of MOT at reducing urban pollution -

some reports on the current MOT which have been reviewed 

attempted to calculate the cost effectiveness of the MOT. This is 

done in terms of emissions saved per £ spent. It could be argued 

that a better test of the cost effectiveness would be to calculate 

the % of all emissions saved per £ spent. Some weighting for the 

higher share of emissions from road traffic in urban areas would 

also have to be accounted for. This also links with the point 

below. 

v) Desk study of cost effectiveness of integrating RSDs into an 

I&M regime - within the above work some estimate could also 

be made of alternative I&M programmes in the UK. One such 

approach could be the use of clean screening and a move to 

centralised chassis dynamometer test. Would it reduce the 

burden on owners of vehicles which are maintained, would it 

enable RSDs to identify gross polluters sooner, would the 

emissions savings be greater, would it cost more money? 
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Appendix 1 

Traffic management layout at Andover Road and 
Badger Farm Road sites 
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Appendix 2 

Idealised combustion equations used to convert 
ratios to ppm 

][)][ (jrBirTf ] 3 l i s t i c ) i ) f i t TLJi i i i / i s i ' s i l ry c ) f 



FEAT Equations for CO, HC and NO. 

ASSUMPTIONS: 
Fuel C:H ratio is 2 and non-oxygenated. 
Fuel density is 0.726 g/ml and is approximated with a mix of Octane and Benzene that 
averages the molecular formula of CHj. 
Fuel out tailpipe is similar (to make the math simpler we have chosen for the exhaust HC 
to be a multiple of the input HC) to calibration gas which is propane. 
Concentrations are calculated on a dry basis and corrected for any excess air not involved 
in combustion (these equations are correct for diesel vehicles, and the ratios are correct 
for diesel vehicles. However, if remote sensing data are to be compared to a direct 
tailpipe measurement, that measurement comparison either must consider only the ratios, 
or must be corrected for the considerable excess oxygen not involved in typical diesel 
combustion). 
Equal amount of seen HC's and unseen HC's in the exhaust (Singer & Harley et al. 
Environ. Sci Technol. 1998, 32, 3241-3248) 

CH2+m(0 . 2IO2+O . -

a C 0 + b H 2 0 + c ( C 3 H g + i n v + d C O 2 + e N O + ( 0 . 7 9 m - - ^ ) N 2 

0 = . f Q/ . ^ ^ Q// = ^ f 
COg d CO^ d COg d 

by Carbon balance : a + 6c + d = 1 

by Hydrogen balance: 2b + 12c = 2 

by Oxygen balance: a + b + 2d + e= 0.42m 

Eliminate a: a = dQ and c = dQ' 

a + 6c + d = 1; dQ + 6dQ' + d = 1 

1 
d = 

0 + 60^ + 1 

Eliminate b: 2b + 12dQ' - 2 ; b - 1 - 6dQ' 

dQ + b + 2d + e= 0.42m; dQ + 1 - 6dQ' +2d + e= 0.42m 



0 . 4 2 - = 0+ —-60^+2+0^^ = 0 + 0 + 6 0 / + l - 6 0 / + 2 + 0 ^ ^ = 20+3+0^^ 

substituting d from above: 

a 

From the combustion equation the mole fraction of COj is; 

fm = 
2 e 

a + 2c +d +e +0 . 79m 
2 

divide numerator and denominator by d: 

1 
fCO^ = 

— + 2 — + 1 + 0.5 — + 0.79 — 
d d d d 

substituting from above for a/d, c/d and e/d to get; 

1 
f C O , 

0 + 20^ + 1+ 0 . 5 0 ^ ' + 0 - 7 9 -

multiply numerator and denominator by 0.42; 

0 . 4 2 
f C O 

0 . 4 2 0 + 0 . 8 4 0 ' + 0 . 4 2 + 0 . 2 1 0 " + ( 0 . 7 9 ) ( 0 . 4 2 ^ ^ 

substituting from above (0.42 m/d - 2Q + 3 + Q") leads to; 

0 . 4 2 
fCO., = 

^ 2 . 7 9 + 2 0 + 0 . 8 4 0 ' + O" 

from which follows; 

42 100 

^ 2 . 7 9 + 2 0 + 0 . 8 4 0 ' + 0 ^ 6 . 6 4 + 4 . 7 6 0 + 2C/ + 2 . 3 8 0 ' ^ 

;C0 = o*%cc^ = o'*%c%^ = o"*%c%^ 



Some useful conversions are: 

For grams/gallon assume fiiel density of 726 g/1, a fiiel carbon faction o f 86%, 3.79 1/gallon and 
for CO 28g/mole; for HC (propane, C^Hg) 44g/mole for NO 30g/mole; for C 12g/mole: 

gmCO _ 2 8 * 0 * 0 . 8 6 * 7 2 6 * 3 . 7 9 

g a l ( 1 + 0 + 6 0 ^ * 1 2 

gmHC _ 2 * 4 4 * 0 ^ * 0 . 8 6 * 7 2 6 * 3 . 7 9 

g a l (1 + 0 + 6 0 1 * 1 2 

grnNO _ 3 0 * 0 ^ ^ 0 . 8 6 * 7 2 6 * 3 . 7 9 

g a l ( 1 + 0 + 6 0 1 * 1 2 

We now prefer to use grams of pollutant/kg of fuel because it requires no assumption about the 

fuel density: 

gmCO _ 2 8 * 0 * 8 6 0 

k g (1+0+60^) *12 

gmHC 2 * 4 4 * 0 ^ * 8 6 0 

k g (1+0+60^) *12 

gruNO 3 0 * 0 ^ * 8 6 0 

kg (1+0+601*12 

If you want to express the measured ratios in the units of other molecules, for example 
gmNOz/kg since all emitted NO will eventually oxidize in the atmosphere to NO^, you only have 
to change the molecular weight of the species in the appropriate equation. 
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Questionnaire pack 

drafted by Tim Felstead 



S Hampshire 
County Council 
Environment Deportment 

Intelligertt Transport Systems Croup 

5 Upper Hfgh Street, Winches ter 

Hampshire S023 8UT 

T e l e p h o n e 0 1 9 6 2 841841 

Fax 01962 845154 

1003 29681 

www.hants.gov.uk/environment 

AndyWfeo 

01962847500 

Dot; 28 March 2006 

Aiy rcfcfcnce 

Y^urrc^^^ncc 

E-moff 
Project websfte 

ACW/2420/DH 

»ady.'Wica@haats.gOT.uK 
www.winchestctmifadcs.o]̂  

C#n*c*m No PS 21845 

Deaf Sif/Madam 

MIRACLES Project emissions monitodng 

In 2003 you agreed to become a member of a 1,600 strong panel of Winchester residents, 
workers and -visitors who were sent a series of questionnaires regardmg transport related 
issues in Winchester. This information has been used for the County Council s 
MIRACLES project which aims to achieve better and cleaner transport for Winches^r. 
I would like to take diis opportunity to thank you for your parddpation, the kedba^ we 
have received &om panel members has been invaluable in understan^ng some ot the 
impacts of the project. 

The project is now coming to an end but some Gnal tasks on the impact of our work 
need to be completed. To help with this final phase of the project, I would be^atek i 
you could 6nd time to complete die enclosed questionnaire. Only panel m e m ^ who 
previously in^cated that their household has access to a car for prrvate use are bemg 
asked to complete this questionnaire. If you do not drive this car please pass t _ e 
questionnaire to a member of the household who does. 

The quesdonnaire asks you about a number of possible ways in which the Couny 
Council can use vehicle emissions measurements that are collected when a \ehic e passes 
through a monitoring site. Fur±er details on how your emissions are measured are 
given in the enclosed leaflet. 

The questionnaire should take around 15 minutes to complete. Read the instructwns 
on the front of the questionnaire carefully before answering the questions and reter 
to the leaflet which gves you further background on the potenaal 
Completed quesdonnaires will be entered into a prize draw for an IN-CAK -
NAVIGATION SYSTEM. In order to get this questionnaire to die right audience you 

n Dkector of EnWronment 
A l i s o n Q u a n t B S c M S c H R T P l 

INVESTOR r \ PEOPLE 

http://www.hants.gov.uk/environment
mailto:Wica@haats.gOT.uK


may be handed one in some of the Winchester Car Parks, if you recognise the envelope 
please just inform the person distdbudng them you have received one in the post; only 
one entry into the prize draw pet household wiH be accepted. 

All informadon will be treated as stdcdy conSdendal. No individuals will be ideadSed in 
die analysis of the qoesdoonaire. Your address will only be processed if you wish to 
enter the pdze draw or would like us to check if your cat is in our database. 

Please return the completed quesdonnaire by 26 May 2006 using, the REPLY PAID 
envelope provided If you have any queries, please contact Tim Felstead on 023 8059 
2834, or email T J.Pe1steadfa).soton.ac.uk. at die Transportadon Research Group, 
University of Soudiampton, who are carrying out diis research on our behalf. 

Yours faidifully 

A C Wren 

MIRACLES Project Manager 



g Hampshire 
County Council ciViTAS 

r r r 

C)*in«f and b#W«r transport In cltif« 
o 

The CIVITAS Project is 
Co-Financed by the 

European Union 

CHECK YOUR CAR'S EMISSIONS AND FUEL CONSUMPTION 
Hampshire County Council is considering a scheme to help motorists check their vehicles' emissions between 
the annual MOT tests. Your car can develop an emissions-related fault at any time; this is not only bad for air 
people breathe in the places you drive, but could also cost you money in repairs and poor fuel consumption if 
not corrected quickly. Measurements of vehicle emissions are taken as the car drives through an emissions 
monitoring site. Further details on how your emissions are measured are given in the leaflet enclosed in this 
pack. 

The questionnaire asks you to imagine how you would react to four different scenarios describing possible 
ways the emissions measurements could be used. Please answer the questions as you think you would 
really behave in the situations described. There is no right or wrong answer. The questionnaire should 
take around 15 minutes to complete. This research is being carried out on behalf of Hampshire County 
Council by the University of Southampton and no other organisation will have access to your personal data. 
Please contact Tim Felstead on 02380 592834 if you have any queries. 

When you return a completed questionnaire, you will automatically be entered into a free prize draw for an 
IN-CAR SATELITTE NAVIGATION SYSTEM if you fill in your name and address at the end of the 
questionnaire. Please return the questionnaire in the REPLY PAID envelope provided by DATE IN HERE. 

General questions 
Al) A photo of an emissions monitoring site (as mentioned above and described in the enclosed leaflet) 
is shown below. So far they have been located on Badger Farm Road and Andover Road. 

( O U w f * Bat 

bufveying 

Have you ever driven through one of the emissions monitoring sites on Badger Farm Road or Andover 
Road? (Please tick one box only) 

Yes I [ No 1221 Don't know 

A2) How often do you drive a car into or through Winchester city centre? (Please tick one box only) 
Less than once a I never travel through 

Most days 2 to 3 days a week Once a week Once a fortnight fortnight Winchester city 
centre • • • • • • 

A3) In general, how would you rate the air quality in Winchester city centre? (Please tick one box only) 

Very good 
• 

Quite good 
• 

Neither good 
nor poor 

• 

Quite poor 
• 

Very poor 
• 

Don't know 
• 



Sci'iiario I Si^n ut Uic roadside iiilormiiij; you ol" \n i ir tinissions 

Please read the following carefully and then answer the questions: 

Imagine when driving nito Winchester you pass one of the emissions monitoring sites 
described in the leaflet included in this pack. The site is located Just on the outskirts of the 
city. At the roadside is an electronic sign which displays your registration plate and your 
car's most recent emissions measurement as you drive towmds it. ^ our emissions 
measurement is put into three categories - GOOD, FAIR or POOR. From our 
measurements to date, approx. 1% of vehicles fall into the POOR category and they would 
be extremely likely to fail the emissions part of the MOT test if done on the same day. 

If your emissions were POOR, to fix your cais likely emissions fault, you would have to take 
It to your normal, trusted garage You would ask them to check the emissions and emission 
controls of your car. This routine check is already done once a year as part of the annual 
MOT test but the fault may not be detected until your next MOT in a year s time -youi 
emissions can go wrong at any time dunng the year! The test would take approximately 
20 nuns, and cost approx. £20. If your car was found to have a fault which required 
repairing, this could cost you extra. 

In addition to lowei emissions in future, by having your car checked sooner than your MOT 
date, you could prevent a more expensive repair bill later You could also save up to 10% on 
your normal fuel costs (for a normal weekly fuel bill of £50, you could save £5). 

Taking \our cat for a check is entirely voluntary and would be organised by vou. 

THE SIGN WOULD LOOK LIKE: 

1 1 OR 

OR 

you would react in the following situations? (Please tick one box only) 

The sign usually says... 

.your emissions are G O O D but the next few times it changes to F A I R 

WOULD arrange 
voluntary 

WOULD NOT 
arrange 

voluntary 
Don ' t know 

• 
• 
• 

• • 
. .your emissions are G O O D but the next few times it changes to P O O R 

,. .your emissions are FAIR but the next few times it changes to POOR [Zl 

B2) If you were on a normal car journey into/around Winchester, would you drive out of your way to 
check your car's emissions using the sign? (Please tick one box only) 

Tfes NIaybe []]] ffo IDon'tlaiov/ [ [ ] 

Imagine that the measurements taken when you drive through the site are stored on a list 
linked to the new. electronic MOT database If your last two emissions measurements 
from the site were GOOD and were within two months of your next MOT date, your 
emissions would not need to be checked at youi next MOT. 

This would give you a £10 discount on the cost ot the MOl . which normally costs £43 



B3) With this new information in mind, if you were on a normal car journey into/around Winchester, 
would you drive out of your way to check your car's emissions using the sign? (Please tick one box only) 

Yes I I Maybe | [ No | | Don't know 

B4) Do you have any comments on the above type of scheme, including why you would or would not 
arrange a voluntary test? (Please write in the space below) 

Scenario 2 A website iind hotline you eaii check 

Please read the following carefully and then answer the questions: 

Imagine that instead of using a sign at the roadside, Hampshire County Council create a list of the 
registration plates and emissions measurements of the vehicles passing the monitoring sites. You could 
see if your car was on the list through a website or telephone hotline (local call rate). The list would be 
updated everx week. The monitoring sites are well signed so it would be obvious if you had passed 
through one. 

To check your vehicles emissions, you would have to type in or give the telephone operator the 
registration number of vour car. You would only be able to see or hear information on the vehicle 
registration number you gave. Hampshire County Council would not have any of your personal details. 

The list would show all of your vehicles emissions measurements sorted by date. If your emissions 
measurement became worse over time (for example, from GOOD to POOR), to fix your cars likely 
emissions fault you would need an emissions test on your vehicle and pay for any repairs needed. 
Remember as well as lowering your vehicles emissions, fixing any problem sooner than your next MO I 
could save you from more expensive repairs later and save on fuel costs. This is explained in more detail 
in Scenario 1 on the second page of this questionnaire 

Taking your car for a check is entirely voluntary and would he organised by you. 

CI) Do you have access to the internet for personal use at home or work (Please tick one box only) 

[]]] fio [ [ ] ])on'tkao\v [ ] ] 

C2) Would you check your emissions readings using a website? (Please tick one box only) 

Y e s [ ] ( C k t o C 3 ) N b ^ ] ] ( G o k , C 4 D o ^ t k M w [ ] ( G b h C 4 ) 

C3) How often would you check your emissions readings using the website? (Please tick one box only) 

Ooceawee lc " T Z Z " " 

• • • • • 
C4) Would you check your emissions readings using a telephone hotline? (Please tick one box only) 

Y e s [ ] ] 0Goto(%9 r 4 o [ ] ] 0Goto(%0 ]Don' t ]aww[] ] 

C5) How often would you check your emissions readings using the telephone hotline? (Please tick one box 

only) 

o n = e . „ = . k 

• • • • • 
C6) Do you have any comments on the above type of scheme, including why you would or would not 
use the website or telephone hotline? (Please write in the space below) 



Sionaru) 3 A I rut emissions check 

Please read the following carefully and then answer the questions: 

Imagine that vou check the website or telephone hotline and hnd that your car s 
emissions are listed as POOR, and all cars listed as POOR can apply for & free 
emissions check organised and paid for by Hampshire County Council (HCC). 

To take up the offer you would need to apply for the check either through the website 
or by phone. HCC would contact you to arrange the emissions check at a time and 
date that suited you The emissions check would be carried out by a garage in 
Winchester, chosen by HCC. which had been approved by the local "Trading 
Standards' office. 

The check would take about 30mins cind a report giving details ol your emissions 
levels and any recommended repairs would be given to you afterwards. You would be 
under no obligation to have your car repaired 

Dl ) Would you use the emissions check service described? (Please tick one box only) 

Tfes [ [ ] f fo [ ] ] knc"" 

D2) If you were also offered £50 towards the cost of any repairs done at the HCC appointed garage, 
would you use the emissions check service described? (Please tick one box only) 

Tfes [ ] ] f4o []]] I)on't know [}]] 

D3) Do you have any comments on the above type of scheme, including why you would or would not 
use the free emissions check service? (Please write in the space below) 

Scenario 4 redirect to l*ark and Ride 
I ^ • • l.' .. yj. - i;..; • 

El) Have you ever used the Winchester Park and Ride service? (Please tick one box only) 

Yes (Go to E2) No Q (Read on after E2) Don't know (Read on after E2) 

E2) Overall, how satisfied were you/are you with the service? (Please tick one box only) 

Very 
satisfied 

• 

Fairly 
satisfied 

• 

Neither satisfied 
nor dissatisfied 

• 

Fairly 
dissatisfied 

• 

Very 
dissatisfied 

• 

Please read the following carefully and then answer the question: 

Imagine you are entering Winchester near the Park and Ride site (near M3). .lust like in 
Scenario 1. an electronic sign displays your registration plate and your latest emissions 
reading as you are driving towards it. 

The sign tells you your emissions are POOR and asks you to use the Park and Ride site 
jusr around ihe corner. Following the request on the sign is entirely voluntary; you could 
still drive into the citv centre if you wanted. _ _ _ _ 

THEilSICrN ]_<)()]( UOKE: 



E3) If you saw the sign and it asked you to use the Park and Ride service, would you ... 

Don't know what I would do .. ignore the request on the sign 
and drive into the city centre? 

.. .follow the request on the sign and 
use the Park and Ride service instead 

of driving into the city centre? 

• • • 
Please read the following carefully and then answer the questions: 

The Park and Ride service costs £1.50 for all day parking and includes the cost of the bus 
tnp into and out from the city centre. The bus service runs approx. every 10 rnins. 

From the Park and Ride site, the bus takes approx. 10 mins to reach the bottom end of 
the city centre (outside the Guildhall) and 15 rnins. to reach the top of the city centre 
(outside the Railway Station). The service stops about 1 mm. walk from most city centre 

destinations. 

If you continued to drive to the city centre, it would take you 13 mins. to drive and find a 
parking space, and a further 2 mms. to walk from your car park to your destination. 

E4) Still thinking of the Park and Ride sign, and with the above information in mind, if your parking 
in the city centre...(Please tick one box only for each Hne) 

...follow the request on 

.. .was/ree or paid for by your employer, would you. 

.. .cost joH 60p for every hour, would you. 

the sign and use the 
Park and Ride service 
instead of driving into 

the city centre? 
• 

... ignore the 
request on the sign 
and drive into the 

city centre? 

Don't know 
what I would do 

• 
• 
• 

• • 
E5) Do you have any comments on the above type of scheme, including why you would or would not 
use the Park and Ride service if you were asked to? (Please write in the space below) 

To ensure that the results of the questionnaire are representative of people living and working in 
Winchester we need some information about you. This information is strictly confidential and no 
information from this questionnaire will be published which will allow an individual to be identified. 

F l ) Are you . . .? (Please tick one box only) 

Male Q Female Q 

F2) Please indicate your age (Please tick one box only) 
17-19 45-54 

20-24 54-65 
25 -34 65+ 

35 -44 I 

F3) Please indicate where you live (Winchester means the City of Winchester and not surrounding 
villages such as Littleton or Easton). (Please tick one box only) 

I live in Winchester Q I live outside Winchester | | 

F4) Are you...?(Please tick one box only which best describes your situation) 

Employed full time (30 hours a week or more) 
Employed part time (less than 30 hours a week) 

Self employed 
On training scheme 

Unemployed 

Full time student 

Retired from paid work 

Full time house husband/wife 

Not in work (permanently sick/disabled) 

In receipt of state benefits 



F5) What is your most common reason for driving into or through Winchester city centre? (Please t ick 

one box only) 

Never drive into Winchester city centre 

Returning home f rom trip elsewhere 

Travel to work 

Travel during work 

Shopping 

Education as a student 

Social/leisure/visiting/recreation 

Other (please specify) 

Personal - medical 

Taking/collecting children from school 

Taking/collecting someone 

F6) How many cars does your household own or have continuously available for private use? (Please t ick 

one box only) One car T v ^ a r s Three o ^ r e cars 

• • • • 
F7) Roughly, how old is the car you have driven into Winchester today/most recently? (Please tick one box 

only) 
Less than 
1 year old 

2 to 3 years old 

• 

4 to 6 year old 

• 

6 to 15 years old 

• 

More than 
15 years old 

• 

F8) What fuel does your car use? (Please tick all that apply) 

Petrol Diesel LPG Hybrid electric ( ^ r 

• • • • • 
F9) Were you aware Winchester City Centre has been declared an Air Quality Management Area 
which means that levels of some pollutants in the air are higher than they ideally should be? (Please t ick 

one box only) ,—, , i—i 
Yes Q O Don't know ^ 

FIO) We can check to see if we have your vehicle's emissions in our database and give you feedback. If 
you would like us to check please write in your registration number below and fill in your address 
overleaf. You will not be penalised whatever your vehicle emissions measurement. (Please write m the space 

below) 

CAR REG. NUMBER: 

F l l ) What is your home postcode? ((Please write in the space below) 

F12) Please write in your name and address if you wish to be entered into the free prize draw to wm a 
£50 shopping voucher of your choice or would like us to check if your vehicle's emissions are in our 
database. This information will not be used for anything other than informing winners of the prize draw 
or w/io wowW f i tg (Please wnte m 

the space below) 

Name: 

Address: 

8 

Thank you for your time and cooperation 
w Data Protection Act 1998. The information you provide will only be used for the purposes of helping to 
improve the environment and access to Winchester. Your address wiU only be processed if you wish to enter 
the prize draw or would like us to check if your car is in our database. The winner of the prize draw be 
contacted before publication of the results. This research is being carried out on behalf of Hampshire U)unty 
Council by the University of Southampton and no other organisation will have access to your personal data. 



W h a t can I do to help keep m y vehicle 
emissions down? 

There are a number of ways you can keep your fuel 
consumption and emissions down. Here are 10 tips you 
can try and follow: 

Drive defensively - avoiding iiarsh acceleration and 

heav)' braking wherever possible. Remember that 

pulling away too fast uses up to 60% more fuel 

Concentrate - look ahead, anticipate the road 

conditions and the actions of others. You'll be less likely 

to have an accident and wUl reduce fuel consumption 

U s e the gearbox eff iciently - changing gear between 

1500 and 2000 rpm can reduce fuel consumpt ion by 

15% 

Drive off straight away w h e n starting from cold -
idling to heat up the engine wastes fuel and causes rapid 

engine wear 

Service your car regularly - ensuring your car is 

properly tuned and maintained can save 10% off your 

normal fuel use. 

2. 

4. 

10, 

Avoid short journeys - a cold engine uses almost twice 

as much fuel while catalytic converters can take five 

miles to become effective 

Stick to s p e e d l imits and m a k e your fuel g o further -
driving at 70mph uses up to 30% more fuel than at 

50mph 

Plan your journeys - to avoid congestion, roadworks 

and getting lost, plan your route before setting off 

Check your tyre pressure regularly - under-inflated 

t)'res wear out more quickly and can increase fuel 

consumpt ion by up to 3% 

If you're stuck in a jam, swi tch off - turning off the 

engine after two minutes will save fuel and cut all 

emissions 

Thinking of buying a new car? 

If you are thinking of buying a new car, visit the Vehicle 
Certification Agency (VCA) website which has lots of 
helpful tips and information on what you should look for 
in a car to ensure it has low fuel consumption and 
emissions. You will also find a database which lets you 
compare different vehicle models against each other. 

www.vcaca f fue lda ta .org .uk 

W h a t is C I V I T A S MIRACLES? 

CIVITAS is an initiative that is co-funded by the 
European Union. The initiative is concerned with 
innovation and originality in environmentally friendly 
travel schemes. 

The European Union is providing financial support for 
those cities that wish to demonstrate and test the 
effectiveness of integrated action. 

MIRACLES (Multi-Initiatives for Rationalised 
AccessibUit}' and Clean Liveable Environments) is one of 
four projects that form the CIVITAS initiative. There are 
in total 19 cities, including Winchester, that are taking part 
in the CIVITAS program. 

W h y do we need MIRACLES in Winchester? 

Winchester's many attractions, combined with the high 
level of car use, means that large volumes of traffic enter 
and leave the cit)̂  each day. An ancient street pattern still 
exists in many areas and this is ill-equipped to deal with 
today's heavy traffic. As a result congestion is 
commonplace, and air pollution is becoming a serious 
issue, with Winchester recentiy being declared an Air 
Quality Management Area (AQMA). 

MIRACLES hopes to tackle and resolve these issues of 
congestion and pollution, through an integrated package 
of 13 transport-related schemes. 

For m o r e i n fo rma t i on abou t t he 
MIRACLES pro jec t please te lephone 

0 1 9 6 2 8 4 7 4 7 4 

or visit : 

www.winchestenniracles.org 

WINCHESTER 

VEHICLE 

EMISSIONS 

MONITORING 

Helping car drivers 
and the 

environment 

CiViTAS 
The CIVITAS Project is 

Co-Financed by the 
European Union 

^ Hampshire ^ 
W County Council ^ 

University 
Southampton 

http://www.vcacaffueldata.org.uk
http://www.winchestenniracles.org


W h a t is vehic le emissions testing? 

As part of the CIVITAS MIRACLES project, Hampshire 
Count}' Council has been looking at ways to reduce traffic 
pollution in Winchester cit}' centre. One way is to make 
sure that vehicles driving around Winchester are working 
properly. Lots of things can go wrong with your vehicle 
which cause it to produce higher concentrations of 
pollutant gasses than it should - when a vehicle is in this 
state it is called a 'high-polluting vehicle'. 

One way to help to identify high-polluting vehicles within 
the Cit}r is via the development and use of high-tech, 
emissions monitoring equipment. The equipment is used 
to identif}' vehicles entering the cit)' that are producing 
high levels of pollution. 

Equipment at the roadside on Badger Farm Road 

This equipment is portable, and can be set up at the 
roadside. It can identify the levels of each pollutant 
coming from the exhaust of every passing vehicle. The 
levels of pollutants measured are compared with M O T 
standards, so that only those vehicles producing more 
than the legal limit can be targeted. 

Trials of the equipment are currently being carried out, 
which win identif}' the number of high-polluting vehicles 
entering the cit}'. Once these trials are complete, and the 
number of high-polluting vehicles are known, the most 
appropriate solutions will be developed. 

W h y ident i fy h igh-pol lu t ing vehicles? 

Like many U K cit)' centres, the level of some pollutants in 
the air in Winchester cit}' centre does not meet the 
objectives set out in the Air Qualit}' (England) 
Regulations 2000. Identifying and fixing high-polluting 
vehicles is not only good for the environment and 
people's health, it is also good for the motorist's pocket. 

Environment and health - Conventional petrol and 
diesel engine exhausts emit a number of chemicals which 
are harmful to both human health and the environment — 
high-polluting vehicles produce more of these harmful 
chemicals than they should. 

Chemicals 
emitted 

Impact on health and 
the environment 

Carbon 
Monoxide 
(CO) 

Poisonous gas. At low 
concentrat ions it makes 
hear t problems worse, while 
a t high concentrat ions it 
can be fatal. 

Carbon 
Dioxide 
(CO2) 

Major contributor to the 
g reenhouse effect and 
climate change. 

Nitrogen 
Oxides 
(NO J 

Cause respiratory diseases. 
Contribute to acid rain 
production. 

Hydrocarbons 
(HC) 

React with NOx in sunlight 
to form ozone and smog, 
which can irritate the eyes 
and throat . 

Particulate 
Matter (PM) 

Cause respiratory diseases 
and are linked to p remature 
dea ths . 

Benzene Toxic and carcinogenic, 
linked to leukemia. 

R e d u c i n g m o t o r i n g costs - Drivers also benefit from a 
properly tuned engine. If your vehicle is being used when 
it has an emissions-related fault, it could not only be using 
more fuel than it needs to (about an extra 10%), but it 
could also be damaging parts of your engine or exhaust 
which are expensive to repair. 

Apart f rom the annual M O T test it is difficult for a 
motorist to know if their vehicle has an emissions problem. 
Hampshire Count}' Council are looking at ways of using the 
roadside emissions measurements to help advise drivers 
that their vehicle has developed a fault. 

H o w w e can help drivers? 

Based on the measurements collected, we are considering 
a number of ways to help drivers be aware of their 
emissions and reduce the number of high-polluting 
vehicles in Winchester cit}' centre. Some of the possible 
ways are ; 

• using a roadside sign providing advice on their 
vehicle emissions; 

• directing high-polluting vehicles to use a Park and 
Ride car park as an alternative to entering the cit}' 
centre; 

• creating a website which detaUs your emissions 
measurements when you enter your vehicle 
registration number. 

• offering a discount on servicing for identified high-
polluting vehicles, in order to improve their 
emissions. 

HM03 UGS 
EMISSIONS 

GOOD 

A roadside sign informing drivers of their veliicles' 
emissions as they drive past a monitoring site 


