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Executive Summary

This report describes work undertaken to provide the UK Government with an understanding of the costs and benefits for the UK of complying with a number of international measures for addressing trans-boundary air pollution:

· the European Commission’s proposed National Emissions Ceilings Directive

· the closely related Ozone Directive and 

· the UNECE’s proposed multi-pollutant, multi-effect (also called the 2nd NOx) Protocol.

Information presented here will allow DETR to prepare Regulatory Impact Assessments (RIAs) for the UK, in respect of the proposed measures.  It will also form the basis for the preparation of Impact Assessments by the Scottish Executive, the National Assembly for Wales and the Northern Ireland Office for their respective countries.

Previous analysis of UK emissions and control costs has been undertaken by IIASA, using the RAINS model, with an analysis of the corresponding benefits by AEA Technology, using the ALPHA model.  The accuracy of the analysis carried out for the EC and UNECE using these two models was necessarily limited, because of the broad geographical area subject to analysis.  The same is true of the ASAM model, developed by Imperial College, which has previously been used in uncertainty analysis of the RAINS model results.  These earlier analyses have been conducted with a resolution of 150x150 km.  The work reported here has aimed to provide a more detailed analysis, using the latest available datasets and specifically UK-based models, which have been used previously in work undertaken on behalf of the EC, UNECE and UK Government and have, thus, been widely reviewed.  These models offer much higher resolution of the implications of emissions abatement as they operate on a scale of 10x10 km.

The work has drawn upon the expertise of AEA Technology (NETCEN), Imperial College, the Universities of Edinburgh and Lancaster, ITE Monkswood and the Meteorological Office.  The models employed include the UK National Atmospheric Emissions Inventory (NAEI 1997), HARM atmospheric dispersion/deposition model, ELMO ozone model, MARACCAS ammonia model and the ALPHA-UK benefits evaluation model.

The scenarios of the future selected for analysis were as follows:

· Reference scenario (UKREF), providing baseline emission projections for 2010, the reference year for the study.  Under UKREF, UK emissions are based on the 1997 NAEI escalated for future years using provisional projections of industrial growth and fuel use provided by DTI.

· J1, which was selected by the UNECE as the guiding scenario for Protocol negotiations;

· H1, selected by the EC as the basis for the draft National Emissions Ceilings Directive;

· 
· a further scenario which was added towards the end of the study, following the publication of the emissions ceilings negotiated at the 31st Session of the UNECE Working Group on Strategies, on 2 September 1999.  This was termed WGS31c.  Full analysis could not be carried out on this scenario in the time available, although an indication of the associated costs and benefits is presented.

The regional allocation of emissions of nitrogen oxides (NOx), sulphur dioxide (SO2), volatile organic compounds (VOCs) and ammonia (NH3) under each of these scenarios is shown in Tables E-1 to E-4.

The estimated costs of reducing UK emissions in line with the selected scenarios are shown in Table E-5, and the regional allocation of costs is shown in Table E-6.  It should be noted that the estimated costs of achieving the J1 and H1 scenarios are considerably lower than earlier estimates made by IIASA, which were £447M and £899M, respectively.

Table E-1.  Regional allocation of emissions of NOx (kt)

Scenario
England
Scotland
Wales
N. Ireland

UKREF
992
102
59
32

WGS31c/ J1/H1
987
101
58
32

Table E-2.  Regional allocation of emissions of SO2  (kt)

Scenario
England
Scotland
Wales
N. Ireland

UKREF
602
57
100
25

WGS31c
468
43
94
20

J1
362
32
89
16

H1
360
32
89
16

Table E-3.  Regional allocation of emissions of VOC (kt)

Scenario
England
Scotland
Wales
N. Ireland
Offshore

UKREF
883
207
55
26
129

WGS31c
852
184
47
26
92

J1
773
174
43
23
87

H1
689
155
39
21
61

Table E-4.  Regional allocation of emissions of NH3  (kt)

Scenario
England
Scotland
Wales
N. Ireland

UKREF/WGS31c
202
42
24
30

J1/H1
182
36
20
26

Table E-5 Costs of emission reductions for the UK (£million/year) arising from movement from the UKREF scenario to the scenarios shown.
Scenario
SO2
NOx
VOC
NH3*
Total

WGS31c
34
9
18
0
61

J1
61
9
64
11 – 24
145 - 158

H1
61
9
435
11 - 24
516 - 529

*Abatement costs for ammonia emissions are shown as a range because of uncertainty about the acceptability of urea substitution, the higher end of the range assuming that it is not adopted.

Table E-6 Regionalised costs (£M/year).

Scenario
England
N. Ireland
Scotland
Wales
Offshore

WGS31c
41
1
8
3
7

J1
108 – 116
4 – 6
16 – 18
7 – 9
8

H1
339 - 347
11 – 13
68 - 71
19 - 21
77

These costs must be set against the wide range of benefits attributable to abatement of the four pollutants.  This analysis deals not just with direct effects of the four, but also the effects of associated pollutants chemically derived from these emissions in the atmosphere, particularly secondary aerosols such as ammonium sulphate, and photo-oxidants such as ozone.  The effects considered include the following:

· effects on health (premature death, hospital admissions, exacerbation of asthma, etc.);

· impacts on crops and forests (yield change);

· impacts on building materials (change in frequency of repair);

· change in ecological sustainability (measured here against critical loads for acidification and eutrophication).

Benefits estimation is often criticised for being subject to a high degree of uncertainty.  In this study the analysis is carried out in a structured and transparent manner, that retains information on these uncertainties.  Uncertainties, of course, also affect the other half of the analysis – the estimation of abatement costs.  A recent review suggests that these costs tend to be overestimated in modelling exercises.  This results from the manner in which cost models tend to focus on end-of-pipe measures and, hence, do not account for some potentially cheaper options, and also an inability to account for technological change in the future.  It is, clearly, very important to understand the limitations associated with any inputs to an exercise such as this.

The following table provides some of the main results of the benefits assessment.  Benefits are split roughly evenly between NOx, SO2 and ozone.  NH3 plays a lesser role, reflecting its limited abatement under the scenarios considered.

Table E-7.  Key benefits of each scenario, with results showing the total annual benefit to the UK of abatement across the UNECE region (except for H1, where only EU countries participate).  All monetised values in 1990£/year.


1990
UKREF
J1
H1
WGS31c

Ecosystem area (%) subject to critical load exceedence for:







Acidification
43%
11%
5.4%
6.2%
9.2%


Eutrophication
11.2%
2.0%
1.0%
1.1%
1.3%

Change from UKREF in damage to:







Crops (£million)


£10M
£17M



Materials (£million)


£15M
£15M
£5M


Premature mortality (cases)


540
530
160


Respiratory hospital admissions


350
380
110

Table E-7 takes the analysis to the same point as the assessment carried out for the National Air Quality Strategy (NAQS).  However, it is possible to go further, quantifying more effects on health, damage to forests and so on, and valuing them, although this extension of the analysis is subject to a higher level of uncertainty.  This was carried out and, to account for uncertainty, ranges were ascribed to the key variables.  Overall this led to a wide range in the benefits.  Costs tended to lie between the upper and lower bounds – a clearly inconclusive result.  However assessment of benefit-cost ratios (Table E-8) suggests that costs for J1 tend to be towards the lower end of the range, in other words, there appears a reasonable likelihood that the real benefit would exceed the estimated costs.  This is not the case for H1, however, where the bias is in the other direction, with costs towards the upper end of the range.

Table E-8.  Benefit-cost ratios, with all monetised effects taken into account (excludes damage to cultural heritage and natural ecosystems).  Positive numbers denote benefits in excess of costs by the factors quoted.  Negative numbers denote costs in excess of quantified benefits by the factors quoted.  Columns identify the source of emission and the receptor for benefits of abatement (in both cases this is either UK or full UNECE).  Costs applied are the costs to the UK in all cases.


UK to UK
UK to UNECE
UNECE (incl. UK) to UK

J1




Lower bound
-2.38
-1.35
-1.11

Upper bound
4.01
8.04
8.20

H1




Lower bound
-7.14
-3.85
-4.17

Upper bound
1.26
2.77
2.15

WGS31c




Lower bound
Not quantified
Not quantified
Not quantified

Upper bound
Not quantified
Not quantified
Not quantified
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PART I

Background to the Study

Introduction

The European Commission announced in its Acidification Strategy (COM(97)88 final) its intention to put forward a proposal for a Directive establishing national emission ceilings for sulphur dioxide (SO2), nitrogen oxides (NOx), volatile organic compounds (VOCs) and ammonia (NH3) for 2010.  In preparation for the Directive, the Commission has developed a series of emission control scenarios designed to attain given environmental targets in the most cost-effective way for the EU as a whole.  These targets are set with respect to three effects: acidification and both the health and vegetation related impacts of ground-level ozone.  Eutrophication is also taken into account.

The Air Quality Framework Directive (96/62/EC) establishes a system under which the European Commission will agree air quality limit values for specified pollutants in a series of daughter Directives.  The proposed Ozone Directive is the third daughter Directive to be put forward by the European Commission.  This sets target values, to be achieved by 2010, and long-term objectives for the protection of human health and vegetation.  Given the obvious linkages that are present, the development of the Ozone Directive and the National Emission Ceilings Directive (NECD) have proceeded hand in hand.

In parallel to the above initiatives the past two years have also seen much activity in development of a new Protocol under the United Nations Economic Commission for Europe (UNECE) Convention on Long-Range Transboundary Air Pollution.  This Protocol, formally called the Protocol to Abate Acidification, Eutrophication and Ground Level Ozone in Europe has a similar scope to the EU Directives in terms of pollutants, but applies to all European countries, not just the EU Member States.  The Protocol was signed in Gothenburg in December 1999.  [Note that it is also referred to as the Multi-pollutant, Multi-effect Protocol, the 2nd NOx Protocol or the Gothenburg Protocol.]

This report describes work undertaken to provide the UK Government with an understanding of the costs and benefits of the proposed legislation, to the UK as a whole and to England, Northern Ireland, Scotland and Wales individually.  Information has been furnished which will allow the DETR to prepare Regulatory Impact Assessments (RIAs) for the UK, in respect of the proposed measures, and form the basis for the preparation of Impact Assessments by the Scottish Executive, National Assembly for Wales and Department of the Environment for Northern Ireland.

1.1 Approach

Previous analyses of UK emissions and control costs have been undertaken by the International Institute of Applied Systems Analysis (IIASA), using the RAINS model, with an analysis of the corresponding benefits by AEA Technology, using the ALPHA model.  The accuracy of the analysis carried out for the EC and UNECE using these two models was necessarily limited, because of the broad geographical area subject to analysis.  The same is true of the ASAM model, developed by Imperial College, which has previously been used in uncertainty analysis of the RAINS model results.  These earlier analyses have been conducted at a resolution of 150x150 km.  The work reported here has aimed to provide a more detailed analysis for the UK, using the latest available datasets and UK-based models.  These have been used previously in work undertaken on behalf of the EC, UNECE and UK Government and have thus been widely reviewed.  These models offer much higher resolution of the implications of emissions abatement as they operate on a scale of 10x10 km.

The work has drawn upon the expertise of AEA Technology, Imperial College, the Universities of Edinburgh and Lancaster, ITE Monkswood and the Meteorological Office.  The models employed include the UK National Atmospheric Emissions Inventory (NAEI 1997), HARM atmospheric dispersion/deposition model, ELMO ozone model, MARACCAS ammonia model, and ALPHA-UK benefits evaluation model.  These are described in greater detail in the sections that follow.

The costs and benefits of the Directives and Protocol should not be regarded in isolation from other legislation that is currently agreed but yet to take full effect, and for which the overall consequences are, as yet, uncertain.  These include:

· the IPPC Directive

· the Kyoto Protocol

· the National Air Quality Strategy (NAQS)

The NAQS raises particular issues with respect to the negotiating position taken by the UK.  It was noted in the review of the NAQS (DETR, 1999) that the targets for PM10 and ozone will be extremely difficult to meet without significant action in other European countries.

1.2 Methodology

The methodology for estimating the costs and benefits to the UK of meeting specified emissions abatement targets follows a number of clearly defined steps:

· compilation and mapping of ‘baseline’ emissions projections disaggregated by sector for the target year (2010);

· identification of cost-effective abatement techniques and estimation of costs associated with the application of these to reduce projected emissions to the prescribed target levels;

· mapping of emissions disaggregated by sector for alternative emission scenarios for the target year;

· modelling of the dispersion and chemical transformation of the mapped emissions to generate maps of associated air quality and deposition for each alternative scenario;

· comparison of the deposition maps against critical loads maps to determine the degree of ecological protection attributable to the prescribed level of emissions abatement;

· assessment of the exposure of sensitive receptors (people, buildings, etc.) for each scenario, by combining maps of pollution levels with maps of (e.g.) population distribution;

· quantifying impacts by combining data on exposures with dose-response functions to provide estimates of changes in hospital admissions, premature deaths, rate of material degradation, crop yields, etc.

· comparison of results between the baseline and alternative scenarios to assess the incremental change in impacts arising from emissions abatement;

· estimation of the monetary value of the benefits attributed to emissions abatement.

Estimates of UK emissions of SO2, NOx, VOCs and NH3 were based on the National Atmospheric Emissions Inventory (NAEI) and, for the purposes of mapping, were disaggregated between Scotland, Wales, Northern Ireland and England using existing information held within the NAEI database on the location of point and area sources.  Many of the important sources, such as power stations, large combustion plant, ports, airports, and process plant, were defined as point sources and, therefore, could easily be assigned to one of the four countries.  Emissions from road transport on major roads were defined as line sources and could also be assigned to individual countries.  Remaining sources, such as domestic and small industrial combustion plant, agriculture, off-road vehicles, and military vehicles were treated as area sources, and were disaggregated using surrogate statistics, such as regional population, fuel use or employment.

Emissions data were presented in map form using a 10 km x 10 km grid, to act as input for the modelling of their dispersion and chemical transformation within the atmosphere.  This was undertaken using the HARM model, to determine sulphur and nitrogen deposition and concentrations, and the ELMO model, to determine ground level ozone concentrations.  These models take account of the complex chemical reactions taking place in the atmosphere, the changing chemical composition of the air as it moves away from one source area and into another, and the impact of a range of meteorological parameters.

The output from these models is also in map format, providing data on the change in pollution concentration and deposition across the UK as a result of emissions abatement.  The maps of sulphur and nitrogen deposition were used with geographically disaggregated data on critical loads to produce maps of critical loads exceedance for the UK.  By comparing exceedance maps for baseline and abated emissions, estimates are made of the reduction in critical loads exceedance and, hence, the threat of damage to sensitive ecosystems attributable to the prescribed level of emissions abatement.

The benefits analysis for impacts on health, crops and materials was based around the ALPHA and ALPHA-UK models, used previously in analysis of the Gothenburg Protocol and the NECD, and also the National Air Quality Strategy.  Deposition/concentration maps were overlaid onto data showing the distribution of ‘stock at risk’ (people, buildings, crops etc.) and information on the sensitivity of the stock (death rates, age structure of the population, type of ecosystem etc.).  This provided information on exposure, to which could be applied exposure-response functions, to derive estimates of the impact of the changes in pollution concentration and deposition, in biological and physical terms.

Impacts were monetised to the extent possible.  For some effects, such as changes in crop yield, this can simply be done using data from relevant markets.  In other cases, particularly for effects on human health, alternative methods were necessary, based, for example, on the contingent valuation technique.  The current UK government position is against monetisation of health effects arising from exposure to air pollution.  However, an extended sensitivity analysis is supplied to indicate how the balance of costs and benefits changes under different sets of assumptions, not just on monetisation, but also at other stages of the analysis.

Structure of the report

Part 1 of this report (sections 1+2) provides information on the background to the study, the scenarios considered, earlier analyses, etc.  In Part 2 (sections 3+4) the development of the UKREF Scenario and the estimation of the costs to the UK as a whole, and England, Northern Ireland, Scotland and Wales individually, of meeting the emissions ceilings required by the scenarios are described.  Additional, non-abatement costs attributable to the Ozone Directive are also identified.

Part 3 (sections 5+6) describes the quantification of the benefits attributable to achievement of the emissions ceilings.  This includes a description of the modelling of emissions, air quality and deposition, as well as the analysis of ecological protection and reductions in human exposure and effect.  The cost-benefit analysis is presented in a structured manner that seeks to retain understanding of the uncertainties of the analysis.

Part 4 (section 7) presents the conclusions of the study.

Additional detail of the analysis is given in a series of appendices:

Appendix 1: Abbreviations and terminology

Appendix 2: Scenario data from RAINS

Appendix 3: Monitoring for the proposed Ozone Directive

Appendix 4: Analysis using HARM and ELMO

Appendix 5: Analysis using RAINS and ASAM

Appendix 6: Detailed results for acidification and eutrophication

Appendix 7: Inputs to the benefits analysis

Appendix 8: Full results from the cost-benefit analysis

Appendix 9: References

BACKGROUND

1.3 Scenarios for emissions abatement

The scenarios used in this analysis were as follows:

UKREF: UK emissions based on the 1997 NAEI escalated for future years using provisional projections of industrial growth and fuel use provided by DTI, following revision of data from Energy Paper 65 (EP65). The Central (growth) / High (fuel price) scenario was used here. Emissions for other countries were based on IIASA’s Reference scenario (Amann et al, 1999a).

J1:  Emissions for all countries in the UNECE domain based on IIASA’s J1 scenario (Amann et al, 1999a).  This scenario is also referred to as G5/2rev in some reports.

H1:  Emissions for all countries in the EU set to IIASA’s H1 scenario (Amann et al, 1999b).  Emissions for other countries are set to IIASA Reference for 2010.


A fourth scenario was added towards the end of the study, following the publication of the emissions ceilings negotiated at the 31st Session of the UNECE Working Group on Strategies, on 2 September 1999, and subsequent developments prior to the signing of the Protocol.  This was termed WGS31c (after the 31st meeting of the Working Group on Strategies).  Full analysis could not be carried out on this scenario in the time available, although an indication is presented of the associated costs and benefits.

Emissions for the UK under these scenarios are summarised in Table 1.  Appendix 2 shows emissions for all UNECE countries in mainland Europe, Scandinavia, Russia, the Baltic States and the British Isles under the IIASA Reference, H1 and J1 scenarios from the RAINS analysis carried out by Amann et al (1999a, b). 

Table 1. Annual emissions of each pollutant for the UK in each scenario from 2010 on (kt)

Scenario
SO2
NOx
VOC
NH3

UKREF
784
1187
1300
319

WGS31c
625
1181
1200
297

J1
499
1181
1101
264

H1
497
1181
964
264

1.4 Earlier analyses

IIASA have produced a series of reports for the European Commission and the UNECE relating to the Directives and the Protocol (the most relevant to the position in force at the time of writing being Amann et al, 1999a, b).  These studies took a series of environmental quality objectives for acidification, eutrophication and ozone, and assessed the reduction in national emissions required to meet them in a cost-effective manner.  Table 2 provides estimated emissions and costs under each of the RAINS scenarios for the UK.  The UKREF scenario used in this study is shown for comparison, demonstrating a significant reduction to the IIASA Reference case for SO2 by 20%.

Table 2.  Estimates of emissions and costs for the UK in the RAINS scenarios (from Amann et al).  

Scenario
SO2
NH3
NOx
VOC
Total cost (£M/year)

Emissions (kt)






IIASA Reference
980
297
1186
1351


UKREF
784
319
1187
1336


WGS31c
625
297
1181
1200


J1
499
264
1181
1101


H1
497
264
1181
964


Costs* (£M/year)





WGS31c



209

J1
197
15
235(NOx and VOC)
447

H1
200
15
684(NOx and VOC)
899

* Incremental to IIASA Reference, and not UKREF

 £ = 1.5 Euro

This assessment of the benefits of abatement of SO2, NOx, NH3 and VOCs, and their comparison with the costs of abatement, follows a series of cost-benefit studies carried out by the same team.  This earlier work was undertaken in the context of both the UNECE Protocol and the proposed EU Directives on national emission ceilings and ozone (AEA Technology, 1998a,b, 1999a,b,c).  Funding was provided by several sources; DETR, DGXI of the European Commission and the Dutch Ministry of Housing, Spatial Planning and Environment (MVROM).  The studies were widely reviewed by:

· UK Government Departments and associated experts;

· Government departments in other European countries;

· European Commission DGXI, its Steering Group on Ambient Air Quality, its ad hoc Working Group on Ozone and various other DGs;

· the UNECE’s Task Force on Economic Aspects of Abatement Strategies, and its Working Groups on Effects and on Strategies;

· industry, including CONCAWE, National Power and PowerGen;

· NGOs, represented by the European Environment Bureau.

Based on a set of core assumptions, the results of the earlier work suggested that benefits would exceed costs for both the H1 and the J1 scenarios for the UK and the whole of the EC/UNECE (AEA Technology, 1999a,c).  However, under some alternative sets of assumptions it was found that the quantifiable benefits would not exceed the costs, though a number of unquantifiable effects remained outside the analysis.  These assumptions related, in particular, to the health effects assessment and include the following:

· that there is no threshold for the general population for health impacts from exposure to air pollution;

· that all fractions of PM10 are equally potent;

· that chronic exposures to PM10 are causally linked to life expectancy;

· that errors in assessment of ozone damages to crops tend to cancel out.

Obviously, it is necessary to also consider the benefits for those aspects that were not quantifiable, such as effects on ecosystems and cultural heritage.

Acceptance of this work increased substantially during the series of studies, largely as a consequence of the effort made to account for uncertainty.  A major part of the uncertainty assessment involved the development of a confidence-ranking scheme.  The ranking was determined from a survey of interested parties in UK Government, and experts in ecology, integrated assessment modelling, economics and health.  A similar scheme has been followed in this report, but based more on recent reports produced through DETR and the Department of Health (DETR, 1998, 1999; COMEAP, 1998; EAHEAP, 1999). 

1.5 Issues in benefits analysis and CosT-Benefit analysis (cba) 

The quantification of monetised benefits of environmental policy remains controversial, particularly with respect to:

· perception of the ethical implications of the use of monetisation for describing effects on health and natural ecosystems, and 

· the uncertainties that affect benefits analysis.

Ethical concerns regarding monetisation were answered succinctly in the recent EAHEAP report for the Department of Health:

“Two hard facts confront those who have to make decisions about the appropriate level of provision of public safety.  First, safety is usually not costless; and second, society has limited resources.  Consequently, a responsible decision about any proposed public safety improvement will require a judgement as to whether the resulting reduction in risk is large enough to justify incurring the cost of implementing the improvement.  Put another way: is the reduction in risk …worth more than whatever good things could be provided if those resources were diverted elsewhere?”
In its proper context ‘money’ is therefore a simple metric for weighting different types of benefit.  It is a metric that everyone is familiar with, and allows direct comparison of benefits with the costs of the measures required for achieving policy objectives.  Further to this, the use of CBA can increase the transparency of the decision making process through explicit demonstration of the effect of applying societally based valuations to various environmental goods.  Even if policy makers feel that alternative courses of action are preferable to those suggested through cost-benefit analysis, the fact that analysis has been carried out provides a baseline against which final decisions can be gauged.

The presence of uncertainty is more difficult to deal with.  These uncertainties are both numerous and significant and affect all stages of the analysis – not just monetisation.  At the present time there is dispute as to how they should be dealt with.  In this report a pragmatic approach is taken that allows full account to be taken of the uncertainties present.  It is important to distinguish between those aspects that can be quantified with a good level of confidence and those subject to a higher level of uncertainty.

It is often said that unquantified effects are forgotten in the final comparison of costs and benefits, with the effect that anything other than a full quantification provides a systematic bias to underestimation.  On the other hand, it has been said that studies that go beyond the Department of Health’s position, as given by COMEAP/EAHEAP, introduce a danger of over-estimation.  Either way, there is a danger of generating a misleading answer which may, perhaps, be worse than having no answer at all, if it provides an artificial impression of comfort.  What is needed to resolve these problems is a methodology that promotes a better understanding of the overall
 consequences of uncertainties.  This report proposes such a methodology.

A recent study (SEI, 1999) highlights problems in the assessment of abatement costs, largely because the options included in the models tend to be restricted to end-of-pipe solutions.  Available data suggest that this leads to overestimation of abatement costs, as a consequence of the failure to account for alternative measures that may well be cheaper, and a failure to account for the effects of technological change.  Representatives of industry, however, tend to say that costs are underestimated (e.g. Cocks and Rodgers, 1997).  Clearly, however, it is important to be aware of the limitations of the analysis on both sides of the cost-benefit equation.

PART 2:
Analysis of Emissions and Costs

Methods - Costs

1.6 Development of cost curves

UK cost curves were developed by AEA Technology for SO2, NOx and VOCs, and by the Imperial College Centre of Environmental Technology (ICCET) for NH3.

1.6.1 Input data

1) UK inventory data

The starting point for the cost curves was emission estimates for 1990.  For SO2, NOx and VOCs these were taken from the most up-to-date version of the UK’s National Atmospheric Emissions Inventory (NAEI 1997), and from both the NAEI and MARACCAS for NH3.

2) UK growth rates

The 1990 emission estimates were projected forward to 2010 using provisional projections of industrial growth rates provided by DTI.  Growth rates for fuel use were available for the major industrial and final-use sectors individually.  The Central (growth), High (fuel price) scenario was used in all cases.

The projected NAEI data were then converted into the emission categories used in the RAINS model developed by IIASA.  In a number of cases there is poor correspondence between NAEI source categories and those used in RAINS.  For example, whereas IIASA splits industrial combustion into boilers and other devices, the NAEI does not.  The conversion of NAEI sectors to those used by IIASA, therefore, involved some subjectivity.  The emission estimates derived in this manner represent emissions in 2010 assuming no change in the levels of control from 1990 onwards, and will be referred to hereafter as the ‘uncontrolled emissions’. 

3) UK forecasts

The cost curves also make use of UK forecasts of the impact of current legislation.  The forecasts take account of the following legislation:

· Environmental Protection Act

· Solvents Directive

· Petrol Distribution (Stage 1) Directive

· Sulphur in Liquid Fuels Directive

· Large Combustion Plant Directive

· Directives on transport emissions up to and including the legislation from Auto-Oil I: 91/441/EEC, 94/12/EC, 93/59/EEC, 91/542/EEC (Stage 1 and 2), the European Conciliation Committee and Common Position agreements on vehicle emissions (Auto-Oil) Euro III (2000) and Euro IV (2005) and European Directives Relating to the Quality of Petrol and Diesel Fuels (2000 and 2005).

These forecasts provide estimated emissions in 2010, taking into account control measures that have already been agreed, and are used in estimating UKREF emissions.

4) IIASA cost data

Cost data for use in the cost curves were taken from the methodology developed by IIASA.  The UK has previously critiqued the IIASA data, leading to extensive changes to the IIASA methodology to take account of UK comments.  In the case of the VOC and SO2 curves, some minor modifications have been made for this report to better reflect the UK situation.

1.6.2 Development of the Cost Curves

Each cost curve starts with the uncontrolled emission.  The first part of the cost curve includes those measures that are the most cost-effective means of achieving the UKREF emission.  For example, the uncontrolled VOC emission for industrial adhesives is 86.7 kt, whilst the UKREF emission is 42.7 kt, a decrease of 44 kt.  There are three options for the industrial adhesives sector - good housekeeping, the additional use of substitution, and the additional use of incineration, in ascending order of cost per tonne of VOC abated.  The reduction in emissions from the uncontrolled emission to the UKREF emission can be achieved, as shown in Table 3.

Table 3.  Development of the VOC cost curve for the industrial adhesives sector.

Measure
Marginal cost
Efficiency
Uptake
Reduction


euro/tonne
%
%
kt

Housekeeping
10
10.5
100
9.1

Substitution
400
53.9
93
34.9

Substitution
400
53.9
0
-

Incineration
6000
57.9
0
-

The housekeeping measure is the most cost effective and is applied fully.  However, this reduces emissions by only 9.1 kt.  The substitution measure is the next most cost effective, but only needs to be applied in 93% of cases in order to provide the remaining 34.9 kt of reduction necessary to give a total reduction from the sector of 44.0 kt.  Because of the need for only partial rather than complete implementation of substitution, it appears twice in the list, the extra allowing an additional 7% reduction beyond that required.  Finally, incineration is the least cost-effective measure.

Figure 1 shows a typical cost curve.  Starting from the uncontrolled emission, emissions are reduced at increasing marginal cost (indicated by the gradient) until the UKREF emission is reached.  The marginal cost of abatement just above this emission level is lower than the marginal cost of abatement just before this point is reached.  This is because the cost curve is constrained to the controls that will come in under UKREF, as a result of existing legislation.  Thus, some of the most cost-effective measures might not be used until after the baseline emission is reached, because they address sectors that are not controlled in the UKREF scenario. 

1.6.3 Development of regional cost curves

The 1997 NAEI comprises spatially disaggregated (or regional) inventories of individual pollutants and regional cost curves were, therefore, developed by using these regional inventories rather than a UK inventory.  In all other respects, the cost curve was identical, i.e. the same cost data were used and the same growth rates were assumed.  The regional inventories were developed using the same data as used to map emissions. (see section 3.2 below)

1.6.4 Uncertainties in the cost curves

There are a number of areas of uncertainty in the cost curves.  These may be divided into uncertainties regarding uncontrolled emissions, uncertainties regarding the UKREF emissions and uncertainties regarding the costs and effectiveness of the control options used in the cost curves.

The UKREF emissions data for the cost curves are taken from the 1997 NAEI.  The NAEI has been developed over a period of more than ten years, allowing the emissions data to achieve what is believed to be a good level of accuracy.  The inventory for SO2 is probably accurate to (10% while the NOx and VOC inventories are perhaps accurate to (25%. However, the NAEI is continuously being updated and improved, as the emission sources and processes are better understood or more accurate data become available. This allows historic data to be revised retrospectively and it is to be expected that the 1990 data in the NAEI published in coming years might vary from the data used in this study.

The UKREF emissions are derived by making assumptions about the percentage reduction in emissions from each emitting sector as a result of legislation.  Although these assumptions are made on the basis of a wide body of information, the approach is simple and there is scope for considerable uncertainty.  Risk analysis, carried out on an earlier set of VOC forecasts, suggested that the uncertainty in the reduction achieved was likely to be of the order of (10%.  A similar figure could be assumed for NOx and SO2.  It should be said that the emission forecasts used to generate the UKREF emissions are fairly conservative, in that no account is taken of improvements in technology, except where required by environmental legislation.  Thus, it might be expected that the UKREF emissions are more likely to be overestimated rather than underestimated.
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Figure 1.  Typical cost curve for the abatement of air pollutants subject to existing legislation.

The final source of uncertainty is the cost effectiveness data derived from the IIASA methodology.  This methodology has undergone extensive peer review throughout Europe and is considered by the authors to be the most comprehensive and accurate set of cost effectiveness data available.  Nonetheless, the data will be subject to quite large uncertainty.  The effectiveness of control measures is likely, if anything, to be overstated, since IIASA often assume that control measures can be used for all processes within a sector whereas this is not always likely to be true.

No attempt has been made to quantify the likely impact of these uncertainties in numeric terms.  However a qualitative assessment is made below (Table 4).  In all cases there are some biases to overestimation and some to underestimation.  

Table 4.  Sources of uncertainty in abatement cost estimates, and potential effects on the outcome of the analysis.  ++ and -- denote cases where the real costs could be significantly higher or lower respectively than those estimated here.  + and – identify cases where uncertainties may still influence the results, but less significantly.

Source of uncertainty
Impact on cost of reaching a given emission ceiling

Scenario uncertainties


Uncontrolled emissions data
+/-

UKREF
+/--

Option uncertainties


Effectiveness of control measures
++/-

Cost of control measures
+/-




1.7 Mapping of emission totals

UK emissions of NOx, SO2, and VOC were mapped using existing data available from the NAEI.  These include point source data for power stations and other large combustion plant, incineration plant, iron and steel processes, cement and lime processes, chemical processes, refineries, large solvent users and whisky distilleries.  Road transport emissions were mapped using information on traffic on major roads.  Other sources were treated as area sources and were distributed using regional statistics, such as fuel use or population.

Emission estimates for ammonia for the UK were obtained from three sources: the RAINS and MARACCAS models and the NAEI.  Total estimates from MARACCAS (which was taken as the main source of data for NH3 emissions and costs in this study) and the NAEI agreed well.  However, significant differences were noted when these estimates were compared with RAINS, although this was not surprising, given that knowledge of ammonia emissions is improving rapidly, in response to the demands of legislation, such as the proposed Protocol and Directive.

Ammonia was mapped taking account of both agricultural and non-agricultural sources.  The principal source of data for this was the ITE land cover database.  Ammonia emissions are dominated by livestock production.  Non-agricultural sources are numerous; including industry, emissions from catalytic converters, pets, horses, wild animals etc.  There is continuing uncertainty concerning non-agricultural emissions of ammonia for most of the EU countries.

Results - Costs

1.8 Overall costs

Cost data for each of the scenarios are shown in Table 5.

Table 5. Costs of emission reductions for the UK (£million/year) arising from movement from the UKREF scenario to the scenarios shown.
Scenario
SO2
NOx
VOC
NH3*
Total

WGS31c
34
9
18
0
61

J1
61
9
64
11 – 24
145 – 158

H1
61
9
435
11 - 24
516 – 529

*Abatement costs for ammonia emissions are shown as a range because of uncertainty about the acceptability of urea substitution, the higher end of the range assuming that it is not adopted.

For SO2 all of the scenarios can be met through the fitting of wet flue gas desulphurisation (WFGD) to coal fired power stations.  However, it should be noted that this is based on the assumption that existing UK power stations can be fitted with WFGD, which can operate at high efficiency typical of state-of-the-art systems (95%).  This may not be possible if power stations are operated at low load factors.  In 1997, UK coal fired power stations were operated at an average 45% annual load factor and the trend in recent years has been steadily downward. If the SO2 cost curve is modified so that the efficiency of the WFGD is 75%, a value more typical of stations operating at low load factors, the cost per tonne of SO2 abated by WFGD rises significantly, and the use of low sulphur coal is then a more cost–effective option for UK power stations.  However, this is not the most cost-effective abatement option when all sources of SO2  are taken into account, and other measures are required in order to meet the various emissions targets. This is illustrated in Table 6, where the measures required to meet each of the specified targets are listed in order of cost-effectiveness (marginal cost per tonne abated) and, therefore, in order of their applications to the system as a whole. Costs also rise above those shown in Table 5, to £43 million for WSG31b, £92 million for J1 and £94 million for H1.

The control measures required to achieve reductions in NOx emissions are shown in Table 7 and those required for VOC in Table 8.

The VOC reductions include measures that would affect small businesses.  If the control measures which affect these sectors are removed from the cost curve, the cost of reaching the WSG31b scenario is not affected, but the cost of reaching J1 rises above that shown in Table 5 to £71 million and H1 cannot be reached.

Table 6.  Measures used to achieve reductions in SO2 emissions assuming WFGD can be operated at 75% efficiency only.

Scenario
Sector
Measure
Cumulative emission (ktonnes)
Cumulative Cost (£ million)
Marginal cost

(£/tonne)

WGS31c
Industrial processes

Industrial boilers

Power stations burning coal
Various methods, 40% efficiency

Low sulphur coal

Low sulphur coal
709

677

625
22

30

43
233

245

245

J1
Power stations burning coal

Residential combustion

Residential combustion

Industrial boilers

Fuel conversion industry

Oil fired power stations
Low sulphur coal

Low sulphur coal

Low sulphur coke

Low sulphur coke

Low sulphur coke

Low sulphur fuel oil
622

608

605

604

603

602
44

47

48

48

49

49
245

260

260

262

262

288


Industrial boilers

Residential combustion

Shipping

Fuel conversion

Process industry

Process industry

Power stations

Fuel conversion

Off-road transport

Shipping

Fuel conversion – coal
Low sulphur fuel oil

Low sulphur fuel oil

Low sulphur fuel oil

Low sulphur fuel oil

Various methods, 70% efficiency

Various methods, 80% efficiency

Low sulphur gas oil

Low sulphur gas oil

Low sulphur DERV

Low sulphur gas oil

Limestone injection
593

588

586

566

536

521

521

521

521

500

499
52

53

54

59

70

83

83

83

83

104

105
288

288

288

288

366

837

1029

1029

1029

1029

1127

H1
Fuel conversion – coke

Fuel conversion – fuel oil
Wet flue gas desulphurisation

Wet flue gas desulphurisation
498

497
106

108
1260

1647

Table 7. Measures used to achieve reductions in NOx emissions

Scenario
Sector
Measure
Cumulative emission (ktonnes)
Cumulative Cost (£ million)
Marginal cost

(£/tonne)

All scenarios
Fuel conversion

Industrial furnaces
Combustion modifications

Combustion modifications
1182

1181
9

9
150

243

Table 8. Measures used to achieve reductions in VOC emissions.

Scenario
Sector
Measure
Cumulative emission (ktonnes)
Cumulative Cost (£ million)
Marginal cost

(£/tonne)

WGS31c
Other industrial solvent use

Domestic wood fired boilers

Refineries

Oil production and distribution
New agrochemical formulations

New appliances

Covered oil-water separators and flaring

Vapour balancing during loading
1299

1297

1254

1200
0

0

8

18
0

116

179

183

J1
Oil production and distribution

Domestic coal fired boilers

Other industrial solvent usea

Industrial adhesivesa
Refineries

Dry cleaninga

Organic chemicals manufacture

Off-road machinery

Motorcycles

Industrial paintsa
Vapour balancing during loading

New appliances

Control of seed oil extraction & leather coating

Housekeeping & substitution

Incineration

Conventional closed circuit machines

Incineration

Oxidation catalysts

Oxidation catalysts

Substitution
1193

1181

1179

1177

1173

1172

1139

1127

1108

1100
19

22

22

23

24

25

39

46

57

64
218

271

276

319

364

439

600

600

803

H1
Industrial paintsa

Rubber processinga

Retail decorative paints

Offset printing

Trade decorative paints

Degreasing (new installations)a

Publication gravure

Oil production and distribution

Petrol distribution, stage 1

Vehicle refinishinga

Degreasing (new installations)a
Organic chemicals manufacture

Dry cleaning (new installations)a

Dry cleaninga
Domestic solvent use

Packaging printing (new installations)

Packaging printing

Oil production and distribution

Organic chemicals storage

Degreasing (new installations)a

Degreasinga

Screen printinga

Industrial adhesivesa

Screen printing (new installations)a

Wood preservation (new installations)a

Automobile coating (new installations)

Retail decorative paints
Substitution

End-of-pipe abatement

Substitution with waterborne paints

Incineration

Substitution with waterborne paints

Carbon adsorption

Enclosure and carbon adsorption

Minimisation of venting

Single stage vapour recovery

Substitution

Conveyorised degreasing with carbon adsorption

Monthly leak detection and repair

New generation closed circuit machines

New generation closed circuit machines

Reformulation of products

Incineration

End-of-pipe abatement

Minimisation of flaring

Single stage vapour recovery unit

Water based systems or plasma processes

Water based systems and conveyorised degreasing

Enclosure and end-of-pipe abatement

Incineration

Enclosure and end-of-pipe abatement

Carbon adsorption

End-of-pipe abatement

Substitution with waterborne and high solids paints
1092

1090

1085

1084

1081

1079

1078

1063

1062

1062

1056

1053

1051

1050

1015

1015

1014

991

990

980

976

976

973

972

966

964

964
71

72

78

79

83

86

86

108

110

110

124

131

137

138

237

238

242

323

328

364

379

380

395

398

426

433

437
803

1000

1111

1230

1250

1281

1361

1407

1905

2067

2167

2477

2759

2759

2843

3088

3415

3502

3865

3896

4017

4019

4110

4466

4571

4689

4848

a -  sector includes small businesses

1.9 Regional costs

The regional allocation of emissions for each scenario is shown in Table 9 to Table 12 below.

Table 9. Regional allocation of emissions of NOx (kt)

Scenario
England
Scotland
Wales
N. Ireland

UKREF
992
102
59
32

WGS31c//J1/H1
987
101
58
32

Table 10. Regional allocation of emissions of SO2 (kt)

Scenario
England
Scotland
Wales
N. Ireland

UKREF
602
57
100
25

WGS31c
468
43
94
20

J1
362
32
89
16

H1
360
32
89
16

Table 11. Regional allocation of emissions of VOC (kt)

Scenario
England
Scotland
Wales
N. Ireland
Offshore

UKREF
883
207
55
26
129

WGS31c
852
184
47
26
92

J1
773
174
43
23
87

H1
689
155
39
21
61

Table 12. Regional allocation of emissions of NH3 (kt)

Scenario
England
Scotland
Wales
N. Ireland

Reference/WGS31c
202
42
24
30

J1/H1
182
36
20
26

The regional split of costs for each scenario is shown in Table 13.  The cost ranges shown in the Table represent uncertainty with respect to ammonia abatement measures, in particular whether or not urea substitution will be allowed.  This has a substantial influence on the costs in Northern Ireland and Wales under the J1 scenario.

Table 13.  Costs by region (£million/year) arising from movement from the UKREF scenario to the scenarios shown.

Scenario
England
N. Ireland
Scotland
Wales
Offshore

WGS31c
41
1
8
3
7

J1
108 – 116
4 – 6
16 – 18
7 – 9
8

H1
339 - 347
11 – 13
68 - 71
19 - 21
77

PART 3:
Quantification of Benefits and the Comparison of Costs and Benefits

Methods - Benefits

1.10 Overview

The analysis presented in this Part of the report proceeds through:

· description of the effects of the four pollutants;

· quantification of the impacts and associated economic benefits of reducing emissions;

· comparison of these benefits with costs in a structured manner that retains account of the uncertainties that affect the assessment.

The framework for the analysis of benefits is shown in Figure 2.  The main models used were:

· ALPHA (Atmospheric Long-range Pollution Health/environment Assessment)(see AEA Technology, 1999a)

· ALPHA-UK (see Holland et al, 1999)

· RAINS (Amann et al, 1999)

ALPHA and ALPHA-UK were both developed by AEA Technology to quantify impacts of air pollution on health, building materials, agriculture, forestry and visibility.  ALPHA, operating at a resolution of 150 by 150 km provides analysis over the whole of Europe, and was used in the analysis carried out for UNECE and the European Commission.  As its name suggests, the GIS based ALPHA-UK, used in support of the recent review of the National Air Quality Strategy, provides a much more detailed assessment for the UK.  In this study it has been run at a resolution of 10 by 10 km.  Neither model includes analysis of ecosystem effects; for these RAINS was used for the European scale, and the databases held by ITE for a more detailed appraisal for the UK.
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Figure 2.  Stages of the benefits analysis.

1.11 Effects of the Pollutants

Reported effects of the four pollutants addressed by the Protocol and Directive are listed in Table 14, including effects of related secondary pollutants.  For some of the effects shown there is debate as to whether they are real or not.  However, there are undoubtedly some effects yet to be identified.

1.12 Sources of data for the analysis

As Figure 2 clearly shows, the analysis requires a large amount of data.  The sources used are described in:

· Appendix 4 (assessment of pollution deposition and concentration in the UK)

· Appendix 5 (calculations made using the RAINS model)

· Appendix 6 (analysis of effects on health, building materials, agriculture, forestry and other ecosystems). 

To the extent possible, exposure-response functions, valuations, etc. are based on earlier studies for DETR (for review of the NAQS) and the Department of Health (COMEAP and EAHEAP).  Where this is not possible alternative sources have been used, particularly the European Commission’s ExternE Project (European Commission 1995, 1999) which provides a framework for a holistic assessment and for a systematic and thorough consideration of uncertainties across all of the receptors of importance here.

1.13 Characterising uncertainties

As noted above, one of the main difficulties in cost-benefit analysis concerns the fact that, to take a holistic view of benefits, it is necessary to consider effects that can be quantified with limited confidence alongside those that can be quantified well.  If all of the economic data on benefits are combined to give a single figure of benefit, it is not possible to gain an appreciation of the extent to which any comparison of cost and benefit may be considered robust.  

In previous work a structured sensitivity analysis for air quality benefits appraisal was developed.  This sought to retain understanding of the confidence associated with the different types of benefit to be gained from pollution abatement in a transparent manner.  The same principle is applied here.  

For this study the approach has been adapted in a manner that is more consistent with previous analyses conducted for DETR and the Department of Health, as regards the ranking and grouping of benefits.  It has also been extended to provide a more explicit assessment of possible ranges in the overall benefits.

Table 14.  Effects of abatement of emissions of SO2, NOx, NH3 and VOCs.  An assessment (albeit partially subjective) of the likely importance of each effect following a reduction in emissions is shown in the final column: ‘+++’ benefit from reduction, very important, through to ‘-‘ slight cost from abatement (e.g. through reduced fertilisation of crops with S or N).  ‘?’ denotes effects for which particular uncertainty exists, for example concerning the existence of chronic effects of air pollutants on morbidity, or the importance of visibility reductions.

Effect
Importance of effects

Health



Ammonium sulphate and nitrate aerosols



acute – mortality



chronic – mortality



acute – morbidity



chronic – morbidity
+++

+++?

++

++?


Ozone



acute – mortality



acute – morbidity



chronic – morbidity
+++

++

?


SO2


acute – mortality



acute – morbidity



chronic – morbidity
+++

++

?


Direct effects of VOCs on mortality and morbidity
++?


Direct effects of NO2 on mortality and morbidity
++?


Altruistic effects of the above health impacts
+++?


Impacts on competitiveness of businesses linked to the above health effects (via



changes in rates of absenteeism,



demand for pharmaceutical products,



consumer demand via changes in mortality rates)
++?

Materials



SO2 / acid effects on utilitarian  buildings
++


Effects on cultural assets
+++?


Effects on steel in re-inforced concrete
+


Effects of O3 on paint
no significant effect


Effects of ozone on rubber
+


Macroeconomic effects
++?

Crops



Direct effects of SO2 and O3 on crop yield
++?


Indirect SO2 and O3 effects on livestock
+


N deposition as fertiliser
--


Interactions between pollutants, with pests and pathogens, climate...
--/++


Acidification/liming
+


Macroeconomic effects
++?

Forests



O3 effects on timber production
+?


Non-O3 effects
++?


Non-timber benefits of forests
++?


Exceedence of critical load for eutrophication
++?


Exceedence of critical load for acidification
++?

Other ecosystems



Exceedence of O3 critical level
++


Exceedence of critical load for eutrophication
+?


Exceedence of critical load for acidification
+++

Visibility



Change in amenity
++?

Secondary effects of pollution abatement measures on pollutants not considered under the Directive/Protocol (e.g. greenhouse gases)
--/+++

The benefits are quantified in a series of stages, starting with the aspects that can be quantified with the least uncertainty:

· pollutant exposures;

· assessment of the effects quantified by the Interdepartmental Group on Costs and Benefits (IGCB):

· critical loads exceedence;

· mortality and respiratory hospital admissions linked to short term pollutant exposures;

· damage to building materials;

· change in crop yields.

Analysis to this stage has previously been accepted by UK Government departments, for example in the review of the National Air Quality Strategy, and hence provides the results upon which the greatest stress is placed in this report.  However, it excludes assessment of a number of effects that have been reported in the literature.  This introduces a likely bias towards underestimation of the effects of air pollution.  It also excludes valuation of health effects on the grounds that available data are too uncertain.  

The application of uncertain data clearly provides the threat that the results derived using them could be misleading.  However, the exclusion of effects, particularly those for which there is a strong logic
 for inclusion, also provides a threat that results will be misleading; it could be said to imply an unwarranted degree of assurance that present conditions are acceptable; that the benefits of pollution abatement are less than they really are.  With this in mind the analysis has been extended to a number of additional aspects, quantified in a sensitivity analysis that follows assessment of the issues identified above.  These aspects, in order of increasing uncertainty, are as follows:

· assessment of additional health effects for which COMEAP provided exposure-response functions, but did not use them in its quantification exercise;

· application of the ranges in valuation data identified by EAHEAP.  This monetisation will undoubtedly be controversial given the previous conclusion of Department of Health Ministers that available health valuation data were not robust enough to be applied in support of policy (DETR, 1999);

· application of additional exposure-response functions reported in the literature, but for which there are outstanding issues of interpretation and greater concern over the accuracy of predictions made.

In addition to this structured approach, individual elements of uncertainty are discussed as they arise in the next section and in the Appendices.

2 Results - Benefits

2.1 Pollutant exposures

Table 15 highlights change in exposure to photo-oxidants and PM10 (in the form of aerosols generated chemically in the atmosphere following emission of SO2, NOx and NH3).  The change in PM10 is expressed as a percentage against total PM10 (i.e. including primary particulates as well as the secondary aerosols) across the UK.

These results are particularly important to UK policy because imports of both classes of pollutant (and their precursors) create difficulty in meeting objectives laid down in the NAQS.  The third column of the table includes benefits from UK abatement as well as the other UNECE Member States.  Accordingly, the difference between columns 2 and 3 represents the contribution to UK benefits from abatement in countries outside of the UK.

AOT40 and AOT60 provide information on the extent to which peak ozone concentrations are reduced.  For example, AOT60 is calculated by subtracting 60ppb from hourly ozone concentrations over the year.  Results, where positive (i.e. for which measured or modelled ozone is in excess of 60 ppb) are then summed over the year to give total exposure in excess of 60 ppb.  The combination of time and concentration gives an indication of annual dose in excess of possible thresholds.

AOT40 is of interest because research on crops, particularly wheat, indicates a threshold around 40 ppb.  AOT60 is selected as an indicator for health impacts (WHO, 1997) though evidence for a threshold for ozone effects on health is far from conclusive, and is indeed contradicted by the results of a number of epidemiological studies.  Taken together, AOT40 and AOT60 provide some indication of progress to meeting the NAQS objective of 50 ppb as a running 8-hour mean.  Effects on peak concentrations do not provide good guidance on the consequences for mean exposures, which were not modelled in this study.

The results in Table 15 show a relatively small decline in mean particle exposure, but a significant (>10%) fall in metrics of peak ozone exposure for both scenarios J1 and H1.  The importance of the PM10 reductions associated with each scenario is possibly downplayed by expressing them in terms of % of mean exposure levels.  A substantial fraction (estimated at around a third to a half) of particle exposure arises from natural and other sources which are largely beyond human control.  On this basis, the reductions in particulate exposure shown in the Table should be roughly doubled, to show the effect on the component of concentration that can potentially be controlled.  Overall, the benefits to be gained under WGS31c from abatement within the UK are roughly half those of H1 and J1.

Table 15.  Fall in PM10 exposures
 as a consequence of moving to scenarios of increasing emissions abatement.  Figures for 1990 and UKREF show predicted total PM10 exposure metrics in 1990 and 2010 respectively, figures for other scenarios show % change compared to UKREF.


Benefit to UK from UK abatement
Benefit to UK from UNECE abatement

Population weighted mean particulate exposure, µg/m3

1990
25.51)
25.51)

UKREF1)
19.11)
19.11)

WGS31c
-0.8%
-0.9%

J1
-1.8%
-2.9%

H1
-1.8%
-2.5%





AOT40 ppm.hours.area2)


1990
204
204

UKREF
148
148

WGS31c
-7%
-13%

J1
-13%
-25%

H1
-22%
-35%





AOT60 million person ppm.hours2)

1990
125
125

UKREF
75
75

WGS31c
-5%
-16%

J1
-12%
-35%

H1
-20%
-40%





Note: nq = not quantified.

1) Baseline particles data based on Stedman et al (1997 and 1999; for 1995 and 2005 respectively) increased by a factor of 1.3 to account for under-estimation of certain species through the use of TEOMs in the monitoring network.  

2) Ozone data are taken from estimates generated using the web version of the RAINS model.

2.2 Critical loads exceedence

The concept of critical loads for deposition of acidifying and nutrifying pollutants has developed since the mid-1980s, and forms the basis of much of the analysis carried out for both UNECE and the European Commission in developing emission targets.  The critical load defines a threshold for pollutant deposition, beyond which ecological change is likely to occur.  In some cases the changes linked to exceedence of critical loads can be dramatic, as in the loss of trout and salmon from acidified freshwater systems.  In others the changes might be more subtle.  The subject is reviewed in depth in the reports of the Review Group on Acid Rain and INDITE (Impacts of Nitrogen Deposition in Terrestrial Ecosystems), produced for DETR.

Critical loads work for the UK up until 1994 (the date of the Second Sulphur Protocol) was based on a map of 1x1km acidity critical loads for soils.  The critical load values were assigned on the basis of the mineralogy of the dominant soil type in each 1km square.  At that point in time acid deposition was considered in terms of sulphur deposition only, ignoring any additional acidification from nitrogen deposition or any ameliorating effects of base cation (calcium & magnesium) deposition.  Exceedances of the critical load (ie the level of deposition above the critical load) were, therefore, calculated using sulphur deposition only. The exceedance maps generally showed high exceedance values in the north and west of Britain, where critical loads tend to be lower (due to thinner, base-poor soils) and sulphur deposition higher.  This sulphur deposition was generally highest in central Britain (the area around the major power station sources) and in the north and west where the amount of rainfall is also high.

The multi-pollutant multi-effect Protocol (signed in 1999) was developed for the control of sulphur and nitrogen pollutant emissions and addressed the problems of acidification and eutrophication.  For this work, acidification included the effects of both sulphur and nitrogen deposition, so new calculations had to be performed to give estimates of critical loads and their exceedances.  The methods developed and used in the UK are the same as those agreed internationally by the Task Force on Mapping, under the UNECE Convention on Long Range Transboundary Air Pollution (LRTAP).  Each country under the Convention calculates critical loads for ecosystems they consider to be sensitive to acidification and/or eutrophication.

In the UK
 critical loads are calculated for five soil-vegetation ecosystems ie acid grassland, calcareous grassland, heathland, coniferous woodland and deciduous woodland. These critical loads also take into account nitrogen and base cation uptake and other removal processes (ie, nitrogen immobilisation) within the ecosystems.  In addition, critical loads are calculated for 1445 lake or headwater streams throughout Great Britain; these are generally high altitude sites with small catchment areas. 

To calculate exceedances of these acidity critical loads, non-marine sulphur, nitrogen (both oxidised and reduced) and non-marine base cation deposition are taken into account.  Deposition maps for 1992-94 show the highest non-marine sulphur in central England, the mountains of Wales and south-west Scotland.  Nitrogen deposition is generally lower across Scotland compared to England and Wales.  Non-marine base cation deposition is high across the western half of the UK but with the highest values in the north west of Scotland.  Inputs of sulphur and nitrogen deposition acidify, whereas non-marine base cation deposition “buffers” the incoming acidity and can ameliorate the effects of acidification.  So, the net incoming acid deposition is the sum of the non-marine sulphur and nitrogen deposition less the amount of non-marine base cation deposition.  Figure 3 clearly shows high net acid deposition across much of the UK, but with lower values in the far north of Scotland, the west coast of Scotland and the west of Northern Ireland. When this net deposition is compared with the critical load values, it gives rise to the small exceedance values, or even areas of non-exceedance in these parts of Scotland and Northern Ireland.  Similar patterns of exceedance are also obtained when estimates of acid deposition for 2010 are used. 

In practice, non-marine base cation deposition is included in the calculation of critical loads, rather than as part of the net acid deposition, because:

(i) The EMEP model used to provide estimates of sulphur and nitrogen deposition at the European scale, does not provide values for non-marine base cation deposition.  The EMEP model deposition data are used in the calculation of critical load exceedances for Europe, and in particular for looking at future emission and deposition scenarios for 2010.  Individual countries under the LRTAP Convention use their national estimates of base cation deposition in their calculations of critical loads;

(ii) The HARM model used in the UK to look at emission and deposition scenarios for the future also excludes base cation deposition.

However, the way in which base cation deposition is incorporated in the calculation of critical loads gives the same results as including it in the sum of net acid deposition.

The change in critical loads exceedence through the different scenarios in England, Northern Ireland, Scotland, Wales and the UK as a whole is shown in Table 16 and Table 17.  Table 18 and Table 19 show improvements compared to the UKREF scenario.  The data shown in these Tables relate to the area over which exceedence is predicted.  Further information is given in Appendix 7.  Table 16 and Table 17 have different total ecosystem areas for two reasons:

· critical loads for nutrient nitrogen are not calculated for UK freshwater ecosystems;

· the number of grid squares (and therefore ecosystem areas) for which nutrient nitrogen critical loads are available is slightly smaller than the number for which acidity data are available for the UK.

In general ecosystems at high elevation in the UK tend to be at the greatest risk.  Given the uneven distribution of ecosystems across the UK, it follows that exceedence of critical loads would not affect equally all species, types of ecosystem, etc. within each group shown in the Tables.  Even slight exceedence of critical loads (using % at risk, as reported here) could in theory have a significant and long-term impact, for example affecting the viability of a species.

Figure 3  Acid deposition in the UK, 1992-1994.
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England and Wales

The two countries are treated together as the trends shown are very similar.  Under the UKREF scenario the most significant exceedence of critical loads for both acidification and eutrophication would appear to affect acid grassland and heaths.  Even under the most restrictive (J1) scenario it is estimated that 25% of acidic grasslands (by area) would show exceedence of the critical load for acidification.  However, there is appreciable exceedence also for deciduous and coniferous forests and freshwaters.

2.2.1 Northern Ireland

There is only very slight exceedence of the critical load for acidification on acidic grassland in Northern Ireland.  No other impacts are expected.

2.2.2 Scotland

Problems of acidification in Scotland are less pronounced than in England and Wales, but greater than in Northern Ireland.  The ecosystems most affected are predicted to be acidic grasslands and coniferous forests.  Our results indicate that eutrification is unlikely to be a problem in Scotland under any scenario.

2.2.3 United Kingdom

The general patterns seen for England and Wales are repeated for the UK as a whole.  They are, however, less pronounced, as a consequence of the limited exceedence of critical loads in Scotland.

In addition to the results presented above, maps of total areas exceeded were prepared for each scenario.  Examples are shown in Figure 4.  The maps demonstrate the uneven distribution of exceedence noted above, this reflecting variation in both the sensitivity of ecosystems and in deposition.  Of particular note are problems for acidic grasslands in Wales, the Pennines and Southern Scotland.

Table 16.  Exceedence of critical loads for acidification across the UK under different scenarios.  Ecosystem area in hectares, exceedences by % of area.

England
Ecosystem area (ha)
UKREF
H1
J1

Acid grassland
1126445
37
25
23

Calcareous grassland
855030
0.0
0.0
0.0

Heath
139459
24
4.9
3.8

Coniferous woodland
181039
6.9
6.2
4.9

Deciduous woodland
647548
5.6
2.1
1.7

Freshwaters
142860
6.6
5.5
4.8

All ecosystems
3092381
17
10
9.5







Northern Ireland
Ecosystem area (ha)
UKREF
H1
J1

Acid grassland
132145
0.20
0.10
0.05

Calcareous grassland
146958
0.00
0.00
0.00

Heath
31176
0.00
0.00
0.00

Coniferous woodland
50629
0.00
0.00
0.00

Deciduous woodland
26839
0.00
0.00
0.00

Freshwaters
0
0.00
0.00
0.00

All ecosystems
387747
0.07
0.02
0.02







Scotland
Ecosystem area (ha)
UKREF
H1
J1

Acid grassland
3736432
6.2
2.8
2.2

Calcareous grassland
0
0.0
0.0
0.0

Heath
709889
0.3
0.1
0.1

Coniferous woodland
429652
4.5
3.5
3.1

Deciduous woodland
122452
1.4
0.4
0.2

Freshwaters
171155
0.3
0.2
0.2

All ecosystems
5169580
5
2.4
1.8







Wales
Ecosystem area (ha)
UKREF
H1
J1

Acid grassland
462379
54
29
25

Calcareous grassland
14400
0.0
0.0
0.0

Heath
111726
22
11
8.4

Coniferous woodland
76801
4.2
3.4
3.0

Deciduous woodland
236779
3.5
2.5
2.1

Freshwaters
26438
2.6
1.3
1.2

All ecosystems
928523
31
17
14







United Kingdom
Ecosystem area (ha)
UKREF
H1
J1

Acid grassland
5457401
16
9.5
8.4

Calcareous grassland
1016388
0.0
0.0
0.0

Heath
992250
6.1
2.0
1.6

Coniferous woodland
738121
4.5
3.9
3.3

Deciduous woodland
1033618
4.1
1.9
1.6

Freshwaters
340453
2.9
2.5
2.2

All ecosystems
9578231
11
6.2
5.4

Table 17.  Exceedence of critical loads for eutrophication across the UK under different scenarios.  Ecosystem area in hectares, exceedences by % of area.

England
Ecosystem area (ha)
UKREF
H1
J1

Acid grassland
1126445
9.0
4.5
4.2

Calcareous grassland
855030
0.0
0.0
0.0

Heath
139459
11
5.1
4.9

Coniferous woodland
181039
0.6
0.1
0.1

Deciduous woodland
647548
1.3
0.4
0.4

All ecosystems
2949521
4.2
2.0
2.0







Northern Ireland
Ecosystem area (ha)
UKREF
H1
J1

Acid grassland
132145
0
0
0

Calcareous grassland
146958
0
0
0

Heath
31176
0
0
0

Coniferous woodland
50629
0
0
0

Deciduous woodland
26839
0
0
0

All ecosystems
387747
0
0
0







Scotland
Ecosystem area (ha)
UKREF
H1
J1

Acid grassland
3736432
0
0
0

Calcareous grassland
0
0
0
0

Heath
709889
0
0
0

Coniferous woodland
429652
0
0
0

Deciduous woodland
122452
0
0
0

All ecosystems
4998425
0
0
0







Wales
Ecosystem area (ha)
UKREF
H1
J1

Acid grassland
462379
7.7
5.5
4.7

Calcareous grassland
14400
0.0
0.0
0.0

Heath
111726
11
9.3
7.6

Coniferous woodland
76801
2.8
1.2
1.1

Deciduous woodland
236779
3.6
1.1
0.7

All ecosystems
902085
6.5
4.4
3.6







United Kingdom
Ecosystem area (ha)
UKREF
H1
J1

Acid grassland
5457401
2.5
1.4
1.3

Calcareous grassland
1016388
0.0
0.0
0.0

Heath
992250
2.8
1.8
1.5

Coniferous woodland
738121
0.4
0.1
0.1

Deciduous woodland
1033618
1.6
0.5
0.4

All ecosystems
9237778
2.0
1.1
1.0

Table 18.  Exceedence of critical loads for acidification across the UK under different scenarios: Improvement compared to the UKREF scenario.  



UKREF
J1
H1



Critical loads exceedence by area
Reduction in  exceedence against UKREF (ha)

England 
Total area (ha)
ha
% of total
ha
ha

Acid grassland
1126445
424663
38%
163476
140025

Calcareous grassland
855031
0
0.0%
0
0

Heath     
139460
33949
24%
28683
27132

Coniferous woodland
181039
12535
6.9%
3729
1374

Deciduous woodland
647548
35947
5.6%
25248
22044

Freshwater
142861
9495
6.6%
2654
1599

All Ecosystems  
3092383
516588
17%
223791
192174








Northern Ireland 
Total area (ha)
ha
% of total
ha
ha

Acid grassland
132145
260
0.2%
199
183

Calcareous grassland
146958
0
0.0%
0
0

Heath     
31176
0
0.0%
0
0

Coniferous woodland
50629
0
0.0%
0
0

Deciduous woodland
26839
0
0.0%
0
0

Freshwater
0
0
0.0%
0
0

All Ecosystems  
387747
260
0.1%
199
183








Scotland 
Total area (ha)
ha
% of total
ha
ha

Acid grassland
3736432
232950
6.2%
152343
127628

Calcareous grassland
0
0
0.0%
0
0

Heath     
709889
2387
0.3%
1836
1729

Coniferous woodland
429653
19192
4.5%
5874
4199

Deciduous woodland
122453
1705
1.4%
1513
1239

Freshwater
171155
453
0.3%
123
102

All Ecosystems  
5169582
256687
5.0%
161688
134897








Wales
Total area (ha)
ha
% of total
ha
ha

Acid grassland
462380
251480
54%
134942
115231

Calcareous grassland
14401
0
0.0%
0
0

Heath     
111727
24328
22%
14939
12502

Coniferous woodland
76802
3228
4.2%
914
634

Deciduous woodland
236780
8340
3.5%
3413
2350

Freshwater
26439
700
2.6%
391
368

All Ecosystems  
928528
288077
31%
154599
131086

Table 19.  Exceedence of critical loads for eutrophication across the UK under different scenarios: Improvement compared to the UKREF scenario.  



UKREF
J1
H1



Critical loads exceedence by area
Reduction in  exceedence against UKREF (ha)

England 
Total area (ha)
ha
% of total
ha
ha

Acid grassland
1126445
101715
9.0%
53803
51440

Calcareous grassland
855031
0
0.0%
0
0

Heath     
139460
14981
11%
8180
7867

Coniferous woodland
181039
1020
0.6%
762
752

Deciduous woodland
647103
8591
1.3%
5963
5948

All Ecosystems  
2949078
126308
4.3%
68708
66005








Northern Ireland 
Total area (ha)
ha
% of total
ha
ha

Acid grassland
132064
0
0.0%
0
0

Calcareous grassland
146958
0
0.0%
0
0

Heath     
31176
0
0.0%
0
0

Coniferous woodland
50629
0
0.0%
1
0

Deciduous woodland
26839
0
0.0%
0
0

All Ecosystems  
387666
0
0.0%
0
0








Scotland 
Total area (ha)
ha
% of total
ha
ha

Acid grassland
3736432
0
0.0%
0
0

Calcareous grassland
0
0
0.0%
0
0

Heath     
709889
0
0.0%
0
0

Coniferous woodland
429653
0
0.0%
0
0

Deciduous woodland
122453
0
0.0%
0
0

All Ecosystems  
4998427
0
0.0%
0
0








Wales
Total area (ha)
ha
% of total
ha
ha

Acid grassland
462380
35540
7.7%
13749
10002

Calcareous grassland
14401
0
0.0%
0
0

Heath     
111727
12046
11%
3535
1654

Coniferous woodland
76632
2181
2.8%
1348
1283

Deciduous woodland
236728
8584
3.6%
6860
5906

All Ecosystems  
901867
58352
6.5%
25492
18845
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Figure 4.  Specimen maps showing the percentage change in area under critical loads exceedence for acidification between the UKREF and J1 scenarios.

2.3 Results for impacts on crops, materials, mortality and respiratory hospital admissions

Results for the set of impacts quantified by the IGCB in its review of the NAQS are shown in Table 20.  Results disaggregated by country are shown in Table 21.  There are some apparent inconsistencies in the Table with respect to crops and materials damage, comparing, for example, damages in the UK caused by UK and full-UNECE emissions respectively.  These arise through the use of different models of pollutant chemistry and dispersion for analysis at different scales, and (in the case of the analysis of impacts on crops) as a result of the balance between positive and negative effects of reducing emissions of SO2 and nitrogenous pollutants.  They do not, however, greatly affect the outcome of the comparison of costs and benefits.  Results for the health impacts are based on best estimates of exposure-response functions.  Results are given in Appendix 8 for the range in functions provided by COMEAP/EAHEAP.

Table 20.  Reductions in pollution damages to crops and materials (in terms of monetary benefit), and from acute exposures on premature mortality and respiratory hospital admissions (RHAs) through movement from UKREF to each scenario.  Units shown in left hand column.

Effect
Scenario
UK to UK
UK to
UNECE (including UK) 




UNECE
to UK

Crop damage
WGS31c
6
10
nq

(£ million)
J1
14
20
10


H1
25
40
17







Materials damage
WGS31c
2
3
5

(£ million)
J1
4
4
15


H1
4
4
15







Premature
WGS31c
160
350
160

mortality(cases)
J1
330
700
540


H1
380
880
530







RHAs,
WGS31c
90
240
110

additional/
J1
190
530
350

brought forward
H1
240
760


377

The results for crop damages shown in Table 20 imply a lower level of benefit to crops in the UK from abatement across the UNECE than from abatement in the UK alone.  This is a function of the complexity of the assessment of crop damage, which brings together effects that are both damaging to crops (i.e. direct effects of ozone, acidification) and effects that are potentially beneficial (fertilisation with sulphur and nitrogen).  For other receptors the issue of potential benefit from increased exposure does not arise.

Results for the health effects are broken down by pollutant (including the most important secondary species) for each region of the UK in Table 22 for the J1 scenario.  For effects on crops, materials, and, for health for SO2 and the secondary aerosols, the split by country follows the detailed mapped analysis.  The split for ozone effects on health has been made by extrapolation from the results for crops.  Benefits are concentrated in England, partly through the population distribution and partly through proximity to mainland Europe.  Benefits are spread fairly evenly across the pollutants listed, though ammonium aerosols play a lesser role than the other pollutants.

Table 21.  Regional breakdown of reductions in pollution damages to crops and materials (in terms of monetary benefit), and from acute exposures on premature mortality and respiratory hospital admissions (RHAs) through movement from UKREF to each scenario, for abatement across UNECE. Units shown in left hand column.  Results were not available for scenario WGS31c.

Effect
Scenario
England
Northern Ireland
Scotland
Wales

Crop damage
J1
10
0
-0.9
1.1

(£ million)
H1
16
0
-0.7
1.5








Materials damage
J1
13
0.5
0.7
0.8

(£ million)
H1
13
0.5
0.7
0.8








Premature
J1
490
6
18
23

mortality(cases)
H1
480
5
14
23








RHAs,
J1
330
2
8
14

additional/
H1
350
2
7
19

brought forward






Some discussion of the health effects is needed to aid interpretation.  Firstly, the extent to which short term (acute) exposures affect mortality: clinical judgement suggests that those at risk are already ill, probably seriously, and as such are likely to have only a very limited life expectancy.  For respiratory hospital admissions it is uncertain to what extent the results show additional cases, and to what extent they are simply cases that would have occurred anyway within a limited period.  Again, clinical judgement suggests that those affected are not in the prime of health.  These factors clearly complicate valuation of health effects.  

A further factor relates to uncertainty over the mechanism of pollutant action on health.  Knowledge of mechanisms would undoubtedly improve the quality of assessment for all of the health-damaging pollutants for which effects are quantified here.  Relative to mechanism, the following caveats should be drawn against the health assessment in this study:

· all fractions of PM10 are assumed to be equally potent;

· ozone effects are quantified only for the case where a threshold of 50 ppb is assumed.  The figure of 50 ppb follows the analysis carried out for Department of Health (1998), rather than the 60 ppb preferred by WHO.  A lack of data on average ozone levels (rather than peaks) prevented assessment of effects assuming that there is no threshold.

Potential effects of VOCs and NO2 have also been omitted from the analysis.  For VOCs the inventory would need to be speciated before any assessment of health effects could be undertaken.  Even then, exposure-response data tends to be lacking.  For NO2 the evidence for health effects from epidemiological studies is regarded here to be too inconsistent.  It could also generate a risk of double counting if exposure-response functions are not adequately characterised and the perceived effects of NO2 are, in reality, attributable to other pollutants.

On the other hand, there is evidence for a number of additional effects on health from exposure to air pollution.  These effects are explored below, and include hospital admissions for heart disease and effects on asthmatics.

Table 22.  % split between pollutants with respect to health effects.  The reference point for this assessment is the J1 scenario, mid estimate of acute effects on mortality.  Ozone effects calculated with threshold only.

Pollutant
England
N. Ireland
Scotland
Wales
UK

NO3
17%
0.2%
0.7%
0.7%
18%

NH4
5%
0.0%
0.3%
0.2%
6%

SO4
17%
0.4%
1.3%
0.9%
1%

SO2
28%
0.3%
1.0%
1.1%
30%

Ozone
23%
0.0%
0.1%
1%
26%

Overall
90%
1%
3%
4%
81%

2.4 Application of additional exposure-response functions identified by COMEAP

The COMEAP and EAHEAP reports included a number of exposure-response functions for effects of fine particles, additional to those reported above.  However, quantification of these effects was considered to be less certain on grounds of:

· evidence being based on a relatively small number of studies; 

· lack of data specific to the UK; 

· consistency in outcomes of different studies; and 

· availability of appropriate baseline data for incidence of effects.

However, given that the functions identified were based on the results of well-conducted studies, it is appropriate, in the context of this analysis, to accept them (whilst recognising the uncertainties that are present) in order to achieve a holistic overview of the effects of emissions abatement.

Results are given in Table 23 and show the number of cases either additional or brought forward, rather than the additional number of people affected.  Again, results are based on the use of best estimates of exposure-response functions.

Results in the Table for cardiovascular disease are not additional to those for ischaemic heart disease and congestive heart failure.  However, it is notable that both sets of functions indicate broadly similar totals.  Results for cerebrovascular hospital admissions (stroke) are, however, additional to both groups.

The following effects were quantified for asthmatics:

· bronchodilator usage

· cough

· wheeze

Of these effects the most objective are undoubtedly changes in the frequency of use of bronchodilators.  There is some possibility that adding together all three effects could lead to double counting (e.g. use of a bronchodilator to relieve other symptoms).  Accordingly, for a lower estimate of the number of symptoms, bronchodilator usage only is taken, whilst the upper estimate adds the number of all three types of effect together.  The difference is within a factor of 2 for all scenarios.  The results raise questions on which effects might be considered to be the most serious: effects on heart disease and stroke, because of severity at the level of the individual sufferer, or effects on asthmatics as a consequence of the much larger number of people affected.

Table 23.  Effects of secondary aerosols on heart disease, cardiovascular disease and asthmatics.

Effect
Scenario
UK to UK
UK to
UNECE (including UK) 




UNECE
to UK

Cardiovascular 
WGS31c


nq

disease in the 
J1
85
150
140

elderly (hospital
H1
86
150
120

admissions)











Congestive heart
WGS31c


nq

failure (hospital
J1
50
88
80

admissions) in
H1
50
89
67

the elderly











Ischaemic heart 
WGS31c


nq

disease (hospital
J1
47
83
75

admissions) in
H1
47
84
63

the elderly











Cerebrovascular
WGS31c




hospital 
J1
50
88
80

admissions
H1
50
89
67

(all ages)











Bronchodilator
WGS31c


nq

usage in children
J1
155,000
280,000
250,000

and adults
H1
160,000
280,000
210,000

(person days)











Cough in 
WGS31c


nq

asthmatic adults
J1
180,000
320,000
290,000

and children 
H1
180,000
320,000
240,000

(person days)





Wheeze in 
WGS31c


nq

asthmatic adults
J1
86,000
150,000
140,000

and children 
H1
86,000
150,000
120,000

(person days)





2.5 Application of EAHEAP Valuations

Assessment from this point goes beyond that accepted by the Department of Health.  However, it can be justified on the grounds of seeing how total benefits may compare to costs.  Valuation of acute effects on mortality and respiratory hospital admissions is presented in Table 24.  The analysis combines the following data to provide ranges:

· low estimate of deaths brought forward through acute effects on mortality with the lower EAHEAP valuation (£2,600/case);

· mid estimate of deaths brought forward with the intermediate EAHEAP valuation (£110,000/case);

· high estimate of deaths brought forward with the upper EAHEAP valuation (£1.4 million/case).

All values used in the analysis were expressed in 1990£ rather than the 1998£ used by EAHEAP and cited here, to enable comparison with the costs of abatement.

For the lower bound the benefits of reduced mortality from acute exposure are minimal, less than 1% of costs.  Using the upper bound leads to benefits of reducing this one type of impact to exceed costs in all scenarios.  Using the intermediate position, benefits from reducing acute effects on mortality account for between 5 and 53% of costs, depending on scenario and the range of analysis.

Results for the intermediate valuation of mortality cases should not be regarded as a best estimate simply because they are intermediate.  Based on the EAHEAP report, there is no reason for preferring any one of the three positions on valuation there presented to the other two.

For valuation of respiratory hospital admissions ranges were derived as follows:

· low estimate of the number of hospital admissions combined with a valuation of £0/case, on the assumption that all cases are simply brought forward by a limited amount of time;

· high estimate of the number of hospital admissions combined with the upper EAHEAP valuation for RHAs of £3235/case (adding together the upper figures given by EAHEAP for willingness to pay [£735] and for NHS cost savings [£2,500]).  This upper estimate is based on the opposite assumption to the lower estimate: that all cases are additional, rather than simply ‘brought forward’.

Results show that the benefits from reducing RHAs are low compared to the costs of pollution abatement, making at most a 1 to 2% contribution for the scenarios studied here.

Sensitivity analysis has also been applied to test how large the value of statistical life (VOSL) would need to be for benefits to match costs, considering only benefits data for materials and crops from Table 20 and premature cases of mortality.  Given the exclusion of numerous other effects this sets a maximum for the required VOSL, which can then be compared against the EAHEAP data.  Analysis of so-called ‘switching values’ is indeed recommended in DETR guidance on conducting regulatory impact assessment.  The analysis has looked at both extremes.  First the low estimate of benefits was combined with the upper estimate of costs to give a maximum value.  Then the high estimate of benefits was combined with low costs to give a minimum value (subject to the constraint that only effects on crops, materials and acute effects on mortality are included: on this basis the value derived is clearly not a true minimum).  Results are given in Table 25.  In almost all cases the result lies between the intermediate and upper estimate from EAHEAP.

Table 24.  Valuation of acute effects on mortality and respiratory hospital admissions.
Effect
Scenario
UK to UK
UK to
UNECE (including UK) 




UNECE
to UK

Acute effects on
WGS31c


0.21

mortality)
J1
0.46
0.89
0.72

(£ million)
H1
0.49
0.99
0.66

Lower bound











Acute effects on
WGS31c


12

mortality
J1
26
54
42

(£ million)
H1
29
69
41

Intermediate











Acute effects on
WGS31c


190

mortality
J1
390
840
640

(£ million)
H1
450
1,100
630

Upper bound











RHAs (£million)
WGS31c
0
0
0

Lower bound
J1
0
0
0


H1
0
0
0







RHAs (£million)
WGS31c


0.4

Upper bound
J1
0.70
2.0
1.3


H1


0.91
2.9
1.4

Table 25.  Determination of ‘switching values’ for the VOSL, including only acute effects on mortality and effects on agriculture and materials.  All values in 1990£.


UK to UK
UK to UNECE
UNECE to UK


PART 1: Upper estimates





Scenario: J1




I
Acute deaths (cases, lower bound)
253
484
394

II
Crop + material damage (£M)
16
25
25

III
Costs of abatement for UK (£M)
161
161
161

IV
Residual cost (III – II) (£M)
145
136
136

V
VOSL – switching value/case (IV/I) (£)
570,000
280,000
350,000


Scenario: H1




I
Acute deaths (cases, lower bound)
266
541
357

II
Crop + material damage (£M)
28
45
33

III
Costs of abatement for UK (£M)
567
567
567

IV
Residual cost (III – II) (£M)
539
522
534

V
VOSL – switching value/case (IV/I) (£)
2,000,000
960,000
1,500,000


PART 2: Lower estimates





Scenario: J1




I
Acute deaths (cases, upper bound)
393
848
644

II
Crop + material damage (£M)
16
25
25

III
Costs of abatement for UK (£M)
148
148
148

IV
Residual cost (III – II) (£M)
132
123
123

V
VOSL – switching value/case (IV/I) (£)
340,000
150,000
190,000


Scenario: H1




I
Acute deaths (cases, upper bound)
449
1097
637

II
Crop + material damage (£M)
28
45
33

III
Costs of abatement for UK (£M)
554
554
554

IV
Residual cost (III – II) (£M)
526
509
521

V
VOSL – switching value/case (IV/I) (£)
1,200,000
460,000
820,000

2.6 Valuation of additional effects for which COMEAP provided functions

The results from Section 6.4 were valued using data from the European Commission ExternE Project.  Results made only a minor contribution to total benefits (between £1 million and £3 million in total, depending on scenario and range considered).  Because the contribution compared to costs was small the results are not presented separately here, but are given in Appendix 8.

2.7 Chronic effects on mortality

The COMEAP report (paragraphs 3.49 to 3.50) notes that quantification of chronic effects on health is prone to a high degree of uncertainty.  However, they also note that, if available data are reliable, then the overall impacts on health are likely to be substantially greater than estimates that ignore chronic effects on mortality.  Analysis in the Netherlands suggests a reduction in life expectancy amongst men of about one year on average, as a consequence of exposure to particle levels that are typical of the UK (Brunekreef, 1997).  Here quantification of chronic exposure effects on mortality is based on the results of earlier work in the UK by Hurley et al, under the EC GARP II Project (Markandya et al, 1999).  The assumptions underlying this part of the assessment are described in Appendix 6.

The outputs of the quantification of these chronic effects are estimates of the reduction in longevity (life years lost) spread across the population, as a result of long-term pollution exposure.  Results are, therefore, not in the same units as those for acute effects on mortality, which relate solely to change in the number of cases of death brought forward in each scenario.  It would, in theory, be possible to express results in terms of the number of deaths brought forward for a specified time period, though this would require additional analysis beyond the scope of this study.

EAHEAP did not specifically consider valuation of chronic effects on mortality.  However, some of their results did, in effect, quantify Willingness to Pay (WTP) against change in life expectancy related to air pollution exposure.  Their lower valuation (£2,600) was based on the loss of one month of life amongst the elderly, for those with a much reduced quality of life, whilst the intermediate valuation (£110,000) was based on the loss of a year of life for those in reasonable health.  If one accepts the EAHEAP approach as being broadly correct, it is likely that one would wish to introduce additional factors to generate a VOSL or range specific to chronic effects on mortality.  For the upper estimate £110,000 per life year lost was used.  For the low estimate the figure of £2,600 was multiplied by 12 to give £31,200 per year.  Given that this part of the analysis seeks to value an effect that will happen after a long period of exposure, it may be appropriate to discount effects over a number of years.  Accordingly, the £31,200 figure has been scaled back in accordance with earlier analysis under the ExternE Project (European Commission, 1999) to give a figure of £19,000 (1990£).  Doubtless, there would be debate about whether this is applicable or not, and whether additional factors should be introduced.  However, this analysis is not about generating specific data but, instead (given a lack of confidence in much of the data that are available) about testing alternative assumptions and investigating ranges.  Given the broad range applied here, and the outcome of the analysis, any final figure would not be so different as to significantly affect the results.  It could be argued that the upper estimate given here is too conservative – that the real figure could well be higher.  However, this is of limited (though still some) relevance to the present analysis, given the extent by which benefits exceed costs (see below) when the upper estimate is taken.

Results are shown in Table 26.  They are illustrative for a given set of assumptions and alternative, and equally plausible, assumptions are possible.  The ranges shown are therefore unlikely to represent the full range of possible answers, though broadening the range would have only a limited effect on the outcome of the comparison of costs and benefits.

Table 26.  Chronic effects on mortality.


Scenario
UK to UK
UK to UNECE
UNECE (incl. UK) to UK

Life years lost
WGS31c


1,800-2,300


J1
3,200-4,200
5,700-7,500
5,300-6,900


H1
3,200-4,200
5,800-7,600
4,400-5,800







£ million
WGS31c


37-270


J1
43-330
77-580
110-800


H1
44-330
78-590
89-670







Clearly, these results would make a major difference to the analysis if accepted.  The upper end of the ranges shown for economic benefit would be sufficient on their own to more than match costs for all scenarios.

2.8 Application of other Functions and valuations used in the studies for UNECE and the EC

A series of other effects are quantified and monetised in Appendix 8, including:

· ozone damage to forests;

· asthma attacks induced by ozone exposure;

· incidence of chronic bronchitis in adults;

· incidence of bronchitis in children;

· incidence of chronic cough;

· restricted activity days linked to exposure to secondary particles;

· minor restricted activity days linked to ozone exposure.

Quantification of these effects can be done with very limited confidence.  However, where possible, broad ranges have been applied to give an indication of the possible scale of benefits.  These ranges are used in the comparison of costs and benefits that follows.

2.9 Comparison of Costs and Benefits

This chapter and Appendix 8 are structured to show readers what effects can be considered quantified with the highest confidence, and which with the least.  Appendix 8 includes running totals for monetised effects, enabling identification of the point at which benefits outweigh costs (if at all).  These results are summarised here (Table 27).  The lower bound contains conservative estimates of the benefits to be derived from reducing emissions.  This includes taking the lower bound for exposure-response functions and valuations, and elimination of any effects that might be double counted, though this transpires to be of very little importance.  The upper bound is naturally based on upper estimates for exposure-response functions and valuations, and also a slightly less cautious approach on the potential for double counting.  Again, this last point is of little importance.  For effects where double counting is probable precaution is applied to both the upper and lower bounds in the running totals.  Only a few relatively minor effects of those quantified are in the grey area where it is not clear whether or not their inclusion would lead to double counting. 

Table 27.  Cost-benefit analysis: effects required under each scenario for benefits to outweigh costs.


UK to UK
UK to UNECE
UNECE (incl. UK) to UK

WGS31c




Lower bound
Not quantified
Not quantified
Not quantified

Upper bound
Not quantified
Not quantified
Not quantified

J1




Lower bound
Costs exceed sum of all quantified benefits
Costs exceed sum of all quantified benefits
Costs exceed sum of all quantified benefits

Upper bound
Crops

Materials

Acute mortality (NO3, SO4, NH4 only)
Crops

Materials

Acute mortality (NO3, SO4only)
Crops

Materials

Acute mortality (NO3, SO4only)

H1




Lower bound
Costs exceed sum of all quantified benefits
Costs exceed sum of all quantified benefits
Costs exceed sum of all quantified benefits

Upper bound
Crops

Materials

Acute mortality

Acute RHAs

Heart disease

Asthma

Chronic mortality (SO4 only)
Crops

Materials

Acute mortality (NO3, SO4, NH4, SO2 only)


Crops

Materials

Acute mortality (NO3, SO4, NH4, SO2 only)



Note: Health effects are quantified against exposure-response functions for PM10.  There is no direct evidence of effects of nitrate aerosols from epidemiological studies, though some studies have looked specifically at associations with sulphates.

Table 27 shows that costs lie somewhere in the range calculated for the total benefits.  At first sight this does not appear to be particularly useful.  After all, the analysis started from the position of wanting to know for any scenario whether or not costs were likely to be bigger than benefits!  However, the ranges selected for each variable were very broad, seeking to quantify the full potential range in benefits.  The next stage of the assessment investigates benefit-cost ratios.

Table 28. Benefit-cost ratios, with all monetised effects taken into account (excludes damage to cultural heritage and natural ecosystems).  Positive numbers denote benefits in excess of costs by the factors quoted.  Negative numbers denote costs in excess of quantified benefits by the factors quoted.  Columns identify the source of emission and the receptor for benefits of abatement (in both cases this is either UK or full UNECE).  Costs applied are the costs to the UK in all cases.


UK to UK
UK to UNECE
UNECE (incl. UK) to UK

J1 (cost £161M)




Lower bound
-2.38
-1.35
-1.11

Upper bound
4.01
8.04
8.20

H1 (cost £567M)




Lower bound
-7.14
-3.85
-4.17

Upper bound
1.26
2.77
2.15

WGS31c (cost £61M)




Lower bound
Not quantified
Not quantified
Not quantified

Upper bound
Not quantified
Not quantified
Not quantified

The results shown in Table 28 demonstrate where estimated costs lie between the upper and lower bounds for benefits.  Costs for J1 tend to be towards the lower end of the range, in other words, there appears a reasonable likelihood that the real benefit would exceed the estimated costs.  This is not the case for H1, however, where the bias is the other way round, with costs towards the upper end of the benefits range.

Part 4
Conclusions

Conclusions

Earlier analyses of the costs of reducing UK emissions of SO2, NOx, VOCs and NH3 have been carried out by IIASA using the RAINS model.  The estimated costs of meeting the J1 and H1 scenario emissions were £447M and £899M, respectively.  This study has aimed to produce a more detailed analysis by using the latest available datasets and specifically UK-based models, with much higher spatial resolution.  The costs of the J1 and H1 scenarios have been estimated in this study to be £145-158M and £516-529M respectively, with the range being due to uncertainties in ammonia abatement costs (in particular whether or not urea substitution will be allowed).  In addition, the cost of meeting the emissions ceilings for the UK negotiated at the 31st Session of the UNECE Working Group on Strategies, on 2nd September 1999, has been estimated to be £61M.

The regional splits of costs for each scenario are shown in Table 29.  The uncertainty with respect to ammonia abatement measures has a substantial influence on the costs in Northern Ireland and Wales under the J1 scenario.

Table 29.  Costs by region (£M/year).

Scenario
England
N. Ireland
Scotland
Wales
Offshore

WGS31c
41
1
8
3
7

J1
108 – 116
4 – 6
16 – 18
7 – 9
8

H1
339 - 347
11 – 13
68 - 71
19 - 21
77

The split in costs between the different pollutants is shown in Table 30.  In terms of overall cost, the role played by NOx and NH3 abatement is relatively small.  The costs of VOC abatement become more significant as a fraction of the total as one goes down the table, and provide more than 80% of the costs under the H1 scenario (compared to only 42% under J1, and about 27% for WGS31c).

Table 30.  Costs by pollutant (£M/year).

Scenario
SO2
NOx
VOC
NH3*
Total

WGS31c
34
9
18
0
61

J1
61
9
64
11 – 24
145 – 158

H1
61
9
435
11 - 24
516 – 529

*Abatement costs for ammonia emissions are shown as a range because of uncertainty about the acceptability of urea substitution, the higher end of the range assuming that it is not adopted.

As noted in earlier work, for example the review of the NAQS, there are many benefits linked to abatement of the four pollutants considered here.  These benefits accrue to health, natural ecosystems, buildings, crops, forests and so on.  The key indicators of benefit are summarised below, these being the effects that can be described with most confidence.

Table 31.  Key benefits of each scenario, with results showing the total annual benefit to the UK of abatement across the UNECE region (except for H1, where only EU countries participate).  All monetised values in 1990£/year.


1990
UKREF
J1
H1
WGS31c

Ecosystem area (%) subject to critical load exceedence for:







Acidification
43%
11%
5.4%
6.2%
9.2%


Eutrophication
11.2%
2.0%
1.0%
1.1%
1.3%

Change from UKREF in damage to:







Crops (£million)


£10M
£17M



Materials (£million)


£15M
£15M
£5M


Premature mortality (cases)


540
530
160


Respiratory hospital admissions


350
380
110

This takes the analysis to the same point as the assessment carried out for the NAQS.  However, it is possible to go further, although subsequent analysis is subject to a higher level of uncertainty.  Based on these results, and uncertainty with respect to the valuation of acute effects of air pollution on mortality, it is logical to ask how large the value of statistical life (the unit value for a case of mortality) would need to be for benefits overall to match costs.  Considering only acute effects on mortality, damage to crops and buildings, the following results arise, all expressed in 1990£:


Scenario J1: £190,000 to £350,000

Scenario H1: £820,000 to £1,500,000 

Results for H1 are similar to the upper point identified by EAHEAP, and for J1 in-between the EAHEAP upper and intermediate points
Ranges were ascribed to the key variables in the assessment, leading to a broad range in estimated benefits.  Costs tended to lie between the upper and lower bounds for benefits – a clearly inconclusive result.  However, assessment of benefit-cost ratios suggests that costs for J1 tend to be towards the lower end of the range, in other words, there appears a reasonable likelihood that the real benefit would exceed the estimated costs.  This is not the case for H1, however, where the bias is the other way round, with costs towards the upper end of the benefits range.  It should be remembered that there are a number of benefits that have not been quantified in monetary terms, and hence are outside this part of the analysis – including damage to ecosystems and cultural heritage (cathedrals, etc.).


The overall view on an appropriate position for the UK to take in negotiation is clearly a political question, particularly given the uncertainties identified in this report.  Our role is not to pre-empt any political decision by (for example) introducing our own interpretation of the precautionary principle.  It is hoped that the methods developed here for presenting information on uncertain impacts will prove useful, and provide real assistance to decision makers.
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Appendix 1
Abbreviations and Terminology

AOT40
Accumulated concentration of ozone over a threshold of 40 ppb

AOT60
Accumulated concentration of ozone over a threshold of 60 ppb

CBA 
Cost-benefit analysis

CLE
Current legislation scenario

CLRTAP
Convention on Long Range Transboundary Air Pollution

CRP
Current reduction plan scenario

CV
Contingent valuation

DETR
UK Department of the Environment, Transport and the Regions

DNMI
Norwegian Meteorological Institute

DTI
UK Department of Trade and Industry

EC
European Commission

ELMO
Edinburgh/Lancaster Model for Ozone

EU
European Union

HARM
Hull Acid Rain Model

IIASA
International Institute for Applied Systems Analysis

IOM
Institute of Occupational Medicine

ITE 
Institute of Terrestrial Ecology

kt
Thousand tonnes

MFR
Maximum feasible reduction scenario

NH3
Ammonia

NO
Nitrogen monoxide

NO2
Nitrogen dioxide

NOx
Oxides of nitrogen (NO and NO2, but not N2O)

O3
Ozone

PM10
Fine particles less than 10 µm in diameter

PM2.5
Fine particles less than 2.5 µm in diameter

IIASA Reference
IIASA reference scenario

SO2
Sulphur dioxide

TFEAAS
Task Force on Economic Aspects of Abatement Strategies

UNECE
United Nations Economic Commission for Europe

VOCs
Volatile organic compounds

VOLY
Value of life year

VOSL
Value of statistical life

WTA
Willingness to accept

WTP
Willingness to pay

YOLL
Years of life lost

mathematical notation

The following prefixes and suffixes are used in this work;

Ex, E-x as a suffix to a number, denotes that the number in question should be multiplied by 10 to the power x or -x​.  Hence 6.4E-3 is equal to 0.0064.

The following prefixes to units are also used;

n = nano = 10-9
µ or u = micro = 10-6
m = milli = 10-3
k = kilo = 103 = thousands

M = mega = 106 = millions

G = giga = 109 = billions

This system is standard notation in the sciences.  Note that m and M are not equivalent (by a factor of 109) and hence should not be interchanged.

Appendix 2
Scenario data from RAINS

This appendix provides details of the emissions and costs of abatement in all European countries, according to the analysis carried out at IIASA using the RAINS model (Amann et al, 1999a, b).  Details of the exact scenarios assessed in the current study are provided in the main text of this report.  

Scenarios 1990 and IIASA Reference were used for both the UNECE and EU analyses.  H1 and J1 were the final scenarios selected for consideration at negotiation on the EU Directive and UNECE Protocol respectively.  For the analysis presented here there is some inconsistency between the H1 and J1 scenarios.  H1 includes abatement in the EU15 alone, whilst J1 includes additional abatement in most UNECE countries.  The net result of this is that H1 is more expensive for the EU15, though provides a lower total abatement for the UNECE.  This, combined with the trans-boundary nature of the pollutants of interest, means that the two scenarios are not strictly comparable when considering the comparison of total benefits in each country with the national costs data.

Table A2.1 Annual emissions of SO2 (kt) in each scenario in 2010 (except 1990).

1990
IIASA Reference
H1
J1
WGS31c

Austria
93
40
40
35
39

Belgium
336
193
76
76
106

Denmark
182
90
77
60
55

Finland
226
116
116
116
116

France
1250
448
218
219
400

Germany
5280
581
463
463
550

Greece
504
546
546
546
546

Ireland
178
66
28
36
42

Italy
1679
567
566
290
500

Luxembourg
14
4
3
3
4

Netherlands
201
73
50
50
50

Portugal
284
141
141
141
170

Spain
2189
774
746
747
774

Sweden
119
67
67
67
67

UK
3805
980
497
499
625

EU-15
16339
4687
3637
3349
4044








Albania
72
55
55
55
55

Belarus
843
494
494
494
480

Bosnia-H
487
415
415
162
415

Bulgaria
1842
846
846
378
856

Croatia
180
70
70
23
70

Czech_R.
1873
366
366
283
283

Estonia
275
175
175
175
175

Hungary
913
546
546
296
550

Latvia
121
104
104
104
107

Lithuania
213
107
107
107
145

Norway
52
32
32
18
22

Poland
3001
1397
1397
722
1397

Moldova
197
117
117
38
135

Romania
1331
594
594
148
918

Russia
5012
2344
2344
2186
2352

Slovakia
548
137
137
92
110

Slovenia
200
71
71
14
27

Switzerland
43
26
26
23
26

Macedonia
107
81
81
81
81

Ukraine
3706
1488
1488
1457
1457

Yugoslavia
585
269
269
217
269

Non-EU
21599
9732
9732
7071
9930








SEA
1152
1152
1152
1152
1152








TOTAL
39090
15571
14521
11572
15126

Table A2.2. Annual emissions of NOX (kt) in each scenario in 2010 (except 1990).

1990
IIASA Reference
H1
J1
WGS31c

Austria
192
103
91
91
107

Belgium
351
191
127
127
181

Denmark
274
128
127
113
127

Finland
276
152
152
152
170

France
1867
858
679
704
860

Germany
2662
1184
1051
1081
1081

Greece
345
344
264
344
344

Ireland
113
70
59
55
65

Italy
2037
1130
869
901
1000

Luxembourg
22
10
8
8
11

Netherlands
542
280
238
266
266

Portugal
208
177
144
144
260

Spain
1162
847
781
726
847

Sweden
338
190
152
159
148

UK
2839
1186
1181
1181
1181

EU-15
13226
6849
5922
6054
6648








Albania
24
36
36
36
36

Belarus
402
316
316
290
255

Bosnia-H
80
60
60
53
60

Bulgaria
355
297
297
266
266

Croatia
82
91
91
87
87

Czech_R.
546
296
296
188
286

Estonia
84
73
73
73
73

Hungary
219
198
198
137
198

Latvia
117
118
118
118
84

Lithuania
153
138
138
134
110

Norway
220
178
178
142
156

Poland
1217
879
879
654
879

Moldova
87
66
66
64
90

Romania
518
458
458
328
437

Russia
3486
2653
2653
2653
2653

Slovakia
219
132
132
115
130

Slovenia
60
36
36
34
45

Switzerland
163
79
79
76
79

Macedonia
39
29
29
29
29

Ukraine
1888
1433
1433
1222
1222

Yugoslavia
211
152
152
132
152

Non-EU
10170
7718
7718
6830
7327








SEA
1629
1629
1629
1629
1630








TOTAL
25025
16196
15269
14513
15605

Table A2.3. Annual emissions of VOCs (kt) in each scenario in 2010 (except 1990).

1990
IIASA Reference
H1
J1
WGS31c

Austria
352
205
129
142
159

Belgium
374
193
102
103
144

Denmark
182
85
85
85
85

Finland
213
110
110
110
130

France
2382
1223
932
989
1100

Germany
3122
1137
924
995
995

Greece
336
267
173
261
261

Ireland
110
55
55
55
55

Italy
2055
1159
962
1030
1159

Luxembourg
19
7
6
7
9

Netherlands
490
233
156
157
191

Portugal
212
144
102
102
202

Spain
1008
669
662
648
669

Sweden
511
290
219
241
241

UK
2667
1351
964
1101
1200

EU-15
14031
7128
5581
6024
6600








Albania
31
41
41
41
41

Belarus
371
309
309
298
309

Bosnia-H
51
48
48
48
48

Bulgaria
195
190
190
185
185

Croatia
103
111
111
86
90

Czech_R.
442
305
304
156
220

Estonia
45
49
49
49
49

Hungary
204
160
160
137
137

Latvia
63
56
56
56
136

Lithuania
111
105
105
105
92

Norway
297
195
195
195
195

Poland
797
807
807
475
800

Moldova
50
42
42
42
100

Romania
503
504
504
500
523

Russia
3542
2786
2786
2723
2786

Slovakia
151
140
140
140
140

Slovenia
55
40
40
40
40

Switzerland
278
144
144
144
144

Macedonia
19
19
19
19
19

Ukraine
1161
851
851
770
797

Yugoslavia
142
139
139
138
139

Non-EU
8609
7041
7041
6345
6990








SEA
0
0
0
0
0








TOTAL
22640
14168
12621
12369
13590

Table A2.4. Annual emissions of NH3 (kt) in each scenario in 2010 (except 1990).

1990
IIASA Reference
H1
J1
WGS31c

Austria
77
67
67
66
66

Belgium
97
96
57
60
74

Denmark
77
72
71
69
69

Finland
40
31
31
31
31

France
807
777
718
642
780

Germany
757
571
413
413
550

Greece
80
74
74
73
73

Ireland
127
126
123
116
116

Italy
462
432
430
356
419

Luxembourg
7
7
7
7
7

Netherlands
233
136
104
105
128

Portugal
71
67
67
65
108

Spain
352
353
353
353
353

Sweden
61
48
48
48
57

UK
329
297
264
264
297

EU-15
3578
3154
2826
2668
3128








Albania
32
35
35
32
35

Belarus
219
163
163
140
158

Bosnia-H
31
23
23
22
23

Bulgaria
141
126
126
105
108

Croatia
40
37
37
29
30

Czech_R.
107
108
108
101
101

Estonia
29
29
29
29
29

Hungary
120
137
137
77
90

Latvia
43
35
35
35
44

Lithuania
80
81
81
72
84

Norway
23
21
21
21
23

Poland
505
541
541
468
468

Moldova
47
48
48
41
42

Romania
292
304
304
227
210

Russia
1282
894
894
894
894

Slovakia
60
47
47
39
39

Slovenia
23
21
21
16
20

Switzerland
72
66
66
63
63

Macedonia
17
16
16
15
16

Ukraine
729
649
649
588
592

Yugoslavia
90
82
82
64
82

Non-EU
3980
3462
3462
3077
3151








SEA
0
0
0
0
0








TOTAL
7558
6616
6288
5745
6279

Table A2.5. Total annual costs of emissions abatement for SO2, NOX, VOC and NH3 (Meuro/year) in each scenario in 2010.  Costs for IIASA Reference are compared to 1990.  For other scenarios costs are relative to IIASA Reference.

Costs
IIASA Reference
H1
J1
WGS31c

Austria
1093
119
76
20

Belgium
1704
1053
886
191

Denmark
623
6
22
19

Finland
889
0
0
-5

France
8659
916
96
86

Germany
13813
2147
1567
516

Greece
1482
338
2
2

Ireland
618
44
168
155

Italy
9644
403
417
74

Luxembourg
98
4
2
0

Netherlands
2588
971
803
164

Portugal
1530
57
59
-14

Spain
6495
22
51
0

Sweden
1554
87
45
-29

UK
7964
1348
671
313

EU-15
58754
7514
5704
1492







Albania
0
0
1
0

Belarus
0
0
12
26

Bosnia-H
1
0
58
0

Bulgaria
157
0
81
17

Croatia
52
0
26
6

Czech_R.
979
0
280
89

Estonia
0
0
0
0

Hungary
586
0
545
113

Latvia
0
0
0
49

Lithuania
0
0
4
31

Norway
623
0
25
10

Poland
3342
0
838
182

Moldova
0
0
33
2

Romania
157
0
541
617

Russia
715
0
54
0

Slovakia
423
0
43
19

Slovenia
128
0
25
18

Switzerland
949
0
9
5

Macedonia
1
0
1
0

Ukraine
328
0
82
75

Yugoslavia
92
0
128
0

Non-EU
8534
0
2787
1261







Atlantic
0
0
0
0

Baltic
0
0
0
0

North_Sea
0
0
0
0

SEA
0
0
0
0







TOTAL
67288
7514
8490
2753

Appendix 3 
Article 5 Assessment of Ozone

As part of the proposed European Directive relating to ozone in ambient air, a requirement will be placed upon member states to establish adequate information on ambient levels of ozone.  In accordance with Article 5 of the Framework Directive, a further requirement is placed on member states to undertake preliminary investigation of the ambient levels of pollutants prior to the implementation of related Daughter Directives. 

The objectives of these assessments are to establish estimates for the overall distribution and levels of pollutants, and to identify additional monitoring requirements, which may be necessary in order to fulfil obligations under the Framework and Daughter Directives.  In this report, observations and recommendations are raised regarding the number of additional monitoring locations, which may be required for ozone.  Estimated cost data for these additional monitoring requirements are also presented.

Methodology

For the purpose of this assessment, the UK has been divided into 16 zones, based on official government office boundaries within England and boundaries provided or authorised by the relevant offices within Scotland, Wales and Northern Ireland as part of the Article 5 Assessment performed for the first Daughter Directive on NO2, SO2, PM10 and lead.  A further 28 agglomeration zones (areas of urban population > 250000) have also been agreed based on DETR GIS information for England and Wales, localities information in Scotland and CORINE land cover information within Northern Ireland.  Monitoring requirements within each zone and agglomeration have been assessed separately.

Estimates of the ozone concentration within each zone and agglomeration have been derived from the DETR’s automatic urban network (AUN) and rural networks.  In particular, exceedence of the Long-term ozone objective for protection of human health (see Annex I, Table III of the Daughter Directive) was investigated in each zone and agglomeration according to the guidance presented in Article 9 of the Daughter Directive for ozone.  Under the Directive, monitoring is mandatory in all zones and agglomerations where the measured 8-hour running mean ozone concentration exceeds 120 (g/m3.  It was identified that this objective was exceeded in all agglomerations and zones within which monitoring has taken place between 1993 and 1999, with the exception of Glasgow and Coventry/Bedworth, which only commenced monitoring in 1997 and 1996 respectively.  No monitoring data was available in seven agglomerations and four zones. 

As a conservative estimate therefore, and taking into account the lack of data for Glasgow and zones and agglomerations where monitoring was not performed, it was assumed that ozone concentrations exceeded the long-term objective in all zones and agglomerations in the UK, as a result further investigation of the exceedence long-term objective for protection of vegetation was not performed.  Monitoring is therefore required in all agglomerations and zones in the UK.

The number of additional monitoring sites required in each zone and agglomeration has been calculated using the guidance presented in Annex V Table I of the Daughter Directive.  Calculations are based on the population of the individual zones and agglomerations, exceedence data for the Long-term objective for the protection of human health and the existing (June 1999) DETR rural network and AUN ozone monitoring locations. 

It should be noted that the availability of other methods of assessment (empirical and chemical models) have been taken into account and this enables the number of sites required in each zone and agglomeration to be reduced, in accordance with Article 9 paragraph 5 of the Daughter Directive.

observations

Tables 1 and 2 present the number of additional sites required within agglomerations and zones throughout the UK.  The minimum number of sites required assuming that fixed monitoring is the sole source of information (Minimum Site No.  A), and the minimum number of sites required assuming that other means of assessment are available (Minimum Site No. B) are presented.  The latter scenario is appropriate for the UK and additional site numbers required for compliance with the Daughter Directive have been calculated using these statistics.  The existing number of ozone monitoring sites in the current DETR rural network and AUN are also presented.  The additional siting requirements presented are based on the difference between the existing number of sites and the Minimum Site No. B statistic.  These numbers assume the purchase of additional monitors, however, it should be noted that in some cases the short fall in existing monitors may be made up by the relocation of existing monitors which are currently located in areas that do not require monitoring under the Daughter Directive.  Such cases are marked with an asterisk (*).

Assumptions have been made at this stage that the definition of station location (Urban, Suburban etc.) used within the Daughter Directive are directly comparable with those used in the UK.  It should be noted however, that this may not be the case as such descriptions are not likely to be entirely categorical.  Hence, it may be possible for monitoring locations described as urban in the UK to accommodate for a requirement to sample in a suburban area as defined by the Daughter Directive and visa versa.  This observation may enable the number of additional monitoring sites required to be reduced, although no further investigation will be made within this assessment.

Table 1 Ozone monitoring requirements in UK agglomerations























1. England













Minimum Site No. A

Minimum Site No. B

Existing Sites

Additional Sites



Agglomeration
Population
Urban
Suburban
Urban
Suburban
Urban
Suburban
Urban
Suburban


Greater London Urban Area
7650944
2
5
1
3
10
4
0
0


West Midlands Urban Area
2296180
2
3
1
2
4
0
0
2
*

Greater Manchester Urban Area
2277330
2
3
1
2
2
1
0
1
*

West Yorkshire Urban Area
1445981
1
2
1
1
2
0
0
1
*

Tyneside
885981
0
2
0
1
1
0
0
1
*

Liverpool Urban Area
837998
0
2
0
1
1
0
0
1
*

Sheffield Urban Area
633362
0
2
0
1
2
0
0
1
*

Nottingham Urban Area
613726
0
2
0
1
1
0
0
1
*

Bristol Urban Area
522784
0
2
0
1
1
0
0
1
*

Brighton/Worthing/Littlehampton
437592
0
1
0
1
0
0
0
1


Leicester Urban Area
416601
0
1
0
1
1
0
0
1
*

Portsmouth Urban Area
409341
0
1
0
1
0
0
0
1


Teesside Urban Area
369609
0
1
0
1
0
1
0
0


The Potteries
367976
0
1
0
1
1
0
0
1
*

Bournemouth Urban Area
358321
0
1
0
1
0
0
0
1


Reading/Wokingham Urban Area
335757
0
1
0
1
1
0
0
1
*

Coventry/Bedworth
331248
0
1
0
1
1
0
0
1
*

Kingston upon Hull
310636
0
1
0
1
1
0
0
1
*

Southampton Urban Area
276752
0
1
0
1
1
0
0
1
*

Birkenhead Urban Area
270207
0
1
0
1
0
0
0
1


Southend Urban Area
266749
0
1
0
1
0
0
0
1


Blackpool Urban Area
261355
0
1
0
1
0
0
0
1


Preston Urban Area
256411
0
1
0
1
0
0
0
1














Minimum site no. A assumes fixed monitoring as sole source of information











Minimum site no. B assumes that other sources of information are available and represents 











a reduction in the Minimum site no. A value of one third (see Article 9, para 5)











* indicates that compliance with the Minimum site no. B requirement may be achieved by relocation of existing monitoring locations



(Table 1 continued)



































2. Wales













Minimum Site No. A

Minimum Site No. B

Existing Sites

Additional Sites



Agglomeration
Population
Urban
Suburban
Urban
Suburban
Urban
Suburban
Urban
Suburban


Swansea
272456
0
1
0
1
2
0
0
1
*

Cardiff
306904
0
1
0
1
1
0
0
1
*





































3. Scotland













Minimum Site No. A

Minimum Site No. B

Existing Sites

Additional Sites



Agglomeration
Population
Urban
Suburban
Urban
Suburban
Urban
Suburban
Urban
Suburban


Edinburgh Urban Area
416232
0
1
0
1
1
0
0
1
*

Glasgow Urban Area
1315544
0
2
0
1
1
0
0
1
*





































4. Northern Ireland













Minimum Site No. A

Minimum Site No. B

Existing Sites

Additional Sites



Agglomeration
Population
Urban
Suburban
Urban
Suburban
Urban
Suburban
Urban
Suburban


Belfast
475987
0
1
0
1
1
0
0
1
*













Minimum site no. A assumes fixed monitoring as sole source of information











Minimum site no. B assumes that other sources of information are available and represents 











a reduction in the Minimum site no. A value of one third (see Article 9, para 5)











* indicates that compliance with the Minimum site no. B requirement may be achieved by relocation of existing monitoring locations 

Table 2 Ozone monitoring requirements in UK zones























1. England













Minimum Site No. A

Minimum Site No. B

Existing Sites

Additional Sites



Zone
Population
Suburban
Rural
Suburban
Rural
Suburban
Rural
Suburban
Rural


Greater London
7650944
na
na
na
na
na
na
na
na


North East
1287979
1
3
1
2
0
0
1
2


North West & Merseyside
2823559
1
7
1
5
1
0
0
5


Yorkshire & Humberside
2446545
1
5
1
3
0 (1)
1
1
2
*

East Midlands
2923045
1
7
1
5
1
0
0
5


West Midlands
2154783
1
5
1
3
0 (1)
1
1
2
*

Eastern
4788766
1
9
1
6
0 (2)
2
1
4
*

South East
3702634
1
7
1
5
0
3
1
2


South West
3728319
1
7
1
5
0 (1)
2
1
3
*





























































2. Wales 













Minimum Site No. A

Minimum Site No. B

Existing Sites

Additional Sites



Zone
Population
Suburban
Rural
Suburban
Rural
Suburban
Rural
Suburban
Rural


South Wales
1544120
1
4
1
3
0
1
1
2


North Wales
582488
1
2
1
1
0
0
1
1






































Minimum site no. A assumes fixed monitoring as sole source of information











Minimum site no. B assumes that other sources of information are available and represents 











a reduction in the Minimum site no. A value of one third (see Article 9, para 5)











Numbers in parentheses indicate existing urban monitoring locations in zones











* indicates that compliance with the Minimum site no. B requirement for suburban locations may be achieved by relocation of existing urban monitoring sites 



































(Table 2 continued)



































3. Scotland 













Minimum Site No. A

Minimum Site No. B

Existing Sites

Additional Sites



Zone
Population
Suburban
Rural
Suburban
Rural
Suburban
Rural
Suburban
Rural


Scottish Borders
246659
0
1
0
1
0
1
0
0


Central Scotland
1628460
1
4
1
3
0
1
1
2


North East Scotland
933485
1
2
1
1
0
0
1
1


Highland
364639
1
1
1
1
0
1
1
0






























































4. Northern Ireland













Minimum Site No. A

Minimum Site No. B

Existing Sites

Additional Sites



Zone
Population
Suburban
Rural
Suburban
Rural
Suburban
Rural
Suburban
Rural


Northern Ireland
1101868
1
3
1
2
0 (2)
1
1
1
*





































Minimum site no. A assumes fixed monitoring as sole source of information











Minimum site no. B assumes that other sources of information are available and represents 











a reduction in the Minimum site no. A value of one third (see Article 9, para 5)











Numbers in parentheses indicate existing urban monitoring locations in zones











* indicates that compliance with the Minimum site no. B requirement for suburban locations may be achieved by relocation of existing urban monitoring sites 











Summary of additional monitoring requirements

On the basis of the assessments for zones and agglomerations presented in Tables 1 and 2 monitoring requirements have been estimated for England, Wales, Scotland and Northern Ireland.  Total additional siting requirements for these regions of the UK are presented in Table 3 below.  Where a range is given below, options are available for the relocation of existing monitoring sites to areas that require monitoring under the Daughter Directive.

Table 3 Summary of the total number of additional ozone monitoring sites required within the UK for compliance with the proposed Daughter Directive for Ozone


England
Wales
Scotland
Northern Ireland







Agglomerations
7-22
0-2
0-2
0-1

Other Zones
27-31
5
6
0-2







Total
34-53
5-7
6-8
0-3

Hence from Table 3, the minimum number of additional monitoring sites required within the UK is 45, which assumes the relocation of 26 existing monitoring sites.  If no relocation of existing monitoring is carried out the minimum number of additional monitoring sites required within the UK is 71.

Observations on monitoring requirements

On a purely scientific basis the number of additional monitoring sites required by the Daughter Directive would appear too excessive.  Clearly, there is an additional monitoring requirement within agglomerations not well serviced by the existing networks to provide information to the public on possible health exposures.  However, it is felt that the number of additional sites required in rural areas of zones is excessive when the spatial variation of rural ozone at sub-zonal level is expected to be small.

The following features of the Daughter Directive may be identified as leading to the requirement for large number of additional monitoring sites:

1. The use of the Long-term objective for protection of human health as trigger for mandatory monitoring in zones and agglomerations, as this objective is particularly stringent when applied to current concentrations.

2. Minimal relief, in terms of the reduction in required monitor provided by the availability of ‘other means of assessment’.

3. Monitoring requirements in rural areas are based on the total population the zone (urban + rural population) rather than just the rural population

estimated costs of additional ozone monitoring

A proportion of the additional ozone monitors required may be found from existing local authority sites and affiliated to the national network.  As a worst case, however, we have assumed that none can be affiliated.

An automatic ozone analyser costs approximately £7,000.  The Local Site Operator and maintenance contract would typically be around £10,000 per year.  Running costs including management, QA/QC, data handling and electricity would be in the region of £2,000 per year.  The estimated cost for each ozone-monitoring site would be in the region of £19,000 for the first year and £12,000 for subsequent years.

Based on the estimated numbers of additional sites summarised in Table 3, approximate costs have been calculated and are presented in Table 4 below.  These figures assume that the monitors can be housed in an existing building and do not include the cost of sourcing electricity supply, (of particular implication at rural locations).  A range of costs is provided in cases where monitoring requirements may be achieved by relocation of existing analysers.  The lower figure reflects the cost of monitoring if all existing monitors currently located in areas that do not require monitoring under the Daughter Directive are relocated to areas that do require monitoring.  The higher cost reflects the cost of additional monitoring if no relocation of existing monitors were to occur.

Table 4 Summary of the minimum additional monitoring requirements for ozone in the UK with cost data


No. of new O3 sites
Cost in year 1
Cost in subsequent years

England
34-53
£646,000-1,007,000
£408,000-636,000

Wales
5-7
£95,000-133,000
£60,000-84,000

Scotland
6-8
£114,000-152,000
£72,000-96,000

Northern Ireland
0-3
£0-57,000
£0-36,000

Total
45-71
£855,000-1,349,000
£540,000-852,000

Appendix 4 
Analysis using HARM and ELMO

The models

HARM and ELMO share a similar basic structure; both are Lagrangian statistical models, which show the changing chemistry of a parcel of air as it moves through time towards a designated set of receptor sites.  The air parcels follow a series of 72 straight-line trajectories towards each receptor and the final concentrations (in air and rain) at the sites are calculated by applying a weighting from a wind rose.  Both models employ a highly simplified meteorology assuming constant wind speed and boundary layer height, a single wind rose and washout parameterised for constant drizzle.  The meteorological values in HARM are set to represent annual average conditions, whilst those in ELMO represent a late summer afternoon when conditions for ozone production are most favourable.  The spatial resolution of the emissions data used in both HARM and ELMO is 50 x 50 km over the EMEP area and 10 km x 10 km over the UK.  Species dependent deposition velocities are used to generate dry deposition, using single values across the EMEP area and land use dependent values for the UK.  Some of the features of the two models are set out in Table A4.1 below.

Table A4.1 Selected features of HARM and ELMO


HARM
ELMO

Boundary layer height
800 m
1400 m

Wind speed
10.4 m s-1
3.6 m s-1

Wind rose
National annual average

(Jones, 1981)
Derived from Heathrow Airport for hours where O3 > 50 ppb

Emissions
SO2, NOx, NH3 HCl
SO2, NOx, NH3, HCl, CO, NMVOCs and DMS

Values at edge of model domain
All set to zero except O3 set at 30 ppb
NO, NO2, CO, CH4 and O3 set to estimated global background for 1990, all other species set to zero

HARM has been used extensively to estimate the concentration and deposition of potentially acidifying compounds of sulphur (S) and nitrogen (N) and hydrogen chloride.  Full descriptions of the model, its parameters and its validation against data from the UK’s monitoring networks are available in the peer-reviewed scientific literature (Metcalfe et al, 1995; Metcalfe et al, 1998).  HARM was also one of the models included in an intermodel comparison carried out by the UK Review Group on Acid Rain (RGAR) where it was shown to be at least as good as any other model in use in the UK (RGAR, 1997).  In this exercise HARM11.5 has been used to model estimates of 

1) depositions of S, oxidised N and reduced N (as kg S or N) for the UK at 10 km resolution; 

2) concentrations of secondary PM10 (in (g/m3).  
One significant difference between HARM11.5 and previous versions of the model is its representation of the dry deposition of NH3 which is now based on a fraction of emission being deposited directly in the emitting square (an alpha factor).  There are individual values for each 10 km grid and these were supplied by Mark Sutton of ITE Bush.

ELMO is a new model designed to estimate peak ozone concentrations.  The chemical scheme in ELMO comes directly from the STOCHEM model (Collins et al., 1997; Stevenson et al., 1998) and includes 70 chemical species and >160 chemical reactions.  The NMVOC emissions inventory in ELMO is not speciated, but within the model the overall totals are allocated to 11 major species (formaldehyde, ethane, acetaldehyde, ethylene, propene, propane, methanol, acetone, toluene, N butane and 0-xylene) which represent different types of ozone sources.  Isoprene, the major natural biogenic hydrocarbon, is also represented.  The latitude (50oN) and month (July) are set to determine day length, temperature and humidity and hence the reaction rate coefficients.  Photolysis rates vary diurnally and assume clear sky conditions.  ELMO output for peak ozone concentrations has been compared with O3 maxima from the UK’s rural monitoring network for 1995 and appears to provide a reasonable representation of the distribution, although the modelled concentrations are lower than those measured.  This underestimation may be explained, in part, by the model’s weighting and averaging trajectories from each of the 72 directions.  ELMO O3 estimates have been converted in to AOT40, AOT60, WHO and EPAQS exceedences using empirical relationships between modelled and observed data at the rural monitoring sites.  The model has also been used to estimate summertime concentrations of secondary PM10.

Input data

The emissions used in the scenarios run using HARM and ELMO are given in Table A4.2.  These differ slightly from the emissions shown in Table 1 of the main report, as offshore emissions are not included in HARM and ELMO.

Data for the EMEP area were taken from the 6th and 7th IIASA Interim Reports and from the UNECE TFIAM 23rd Meeting March 1999.  David Simpson (IVL, Sweden) supplied isoprene emissions over the EMEP area.  The emission totals in the model do not correspond exactly with those listed in the reports as the model includes emissions from additional sources such as shipping and sea areas and other countries represented in the EMEP emission inventories but not listed in the IIASA tables.  The only future estimate of CO emissions over the EMEP area is based on current reduction plans (EMEP/MSC-W Report 1/98).  For the UK, spatially disaggregated emissions inventories were prepared by AEA Technology (Justin Goodwin) for SO2, NOx, HCl, NMVOCs and CO.  Future emissions of NH3 were derived by scaling 1996 emissions supplied by ITE Bush (Mark Sutton).  Separate scaling factors were applied for England, Scotland, Wales and Northern Ireland.  Previous NMVOC inventories had not included isoprene and this was added separately; this latest inventory did and so all ELMO runs include an extra 80 k tonnes of isoprene emission.  The UK emissions used in the UKREF scenario reflect estimates of the possible amounts and distributions of emissions based on current understanding of future trends.  They have no official status.  For the UKREF run, emissions over the EMEP area were set at IIASA Reference (see above) 
Table A4.2.  Emissions totals used in HARM and ELMO scenarios

HARM scenarios (in k tonnes)








Scenario
UK



EMEP




SO2
NOx
NH3
HCl
SO2
NOx
NH3










1990
3754
2800
329
375
37946
22556
7608

UKREF
765
1107
319
38
18872
16239
6870

H1
477
1063
290
15
18238
15568
6615

J1
479
1063
290
15
15290
14810
6071





ELMO scenarios (in k tonnes) as above with the addition of:



Scenario
UK



EMEP




VOC
CO
Isoprene

VOC
CO
Isoprene










1995
2050
5424
80

16966
67607
3786

UKREF
1385
2872
80

13603
80480
3786

H1
1080
2872
80

12859
80480
3786

J1
1179
2872
80

11676
80480
3786

Outputs

HARM modelled depositions of S, oxidised and reduced N were supplied to ITE Monks-Wood in grid format to generate maps of critical loads exceedence and to AEA Technology.  The spatial changes in depositions of total (wet + dry) S, oxidised N and reduced N are illustrated for some of the scenarios in Figures A4.1 to A4.3 respectively.  Data for 1990 are included for comparative purposes.  The changing depositions under all the scenarios are summarised in budget terms in Table A4.3. 

Table A4.3.  HARM modelled deposition budgets in k tonnes.

Scenario
wet S
dry S
tot S
wet N
dry N
tot N
wet NH-N
dry NH-N
tot NH-N

1990
215.6
178.3
393.9
119.7
69.3
189.0
85.4
53.1
138.5

UKREF
68.4
47.4
115.8
75.1
28.1
103.2
48.4
52.8
101.2

H1
55.5
35.5
91.0
68.9
25.5
94.4
42.3
49.1
91.4

J1
51.2
33.8
85.0
68.2
25.2
93.4
40.7
48.8
89.5

The contribution of UK deposition from UK sources is of particular policy relevance and in Table A4.4 this contribution is summarised in percentage terms.  There is a sharp contrast between reduced N and the other pollutants.  The % of UK to UK deposition for NH-N remains high and static, reflecting its much shorter average transport distance (except in the aerosol phase). 

Table A4.4.  Modelled UK to UK contribution of deposition as %

Scenario
tot S
tot N
totNH-N

1990
64
58
70

UKREF
42
43
78

H1
35
45
78

J1
37
45
79

One of the major changes as a result of emissions reduction policies is in the source of acidity.  This is illustrated in Figure A4.4.  In the past, the majority of deposited H+ was provided by S deposition, but in the future the main source will be N.  Apart from some areas of north west Scotland, N>S as a source of H+ in all areas except those near major coal fired power stations (e.g. the lower Ouse and Trent valleys).  
HARM modelled concentrations of secondary aerosols (PM10) are shown in Figure A4.5.  There is a clear south east – north west gradient in all cases.  Reducing emissions beyond UKREF brings clear benefits to the south east of England.

ELMO output was supplied to AEA Technology and to Imperial College; some of this output is described below.  The basic model output is peak ozone concentration in ppb (Figure A4.6).  Modelled 1995 values are shown for reference.  A comparison with mapped data from the monitoring networks is not straightforward due to the common use of means and a variety of correction factors (PORG, 1997).  A comparison with site measurements is easier (see above).  As well as being a key oxidant in the troposphere, it is recognised that high concentrations of O3 can be damaging to vegetation (especially crops), materials and to human health.  There are a variety of damage thresholds set for these different receptors (PORG, 1997; DoE, 1997).  These include an AOT40 index for critical levels for vegetation and WHO and EPAQS standards for health.  AOT40 represents accumulated exposure to concentrations > 40 ppb.  The EPAQS standard is set at 50 ppb as a running 8 hour mean and the WHO standard is based on AOT60.  ELMO can be used to estimate O3 concentrations relative to these standards.  Modelled EPAQS exceedences are shown in Figure A4.7 and modelled AOT40 (hours above the threshold) in Figure A4.8.  The benefits of reductions in emissions beyond the UKREF scenario are clear in both these cases.

Figure A4.1 HARM modelled S deposition. 
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Figure A4.2 HARM modelled oxidised N deposition. 

Figure A4.3.  HARM modelled reduced N deposition. 
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Figure A4.4  HARM modelled sulphur vs. total nitrogen deposition. 
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Figure A4.5 HARM modelled secondary PM10 (in (g/m3). 
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Figure A4.6 ELMO modelled peak ozone. 
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Figure A4.7  ELMO modelled EPAQS exceedences for ozone. 



Figure A4.8 ELMO modelled AOT40. 
Appendix 5
Analysis using RAINS and ASAM

Introduction

In this appendix further implications of the various scenarios are presented.  These effects have been modelled using RAINS and ASAM, two integrated assessment models, which cover the whole of the UNECE region at a resolution of 150x150 km.  Both models are based on the EMEP Lagrangian meteorological modelling of the relationship between emission sources and receptor areas in Europe.  All of the results presented here are based on the RAINS model, the official model used in the UNECE Task Force on Integrated Assessment Modelling, except for those concerning human exposure to secondary particulates which is not covered by RAINS.  For these calculations the ASAM model is used.  The model has been shown to agree well with the RAINS model and is used for sensitivity analysis and supporting work at the UNECE Task Force on Integrated Assessment Modelling.

Implications of scenarios are presented for (a) the UK and (b) the whole of the UNECE region.  Effects analysed are (a) human exposure to secondary particulates (b) acidification of ecosystems (c) eutrophication of ecosystems (d) AOT40 and AOT60 and the associated levels of ozone exposure to crops and human health.

Explanation of Scenarios

Table A5.1 shows the emission levels for the UK in the scenarios covered.  The IIASA Reference scenario is the one calculated by IIASA for use at the Task Force on Integrated Assessment Modelling.  The full set of European emissions under this scenario and H1 and J1 were given in Appendix II.  

The underlying scenario is a variant of the IIASA Reference scenario in which European emissions remain at IIASA Reference whilst UK emissions are altered as shown in Table A5.1.

The ‘additional’ scenarios such as UK1 and UK2 are variants of J1, that is, European emissions remain at J1 whilst the UK alters its emissions to those shown in Table A5.1. 
Table A5.1 Annual UK emission ceilings for scenarios examined in 2010 (kt)

SCENARIO
SO2
NOx
NH3
VOC

 Basic scenarios:





IIASA Reference
980
1186
297
1351

UKREF
784
1187
329
1300

H1
497
1181
264
964

J1
499
1181
264
1101







Additional scenarios:





UK1
600
1181
297
1200

UK1a
550
1150
274
1200

UK2
550
1100
274
1200

UK3
550
1000
274
1200

UK4
550
1150
274
1101

UK5
550
1100
274
1101

UK6
550
1000
274
1101

UK7
550
1181
274
1150

UK8
550
1100
274
1150

UK9
550
1100
274
1351

UK10
550
1186
274
1351

UKS11
525
1181
264
1101

UKS13
700
1100
264
1101

AOT40 and AOT60: Exposure of humans, vegetation and crops to ozone in excess of critical levels

METHODOLOGY 

AOT60: Method a

The RAINS web model was used to extract tables detailing AOT60 totals for the U.K. and for the UNECE region as a whole.  RAINS provides average AOT60 values for each country in ppm hours.  It also provides population exposures in units of million persons.ppm hours.  The results are presented in Table A5.2a. Note that RAINS calculates population exposures using a threshold of 0.4 ppm hours
.  

AOT60: Method b

Since the values of AOT60 were rather small, and RAINS only automatically produces results to one decimal place, more accurate information was extracted from the raw data which could be extracted from the model, totals of AOT60 were recalculated (referred to as method b).  These values are shown in Table A5.2b, together with the matching population exposures.  A threshold of 0.4 ppm hours has been used in this case
.

AOT40: Method c

RAINS was also used to extract values of AOT40 (method c).  These are the average values in excess of 3 ppm hour critical level for vegetation.  RAINS also provides tables of vegetation exposure using this threshold (Table A5.2c).

AOT40: Method d

RAINS was also used to provide raw data for AOT40 so that average AOT40 values (without a threshold) could be calculated for the UK and the UNECE (method d, Table A5.2d).  Vegetation exposure was not calculated using this method.  
Crop exposure to AOT40

Crop areas exposed to an excess of 3 ppm hours AOT40 were calculated using crop areas obtained from IIASA (Tables A5.2e, f).

Table A5.2a.  AOT60 mean values and population exposures in UK and UNECE (method a).  (J1 shows the difference between the scenario selected and J1
UK
AOT60 (mean)
(J1
%loss in benefit
AOT60pop
(J1
%loss in benefit


Ppm hrs
Ppm hrs

Million person ppm hrs



IIASA Reference
1.30
0.40

77
28


UKREF
1.3
0.40

75
 
 

J1
0.9
0.00

49
0


H1
0.8
-0.1
-25
45
-4
-14.3

UK7
 0.9
 0
0
 52
3
10.7 

UK8
0.9
 0
 0
 53
 4
 14.3

UK9
 1.1
 0.2
 50
62
 13
 46.4

UK10
1.1
0.2
50
61
12
42.9

















UNECE
AOT60
(J1
%loss

in benefit
AOT60pop
(J1
%loss in benefit

IIASA Reference
0.8
0.3

570
224


UKREF
0.8
0.3

566



J1
0.5
0

346
0


H1
0.6
0.1
33
385
39
17.4

UK7
 0.5
 0
 0
 351
 5
 2.2

UK8
 0.5
0
 0
 352
6
 2.7

UK9
 0.5
 0
 0
 369
23 
 10.3

UK10
0.5
0
0
367
21
9.4

Table A5.2b.  AOT60 mean values and population.  Exposures in UK and UNECE (method b).  (J1 shows the difference between the scenario selected and J1
UK
AOT60 

(mean excess)
(J1
%loss in benefit
AOT60pop
(J1
%loss in benefit


Ppm hrs
Ppm hrs

Million person ppm hrs



IIASA Reference
0.95
0.31

79
26


UKREF
0.93


77



J1
0.64
0.00

53
0


H1
0.60
-0.04
-14.4
49
-4
-8.3

UK7
 0.66
0.02
6.5
55
 2
7.7

UK8
 0.67
 0.03
 9.7
56
 3
 11.5

UK9
 0.76
 0.12
38.7
64
11
42.3

UK10
0.75
0.11
35.5
63
10
38.5

 















UNECE
AOT60
(J1
%loss in benefit
AOT60pop
(J1
%loss in benefit

IIASA Reference
0.47
0.17

604
208


UKREF
0.47


600 



J1
0.30
0.00

396
0


H1
0.34
0.04
23.5
429
33
15.9

UK7
 0.31
 0.01
5.9
400
 4
1.9

UK8
 0.31
 0.01
 5.9
401
 5
 2.4

UK9
 0.32
0.02
 11.8
417
21
 10.0

UK10
0.32
0.02
11.8
416
20
9.6

Table A5.2c.  AOT40 mean values in excess of 3 ppm hours, and vegetation exposures in UK and UNECE (method a).

UK
AOT40
(J1
%loss in benefit
AOT40veg
(J1
%loss in benefit




Ppm hrs


Ppm hrs area



IIASA Reference
1.9
0.5

153
42


UKREF
1.8
0.1
 
148
 
 

J1
1.4
0

111
0


H1
1.2
-0.2
-40
96
-15
-35.7

UK7
 1.4
 0
0
116
 5
11.9 

UK8
 1.5
 0.1
 20
120
 9
 21.4

UK9
1.7
0.3
60
140
29
69.0

UK10
 1.6
 0.2
 40
136
 25
 59.5









UNECE
AOT40
(J1
%loss in benefit
AOT40veg
(J1
%loss in benefit

IIASA Reference
2.5
0.6

13100
2858


UKREF
2.4
 
 
13068
 
 

J1
1.9
0

10242
0


H1
1.9
0
0
10245
3
0.1

UK7
 1.9
 0
 0
 10271
29
 1.0

UK8
 1.9
 0
 0
10274
 32
 1.1

UK9
1.9
0
0
10394
152
5.3

UK10
1.9
0
0
10391
149
5.2









Table A5.2d.  AOT40 mean values in UK and UNECE (method b).

UK
AOT40
(J1
%loss in benefit


Ppm hrs



IIASA Reference
4.90
0.6


UKREF
4.82



J1
4.30
0


H1
4.11
-0.29
-48.3

UK7
4.36 
 0.06
10.1

UK8
4.39
 0.09
 15.3

UK9
4.64
 0.28
 47.5

UK10
4.60
0.24
40.7






UNECE
AOT40
(J1
%loss in benefit






IIASA Reference
5.39
0.63


UKREF
5.38



J1
4.76
0.00


H1
4.94
0.18
28.6

UK7
 4.77
 0.01
1.6

UK8
 4.77
 0.01
 1.6

UK9
 4.81
 0.04
 6.3

UK10
4.81
0.04
6.3

Table A5.2e.  Arable crop areas exposed to AOT40 in excess of threshold, 1000 km2.


IIASA Reference
J1

UK
63
58

UNECE
1995
1958

Table A5.2f.  Permanent crop areas exposed to AOT40 in excess of threshold, 1000 km2.


IIASA Reference
J1

UK
0.52
0.50

UNECE
135.1
135.1

Scenarios explained in terms of VOC and NOx emissions

The basic scenarios examined are IIASA Reference, UKREF, H1 and J1.

UK10 is J1 with the emissions of the UK at the IIASA Reference values for NOx and VOC, i.e. designed to investigate the non-participation of the UK in further ozone reduction strategies.

UK7 is UK10 with VOC emission ceiling of 1150 kt/yr applied (approaching J1 at 1100); i.e. designed to investigate the non-participation of the UK in reducing NOx emissions.

UK8 is UK7 with NOx reduced from IIASA Reference value of 1181 to 1100 kt/yr

UK9 is UK10 with NOx reduced from IIASA Reference value of 1181 to 1100 kt/yr

These last two scenarios investigate the possibility of exchanging UK NOx reductions in place of UK VOC reductions.

RESULTS

AOT60

a.  UK values of AOT60

IIASA Reference to J1 produces a benefit in terms of a reduction in UK AOT60 of 32%.  This applies whether mean AOT60, or excess AOT60 over the threshold of 0.4 ppm hours, is considered.

Moving from J1 to UK10, by relaxing the commitments of the UK to IIASA Reference, causes 36% of this benefit to be lost; for UK7, in which VOC emissions move closer to J1, only 6% is lost.  These losses are a result of the non-abatement of VOC in the UK.  

Taking UK10, if NOx is now reduced below the J1 value to 1100 kt/yr (scenario UK9), whilst VOC remain at IIASA Reference, the loss increases to39%.  Taking UK7, if NOx is again reduced to 1100 kt/yr (scenario UK8) loss increases from 6 to 10%.  These increased losses demonstrate the increased ozone resulting from abating NOx beyond IIASA Reference whilst VOC remain at the IIASA Reference scenario (UK9) or between the IIASA Reference scenario and J1 (UK8).  

Thus, if NOx is reduced below J1, much of the benefit of J1 in reducing ozone in the UK will be lost unless VOC are also reduced.  It is not beneficial, in terms of ozone reductions to trade off reductions in VOC, which may be difficult or expensive, with the less expensive reductions in NOx.

b.  UK Population Exposure to AOT60

Population exposures are similarly affected.  IIASA Reference to J1 produces a benefit through reducing population exposure in the UK by 36% (method a) or 33% (method b).  

If UK emissions remain at IIASA Reference (scenario UK10) 21% of this benefit is lost.  If NOx emissions remain at IIASA Reference whilst VOC emissions approach J1 (scenario UK7), only 2% of this improvement is lost.

Taking UK10, if NOx is reduced below J1, loss increases to 23%.

Taking UK7, if NOx is reduced below J1, loss increases to 6%. 

Thus the benefits of J1 to the UK in terms of population exposure to ozone are reduced by 21% if UK remains at the IIASA Reference scenario and by 23% if additional reductions in NOx occur.  

c.  UNECE values

IIASA Reference to J1 produces a benefit through reducing UNECE AOT60 of 37%, whether mean values or mean excess values over the threshold are considered.

Only the more detailed analysis reveals the losses of up to 12% (of the improvement) observed for the scenarios in which UK VOC is not reduced from the IIASA Reference value of 1351 kt.  When VOC is reduced to 1150 kt/yr, losses are still 6%. 

Thus, significant losses in benefit also accrue in Europe if UK VOC remains at IIASA Reference.  

Correspondingly, population exposures in the UNECE region fall from IIASA Reference to J1 by 39% (method a) or 34% (method b).  The more detailed analysis (method b) indicates that leaving UK emissions at IIASA Reference (UK10) results in a 20% loss if this improvement.  Reducing VOC closer to J1 (UK7) reduces this loss to 4%.  Simultaneous reduction of NOx below J1 to 1100 kt/yr increases each of these losses by 1%.

Therefore, these investigations reinforce the message that at the J1 scenario it is important to reduce the VOC emissions to 1101 kt/yr if ozone is to be maintained at J1 levels.  Decreasing NOx and increasing VOC emissions causes AOT60 and population exposure to AOT60 to increase both in the UK and in Europe as a whole.  

AOT40

a.  UK values of AOT40

IIASA Reference to J1 reduces UK mean AOT40 in excess of 3 ppm hours by 26% (method a) or 24% of mean AOT40 (method b).  Use of UK7 results in a loss of 10% of this benefit (method b) and UK10 a loss of 41% of the improvement, showing substantial increases in ozone if VOC are not reduced beyond IIASA Reference.  If NOx is reduced below IIASA Reference, the losses in benefit are larger, as high as 48% for the case where VOC remains at IIASA Reference and NOx is reduced to 1100 kt/yr. 

b.   UNECE values of AOT40

IIASA Reference to J1 produces a reduction in UNECE mean AOT40 in excess of 3 ppm hours of 12 %.

Use of UK7 to 8 results in a loss of 1 to 2% of this European improvement, whilst scenarios UK9 to 10 affect this by 7%.  Thus, significant losses in benefit also accrue in Europe if UK VOC emissions remain at IIASA Reference.  

c.  Vegetation exposure to AOT40

Vegetation exposures could only be calculated using method a.  IIASA Reference to J1 produces a reduction of 27% in the UK and 21% in the UNECE region.  UK7 produces a loss in these improvements of 12% and UK10, of 60%.  If NOx emissions are reduced to 1150 kt/yr whilst VOC remain at IIASA Reference, 69% of the benefit of J1 for vegetation exposure to ozone in the UK is lost.  Losses in the UNECE of about 5% accompany this.

d.  Crop exposure to AOT40

Of the 67,545 km2 of arable crop land in the UK, 66,041 km2 fall in EMEP grid cells for which RAINS indicated AOT40 levels in excess of the critical level for crops.  Therefore, the maximum area that could be exposed, according to RAINS, is 66,041 km2.

There is additional data for a total of 522 km2 permanent crops grown in the UK.  According to MAFF, permanent crops comprise orchards, hops, and other fruit.  

There is a 7.5% reduction in the area of UK arable crops exposed to excess levels of AOT40 upon moving from IIASA Reference to J1.  The area concerned decreases from 63,000 to 58,000 km2.

The attached map A5.1 shows the location of arable crops in the UK, and the location of those exposed, for the two scenarios, is shown on maps A5.2 and A5.3.  The decrease in area exposed lies in Northern Ireland and S Scotland.

Since the area of permanent crops in the UK is rather small, the observed increases in protection levels are also small.

There are also considerable improvements in AOT40 levels in the areas of arable crops that remain exposed.  Crop exposure has specifically been calculated to fall from 178 ppm hours 1000 km2 (IIASA Reference) to 132 ppm hours 1000 km2 (J1) in the UK.
Maps A5.2 and A5.3 show the crop exposure in each EMEP grid cell in the UK for the two scenarios.  The biggest reductions in crop exposure are in the areas where most of the crops are to be found.  In (17,14) exposure falls from 356 to 266 ppm hours 100 km2 in excess of the threshold; whilst in (18,14) it falls from 307 to 247; and in (17,13) from 244 to 184.  These three grid cells hold the largest areas of arable crops in the UK.

Conclusions

These investigations produce the message that if the full benefit of a J1 scenario is to be realised in the UK as far as exposures of humans to AOT60 and vegetation to AOT40 is concerned, it is important to reduce the VOC emissions to 1101 kt/yr.  This maintains ozone at J1 levels.  Decreasing NOx below J1 and allowing VOC emissions to increase above J1, in at attempt to ‘trade’ VOC reductions for NOx reductions, causes AOT60 and population exposure to AOT60 to increase both in the UK and in Europe as a whole.

For AOT40 and AOT60 the percentage of the benefit of J1 which is lost as a result of switching to the ‘UK’ suite of scenarios is rather large, both for human exposure and vegetation exposure.  Only the UK7 scenario, in which VOC is reduced to 1150 kt/yr whilst NOx remains at IIASA Reference, shows a relatively small increase in ozone exposures compared to J1.

The J1 scenario has considerable benefits in reducing crop exposure to AOT40 in the UK.  Application of alternative UK scenarios would show similar trends as seen for AOT40 vegetation exposure.

ACIDIFICATION

Relevant scenarios


Apart from the basic scenarios, two additional scenarios are examined in which UK sulphur emissions are increased from J1 (499 kt SO2/yr) to 525 (UKS11) and 700 (UKS13).  It is the effect of the increasing S emissions that is being examined here.

Methods and Results

RAINS was used to extract areas protected from acidification in different countries under the various scenarios.  Maps of areas protected were also produced in order that effects in individual grid cells could be examined.

a. Changes in area protection in individual grid cells

(i) Basic scenarios

This has not been calculated.

(ii) Additional scenarios

The maximum change for J1 to UKS11 is in the UK where area protection from acidification decreases by 1.3% in a Welsh/English grid cell, EMEP (16,14) and by 0.7% in the N. Pennines (16,15).  Changes in the rest of the UK, and outside, are very small, less than 0.5%

The maximum change for J1 to UKS13 is in the UK where protection decreases by 9 and 5% in grid cells (16,14) and (16,15) respectively.  This means that 35% of each of these grid cells remains unprotected under UKS13 (compared to 30% and 26% at J1).  The main areas affected by the increase in S emissions are all of Wales, N England and S Scotland.

On moving from J1 to UKS13, losses of between 2 and 5% in area protected occur in coastal S Norway, S Wales, parts of Scotland and parts of E. Anglia.  Changes of 1 or 2 % occur in the rest of the UK (except N Ireland), coastal S Norway and Sweden, and the sensitive area along the German/Netherlands border.  

b.  Changes in area protection in countries

Table A5.3 gives the country changes in areas unprotected from acidification resulting from the basic scenarios.

(i) 
Basic scenarios

IIASA Reference to J1 reduces UK areas unprotected from acidification by 46%.  H1  is slightly less beneficial in the UK at 45%. 


IIASA Reference to J1 reduces UNECE areas unprotected from acidification by 55%.  Use of H1 reduces this benefit by 69%.  Countries bearing this loss are mostly the non-EU countries, although there is some deterioration in Germany. 


(ii) Additional scenarios

UKS11: Increasing SO2 to 525 kt/yr instead of 499 kt/yr 

This decreases this improvement in the UK by less than 4%, so that the area which is no longer protected is 0.2% of UK ecosystems sensitive to acidification.  In the ECE region, the percentage improvement does not change significantly.  Very small losses occur in Germany, Netherlands and Norway.

UKS13: Increasing SO2 to 700 kt/yr instead of 499 kt/yr

This decreases the improvement in the UK by 26% so that the total area unprotected increases to 5.1% (compared to 6.6% at J1).  This translates to a loss of protection for 140,000 hectares.  In the UNECE the improvement is decreased by less than 0.1%, but in Norway a further 0.3% of ecosystems lose protection.  Although 0.1% appears to be a small change; 276,000 hectares lose protection as compared with J1.

Conclusions

In the UK the benefits associated with scenario J1 are similar to those associated with H1. However, this change in scenario has more significant impacts, in terms of a greater reduction in benefits, when analysed for the UNECE as a whole. The additional scenarios UKS11 and UKS13 indicate the likely impacts of relaxing the UK SO2 emission ceiling. A relaxation in the UK SO2 emission ceiling of 201kt/yr being associated with 140,000 hectares of unprotected UK land.

EUTROPHICATION

Methods and Results

RAINS was used to identify areas protected from eutrophication in different countries under the various scenarios.  

Changes in area protection in countries for the basic scenarios

a.  UK

These are shown in Table 4.  IIASA Reference to J1 or H1 decreases UK areas unprotected from eutrophication by 50%. 

By using the additional scenario UK1a, increases in NH3 emissions relative to J1 are compensated for by reductions in NOx.  However, in UK1, NH3 emissions are substantially larger than in J1 or UK1a whilst NOx emissions remain at J1.  Therefore these losses can be attributed to the increase in NH3 emissions from 264 kt/yr (J1) to 297 kt/yr (FOURTH).

b.  UNECE

IIASA Reference to J1 reduces UNECE areas unprotected from eutrophication by 19%, IIASA Reference to H1 by 2%. 

Neither UK1a nor UK1 affect these values, nor any of the protection levels in non-EU countries (with the exception of UK1 which slightly increases exceedence in Switzerland).

In the EU, use of UK1a or UK1 increases exceedence in Belgium, Denmark, Germany, Luxembourg and the Netherlands, with UK1 having the most significant effect.

Conclusions

A decrease in NOx emissions can compensate for a small increase in NH3 emissions in terms of eutrophication.  However, if NH3 emissions remain at IIASA Reference levels, and NOx is not reduced, there are very dramatic losses in eutrophication protection levels in the UK compared to J1, and additional losses are observed in nearby EU countries.

Table A5.3.  Country areas unprotected from acidification as a function of scenario (in percentage terms and as hectares) (( indicates difference between scenario and J1, a positive value indicating a greater area unprotected than for J1).

Country
IIASA Reference
Base

Line
J1
( UK1a
( UK1
H1
IIASA Reference
Base

Line
J1
( UK1a
( UK1
H1


(%)





(ha)






Austria
3.2
3.2
1.4
0.0
0.0
2.0
162
161
68
0
0
99

Belgium
22.1
22.0
7.3
0.0
0.1
7.5
155
155
51
0
1
52

Denmark
2.3
2.2
1.2
0.0
0.0
1.5
9
9
5
0
0
6

Finland
4.3
4.3
2.8
0.0
0.0
4.2
1184
1180
756
0
2
1150

France
0.7
0.7
0.3
0.0
0.0
0.3
218
217
84
0
0
88

Germany
15.8
15.5
5.5
0.0
0.1
7.1
1616
1594
567
2
11
727

Greece
0.0
0.0
0.0
0.0
0.0
0.0
0
0
0
0
0
0

Ireland
1.3
1.2
0.9
0.0
0.0
1.0
12
11
8
0
0
9

Italy
0.7
0.7
0.5
0.0
0.0
0.5
74
73
51
0
0
58

Luxembg
6.0
5.9
0.8
0.0
0.0
0.9
5
5
1
0
0
1

Netherlands
60.4
60.0
23.6
0.1
0.5
23.8
193
192
75
0
2
76

Portugal
0.0
0.0
0.0
0.0
0.0
0.0
1
1
1
0
0
1

Spain
0.2
0.2
0.2
0.0
0.0
0.2
18
18
17
0
0
17

Sweden
4.1
4.1
3.0
0.0
0.0
3.7
1607
1580
1166
2
17
1420

UK
12.3
11.5
6.6
0.1
1.9
6.8
1180
1107
636
7
182
647

EU15
4.3
4.2
2.3
0.0
0.1
2.9
6434
6302
3486
12
216
4352















Albania
0.0
0.0
0.0
0.0
0.0
0.0
0
0
0
0
0
0

Belarus
20.9
20.8
13.6
0.0
0.0
20.6
1049
1048
686
0
1
1034

Bosnia-H
9.0
9.0
0.0
0.0
0.0
9.0
131
131
0
0
0
131

Bulgaria
0.0
0.0
0.0
0.0
0.0
0.0
0
0
0
0
0
0

Croatia
0.0
0.0
0.0
0.0
0.0
0.0
0
0
0
0
0
0

Czech Rep
17.8
17.7
3.0
0.0
0.1
10.7
474
470
81
0
2
285

Estonia
0.6
0.6
0.4
0.0
0.0
0.5
11
11
8
0
0
10

Hungary
22.9
22.9
13.0
0.0
0.0
18.9
65
65
37
0
0
54

Latvia
0.0
0.0
0.0
0.0
0.0
0.0
0
0
0
0
0
0

Lithuania
4.1
4.1
0.3
0.0
0.0
4.1
78
78
5
0
0
77

Norway
11.6
11.4
8.7
0.0
0.2
10.1
2571
2521
1928
6
45
2236

Poland
7.8
7.7
1.0
0.0
0.0
6.4
1356
1344
173
0
1
1117

Moldova
2.4
2.4
0.9
0.0
0.0
2.4
29
29
10
0
0
29

Romania
0.8
0.8
0.3
0.0
0.0
0.8
51
51
17
0
0
51

Russia
1.2
1.2
0.3
0.0
0.0
1.2
4074
4072
1027
0
1
4061

Slovakia
14.7
14.7
7.4
0.0
0.0
13.0
295
295
149
0
0
261

Slovenia
2.1
2.1
0.4
0.0
0.0
2.0
19
19
4
0
0
19

Switzerland
4.6
4.6
2.8
0.0
0.0
3.2
57
56
35
0
0
40

Macedonia
0.0
0.0
0.0
0.0
0.0
0.0
0
0
0
0
0
0

Ukraine
7.8
7.8
2.9
0.0
0.0
7.7
643
643
237
0
1
636

Yugoslavia
0.1
0.1
0.0
0.0
0.0
0.1
2
2
0
0
0
2

Non-EU
2.5
2.5
1.0
0.0
0.0
2.3
10907
10835
4398
7
51
10042















TOTAL
3.0
3.0
1.4
0.0
0.0
2.5
17340
17137
7884
19
267
14394

Table A5.4.  Country areas unprotected from eutrophication as a function of scenario (in percentage terms and as hectares) (Delta indicates difference between scenario and J1, a positive value indicating a greater area unprotected than for J1).

Country
IIASA Reference
Base

Line
J1
( UK1a
( UK1
H1
IIASA Reference
Base

Line
J1
( UK1a
( UK1
H1


(%)





(ha)






Austria
57.7
57.8
41.5
0.0
0.0
46.8
3445
3447
2476
2
2
2796

Belgium
96.5
96.6
81.3
0.2
0.4
83.6
677
678
571
2
3
587

Denmark
37.8
38.2
26.8
0.1
0.2
29.0
119
120
84
0
1
91

Finland
15.3
15.4
10.5
0.0
0.0
13.1
2530
2535
1731
8
6
2158

France
79.2
79.2
68.1
0.0
0.0
70.9
25159
25161
21630
3
4
22525

Germany
89.5
89.6
71.3
0.1
0.1
72.9
9184
9189
7311
11
15
7479

Greece
9.6
9.6
3.5
0.0
0.0
8.6
236
236
85
0
0
212

Ireland
6.4
6.4
3.3
0.0
0.0
5.9
58
58
30
0
0
53

Italy
31.7
31.7
21.0
0.0
0.0
28.9
3795
3795
2512
1
1
3460

Luxembg
91.5
91.6
72.6
0.1
0.1
75.6
81
81
64
0
0
67

Netherlands
91.0
91.1
87.0
0.1
0.1
87.0
291
292
278
0
0
278

Portugal
27.5
27.5
22.4
0.0
0.0
26.4
776
776
632
0
0
747

Spain
13.9
13.9
10.2
0.0
0.0
11.6
1185
1186
868
1
2
987

Sweden
4.7
4.8
3.3
0.0
0.0
3.9
891
894
619
3
3
737

UK
1.4
2.6
0.7
0.0
0.4
0.7
126
238
62
1
34
63

EU15
40.1
40.3
32.3
0.0
0.1
35.0
44554
48686
38954
31
72
42240















Albania
18.9
18.9
15.2
0.0
0.0
17.5
200
200
162
0
0
185

Belarus
25.7
25.7
18.4
0.0
0.0
25.1
1293
1294
924
1
1
1261

Bosnia-H
50.0
50.0
31.7
0.0
0.0
46.3
724
724
460
0
0
671

Bulgaria
68.7
68.7
25.5
0.0
0.0
65.8
3398
3398
1261
0
0
3258

Croatia
6.8
6.8
3.6
0.0
0.0
6.5
18
18
10
0
0
17

Czech Rep
87.0
87.0
74.5
0.0
0.1
82.8
2312
2313
1980
2
2
2200

Estonia
39.1
39.1
31.7
0.1
0.0
36.0
739
739
599
0
0
681

Hungary
52.8
52.8
44.1
0.0
0.0
51.8
150
151
126
0
0
148

Latvia
57.2
57.2
52.2
0.0
0.0
56.8
1553
1553
1418
1
1
1543

Lithuania
71.6
71.6
47.2
0.0
0.0
71.4
1357
1357
895
0
0
1353

Norway
2.0
2.0
0.3
0.0
0.0
0.4
280
285
35
0
1
58

Poland
93.5
93.5
85.9
0.0
0.0
92.6
16217
16219
14895
5
5
16062

Moldova
0.0
0.0
0.0
0.0
0.0
0.0
0
0
0
0
0
0

Romania
40.1
40.1
28.4
0.0
0.0
39.2
2497
2497
1770
0
0
2444

Russia
7.6
7.6
6.7
0.0
0.0
7.5
26263
26286
23131
7
5
25877

Slovakia
75.2
75.3
46.8
0.0
0.0
71.1
1509
1510
938
1
1
1427

Slovenia
17.3
17.3
9.6
0.0
0.0
15.4
157
157
87
0
0
140

Switzerland
82.8
82.8
64.6
0.0
0.1
73.5
1886
1887
1472
1
1
1674

Macedonia
14.9
14.9
10.2
0.0
0.0
13.0
159
159
108
0
0
138

Ukraine
64.7
64.7
46.8
0.0
0.0
64.4
5332
5332
3860
0
0
5303

Yugoslavia
58.4
58.4
37.5
0.0
0.0
55.9
1992
1992
1278
0
0
1909

Non-EU
16.0
16.1
13.1
0.0
0.0
15.6
68037
68072
55407
19
18
66350















TOTAL
21.4
21.4
17.3
0.0
0.0
19.9
116591
116757
94360
51
90
108590















HUMAN EXPOSURE TO SECONDARY PARTICULATE MATERIAL

Method and Results

ASAM was used to calculate the concentrations of SO4, NO3 and NH4 aerosols under the four standard scenarios IIASA Reference, UKREF, H1 and J1.  Variants UKS11 and UKS13 were examined which are based on J1 but have higher emissions of SO2 in the UK.  Exposures were calculated by assuming that exposure to unit mass of any of the three components contributed equally to the overall exposure.  No threshold is used in calculating the population exposures.  The results are shown in Table A5.5.

(i)  Basic Scenarios

In the UK, IIASA Reference to J1 reduces human exposure to secondary particulates by 14%, incorporating a 31% reduction in the sulphate aerosol exposure. 

The abatement of emissions from IIASA Reference to J1 causes a 23% reduction in UNECE human exposure to secondary particulates, which incorporates a 25% reduction in UNECE human exposure to sulphate aerosol.  H1 is rather less beneficial owing to the lack of reductions in non-EU countries.  Moving to UK1 has little effect on UNECE exposure levels


(iii) Additional Scenarios

Moving from J1 to UKS11 has a negligible influence on these changes.

However, moving from J1 to UKS13 reduces the UNECE benefit to overall human exposure by 2%, whilst the UK benefit is reduced by 13%, a substantial change.

Table A5.5.  ASAM calculations of human exposure to particulates for various scenarios

Units: person g.

SCENARIO
SO4
NO3
NH4
TOTAL

UNECE





IIASA Reference
1922
4737
1307
7966

UKREF
1903
4738
1311
7952

J1
1439
3714
1003
6155

H1
1667
3895
1091
6652

UKS11
1441
3714
1003
6158

UKS13
1458
3714
1003
6174







UK





IIASA Reference
118
342
88
547

UKREF
108
342
90
541

J1
82
315
73
470

H1
84
316
75
474

UKS11
83
315
73
472

UKS13
92
315
73
480

Conclusion

Increasing the UK SO2 emission ceiling from 499 kt/yr (J1) to 525 (UKS11) has little effect on human exposure to particulates.  However increasing the ceiling to 700 (UKS13) has a very significant effect in increasing human exposure to particulate matter in the UK, and effects are also seen in other parts of the UNECE region.  

OVERALL CONCLUSIONS

Almost any move away from J1 causes significant losses to the benefits, which would accrue in the UK as a result of moving to J1 from IIASA Reference.  In particular, VOC emissions need to be reduced in order to combat tropospheric ozone.  Increased VOC emissions cannot be compensated for by reduced NOx emissions below J1.

As far as acidification is concerned, NOx and NH3 emission can be ‘traded’.  However, if NH3 emissions remain at IIASA Reference and NOx is not reduced below IIASA Reference, there are very significant increases in eutrophication in the UK.  If NOx is reduced below IIASA Reference, then VOC emissions need to be reduced below J1 in order that tropospheric ozone does not increase.

Significant increases in SO2 emissions above J1 cause significant increases in acidification in the UK.  Human exposure to secondary particulates in this scenario also increases.

The scenario UK7 was the only one of the ‘additional scenarios’ which did not compare rather unfavourably with J1 for tropospheric ozone formation.

Appendix 6
Methods for the Analysis of the Benefits of Abatement

Overview

This Appendix identifies the data sources used for valuation, exposure-response and other data.  

The overall structure of the analysis proceeds through the series of stages shown in Figure 2 of Chapter 5.  Emissions are modelled to provide data on the change in concentration and deposition across the UK (using the HARM and ELMO models) and Europe as a whole (using the EMEP models).  The dispersion/concentration maps are then overlaid onto data showing the distribution of the ‘stock at risk’ (people, buildings, crops, etc.), and information on the sensitivity of the stock at risk (death rates, age structure of the population, type of ecosystems, etc.).  This provides information on exposure, to which can be applied exposure-response functions to derive estimates of impact in biological and physical terms.  The final stage is valuation of impacts, where possible.

As stated elsewhere in this report, there are significant uncertainties in the assessment of the benefits of air pollution abatement.  However, we believe that it is possible to take an objective view in the analysis through comprehensive treatment of these uncertainties.

The analysis generated several types of result:

1. UK benefits from UK abatement (‘Partial-UK’)

2. UNECE benefits from UK abatement (‘UNECE’)

3. UK benefits from pan-UNECE abatement (‘Full-UK’)

The codes in brackets are used below where appropriate.  The main models used were ALPHA for Partial-UK and UNECE, and ALPHA-UK for the Full-UK assessment.

The methods are ordered in accordance with the sensitivity analysis carried out in the full benefits assessment (see Appendix 8, which provides numeric inputs rather than just the sources that are given here).  Also described are the additional sensitivity analyses conducted within the main framework.

Group i effects

Materials damage

UK assessment: IGCB report (DETR, 1998)

UNECE assessment: Holland et al (1999)

Crops damage

UK assessment: IGCB report (DETR, 1998)

UNECE assessment: Holland et al (1999)

Ozone exposures

RAINS model, web version (see Appendix 5)

Acidification and eutrophication

ITE databases (Full-UK, see also Appendix 7) and RAINS model, web version (Partial-UK and UNECE, see also Appendix 5).

Particulate exposures

HARM, ASAM for the full-UK analysis.

EMEP for the Partial-UK and UNECE analysis.

Acute effects on mortality and respiratory hospital admissions (RHAs)

Exposure response functions from COMEAP, including 95% confidence limits for error analysis.

Group II Effects

Numerous acute effects on morbidity

Functions and ranges from COMEAP and EAHEAP for the following effects:

1. Cardiovascular disease

2. Congestive heart failure

3. Ischaemic heart disease

4. Cerebrovascular hospital admissions

5. Bronchodilator usage for asthmatic adults and children

6. Cough for asthmatic adults and children

7. Wheeze for asthmatic adults and children.

Note that to sum all of these effects would involve double counting.  Accordingly, when it comes to monetisation, estimates for cardiovascular disease (used for the lower bound accumulated benefits) are not added to congestive heart failure and ischaemic heart disease (which are used for the upper bound).  Also, there is debate on the meaning of the three effects on asthmatics, and whether there is potential there for double counting.  For the lower end of the monetised range only bronchodilator usage was included, whilst for the upper end all effects were included.

Group III effects

Monetisation of acute effects on mortality and RHAs

Acute mortality was valued using the EAHEAP range.  Lower bound estimates of cases (as calculated above) were combined with the lower bound from EAHEAP (£2,600), and vice versa for the upper bound (valued at £1.4 million/case).  An intermediate case taking the COMEAP mid-point and EAHEAP intermediate valuation of £110,000/case was also calculated, but not used in the accumulated ranges.

Group IV effects

Monetisation of various acute effects on morbidity (from GROUP II)

All effects valued using ExternE data (European Commission, 1995, 1999).  See also the note on Group II effects, describing the way in which data were combined to give the accumulated high and low estimates of benefit, to avoid possible double counting.

Group V Effects

Chronic mortality

This part of the analysis was based on work carried out by Fintan Hurley and Brian Miller at the Institute of Occupational Medicine, using the Pope et al function.  The underlying analysis is complex, being based on manipulation of life-tables.  The work is summarised in Markandya et al (1999) and a forthcoming report by Hurley et al for the Department of Health.  Numerous assumptions are available for the assessment of chronic mortality impacts.  For this analysis it was assumed that the change in risk was the same at all ages, with effects calculated for (essentially) a one-year reduction in particle concentrations.  Other assumptions are plausible and will be explored in the Hurley et al report.

Unlike the estimates of acute effects on mortality expressed in terms of number of cases (with no data on the reduction in life expectancy), the estimated chronic effects on mortality are quantified in terms of life years lost (with no data on the number of cases).  As the EAHEAP low (£2,600/case with an average of 1 month of life lost) and intermediate (£110,000/case with an average of 1 year of life lost) points provide an estimate of willingness to pay for increased longevity, we have applied these data.  There will be debate on the applicability of these valuations for chronic mortality.  However, it would appear to us to be curious if the final valuations agreed were so substantially different that they changed the results gained from applying this broad range.

Group VI Effects

Forests, numerous chronic and acute effects on morbidity

There is significant debate on the meaning of the effects listed in this Group.  In the UK, for example, chronic bronchitis is not an illness associated with children, though the US literature assesses it as an endpoint.  For chronic bronchitis in adults it would appear from the forthcoming report by Hurley et al (1999) that there are problems in distinguishing between those contracting bronchitis for the first time ever, and those suffering repeat episodes.  Similarly there are difficulties in interpretation of ‘restricted activity days’ (RADS).  

In view of these problems with interpretation we have applied broad ranges for the valuation of the most prominent of this group of effects.  The main data sources are Holland et al (1999), Hurley et al (1999, forthcoming) and European Commission (1995, 1999).

The tables in Appendix 8 provide running totals for benefits, starting with those effects that can be quantified with the best confidence and proceeding through benefits of diminishing certainty.  This is done in such a way as to provide both lower and upper bounds.  High and low values are selected for inputs where required in order to derive these ranges.

Data Used in the Analysis

Modelling Pollution Concentrations and Deposition

Most of the pollution dispersion and chemistry analysis carried out for this study was based on the use of the HARM and ELMO models and was described in Appendix IV.  This analysis was carried out to give a resolution of 10 x 10 km.  Analysis for the UNECE area was based on the EMEP 150 x 150 km grid.  For the UNECE scale, model runs were carried out at the Norwegian Meteorological Institute, relating emissions in a number of years to air concentrations and deposition of all of the pollutants relevant to this study.  Average transfer coefficients for each country to grid cell combination were calculated for a six year period (covering 1989 to 1994), in order to account for meteorological variation.  Data on ozone were supplied specifically for several of the scenarios assessed under separate analyses for the UNECE Task Force on Economic Aspects of Abatement Strategies, based on average meteorology over a five-year period.

Health Effects Assessment

Stock at risk data and atmospheric modelling

For the UK, population data were taken from the 1991 census, disaggregated by age, and expressed on a 10 x 10 km grid to match the pollution data.

The main source of population data used for the UNECE area analysis was the RIVM land use database (Veldkamp and van der Velde, 1995).  These data were transferred to the EMEP 150 x 150 grid, and disaggregated to urban and rural populations.  The Bosnian population, absent from the original inventory, was taken from UN sources.

Additional data were required to define the fraction of the population in various groups considered to be at special risk - the elderly, children, and asthmatics.  In addition, death rate data were required.  Data on age structure and death rates were obtained from Rayner et al (1994), drawing on relevant UN reports (Demographic Yearbook, Population and Vital Statistics Report and World Population Prospects).  Over Europe these provide average factors as follows;


Fraction of children in European population:
0.2


Fraction of adults in European population:
0.8


Fraction of people > 65 years in European population:
0.14


Annual death rate per thousand people:
10.2

The following estimates are made for asthmatics (R. Anderson, personal communication, October 1997);


Child asthmatics as a fraction of the UK population:
0.02


Adult asthmatics as a fraction of the UK population:
0.04

Exposure-response functions
Available literature on health effects of air pollution has been reviewed by the Department of Health (1998) and by Hurley, Donnan and their colleagues at IOM, providing the exposure-response functions listed in Table AII.1.  Preference is given to the DH preferred function where both it and supporting data on incidence of effects in the UK are available.

Table A6.1.  Quantification of human health impacts.  The exposure response slope, fer, has dimensions of [units/(yr-person-ug/m3)] for morbidity excluding RHAs, [% change in annual mortality,RHA rate/(ug/m3)] for acute effects on mortality ad RHAs, and years of life lost for chronic effects on mortality.
Receptor


Impact Category
Reference
Pollutant
fer 1

ASTHMATICS



adults
Bronchodilator usage
Dusseldorp et al, 1995
PM10
0.163


Cough
Dusseldorp et al, 1995
PM10
0.168


Lower respiratory symptoms (wheeze)
Dusseldorp et al, 1995
PM10
0.061

children
Bronchodilator usage
Roemer et al, 1993
PM10
0.078


Cough
Pope, Dockery, 1992
PM10
0.133


Lower respiratory symptoms (wheeze)
Roemer et al, 1993
PM10
0.103

all
Asthma attacks (AA)
Whittemore, Korn, 1980
O3
4.29E-3

ELDERLY 65 years +




 
Congestive heart failure (CHF)
Schwartz, Morris, 1995
PM10
1.85E-5

CHILDREN





Chronic bronchitis
Dockery et al, 1989
PM10
1.61E-3


Chronic cough
Dockery et al, 1989
PM10
2.07E-3

ADULTS





Restricted activity 

days (RAD)3
Ostro, 1987


PM10

0.025




Minor restricted activity day(MRAD)4
Ostro, Rothschild, 1989
O3
9.76E-3


Chronic bronchitis
Abbey et al, 1995
PM10
4.9E-5

ENTIRE POPULATION





Respiratory hospital admissions (RHA)
EAHEAP (1999)
PM10
SO2
O3
0.08%

0.05%

0.07%


Cerebrovascular hospital admissions (CVA)
Wordley et al, 1997
PM10
5.04E-6


Symptom days
Krupnick et al, 1990
O3
0.033

DEATH RATES





Acute Mortality 
EAHEAP (1999)
PM10

SO2
O3
0.075%0.06%

0.06%


Chronic Mortality
Pope et al, 1995
PM10
0.00036

1 Sources: [ExternE, European Commission, 1995; 1999] and [Hurley and Donnan, 1997].

3 Assume that all days in hospital for RHA, CHF and CVA are also restricted activity days (RAD).  Also assume that the average stay for each is 10, 7 and 45 days respectively.


Thus, net RAD = RAD - (RHA*10) - (CHF*7) - (CVA*45).

4  Assume asthma attacks are also MRAD, and hence should deducted from the MRAD total.

Use of the non-COMEAP functions listed here is based on the assumption that the incidence rates of different types of illness are the same in the UK and elsewhere in Europe as in the location where studies were originally undertaken.  The calculations required were carried out by Hurley and colleagues at IOM in the EC DGXII ExternE Project.  The following illustrative case was kindly supplied for this project by Fintan Hurley.  The Table numbers referred to are to be found in the paper by Roemer et al (1993).

Calculations on bronchodilator usage, from Roemer et al. (1993)
1. Prevalence from Table 4.  Take a weighted average of 9.0 (27 days); 10.3 (32d); 11.5 (11d) and 12.1 (9d) to get 10.2.

2. Regression coefficient from Table 6.  Treated as if it is linear regression; though it may be logistic.  The answers should be similar.  Taking it as linear, we have:

a. Change in prevalence per (g.m-3 PM10 is 0.023% or 0.23% per 10 (g.m-3 PM10.

b. With a s.e. of 0.008, the 95% CI is given by ( 2s.e.; i.e. (0.16%; so for 10 (g.m-3 PM10 we have a 95% CI of 0.07%, 0.39%.

c. Sticking with the main calculation, the average prevalence is 10.3%; and so, for an extra 10 (g.m-3 PM10, we get a prevalence of 10.53%.

d. The % increase in prevalence is 0.23/10.3 = 0.023, i.e. a RR of 1.023 per 10 (g.m-3 PM10. 

3. Still taking it as linear, we have:

Per 1 (g.m-3 PM10, an increase of 0.023% prevalence on a given day; i.e.

0.00023 x 365 = 0.084 occurrences per child asthmatic per year; i.e.

84 extra occurrences per 1000 child asthmatics per year, where ‘occurrence’ is the use of a bronchodilator on one day where otherwise there would have been no usage.

We used 77.9 rather than 84, because we applied the increase as a RR to the odds, as in logistic regression, not as a linear additive effect, as above. 
The assessment of the chronic effects on mortality was based on a reasonably central series of model runs carried out at IOM using life tables and described in a separate study (Markandya et al, 1999).  The analysis assessed the effect of a one year pulse of pollution on the life expectancy of the UK.  It was assumed that the change in mortality risk was the same for all people exposed.  This analysis, and the effect of alternative assumptions will be described more fully in a forthcoming report to Department of Health (Hurley et al, 1999).

The ozone assessment was carried out assuming the presence of a threshold of 50 ppb only, following from the EAHEAP analysis.  This should not be taken as presumption against the no-threshold position, it was done simply because of a lack of modelled data for the UK to show trends in mean exposure to ozone for the scenarios considered.  The threshold calculations were carried out in a rather indirect manner, assuming that exposure to levels in excess of 50 ppb will be reflected in the change in AOT40 and AOT60.  Appropriate ozone data were limited to 1990 and 2010.  The assessment proceeded through the following stages:

1. It was assumed that the results presented by EAHEAP were for a year in which average ozone was similar to 1990 concentrations.  

2. The EAHEAP ozone results assuming a 50 ppb threshold were divided by population-weighted AOT60 for 1990 to give deaths/RHAs per million person ppm.hrs.

3. The result of [2] was multiplied by the change in AOT60 million person ppm.hrs to give the change in deaths and RHAs per scenario.

4. Stages [2] and [3] were repeated using the AOT40.

5. An average was taken of the results of [3] and [4].

Valuation data for mortality are given in the main text of the report, and were derived from EAHEAP.  For acute effects all three values adopted by EAHEAP were used to derive the ranges shown in the Tables of Appendix 8; low (£2600), intermediate (£110,000) and high (£1,400,000).  For chronic effects a range of £31,200 per year lost to £110,000 per year lost were used.  Derivation of these figures is given in the main text.

Following EAHEAP, a range of £0 to £3235 per respiratory hospital admission was used.  The lower figure assumes that all RHAs were simply events that were brought forward by a short time.  The upper figure combines WTP and costs of illness incurred per case by the NHS.

Other values were taken from the ExternE Project, and are shown in Table A6.2.

Table A6.2 Values used for assessment of morbidity impacts (1990 euro; Markandya, in European Commission, 1999).

Endpoint
Value
Estimation Method and Comments

Acute Morbidity



Restricted Activity Day (RAD)
63
CVM in US estimating WTP.

Symptom Day (SD) and Minor Restricted Activity Day
6.3
CVM in US estimating WTP.  Account has been taken of Navrud’s study.

Chest Discomfort Day or Acute Effect in Asthmatics (Wheeze)
6.3
CVM in US estimating WTP.  Same value applies to children and adults.

Emergency Room Visits (ERV)
186
CVM in US estimating WTP.

Cardiovascular Hospital Admissions
6,560
As above.

Acute Asthma Attack
31
COI (adjusted to allow for difference between COI and WTP).  Applies to both children and adults.

Chronic Morbidity



Chronic Illness (VSC)
1,000,000
CVM in US estimating WTP.

Chronic Bronchitis in Adults
88,000
Rowe et al (1995).

Non fatal Cancer
375,000
US study.

Malignant Neoplasms
375,000
 Valued as non-fatal cancer.

Chronic Case of Asthma
88,000
Based on treating chronic asthma as new cases of chronic bronchitis.

Cases of change in prevalence of bronchitis in children
225
Treated as cases of acute bronchitis.

Cases of change in prevalence of  cough in children
188
As above.

Damage to Materials
Stock at risk data

The stock at risk is derived from data on building numbers and construction materials taken from building survey information.  Sources of data are as follows;

Eastern Europe (including the former East Germany):


Kucera et al (1993b), Tolstoy et al (1990) - data for Prague
Scandinavia:


Kucera et al (1993b), Tolstoy et al (1990) - data for Stockholm and Sarpsborg

UK, Ireland: 


Ecotec (1996), data for UK extrapolated to Ireland

Former West Germany: 


Hoos et al (1987) - data for Dortmund and Köln

Other western Europe:


Average of material use per person from Hoos et al, Kucera et al and Tolstoy et al (excluding Prague), and Ecotec.

For galvanised steel in structural (non-building) applications an average was derived from European Commission (1995) and Kucera et al (1993b).

Meteorological, atmospheric and background pollution data
The exposure-response functions require data on meteorological conditions.  Of these, the most important are precipitation and humidity.  Data have been taken from Kucera (1994).

Dose-response functions 

The main source of data for exposure response functions used here is the work conducted under the UNECE Programme (Kucera, 1993a, 1993b, 1994).  This section lists the dose-response functions used, which should be assumed to originate from the work of Kucera unless otherwise referenced.  The following key applies to all equations given:


ER
=
erosion rate (um/year)


P
=
precipitation rate (m/year)


SO2
=
sulphur dioxide concentration (ug/m3)


O3
=
ozone concentration (ug/m3)


H+
=
acidity (meq/m2/year)


RH
=
average relative humidity, %


f1
=
1-exp[-0.121.RH/(100-RH)]


TOW
=
fraction of time relative humidity exceeds 80% and temperature >0°C


ML
=
mass loss (g/m2) after 4 years
In all the ICP functions, the original H+ concentration term (in mg/l) has been replaced by an acidity term using the conversion: 

P.H+ (mg/l) = 0.001.H+ (acidity in meq/m2/year)

To convert mass loss for stone and zinc into an erosion rate in terms of material thickness, respective densities of 2.0 and 7.14 tonnes/m3 are assumed.  The functions used are as follows; 

Unsheltered limestone (4 years):  ML = 8.6 + 1.49.TOW.SO2 + 0.097.H+ 

Unsheltered sandstone (4 years) (also mortar): ML = 7.3 + 1.56.TOW.SO2 + 0.12.H+
Brickwork: no effect

Concrete; assumed no effect, though air pollution may affect steel reinforcement

Carbonate paint: (ER/tc = 0.01[P]8.7(10-pH - 10-5.2)+0.006.SO2.f1 (Haynie, 1986)

Silicate paint: (ER/tc = 0.01[P]1.35(10-pH - 10-5.2)+0.00097.SO2.f1 (Haynie, 1986)

Steel: assumed either painted or galvanised, not assessed independently

Unsheltered zinc (4 years): ML  =   14.5 + 0.043.TOW.SO2.O3 + 0.08.H+
Sheltered zinc (4 years): ML =    5.5 + 0.013.TOW.SO2.O3
Aluminium: assumed too corrosion resistant to be affected significantly.

Calculation of repair frequency
It is assumed that maintenance is ideally carried out after a given thickness of material has been lost.  This parameter is set to a level beyond which basic or routine repair schemes may be insufficient, and more expensive remedial action would be needed.  A summary of the critical thickness loss for maintenance and repair are shown in Table AII.6.

Table A6.3.  Assumed critical thickness for maintenance or repair measures for building materials.

Material
Critical thickness loss

Natural stone 
5 mm

Rendering
5 mm

Mortar 
5 mm

Zinc:


Construction - sheet and strip


Other construction, agriculture and



street furniture


Pylons, other transport
25 um

50 um

100 um

Galvanised steel
50 um

Paint
20 um

Repair costs

The following repair costs were applied for the interval in material lifetime between scenarios defined by the application of data on concentration, dose-response and critical thickness.

Table A6.4.  Repair and maintenance costs [euro/m2] applied in this analysis.

Material
euro/m2

Zinc
21

Galvanised steel
25

Natural stone
235

Rendering, mortar
25

Paint
11

Effects of Air Pollution on Agricultural Systems
Geographically distributed data on crop production were obtained from ITE for the UK.  Across the rest of Europe the data adopted were national totals for production of each crop type.

Acidification of agricultural soils

Lime is routinely applied to farmland to counteract acidification linked to farming practises, including harvest.  Atmospheric deposition increases the amount of lime required to maintain acidity levels.  The basis of the method applied here to calculate the costs associated with this change in demand for lime is as follows:

· The total amount of acidifying pollutant deposited to the land surface in a given area;

· The amount which falls on soils which require lime (excluding, for example, urban areas, water and soils on calcareous drifts);

· The cost of neutralising this amount of acidic deposition with lime;

· The increased acidic deposition in this area resulting from the change from one scenario to another;

· The additional cost of neutralising the difference in inputs to soils, which require lime (priced at 16.8 euro per tonne of lime).

Fertilisational effects of nitrogen deposition

Nitrogen is of course an essential plant nutrient, applied by farmers in large quantity to their crops.  The deposition of additional nitrogen to agricultural soils is thus beneficial (assuming that the dosage of any fertiliser applied by a farmer is not excessive).  The analysis quantifies total deposition of nitrogen to arable land and permanent pastures.  The benefit is calculated directly from the cost of nitrate fertiliser, 430 euro /tonne of nitrogen (Nix, 1990).  Given that additional inputs will still be needed under current conditions to meet crop N requirements for intensive agricultural systems there is a negligible saving in the time required for fertiliser application (if any), so it seems reasonable to cost benefits purely in terms of the (perhaps theoretical) reduction in N required as fertiliser.  This analysis probably tends to overestimates the benefit of N deposition.  N is deposited from the atmosphere throughout the year, including times when crops are not actively growing.  The potential for deposited N to drain off and cause eutrophication is not monetised.

Similar analysis has not been performed for afforested areas.  There is concern that prolonged deposition of N to these areas can lead to nutrient imbalance (Schulze et al, 1989), and hence that observed benefits in terms of enhanced productivity are not sustainable.

Ozone effects

Ozone damage to crops has been calculated using EMEP’s accumulated ozone above a threshold of 40 ppb (AOT40) metric, where AOT40 is defined by:
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The time integral is over the growing season, which, for crops, is taken to be daylight hours in the months May-July.  The metric has the units ppb.hours, or ppm.hours.

Functions are listed in tables AII.8 and AII.9.

Table A6.5. Estimated sensitivity of different crops to ozone.  Species written in normal type are discussed in the review by Jones et al (1997).  Species written in italics are not specifically discussed by Jones et al, but do feature in European crop production statistics.  Sensitivity in these cases is estimated by analogy with similar crops..
Tolerant crops
maize

raspberries

cabbages

barley

olives
leaf crops

olive oil
sugar beet

strawberries

Slightly sensitive crops
pasture grass

rice


sorghum

millet
oats
rye

Sensitive crops
wheat

potato

apples

lemons

limes

flax

hemp

clover

tomato

oranges

peaches

pears

hops

linseed


soybeans

sunflower plums

grapefruit

tangerine

onion

rapeseed
beans

grapes

watermelons

carrots

cucumbers

dates

sesame seed

Very sensitive crops
tobacco






Table A6.6.  Ozone exposure-response functions.
Crop type
Exposure Response Function


% loss per ppm.hour AOT40

Tolerant crops 
0

Slightly sensitive crops 
1.0

Sensitive crops
1.75

Very sensitive crops
3.57

Meat and milk products 
0.5

SO2 effects

The following functions were used to quantify % yield change (y) from SO2 effects on agriculture, derived from the work of Baker et al (1986), accounting for the fertilisational effect of sulphur at low concentration (European Commission, 1995);:


y = 0.74(SO2) - 0.055(SO2)2 
(from 0 to 13.6 ppb SO2)



y = -0.69(SO2) + 9.35 

(above 13.6 ppb SO2)

These functions have been applied to the following crops:

maize
barley
wheat
sorghum

oats
rye
millet
rice

leaf crops
sugar beet
raspberries
strawberries

soybeans
beans
potato
tomato

sunflower
carrots
cucumber
flax

hops
hemp
linseed
sesame seed

tobacco




For pasture the following function has been used, based on a review by Roberts (1984).  All data used to derive the functions was taken from studies on Lolium perenne, the most common pasture grass in Europe.  Again, the functions have been adapted to account for fertilisation of crops below the lowest exposure adopted experimentally.  


y = 0.20(SO2) - 0.013(SO2)2 
(from 0 to 15.3 ppb)


y = -0.18(SO2) + 2.75 

(above 15.3 ppb)


Meat and milk production are assumed to be 50% as sensitive as pasture grass, on which livestock are primarily dependent for food.

Valuation of crop losses

Valuation of crop losses has been undertaken using prices from United Nations Food and Agriculture Organisation (FAO, 1994).

Ecosystem Damage

See Appendices V and VII.

Forest Damage

Two functions have been applied for assessment of ozone effects on forest productivity (Karenlampi and Skarby, 1996):

Species: beech;  % productivity change = -0.27x
Species: Norway spruce;  % productivity change = -0.18x
where x = ozone expressed as AOT40, (the ozone concentration accumulated over a threshold of 40 ppb in daylight hours over the growing season), expressed in ppm.hours.

An average is taken of the results of applying the two functions to all European forested areas.  Given the uncertainties in derivation of the two functions it is not appropriate to provide separate quantification of impacts for hard and soft woods.  The analysis probably overestimates the damages linked to forest damage from ozone, on the grounds that forest managers would probably respond to mitigate damage through alterations to management procedures over the lifetime of forests.  However, there is also scope for underestimation of overall effects on forest productivity given that no economic assessment is made of the effects on forestry of acidification, N deposition and exposure to SO2 due to a lack of data.  Impacts are quantified only to the extent of identifying areas in which ecosystems (including forests) experience exceedence of critical loads and critical levels.

Appendix 7
Detailed results for acidification and eutrophication

Introduction

The following results were provided by ITE, following analysis based on the outputs of the HARM model.  The results are disaggregated by region and ecosystem type for acidification and eutrophication.  Results are shown one scenario on each page. Ecosystem area and Exceedence area are both measured in ha.

Acidification

UKREF scenario





England 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
1126445
424663
37.7
83823

Calcareous grassland
855031
0
0.0
0

Heath     
139460
33949
24.3
2838

Coniferous woodland
181039
12535
6.9
1617

Deciduous woodland
647548
35947
5.6
4586

Freshwater
142861
9495
6.6
2850

All Ecosystems  
3092383
516588
16.7
95714







Northern Ireland 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
132145
260
0.2
22

Calcareous grassland
146958
0
0.0
0

Heath     
31176
0
0.0
0

Coniferous woodland
50629
0
0.0
0

Deciduous woodland
26839
0
0.0
0

Freshwater
0
0
0.0
0

All Ecosystems  
387747
260
0.1
22







Scotland 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
3736432
232950
6.2
23070

Calcareous grassland
0
0
0.0
0

Heath     
709889
2387
0.3
171

Coniferous woodland
429653
19192
4.5
2317

Deciduous woodland
122453
1705
1.4
93

Freshwater
171155
453
0.3
97

All Ecosystems  
5169582
256687
5.0
25747







Wales
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
462380
251480
54.4
59492

Calcareous grassland
14401
0
0.0
0

Heath     
111727
24328
21.8
4750

Coniferous woodland
76802
3228
4.2
830

Deciduous woodland
236780
8340
3.5
1415

Freshwater
26439
700
2.6
128

All Ecosystems  
928528
288077
31.0
66616







J1





England 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
1126445
261187
23.2
29698

Calcareous grassland
855031
0
0.0
0

Heath     
139460
5265
3.8
274

Coniferous woodland
181039
8805
4.9
403

Deciduous woodland
647548
10698
1.7
1170

Freshwater
142861
6841
4.8
1584

All Ecosystems  
3092383
292797
9.5
33128







Northern Ireland 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
132145
61
0.0
4

Calcareous grassland
146958
0
0.0
0

Heath     
31176
0
0.0
0

Coniferous woodland
50629
0
0.0
0

Deciduous woodland
26839
0
0.0
0

Freshwater
0
0
0.0
0

All Ecosystems  
387747
61
0.0
4







Scotland 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
3736432
80608
2.2
5356

Calcareous grassland
0
0
0.0
0

Heath     
709889
551
0.1
32

Coniferous woodland
429653
13318
3.1
676

Deciduous woodland
122453
192
0.2
3

Freshwater
171155
331
0.2
62

All Ecosystems  
5169582
94999
1.8
6129







Wales
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
462380
116538
25.2
21567

Calcareous grassland
14401
0
0.0
0

Heath     
111727
9389
8.4
1129

Coniferous woodland
76802
2314
3.0
258

Deciduous woodland
236780
4926
2.1
127

Freshwater
26439
310
1.2
62

All Ecosystems  
928528
133477
14.4
23142







H1





England 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
1126445
284638
25.3
36393

Calcareous grassland
855031
0
0.0
0

Heath     
139460
6816
4.9
395

Coniferous woodland
181039
11160
6.2
593

Deciduous woodland
647548
13903
2.1
1404

Freshwater
142861
7896
5.5
1755

All Ecosystems  
3092383
324414
10.5
40540







Northern Ireland 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
132145
77
0.1
5

Calcareous grassland
146958
0
0.0
0

Heath     
31176
0
0.0
0

Coniferous woodland
50629
0
0.0
0

Deciduous woodland
26839
0
0.0
0

Freshwater
0
0
0.0
0

All Ecosystems  
387747
77
0.0
5







Scotland 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
3736432
105322
2.8
7727

Calcareous grassland
0
0
0.0
0

Heath     
709889
658
0.1
48

Coniferous woodland
429653
14994
3.5
945

Deciduous woodland
122453
465
0.4
11

Freshwater
171155
351
0.2
70

All Ecosystems  
5169582
121790
2.4
8801







Wales
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
462380
136249
29.5
25592

Calcareous grassland
14401
0
0.0
0

Heath     
111727
11826
10.6
1495

Coniferous woodland
76802
2594
3.4
333

Deciduous woodland
236780
5990
2.5
275

Freshwater
26439
332
1.3
69

All Ecosystems  
928528
156991
16.9
27764































































































































































































































Eutrophication

UKREF scenario





England 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
1126445
101715
9.0
8933

Calcareous grassland
855031
0
0.0
0

Heath     
139460
14981
10.7
1289

Coniferous woodland
181039
1020
0.6
77

Deciduous woodland
647103
8591
1.3
845

All Ecosystems  
2949078
126308
4.3
11145







Northern Ireland 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
132064
0
0.0
0

Calcareous grassland
146958
0
0.0
0

Heath     
31176
0
0.0
0

Coniferous woodland
50629
0
0.0
0

Deciduous woodland
26839
0
0.0
0

All Ecosystems  
387666
0
0.0
0







Scotland 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
3736432
0
0.0
0

Calcareous grassland
0
0
0.0
0

Heath     
709889
0
0.0
0

Coniferous woodland
429653
0
0.0
0

Deciduous woodland
122453
0
0.0
0

All Ecosystems  
4998427
0
0.0
0







Wales
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
462380
35540
7.7
4956

Calcareous grassland
14401
0
0.0
0

Heath     
111727
12046
10.8
2022

Coniferous woodland
76632
2181
2.8
172

Deciduous woodland
236728
8584
3.6
694

All Ecosystems  
901867
58352
6.5
7844







J1





England 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
1126445
47912
4.3
2669

Calcareous grassland
855031
0
0.0
0

Heath     
139460
6801
4.9
451

Coniferous woodland
181039
259
0.1
35

Deciduous woodland
647103
2628
0.4
401

All Ecosystems  
2949078
57600
2.0
3556







Northern Ireland 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
132064
0
0.0
0

Calcareous grassland
146958
0
0.0
0

Heath     
31176
0
0.0
0

Coniferous woodland
50629
0
0.0
0

Deciduous woodland
26839
0
0.0
0

All Ecosystems  
387666
0
0.0
0







Scotland 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
3736432
0
0.0
0

Calcareous grassland
0
0
0.0
0

Heath     
709889
0
0.0
0

Coniferous woodland
429653
0
0.0
0

Deciduous woodland
122453
0
0.0
0

All Ecosystems  
4998427
0
0.0
0







Wales
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
462380
21790
4.7
1809

Calcareous grassland
14401
0
0.0
0

Heath     
111727
8511
7.6
856

Coniferous woodland
76632
834
1.1
15

Deciduous woodland
236728
1724
0.7
103

All Ecosystems  
901867
32859
3.6
2782







H1





England 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
1126445
50276
4.5
3276

Calcareous grassland
855031
0
0.0
0

Heath     
139460
7115
5.1
525

Coniferous woodland
181039
269
0.1
37

Deciduous woodland
647103
2643
0.4
423

All Ecosystems  
2949078
60302
2.0
4261







Northern Ireland 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
132064
0
0.0
0

Calcareous grassland
146958
0
0.0
0

Heath     
31176
0
0.0
0

Coniferous woodland
50629
0
0.0
0

Deciduous woodland
26839
0
0.0
0

All Ecosystems  
387666
0
0.0
0







Scotland 
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
3736432
0
0.0
0

Calcareous grassland
0
0
0.0
0

Heath     
709889
0
0.0
0

Coniferous woodland
429653
0
0.0
0

Deciduous woodland
122453
0
0.0
0

All Ecosystems  
4998427
126
0.0
0







Wales
Ecosystem Area
 Exceedence Area
%Exceedence Area
Accum Exceedence

Acid grassland
462380
25538
5.5
2135

Calcareous grassland
14401
0
0.0
0

Heath     
111727
10393
9.3
990

Coniferous woodland
76632
898
1.2
29

Deciduous woodland
236728
2678
1.1
143

All Ecosystems  
901867
39507
4.4
3297







































































































































































































Appendix 8
Full Results of the Benefits Analysis

Results are presented here for the two scenarios, J1 and H1 in that order, with results in all cases incremental to the UKREF scenario for the UK.  Results for each scenario are presented in three sets:

1. Benefits in the UK linked to UK abatement

2. Benefits in UNECE from UK abatement

3. Benefits in the UK (by region) from UNECE-wide abatement.

Results are expressed as impacts or monetary benefits for one year only (2010).  There will be additional benefits before and after 2010 of course, just as there will be additional costs.  For chronic effects (on health, forests, etc.) benefits are quantified such that they include benefits in years beyond 2010 arising from emissions abatement in that year compared to UKREF

The sources of the input data were shown in Appendix 6: exposure-response functions and valuation data are given in column 3 of each table.  Reference to Appendix 6 is needed to identify the units of the functions given.

The Tables provide the basis for the sensitivity analysis in this report.  We start with the effects that can be quantified with the greatest confidence and proceed sequentially through to the most debatable effects.  To this is added additional sensitivity analysis, providing high and low estimates for the most significant effects, and for their valuation.  This allows the development of ranges down through the Tables for the accumulated high and low totals.  These totals are coloured red to the point where benefits outweigh costs, the switching point being coloured green.

Yellow blocks contain data on the physical/biological effect of pollution abatement, and blue blocks the monetised equivalents.  Impacts may be separated from their monetised equivalent where the monetisation process is considered to introduce significant uncertainty.

All cost data are given in 1990£ million, for direct comparison with the cost estimates.  Unit valuation data given in column 3 of each data are, however, expressed in the original units (1990 euro).

For each type of effect we have sought to calculate upper and lower bounds.  These are then fed through to the upper and lower running totals respectively.  Final ranges are extremely broad, though we believe still useful (see section 6.9).
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� The individual elements of uncertainty, arising at each stage of the analysis of each type of impact are certainly important in that they affect the overall confidence in the final results, but they are of secondary importance to the aggregated uncertainty.


� For example, if one accepts, as COMEAP have done, that air pollution is causally linked to mortality and respiratory hospital admissions, it may well seem likely that it is also linked to less severe effects, such as increased prevalence of the symptoms of asthma.


�  The population weighted mean particulate exposure is calculated by summing the product of (population*concentration) over all grid cells for the country, and then divided by total population.  AOT40 is calculated by summing concentrations of ozone in excess of 40 ppb over the growing season for plants.  Hence exposure to 50 ppb for 8 hours would lead to an AOT40 of (8*(50-40)) = 80 ppb.hours.  The accumulation of ppb.hours over the growing season leads to the use of the unit ppm.hours (parts per million.hours).  This is multiplied by the area affected to give the units shown in the Table.  AOT60 is calculated similarly over the summer months, and multiplied by the number of people exposed to give the units of person.ppm.hours.


� Further details on the derivation and calculation of critical loads in the UK can be found in the following report, also on the ITE Monks Wood web site (� HYPERLINK http://www.nmw.ac.uk/ite/monk/critical_loads/nclmp.html): ��http://www.nmw.ac.uk/ite/monk/critical_loads/nclmp.html):�
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� More specifically, RAINS converts AOT60 values below this threshold to zero, but leaves values above the threshold unchanged.


� In this case, all AOT60 values are the excess over the 0.4 ppm hour threshold.
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