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Executive Summary

Introduction

AEA Technology, under sub-contract to IIASA, have conducted an economic evaluation of
scenarios being explored in the development of further controls on acidification and ground-level
ozone.  The derivation of these scenarios is described in Part B of this report. The analysis presented
here includes quantification of benefits and their comparison with the estimated costs of attaining
these scenarios.

The benefits analysis uses the ALPHA (Atmospheric Long-range Pollution Health-environment
Assessment) model.  This model was developed as part of this study and another, completed in
March 1998 for UK DETR to provide input to the UN/ECE Task Force on Economic Aspects of
Abatement Strategies (TFEAAS).  This earlier study was jointly undertaken by AEA Technology,
Eyre Energy Environment and Metroeconomica.  Although AEA Technology have sole
responsibility for the present report, the major contribution made by the co-authors of the earlier
work, and other members of the ExternE Project team (European Commission, DGXII JOULE
Programme), is acknowledged.

During the course of these two studies comments were received from DGXI of the European
Commission, members of the UN/ECE Task Force on Economic Aspects of Abatement Strategies
(TFEAAS), a steering group convened by UK DETR, UNICE, and Peter Rombout and his
colleagues at RIVM.  To the extent appropriate and possible these comments have been accounted
for in this report.  However, the position adopted here does not necessarily represent the official
position of any of the groups consulted.

Scenarios

The following scenarios from IIASA’s Fifth Interim Report were investigated;

• REFERENCE - the stricter of current legislation/current reduction plans for each country.
• E12 optimised scenarios (for the ozone strategy):

∗ E12/1; Absolute AOT60 target (4/5 years) 3.25 ppm.h
 AOT60 gap closure 55%
 Absolute AOT40 target (4/5 years) 10.5 ppm.h
 AOT40 gap closure 30%
∗ E12/2; Absolute AOT60 target (4/5 years) 2.6 ppm.h
 AOT60 gap closure 65%
 Absolute AOT40 target (4/5 years) 10.0 ppm.h
 AOT40 gap closure 35%
∗ E12/3; Absolute AOT60 target (4/5 years) 2.75 ppm.h
 AOT60 gap closure 65%
 Absolute AOT40 target (4/5 years) 9.5 ppm.h
 AOT40 gap closure 40%
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• E14 ozone directive scenarios
∗ E14/1; Absolute AOT60 target (4/5 years) 3.0 ppm.h
 AOT60 gap closure none
 Absolute AOT40 target (4/5 years) 10.0 ppm.h
 AOT40 gap closure none
∗ E14/2; Absolute AOT60 target (4/5 years) 2.6 ppm.h
 AOT60 gap closure none
 Absolute AOT40 target (4/5 years) 10.0 ppm.h
 AOT40 gap closure none
∗ E14/3; Absolute AOT60 target (4/5 years) 2.5 ppm.h
 AOT60 gap closure none
 Absolute AOT40 target (4/5 years) 9.5 ppm.h
 AOT40 gap closure none
 
 

Methods
 

In view of the rapid progress being made in environmental economic assessments, and continuing
dispute in some parts of the methodology, the authors have taken a flexible approach to the analysis.
Where different opinions exist, options are discussed and sensitivity analysis has been employed.  In
these cases the authors have sought not to unduly bias the analysis towards either their own views,
the views of the study sponsors, or other bodies consulted during the course of the work.  Reasons
for preferring one set of assumptions over any other are given where appropriate.

The methodology adopted largely follows that of the European Commission DGXII ExternE Project.
It is based on a logical stepwise progression from emission, change in exposure, quantification of
impacts using exposure-response functions, and valuation based on willingness-to-pay.  We have
also used a number of recent papers that provide additional insight.  These new studies are reviewed
in detail in this report, as many of them are not yet openly published.

The ALPHA model is based on the EMEP 150x150 km grid, and permits analysis of the effects of
sulphur/nitrogenous pollutants and ozone on public health, materials, crops, forests, ecosystems and
visibility.  Air quality data are calculated from emissions estimates generated for each scenario by
RAINS, combined with country to grid-cell factors calculated from EMEP model runs for all
pollutants except ozone.  For ozone, data are generated externally using the EMEP model run by
DNMI.

 A key feature of the model is the ease with which the major sensitivities can be assessed.  This is
reflected in the extensive sensitivity analysis presented in this report.

The table below lists the effects that would be influenced by the emission changes defined by the
IIASA scenarios.  It also shows which have been included in the analysis and which excluded.
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Table 1.  Effects quantified and not quantified in the course of this study.

Effect Quantified? Comments
Health

NO3 aerosols
acute - mortality
chronic - mortality
acute - morbidity
chronic - morbidity

á
á
á
á

Limited availability of work in the research
literature

Ozone
acute - mortality
acute - morbidity
chronic - morbidity

á
á
à

Less clear linkage between O3 and
mortality than for PM10

No data for assessment of chronic effects
Direct effects of VOCs à Lack of data on speciation, etc.
Direct effects of NO2

à Lack of reasonable evidence for effects at
current ambient levels

Altruistic effects à Reliable valuation data not available
Materials

Acid effects on utilitarian
buildings

á

Effects on cultural assets, steel
in re-inforced concrete

à Likely to be of limited importance as
scenarios do not consider SO2 effects

Effects of O3 on paint, rubber à No exposure-response data yet available
Macroeconomic effects á Analysis based on limited data

Crops
Direct effects of O3 on crop

yield
á

Indirect O3 effects on livestock á
N deposition as fertiliser á
Interactions between O3,

pests, etc.
à Exposure-response data unavailable

Acidification/liming à Found to be negligible
Macroeconomic effects á Analysis based on limited data

Forests
O3 effects on timber

production
á

Non-O3 effects à No data available
Non-timber benefits of forests à No data available

Ecosystems
Exceedence of O3 critical level à No data available for valuation
Exceedence of critical load for

eutrophication
à No data available for valuation

Exceedence of critical load for
acidification

à Very limited data available for valuation

Visibility
Change in amenity á Extremely uncertain against a background

of little concern in Europe. Valuation
based on US data

Coverage of health issues appears to be reasonably comprehensive in relation to the effects of short-
term exposures, though perhaps not for long-term exposures through a lack of data.  There is debate
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about the inclusion of functions linking mortality with acute exposure to ozone, and chronic
exposure to fine particles.  In the absence of definitive guidance these issues have been assessed
using sensitivity analysis.  The authors’ current preference is for inclusion of both functions.
Acknowledging the potential significance of uncertainty in this area the effect of excluding mortality
altogether is also shown in the results.

Debate also concerns the correct approach to apply to valuation of cases of premature mortality,
given the fact that many, perhaps most, of those at increased risk of premature mortality linked to
short term exposure to air pollution may only have a very limited life expectancy in any case, and
that air pollution will rarely be the most important determinant of age at death.  Two approaches are
investigated, one where valuation is based on the value of statistical life (VOSL) approach, and
another based on the value of life years (VOLY) concept.  Our preference here is for the more
conservative approach based on VOLY.

Similarly, coverage of pollution effects on agriculture is reasonably comprehensive, though again
subject to uncertainty.  Possible sources of error are discussed in the report.  Some seem likely to
lead to overestimation of damage, others to underestimation.

Assessment of materials damage concentrates on the effects of acidic deposition.  Associated
damages are small given that this study does not consider SO2 abatement.  Effects on buildings of
cultural merit, and of ozone on polymers have not been included in this study because of a lack of
data on effect and valuation.

Forest damage from ozone is included, though the approach used is unsatisfactory for a number of
reasons.  Particular criticism could be applied to the use of exposure-response functions derived
from experiments on saplings rather than mature trees, and a simplistic valuation function that does
not seek to account for changes in demand for pulp and timber in the future.  A more sophisticated
assessment is not currently possible given the lack of appropriate forest growth models.  In view of
the deficiencies in impact assessment a scenario based approach to valuation is not warranted.
Overall results suggest that reduced forest productivity is likely to be significantly less important
than effects on agriculture.

Loss of amenity through effects of emissions on visibility was quantified from the US literature,
suggesting that significant benefits could be attained.  However, it is noted that very little concern
has been given to this effect in Europe.  The inclusion of such results on visibility to justify
emissions abatement in Europe is not felt to be appropriate.

The report does not consider a number of effects of the pollutants of interest here because of a lack
of data at some point in the analytical chain.  These effects include those on ecosystems, secondary
economic implications of changed agricultural yield and materials damage, possible chronic effects
of ozone on health, etc.

 It is clear from this that there are numerous sources of uncertainty in the analysis.  From review of
the potential for error in the analysis, the key sensitivities were;
 • Issues relating to the assessment of mortality generally
 • Prediction of changes in ozone exposure using the EMEP model
 • Influence of meteorological and other factors on estimates of changes in crop yield
 • Omission of effects on ecosystems, possible chronic effects of ozone exposure on morbidity,

indirect economic effects arising from reduced agricultural yield, etc.
 • Accuracy of estimates of the costs of abatement made by RAINS.

 The existence of significant uncertainty poses difficulties in interpretation of the results of the study.
A variety of techniques have been used to try to resolve the issue in a transparent manner.  An
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alternative to the approach adopted here would be to quantify only those benefits for which it is felt
that associated uncertainty would be small.  This involves taking a necessarily subjective position on
how good the evidence must be on a given effect for analysis to be considered robust.  Beyond
establishing whether or not a pollutant is known to be harmful, it would provide rather poor
guidance on the range of possible effects of the pollutants considered in this study, and on the
balance of costs and benefits.  Instead we prefer a more holistic approach, quantifying a wide range
of impacts and then undertaking a comprehensive analysis of the potential effects of the errors
contained in them.

Results

Based on the principal set of assumptions followed in the study, the most important impacts in the
benefits analysis were those on human health and crops (see figures 1 to 4, below).  Effects on forest
productivity and materials were negligible in comparison, whilst those on ecosystems were
unquantified.  Unlike some previous studies, it was found that the benefits from reduced impacts on
agriculture offset a significant proportion of total costs.

Effects on the agricultural sector are complicated, as nitrogen deposition has the capacity to improve
crop growth, whilst ozone will reduce it.  Overall, the negative ozone effect substantially outweighs
the benefits of N fertilisation.

Statistical uncertainties in the results were quantified and shown to be significant, partly because of
the error in each element of the analysis and partly because of the multiplicative nature of the
analysis.  To these must be added discontinuous uncertainties, for example concerning the use or not
of a threshold for ozone effects on mortality, the approach taken to valuation of mortality, the fact
that some impacts are not assessed, that some factors, such as those that influence ozone effects on
crop yield, are not integrated to the analysis, etc.  These uncertainties are assessed here as far as
possible using extensive sensitivity analysis following the initial comparison of costs and benefits.

Comparison of costs and benefits is made in Table 2a, 2b.  Data presented are for total benefits
across the EU15; additional benefits arising outside the EU are not included.  Table 2a shows the
results where mortality valuation is based on value of life years (VOLY) whilst Table 2b shows
results for mortality valuation based on value of statistical life (VOSL).  Benefits are expressed
cumulatively, sequentially adding together results for groups of impact types, based on the results of
a confidence ranking exercise conducted in the course of our work.  Group I contains those effects
for which respondents to a questionnaire had most confidence in the results,  Group V those that
respondents had least confidence in.  The groupings were as follows;

 Group I: materials damage (excluding paint); N fertilisation on crops; acute effects on mortality
(VOLY approach); morbidity (excluding restricted activity days and chronic bronchitis)

 Group II: restricted activity days; paint damage; ozone effects on crops
 Group III: acute effects on mortality (VOSL approach); chronic effects on bronchitis;
 Group IV: ozone effects on forests; chronic effects on mortality (VOLY approach)
 Group V: chronic effects on mortality (VOSL approach); changes in visibility

 In each table the shading denotes the number of these groups required for benefits to exceed costs in
each scenario.  It is seen that the least certain of the quantified effects are not needed for benefits to
exceed costs, provided that the main assumptions followed in the study are correct.

 In all cases cost-benefit analysis is based on the difference between the scenario selected and
IIASA’s REFERENCE scenario for 2010.  It has been said that comparison should be with 1990
emissions instead, as this would show the total cost of emissions abatement.  Were this to be done,
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net benefits would also be greater than those shown here.  Given that the most cost-effective options
for abatement are introduced first, the benefit:cost ratio would increase, making a more emphatic
case for reducing emissions.

Table 2a: Comparison of costs and benefits for each scenario, for the case where mortality valuation
uses the VOLY approach.  For explanation see text.

Cumulative benefits (MECU/year) Costs
Scenario Group I + Group II + Group III + Group IV + Group V  (MECU)
Ozone strategy
E12/1 290 2400 3000 7800 8200 4000
E12/2 440 3200 4400 14000 15000 6902
E12/3 510 3800 5100 16000 17000 10067
Ozone directive
E14/1 320 2400 3200 9900 10000 4046
E14/2 420 3000 4100 13000 14000 6471
E14/3 470 3400 4600 15000 16000 8137

Table 2b: Comparison of costs and benefits for each scenario, for the case where mortality
valuation uses the VOSL approach.  For explanation see text.

Cumulative benefits (MECU/year) Costs
Scenario Group I + Group II + Group III + Group IV + Group V  (MECU)
Ozone strategy
E12/1 130 2200 9400 9500 15000 4000
E12/2 190 3000 14000 14000 26000 6902
E12/3 220 3500 16000 16000 30000 10067
Ozone directive
E14/1 140 2200 10000 10000 18000 4046
E14/2 180 2700 13000 13000 24000 6471
E14/3 200 3100 15000 15000 28000 8137

The contribution made by different impact categories to the overall balance of costs and benefits is
shown in Figures 1 to 4, which differentiate between ozone benefits and those linked to associated
reduction in NOx levels.  Results are only shown in these figures for the two central scenarios, E12/2
and E14/2.  Patterns in both are similar.  Disaggregated results are shown in Tables 3 and 4.



9

-2000 3000 8000 13000 18000

21
20
19
18
17
16
13
12
11

7
6
5
4
3
2
1 O3

NOx

Benefits, MECU

Not quantified
Not quantified
Not quantified
Not quantified
Not quantified

0 5000 10000 15000 20000 25000 30000

1

add 2

add 3

add 4

add 5

add 6

add 7

add 11

add 12

add 13

add 16

O3

NOx

Cumulative benefits, MECU

Figure 1.  Top figure: benefits by category for ozone strategy scenario E12/2, mortality valued using
value of life years approach.  Bottom figure: cumulated benefits derived for the same case adding
benefits together in descending order of confidence, subtracting earlier benefits where need be to
avoid double counting. Dashed line shows costs of attainment.
Key: 1) Materials damage (excluding paint); 2) Crops - N fertilisation effects; 3) Acute mortality (VOLY valuation); 4)
Morbidity (excluding restricted activity days and chronic effects on bronchitis); 5) Restricted activity days; 6) Paint damage
from acidic deposition; 7) Crops - ozone effects; 11) Chronic effects on bronchitis; 12) Ozone damage to forests; 13)
Chronic effects on mortality (VOLY valuation); 16) Visibility effects; 17) Effects on ecosystems; 18) Effects on structures
and artefacts of cultural merit; 19) Indirect economic effects of pollution damage to agriculture and buildings; 20) Altruistic
effects related to health impacts; 21) Other unquantified effects.
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Figure 2.  Top figure: benefits by category for ozone strategy scenario E12/2, with mortality valued
using value of statistical life approach.  Bottom figure: cumulated benefits derived for the same case
adding benefits together in descending order of confidence, subtracting earlier benefits where need
be to avoid double counting. Dashed line shows costs of attainment.
Key: 1) Materials damage (excluding paint); 2) Crops - N fertilisation effects; 4) Morbidity (excluding restricted activity
days and chronic effects on bronchitis); 5) Restricted activity days; 6) Paint damage from acidic deposition; 7) Crops - ozone
effects; 8) Acute mortality (VOSL valuation); 11) Chronic effects on bronchitis; 12) Ozone damage to forests; 14) Chronic
effects on mortality (VOSL valuation); 16) Visibility effects; 17) Effects on ecosystems; 18) Effects on structures and
artefacts of cultural merit; 19) Indirect economic effects of pollution damage to agriculture and buildings; 20) Altruistic
effects related to health impacts; 21) Other unquantified effects.



11

-2000 3000 8000 13000 18000

21
20
19
18
17
16
13
12
11
7
6
5
4
3
2
1 O3

NOx

Benefits, MECU

Not quantified
Not quantified
Not quantified
Not quantified
Not quantified

Cumulative benefits, MECU

0 5000 10000 15000 20000 25000 30000

1

add 2

add 3

add 4

add 5

add 6

add 7

add 11

add 12

add 13

add 16

O3
NOx

Figure 3.  Top figure: benefits by category for ozone directive scenario E14/2, mortality valued
using value of life years approach.  Bottom figure: cumulated benefits derived for the same case
adding benefits together in descending order of confidence, subtracting earlier benefits where need
be to avoid double counting. Dashed line shows costs of attainment.
Key: 1) Materials damage (excluding paint); 2) Crops - N fertilisation effects; 3) Acute mortality (VOLY valuation); 4)
Morbidity (excluding restricted activity days and chronic effects on bronchitis); 5) Restricted activity days; 6) Paint damage
from acidic deposition; 7) Crops - ozone effects; 11) Chronic effects on bronchitis; 12) Ozone damage to forests; 13)
Chronic effects on mortality (VOLY valuation); 16) Visibility effects; 17) Effects on ecosystems; 18) Effects on structures
and artefacts of cultural merit; 19) Indirect economic effects of pollution damage to agriculture and buildings; 20) Altruistic
effects related to health impacts; 21) Other unquantified effects.
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Figure 4.  Top figure: benefits by category for ozone directive scenario E14/2, with mortality valued
using value of statistical life approach.  Bottom figure: cumulated benefits derived for the same case
adding benefits together in descending order of confidence, subtracting earlier benefits where need
be to avoid double counting.  Dashed line shows costs of attainment.
Key: 1) Materials damage (excluding paint); 2) Crops - N fertilisation effects; 4) Morbidity (excluding restricted activity
days and chronic effects on bronchitis); 5) Restricted activity days; 6) Paint damage from acidic deposition; 7) Crops - ozone
effects; 8) Acute mortality (VOSL valuation); 11) Chronic effects on bronchitis; 12) Ozone damage to forests; 14) Chronic
effects on mortality (VOSL valuation); 16) Visibility effects; 17) Effects on ecosystems; 18) Effects on structures and
artefacts of cultural merit; 19) Indirect economic effects of pollution damage to agriculture and buildings; 20) Altruistic
effects related to health impacts; 21) Other unquantified effects.
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Table 3.  Benefits by category for scenarios E12/2 and E14/2.  All data in MECU.

E12/2 E14/2
No. Effect N O3 N O3

1 Materials damage (excl. paint) 29 27
2 Crops - N fertilisation -25 -23
3 Acute mortality (VOLY) 140 110 130 100
4 Morbidity (excl. RADs, chronic

bronchitis)
94 86 88 83

5 Restricted Activity Days (RADs) 430 17 400 10
6 Paint damage 0.004 0.003
7 Crops - ozone effects 2400 2200
8 Acute mortality (VOSL) 5600 4400 5200 4200
11 Chronic effects on bronchitis 1200 1100
12 Forests - ozone on timber yield 190 180
13 Chronic effects on mortality (VOLY) 9800 9100
14 Chronic effects on mortality (VOSL) 16000 15000
16 Visibility 770 720
17 Effects on ecosystems Not quantified
18 Effects on structures of cultural merit Not quantified
19 Indirect economic effects Not quantified
20 Health - altruistic effects Not quantified
21 Other unquantified effects Not quantified
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Combining different assumptions on the individual elements in the list of uncertainties given at point
[16] above, it is possible to generate total benefit estimates that are smaller than the costs for the
scenarios considered.  Our analysis does not therefore ‘prove beyond all reasonable doubt’ that
benefits would exceed costs.  As an example, Figure 5 shows the comparison of cost and quantified
benefit for each scenario with mortality effects (about which there is so much debate) and effects on
visibility excluded: in all cases cost exceeds quantified benefits.  Of course the group of effects such
as ozone damage to ecological resources which are not quantified at any point in this assessment still
remain outside the analysis, and should be considered on top of the results shown.  Remember also
that the cost estimates are subject to their own uncertainties.  There is a common view that the
IIASA cost estimates are too high, though this is not apparently shared by industry.
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Figure 5.  Comparison of costs with quantified benefits without accounting for pollution-related
mortality and effects on visibility.

We conclude that, according to our central case and associated assumptions, benefits are likely to
exceed the costs of implementing the scenarios considered in this study.  This conclusion needs to be
considered against other information presented in the report.  Most notable are the level of
confidence associated with estimated benefits, and the weighting that should be given to effects that
remain unquantified.  The limitations of other inputs to the work, notably the cost estimates made at
IIASA and the results of the EMEP ozone model also need to be considered.

The findings presented here are only one of several inputs to the political process of determining air
quality limits that provide an appropriate level of protection for human health and the environment.
The decision on limit values needs to take into account variation in the benefit:cost ratio, and
aversion to risks of error on both sides of the cost-benefit equation.
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1. Introduction

1.1 Objective of this Report

The purpose of Part C of report is to provide estimates of the benefits of certain scenarios (see
Section 2) developed in Part B. To avoid unnecessary repetition, readers should refer to the series of
reports produced at IIASA (Amann et al, 1996; 1997;1998a, b) for further background information.

The authors have sought to ensure that the framework adopted is consistent with the IIASA study,
the position paper of the working group, and work being carried out in support of the development
of the UN/ECE’s multi-pollutant/multi-effect protocol.  This covers not just the scenarios
considered, but also the pollution transport models used, databases of stock at risk, exposure-
response functions and other matters.  It should be noted that there remain some differences
compared to the Position Paper of the Working Group (version 8.1).  In part these are a consequence
of the broader remit of the present study arising from the fact that ozone is a secondary pollutant.
Non-ozone effects of the precursor emissions have therefore been accounted for.  Also, the use of
quantified uncertainty assessment here permits a broader overview of related problems than is
possible within the largely qualitative risk assessment chapter of the Position Paper.

Particular attention has been given to two problems;
• making the analysis more comprehensive than earlier assessments of economic benefits which

have largely been limited to consideration of effects on human health, materials and crops
• the reporting of uncertainty

Previous analysis of the benefits of trans-boundary pollution control (e.g. Holland and Krewitt,
1996; EFTEC, 1996) has concentrated on effects on human health, materials and crops.  Little
attention was paid to effects on forests and ecosystems, damage to which of course initiated concern
over trans-boundary pollution in Europe.  Within Europe no account has been taken of effects on
visibility either, though this impact is the cause of great concern in the USA (NAPAP, 1992).

A recent study commissioned by the UK Department of the Environment, Transport and the Regions
(DETR) to provide input to the UN/ECE Task Force on Economic Aspects of Abatement Strategies
(TFEAAS) sought, in part, to address this problem (Holland et al, 1998).  However, in the light of
the previous reluctance of analysts to quantify these effects in monetary terms it is not surprising
that Holland et al concluded that associated uncertainties would be very large.  Effects on forestry
and visibility are considered here, however, with the intention of stimulating further debate on
integration of these effects.  No account is taken in this report of effects on ecosystems: available
data limit assessment to effects of acidification damages, whilst this report is mainly concerned with
ozone issues.  Secondary economic effects related to changes in crop and timber production and
materials damage are also excluded, though there are some data available from Norway and the
Netherlands.  Such modelling is not currently possible at the level of the EU, and extrapolation of
available results is regarded as likely to lead to unknown error.

The simple fact that analysis of environmental benefits is prone to uncertainty is of little relevance
in itself, because;
• all analysis is subject to uncertainty, and
• policy makers routinely have to act in the face of uncertainty (observing that once an issue is

raised even maintenance of the status quo requires a decision).
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That said there is a clear duty on analysts to be explicit about uncertainties in order that policy
makers can take account of them.  From this perspective the study has sought both to identify and
quantify uncertainties to the extent possible.  It also provides a structured comparison of costs and
benefits that allows the development of some understanding about the potential risks of different
actions.

1.2 Context of this Report in the Decision-making Process on the
Ozone directive

The development of legislation, and to an extent the identification of measures required to meet that
legislation, is clearly a political issue.  The cost-benefit analysis presented in this report, and other
materials presented to the policy makers, provide information, but do not define policy.  This
distinction is particularly important in the present analysis because of the (unavoidable) extent of
uncertainties.  An understanding of the uncertainties on both sides of the cost-benefit equation is
essential in order to allow policy-makers the opportunity to balance the risk of error against their
own views on risk aversion.

1.3 Scope of the Study

This report is primarily concerned with the effects of emissions of NOx and VOCs.  Chemical
processes in the atmosphere link these primary pollutants to a number of secondary pollutants, the
most important of which are nitrate aerosols, ozone, acidic deposition and N deposition. These
pollutants cause, or have been claimed to cause, various types of damage (Table 1).  Emissions of
SO2 and NH3 are also clearly relevant as they are linked to several of the same impacts, so these
pollutants are included in the Table, though they are held at the level of the REFERENCE scenario
throughout the analysis.
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Table 1.  Pollutants relevant to the development of Directives on acidification and ground-
level ozone, and their effects.

Pollutant Effect
NOx Human health - mortality

Human health - morbidity
Effects on crops, possibly beneficial from fertilisation effects,
possibly negative through interaction with insect pests
Reduced visual range

SO2 Human health - mortality
Human health - morbidity
Effect on crop yield,
Damage to building materials
Damage to forests
Ecological damage

NH3 Effects of NH3 are covered under other pollutants (aerosols, N
deposition, acidic deposition...)

VOCs Human health - mortality (dependent on VOC speciation)
Human health - morbidity (dependent on VOC speciation)

Nitrate aerosols Human health - mortality
Human health - morbidity
Reduced visual range

Sulphate aerosols Human health - mortality
Human health - morbidity
Reduced visual range

Acidic deposition Acidification of ecosystems and associated effects (change in
species diversity, loss of fish, etc.)
Damage to building materials
Damage to historic buildings and objects of cultural worth

N deposition Eutrophication of ecosystems and associated effects (change in
species diversity, productivity, etc.)

Ozone Human health - mortality
Human health - morbidity
Crop yield effects
Damage to materials (e.g. paint, rubber, textiles...)
Forest damage
Other ecological damage

No attempt is made in the table to identify which effects are real at ambient European levels, and
which are not: it is simply presented to identify the range of impacts that have been considered here.
Effects of some of these pollutants on climate change are beyond the scope of the study.

As will become apparent, there remain several types of damage that cannot be quantified at the
present time.  These have been reviewed for this study.
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Valuation of benefits is based on willingness to pay, rather than resource costs which are used for
assessment of pollutant abatement options.  The distinction is important, but it is wrong not to regard
costs associated with personal preference as ‘real’, in spite of some claims to the contrary.

1.4 Structure of this Report

Section 2 of this report contains brief details of the scenarios for the analysis: further information is
given by Amann et al (1998b).

Section 3 provides details of the methods used in the study.  Following an overview of the
methodology, a listing of sources of data on stock at risk, exposure-response functions, valuation
data, etc., is given.  The main uncertainties affecting the analysis are also listed for each impact
category.  A separate subsection describes the approach taken to quantifying uncertainty within the
study.

Section 4 reviews the results obtained, and is followed in Section 5 by the cost benefit and
uncertainty analysis.  Section 6 provides the conclusions of the study.

Appendix I contains a list of the abbreviations used in the report.  A number of studies used in the
course of producing this report have not yet been published.  In the interests of transparency these
studies are reviewed in Appendix II.  Appendix III contains a summary of effects which may be
related to the pollutants considered in this report but which it is not possible to quantify at the
present time in the context of this study.

The allocation of crops to different sensitivity classes for assessment of ozone damages drew largely
on a review by Jones et al (1997) for the ExternE Project.  Given that this review is not yet
published, an extensive summary of the relevant parts of Jones et al is reproduced in Appendix IV.

Appendix V contains details of an exercise undertaken in the study by Holland et al (1998) to
address uncertainties.  Rankings of impact according to uncertainties were carried out by various
members of the steering group for that study in the UK, representing a diverse range of experience.
This survey is useful in establishing the level of consensus (at least in the UK) regarding the relative
uncertainties between impacts, and forms a basis for additional sensitivity analysis.

Appendix VI provides an illustration of the calculations made within the ALPHA model used here.
In Appendix VII we include comments received on our interim report of March 1998, and our
responses to those comments.  Finally the references cited in the report are listed in Appendix VIII.
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2. Scenarios for Assessment

The following seven scenarios were used:

REFERENCE (REF):
Emissions for each country are taken to reflect the more stringent outcome of current
reduction plans or current legislation.

E12 optimised scenarios (for the ozone strategy):
∗ E12/1; Absolute AOT60 target (4/5 years) 3.25 ppm.h
 AOT60 gap closure 55%
 Absolute AOT40 target (4/5 years) 10.5 ppm.h
 AOT40 gap closure 30%
∗ E12/2; Absolute AOT60 target (4/5 years) 2.6 ppm.h
 AOT60 gap closure 65%
 Absolute AOT40 target (4/5 years) 10.0 ppm.h
 AOT40 gap closure 35%
∗ E12/3; Absolute AOT60 target (4/5 years) 2.75 ppm.h
 AOT60 gap closure 65%
 Absolute AOT40 target (4/5 years) 9.5 ppm.h
 AOT40 gap closure 40%

E14 ozone directive scenarios:
∗ E14/1; Absolute AOT60 target (4/5 years) 3.0 ppm.h
 AOT60 gap closure none
 Absolute AOT40 target (4/5 years) 10.0 ppm.h
 AOT40 gap closure none
∗ E14/2; Absolute AOT60 target (4/5 years) 2.6 ppm.h
 AOT60 gap closure none
 Absolute AOT40 target (4/5 years) 10.0 ppm.h
 AOT40 gap closure none
∗ E14/3; Absolute AOT60 target (4/5 years) 2.5 ppm.h
 AOT60 gap closure none
 Absolute AOT40 target (4/5 years) 9.5 ppm.h
 AOT40 gap closure none
 

The analysis presented here concentrates on assessment of the benefits of reducing NMVOCs and
NOx. For some of the exposure-response functions used, knowledge is required of concentrations of
other pollutants, particularly SO2.  These are assumed to the same as for the REFERENCE scenario.

It has been said by some commentators from industry that the basis for the cost assessment in this
study should be comparison with the situation in 1990, rather than the situation defined by the
REFERENCE scenario.  However, the purpose of this study is to look at the introduction of new
legislation, beyond that which has already been agreed.  Given that the most cost-effective solutions
should obviously be introduced first, it should also be noted that results based on comparison with
1990 conditions should create a higher ratio of benefits to costs, and hence a more compelling case
for emissions abatement.

Emissions for each scenario and costs are given in Tables 2, 3 and 4.  All data relate to the year
2010.  For further details see Amann et al (1998b).
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Table 2.  Annual NOx emissions, kt for the scenarios assessed.

Country REF E12/1 E12/2 E12/3 E14/1 E14/2 E14/3
Austria 87 87 87 87 87 87 85
Belgium 204 204 107 107 107 107 107
Denmark 133 133 133 133 133 133 133
Finland 170 170 170 170 170 170 170
France 822 609 554 502 600 535 528
Germany 1226 1210 940 907 1131 940 884
Greece 339 223 282 277 339 339 339
Ireland 73 73 73 73 73 73 73
Italy 1195 955 897 891 900 925 846
Luxembourg 11 11 5 5 8 5 5
Netherlands 292 292 292 292 292 292 292
Portugal 199 199 121 126 199 199 199
Spain 892 747 822 732 886 887 882
Sweden 198 198 169 198 183 155 148
UK 1186 1186 1186 1186 1186 1186 1186
EU-15 7027 6297 5838 5686 6294 6033 5877

Table 3.  Annual VOC emissions, kt for the different scenarios assessed.

Country REF E12/1 E12/2 E12/3 E14/1 E14/2 E14/3
Austria 270 270 268 270 270 268 268
Belgium 195 108 100 99 107 100 100
Denmark 86 86 86 86 86 86 86
Finland 107 107 107 107 107 107 107
France 1181 1049 937 839 1051 938 926
Germany 1445 989 967 919 1045 987 963
Greece 205 165 187 187 205 205 205
Ireland 46 46 46 46 46 46 46
Italy 1082 1069 1029 886 892 1003 874
Luxembourg 8 8 5 5 6 5 5
Netherlands 208 155 151 151 167 155 151
Portugal 144 132 123 124 144 144 144
Spain 669 669 669 667 669 669 669
Sweden 195 195 193 195 195 183 173
UK 1276 901 814 766 938 811 795
EU-15 7117 5949 5682 5347 5928 5707 5512
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Table 4.  Annual NOx and VOC control costs, MECU/year additional to those of the REFERENCE
scenario.

Country REF E12/1 E12/2 E12/3 E14/1 E14/2 E14/3
Austria 0 1 13 0 1 13 29
Belgium 0 298 859 895 780 859 865
Denmark 0 0 0 0 0 0 0
Finland 0 0 0 0 0 0 0
France 0 541 1248 2579 573 1462 1589
Germany 0 1488 2468 3470 1271 2207 2994
Greece 0 310 102 113 0 0 0
Ireland 0 0 0 0 0 0 0
Italy 0 267 436 716 682 416 886
Luxembourg 0 0 46 46 12 46 44
Netherlands 0 213 279 301 123 217 280
Portugal 0 41 246 219 0 0 0
Spain 0 87 20 110 1 1 1
Sweden 0 0 39 0 12 84 134
UK 0 736 1146 1618 591 1166 1315
EU15 0 3982 6902 10067 4046 6471 8137
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3. The Benefit Assessment: Methods

3.1 Outline

The study has three main activities, the first of which was carried out at IIASA:

1. The cost-effectiveness analysis, i.e., the analysis of strategies aimed at the achievement of
environmental targets for ground-level ozone and acidification at least cost;

2. The benefit analysis, determining the monetary value of environmental improvements achieved
by alternative strategies;

3. Comparison of the costs of strategies with monetised environmental benefits, including
exploration of the effects of uncertainties (particularly those affecting benefits estimates) on net
costs/benefits.

3.1.1 The Cost-Effectiveness Analysis

The cost-effectiveness optimization is carried out at IIASA using the ‘Regional Air Pollution
Information and Simulation’ model (RAINS).  This determines the least-cost combinations of
measures for a number of different scenarios achieving lower emissions for the pollutants under
consideration for each country/region under study.

The optimization module within RAINS uses information on emission control costs together with a
description of pollutant chemistry and transport based on EMEP to determine the least-cost
allocation of emission control measures for achieving exogenously determined environmental
targets.  Such targets can be grid-specific, and may take into account current exposure levels and the
environmental sensitivities of the receptors to be protected, as well as the limits imposed by
available emission control measures.  As a result, the optimization module can identify the (country-
specific) cost-effective abatement level for the pollutants under consideration (SO2, NOx, VOC,
NH3), and the costs of the implied measures.

The response of regional ozone exposure to changes in precursor emissions is based on the EMEP
Photochemical Oxidants Model developed by the Norwegian Meteorological Institute (DNMI). The
optimisation of RAINS uses the mapping of critical loads reflecting thresholds of regional
environmental sensitivity carried out by each European country, led by the Coordination Centre for
Effects (CCE) at the National Institute of Public Health and the Environment (RIVM) in the
Netherlands (Hettelingh et al, 1995; Posch et al, 1997).

A limitation of the RAINS model results from the fact that it mainly considers end-of-pipe
technologies for emission abatement.  Potentially cheaper options for pollution control, such as fuel
switching and energy conservation are not considered.  Clearly this should lead to an upward bias in
the costings.  However, commentators from industry have said that there are reasons for believing
that the costs to industry could be higher than those generated by RAINS.

A further limitation affecting this study is the necessary reliance on the EMEP ozone model with its
150 by 150 km grid cell resolution.  Although ozone is a regional pollutant, fluctuation of ozone
levels varies considerably within this spatial scale.  This may be a serious source of error, at least so
far as the benefits of controlling ozone per se are concerned, noting at the same time that there are
additional benefits arising from abatement of the precursors of ozone.  An inherent assumption here
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therefore is that although ozone levels vary on a much finer scale than that of our analysis, the
overall magnitude of the change in ozone exposure of receptors is predicted correctly.

3.1.2 The Benefits Analysis

The monetary evaluation of benefits within this study relies to a large extent on the ExternE
framework for externalities assessment developed through the collaboration of a number of
scientific institutions, supported by DGXII under the JOULE Programme.  The ExternE
methodology has advanced considerably since the series of reports published at the end of 1995
(European Commission, 1995a-f).  The present study also takes into account some other new work
(see Appendix II).  The overall framework for the benefits assessment is a logical stepwise
progression from quantification of pollutant loads to valuation, as shown in Figure 1:
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Figure 1.  Framework for the benefits assessment.

Pollution load → Concentration, deposition

↓

Stock at risk → Distribution of people, etc.

↓

Sensitivity of stock at risk → Baseline mortality, etc.

↓

Exposure-response functions → Rate of damage/unit pollutant

↓

Impact assessment → Change in crop yield,
     mortality, etc.

↓

Valuation → Willingness to pay, willingness to
accept

Data on the stock at risk have been taken from various sources.  The main source is the land use
database held by RIVM (Veldkamp and van der Velde, 1995).  The categories contained within the
database are, however, typically too coarsely aggregated for direct application within this study and
additional data were necessary (see Table 5).



11

Table 5.  Overview of data on stock at risk.

RIVM dataset Used for: Additional data
Population Health effects Population of Bosnia 

Herzogovina
Age structure of population
Frequency of asthma
Death rates

Materials damage Inventories of buildings and
material use

Changes in visibility None needed
Land use Crop damage Crop production data by species

Forest damage Forest production data for
coniferous and deciduous woods

Ecosystem damage

Further details on stock at risk data for each of the impacts assessed within the study are given
below.

The main source of exposure-response functions is the present phase of the ExternE project
(European Commission, 1998).

Valuation data are taken from ExternE, and additionally from as yet unpublished sources identified
and reviewed in Appendix II.  World market prices rather than national cost data have been used for
effects on crop production to avoid so far as possible the distortions that arise through market
intervention.  Timber production is also valued at international market prices.  In both cases the
same set of values are used in all countries.

Uncertainty through the chain of analysis is described using the results of Rabl and Spadaro (1997).

3.1.3 Costs and Benefits

Costs and benefits need to be expressed relative to the REFERENCE scenario baseline for each
scenario of reduced emissions.

The main part of this activity is the sensitivity analysis.  From experience the key sensitivities are
likely to be:

• the approach to the valuation of mortality

• assumptions on thresholds for health effects

• assumptions regarding ecosystem valuation

In an earlier study for the UN/ECE Task Force on Economic Aspects of Abatement Strategies
(Holland et al, 1998) valuation of critical loads exceedence for acidification was carried out.  Whilst
this was in keeping with the experimental nature of that analysis, the problems of ecosystem damage
valuation are considered too severe for results to be included here.

Other sensitivities are investigated as necessary.
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3.2 Modelling Pollution Concentrations and Deposition

The analysis is based on the EMEP 150 x 150 km grid.  Model runs have been 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 the
scenarios assessed (Simpson, Heyes, personal communication, June 1998), based on average
meteorology over a five year period.

3.3 Health Effects Assessment

3.3.1 Stock at Risk Data and Atmospheric Modelling

The main source of population data used here is the RIVM land use database (Veldkamp and van der
Velde, 1995).  These data have been transferred to the EMEP 150 x 150 grid, and disaggregated to
urban and rural populations.  This exercise has been carried out separately by staff at AEA
Technology (R. Kingdon, personal communication) and Imperial College (D. Cowell, personal
communication) and results compared.  During checking of the data a problem was identified in that
there were no data for Bosnia Herzogovina.  This was corrected by adding the Bosnian population
given by UN sources, averaged across the grid cells occupied by the country.

Additional data to those provided by RIVM 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 for the whole of Europe.  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

Note that hospital admission rates and other data on the prevalence of morbidity are implicitly
assumed in this study to be the same across the area of the analysis as in the locations from which
the exposure-response data were derived.  Also, the prevalence of asthma in the UK is here assumed
to apply throughout Europe.  There will of course be substantial variation around Europe in
background rates relevant to some of the functions used (e.g. hospital admissions and bronchodilator
usage).  There will also be variation in the prevalence of cardio-respiratory disease, through
differences in diet, smoking habit and the quality of cigarettes in different parts of the continent.  At
the present time it is not possible to correct for these variations because of a lack of data.  The
significance of the assumptions made here could be tested using sensitivity analysis.  The need to do
this depends partly on the views of others contributing to the wider assessment of ozone effects, and
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to the significance of morbidity effects against the overall results of the cost benefit analysis
presented in Section 5.

Exposure-response functions for morbidity are quoted as cases/year.person.µg m-3, and for mortality
as percent change in mortality rate/year/µg m-3.

In the time-span of interest to this study there will be changes in the European population in terms of
numbers and age structure.  No attempt to account for such changes has been made here, as they are
likely to have only a small effect on the final result compared to other uncertainties.  The bias
introduced through this is to underestimate damages, assuming that both the population, and
particularly the fraction of the population that is elderly, will continue to grow.

The EMEP atmospheric model is designed to estimate deposition rates and exposure for rural
receptors.  Although the 150 km grid size is coarser than desirable, the inaccuracy introduced by this
resolution is limited because these receptors are generally remote from the largest sources of
pollution.  The deposition site is generally at a distance from the source greater than the grid size.
As a result the modelling approximation of mixing all emissions with a single grid cell does not
cause great problems.  Moreover at long range, the pollution will be vertically fully mixed in the
boundary layer before deposition at the receptor, so the lack of any vertical resolution is not a
serious problem.

Even for urban receptors, the problems may not be too large in some cases.  Where point sources are
at a high level and outside the urban area (typical of some large electricity generating power
stations) the modelling approximations may be well justified.  And for some secondary pollutants
(e.g. acid aerosols), the rate of formation is slow, so that short range impacts can be small compared
to long range effects, even where emissions of the precursor are in areas of high receptor density.

However, the EMEP model does not reproduce the urban ground level concentrations of primary
pollutants.  The actual relationship between concentrations of these pollutants due to emissions at
low levels in the urban area is significantly under-estimated, both because the horizontal averaging
is so coarse that the urban area is not well resolved, and because the modelling assumption of
immediate vertical mixing through the whole boundary layer is unjustified in this instance.

The result of the approximations is therefore that impacts of primary pollutants emitted at low levels
in urban areas on urban receptors will be under-estimated by a significant factor.  As people are
concentrated in urban areas, the effect will be most pronounced for human health impacts.
However, most of the health impacts discussed in this paper are due to secondary pollutants (mainly
acid aerosols) and therefore the overall results may not be in error by too much.  Effects of SO2 on
materials seem likely to be underestimated.  A similar, but opposite effect which occurs for ozone in
the urban environment may be more serious in the context of this analysis (see Section 3.3.3).

3.3.2 Exposure-Response Functions

The available literature on the health effects of air pollution has been reviewed by Hurley, Donnan
and their colleagues at the Institute of Occupational Medicine, providing the exposure-response
functions listed in Table 6.  The functions have been adopted under the ExternE Project (European
Commission, 1998) and a project undertaken for the UK Department of Health.  Further details on
the uncertainty classification given in the final column of the table are given below.    The
uncertainty rating (developed again under the ExternE Project, by Rabl, see below) provides an
assessment of uncertainty throughout the chain of analysis - in other words from quantification of
emissions through to valuation of damage.  Table 6 contains a ‘core’ set of exposure-response
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functions and Table 7 functions recommended only for use in sensitivity analysis within the ExternE
Project. Many different sensitivity analyses could be performed for the present study.  Discussion
with interested parties has led to the identification of a set of key sensitivities.  These did not include
incorporation of the functions listed in Table 7 and accordingly they have so far been excluded from
the analysis.  The Table is retained here to show that there are possible areas of under-estimation for
the health impacts assessment.

Effects are classified as being ‘acute’ or ‘chronic’.  Acute effects are those arising from short term
exposure to air pollution, whilst chronic effects arise from exposure over periods of years (rather
than days).

Many of the functions relate concentration of fine particles (PM10) to health states.  For this study the
most relevant particles are so-called secondary particles, such as ammonium sulphate or ammonium
nitrate.  These particles are not released directly from combustion sources and other activities.  They
are formed as a consequence of the effects of atmospheric chemistry on precursor pollutants (SO2,
NOx and NH3).  The application of the function for chronic effects of particulate exposure on
mortality is currently being reassessed (J. F. Hurley, personal communication) utilising life tables to
try to better quantify the aggregate loss of life expectancy (Brunekreef, 1997; Hurley, personal
communication).

In most cases individual studies are cited against each health effect.  The true extent of the literature
search conducted within the ExternE Project was actually much greater.  The studies cited here are
those regarded by the project team as providing data that are representative of the broad picture
across Europe.  The overall range of effects considered is similar to that identified in studies
conducted at the same time for the USEPA (Voyzey et al, 1997).
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Table 6.  Quantification of human health impacts.  The exposure response slope, fer, has been
developed primarily for conditions in Western Europe and has units of [cases/(yr-person-ug/m3)] for
morbidity, [%change in annual mortality rate/(ug/m3)] for acute effects on mortality, and years of
life lost for chronic effects on mortality.

Receptor Impact Category Reference Pollutant fer 1 Uncertainty
rating 2

ASTHMATICS

adults Bronchodilator usage Dusseldorp et al, 1995 PM10 0.163 B
Cough Dusseldorp et al, 1995 PM10 0.168 A
Lower respiratory
symptoms (wheeze)

Dusseldorp et al, 1995 PM10 0.061 A

children Bronchodilator usage Roemer et al, 1993 PM10 0.078 B
Cough Pope and Dockery,

1992
PM10 0.133 A

Lower respiratory
symptoms (wheeze)

Roemer et al, 1993 PM10 0.103 A

all Asthma attacks (AA) Whittemore and Korn,
1980

O3 4.29E-3 B?

ELDERLY 65 years +

Congestive heart
failure (CHF)

Schwartz and Morris,
1995

PM10 1.85E-5 B

CHILDREN

Chronic bronchitis Dockery et al, 1989 PM10 1.61E-3 B
Chronic cough Dockery et al, 1989 PM10 2.07E-3 B

ADULTS

Restricted activity
days (RAD)3

Ostro, 1987 PM10 0.025 B

Minor restricted
activity day(MRAD)4

Ostro and Rothschild,
1989

O3 9.76E-3 B

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

Respiratory hospital
admissions (RHA)

Dab et al, 1996
Ponce de Leon, 1996

PM10

SO2

O3

2.07E-6
2.04E-6
7.09E-6

A
A
A

Cerebrovascular
hospital admissions
(CVA)

Wordley et al, 1997 PM10 5.04E-6 B

Symptom days Krupnick et al, 1990 O3 0.033 A

DEATH RATES
Acute Mortality WHO, 1997 PM10 0.074% B
Acute Mortality Anderson et al, 1996,

Touloumi et al, 1996
Sunyer et al, 1996

SO2

O3

0.072%

0.059%

B

B
Chronic Mortality Pope et al, 1995 PM10 0.00036 B

1 Sources: [ExternE, European Commission, 1995b; 1998] and [Hurley and Donnan, 1997].
2 Uncertainty ratings are discussed in more detail in Section 3.8.  A rating of ‘A’ is equivalent to a geometrical
standard deviation of 2.5 to 4; one of ‘B’ to between 4 and 6.
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.
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Table 7.  Human health E-R functions not applied in this study, but illustrating a potential for
underestimation in the benefits assessment.  The exposure response slope, fer , is primarily from data
for Western Europe and has units of [cases/(yr-person-ug/m3)] for morbidity, and [%change in
annual mortality rate/(ug/m3)] for mortality.

Receptor Impact Category Reference Pollutant fer

1 Uncertainty
rating1

ELDERLY, 65 years +

Ischaemic heart
disease

Schwartz and Morris,
1995

PM10 1.75E-5 B

ENTIRE POPULATION

Respiratory hospital
admissions (RHA)

Ponce de Leon, 1996 NO2 2.34E-6 A?

ERV for COPD2 Sunyer et al, 1993 PM10 7.20E-6 B?
ERV for asthma2 Schwartz, 1993 and

Bates et al, 1990
Cody et al, 1992 and
Bates et al, 1990

PM10

O3

6.45E-6

1.32E-5

B?

B?

ERV for croup in pre
school children2

Schwartz et al, 1991 PM10 2.91E-5 B?

Acute Mortality Sunyer et al, 1996,
Anderson et al, 1996

NO2 0.034% B?

1  See footnotes to Table 6.  2.  ERV = emergency room visits, COPD = chronic obstructive pulmonary disease.

One of the problems in application of the functions derived from studies on chronic effects on
mortality is that they typically do not account well for lifetime exposure.  Instead exposure is
quantified over a matter of a few years prior to death.  If we assume that exposure to particulates in
the past was higher than during the epidemiological investigations on which the chronic mortality
functions are based, it is necessary to adjust the functions downwards.  A factor of 2 is used here for
the adjustment.  This is clearly very approximate, but, we believe, reasonable considering the dearth
of data in this area.

Hurley (European Commission, 1995b, Chapter 4) concluded that the evidence available from US
studies was too weak for functions to be recommended for SO2 effects.  However, in the European
APHEA studies the size of the apparent SO2 effect was not dependent on the background
concentrations of ambient particles.  In the context of the evidence as a whole, it is now
recommended under ExternE that functions for SO2 are brought in and considered additive to the
functions for particles and ozone (Hurley, in European Commission, 1998).  Although not used here,
these functions are included as indication of what might be brought into the assessment in future
work on the Emission Ceilings Directive.

Note that there is considerable debate about the interpretation of the chronic bronchitis studies (H.
Walton, personal communication; see also the comments below on sensitivity analysis).

The main problem with interpretation of epidemiological data relates to covariation in parameters.
This is particularly the case when seeking to ascribe blame between different pollutants, because
most are released simultaneously from similar sources (traffic, power stations, domestic space
heating, etc.).  This creates a danger of double counting damages (essentially by attributing the same
cases of whatever type of health effect to two or more pollutants).  Much care has therefore gone
into the selection of functions in an attempt to avoid this.  One particular consequence is that direct
effects of NO2 are not included in this assessment.
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Under the ExternE Project the epidemiological literature, in the context of other evidence, was
reviewed to form a position on:

a)  What ambient air pollutants have been shown to be associated with adverse health effects (acute or
chronic), and for what specific endpoints;

b) Which of these associations may reasonably be interpreted as causal (rather than just
epidemiological association).

c) What studies provide a basis for a good set of exposure-response functions, for quantifying the
public health effects of incremental air pollution; and

d) How if at all should the exposure-response functions from individual studies should be adapted for
use in this type of work.

Judgements at all of these stages are the focus of debate currently among scientists and policy makers
concerned with the health effects of air pollution.  The most important issues are listed below.  A more
thorough discussion is to be provided elsewhere by Hurley and Donnan (European Commission, 1998).

An aspect which may appear particularly controversial is [d], above: adapting functions for use in
benefits analysis, rather than using directly them as published in specific studies.  In some
circumstances (and these are principally to do with transferability) Hurley and Donnan concluded that
estimates could be improved by adapting available functions rather than by using them directly.

Much debate has concerned the best way of representing particles within the analysis.  An improved
analysis would take account of the size of particles and their chemical characteristics.  Given the
current lack of a reasonable body of epidemiological data on particles other than PM10 this is only
possible if additional assumptions are introduced.  This can be done, and indeed was done in the last
phase of the ExternE Project (Hurley and Donnan, 1997).  In the context of the present study, and in the
interests of developing consensus on the functions used, we have opted to assess the health effects of
all fine particles as PM10 without adjustment.

There is good evidence from the APHEA study in Europe linking ozone to health effects, and that these
effects are additive to those of particulates (Anderson et al, 1996; Sunyer et al, 1996; Touloumi et al,
1996).   To fit with available (EMEP) data on ozone levels, functions are expressed relative to the
average of daily peak 6 hourly ozone concentrations.

Hurley (European Commission, 1995b, chapter 4), reviewed the epidemiological evidence regarding
NO2.  Some studies reported NO2 effects, though the broad thrust of the evidence then was that apparent
NO2 effects were best understood not as causal, but as NO2 being a surrogate for some mixture of
(traffic-related) pollution.  It was concluded that a direct effect of NO2 should not be quantified, though
indirectly, NOx did contribute, as a precursor to nitrates and to ozone.  Review of the APHEA study
results led to the same conclusion.  Accordingly, direct effects of NO2 are not part of the core analysis
conducted here.

The most contentious issue regarding health effects analysis relates to thresholds.  For many pollutants
there clearly is a threshold at the individual level, in the sense that most people are not realistically at
risk of severe acute health effects at current background levels of air pollution.  There is, however, no
good evidence of a threshold at the population level; i.e. it appears that, for a large population even at
low background concentrations, some vulnerable people are exposed some of the time to
concentrations which do have an adverse effect.  This understanding first grew in the context of
ambient particles, where the ‘no threshold’ concept is now quite well established as a basis for
understanding and for policy.  Similarly, the APHEA results do not point to a threshold for the acute
effects of ozone.  There remains some risk that by not accounting for thresholds specifically results
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could be overestimated.  Given concern over ozone thresholds in particular, some analysis of the effect
of a threshold of 50 ppb on results for ozone-related mortality has been brought into the analysis.  This
has been done using a direct extrapolation of the results of a UK study (COMEAP, 1997).  A more
complex analysis using data from the EMEP model could be carried out, but would inevitably be prone
to additional uncertainty, and hence was considered unnecessary here.

The final main issue concerns transferability of functions from the place in which data is collected.
Differences have been noted in the course of this study between functions reported in different parts of
Europe, and between functions derived in Europe compared to those from the USA.  Clearly, the more
specific the functions used are to the area of application, the better.

3.3.3 Ozone

Particular mention needs to be made of the complexities surrounding analysis of ozone effects on
health.  Some of the issues raised apply to damage to other receptors, but effects on health are likely
to be the most prominent in this analysis.  The APHEA study, covering a number of cities across
Europe, identified impacts of ozone on both hospital admissions and acute mortality, as have some
other European studies (e.g. Sartor et al, 1997).  In addition, studies from the USA have identified
impacts on numbers of attacks suffered by asthmatics and respiratory symptoms in the population as
a whole.  In the view of the ExternE project team, the overall evidence indicates that these effects of
ozone are additive to those of fine particulates (European Commission, 1998).  This view is not held
universally however; the alternative position that ozone is not related to (e.g. mortality) being
backed up by some epidemiological data (e.g. Loomis et al, 1996).

The reactions which generate ozone are photolytic (catalysed by light) and therefore ozone
formation and concentration is very variable in time, both diurnally and seasonally.  EMEP uses a
metric of ozone which is the average concentration over the 6 hours around the early afternoon at
which ozone levels are generally highest.  In contrast, health impacts have been assessed using a
number of different ozone metrics, of which the one-hour peak value is the most common (European
Commission, 1998).  Clearly this value is higher than the 6-hour average modelled by EMEP.  Some
adjustment to the exposure-response function gradient was therefore necessary for the EMEP data to
be used to estimate ozone health impacts.  Analysis of the APHEA data indicates that a scaling
factor of 1.25 is appropriate to convert one-hour functions to 6-hour functions (European
Commission, 1998).  This factor was included in the functions shown in Table 6, above.

Considerable care is needed in applying these functions to the output of the EMEP model.  The
model was designed principally for identifying critical levels exceedence for crops, forests and
ecosystems in Europe.  It therefore has some attributes which are not ideal for this application, most
notably in the context of this report, which is restricted to assessment of costs and benefits within
EU Member States:
• it calculates average values for the 6 summer months (April to September) rather than the whole

year,
• it has a scale which is rather coarse for the observed geographical variation in ozone

concentrations.

These problems have been treated as follows.  The ozone transfer matrices for the summer half-year
will tend to over-estimate ozone formation if applied to the winter period when temperatures are
lower, days are shorter and the sun is lower in the sky.  We do not have the data to estimate the size
of this effect very accurately.  However, as the marginal propensity of the precursors to generate
ozone in winter lies in the range 0-100% of the calculated summer value, the annual average will be
in the range 50-100% of the model result.  We adopt a value of 75%, not because this median is
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correct or even necessarily the best estimate, but just to minimise the size of the potential error to
25% - an error which is rather small compared to some others with which we need to contend.  This
correction factor of 0.75 is applied directly to the damage estimates.

The problem of inadequate resolution within the model is perhaps the most serious, and as such is
mentioned several times in this report.  Validation of model predictions against ozone monitoring
data shows that there is reasonable agreement for rural sites (Simpson and Malik, 1996), but that for
sites in urban areas there can be significant over-prediction of ozone concentrations.  The reason for
this is well-understood.  Most NOx is emitted as nitric oxide, NO, which contributes to ozone
reduction in the short range, forming NO2.  This ozone titration reaction is incorporated within the
ozone chemistry scheme of the EMEP model.  However, much of the process will occur at a sub-
grid scale level and before mixing through the full height of the boundary layer is achieved in areas
where emission densities are very high (in cities).  The scale of ozone reduction at the ground level
in urban areas is therefore not adequately captured by modelling at the resolution of the EMEP grid.
It is also clear that high stack and ground level emissions may have different effects.  The problem is
potentially significant for assessment of impacts to urban based receptors - notably people.

Two ad hoc approaches have been suggested to addressing this problem:

� the urban population can be excluded from the ozone health impacts on the grounds that the
model results are invalid there (e.g. EFTEC, 1996), or

� the results of a simple semi-empirical model can be used to assess the incremental short range
effect of ground level, urban NOx emissions (e.g. Eyre, 1995).

Neither addresses the issue wholly satisfactorily.  The first approach makes the implicit assumption,
for which there is no strong basis, that the impacts on urban populations of local scale processes are
exactly cancelled by those of regional scale processes.  The second approach avoids this problem,
but is based on very limited empirical data.  Both approaches assume a dichotomy between urban
and rural populations which is highly simplistic, and neither accounts for geographical and
meteorological variations in the effect which are probably very large.  Furthermore, neither can
estimate the extent to which EMEP regional scale modelling already captures ozone titration.

Without better urban scale ozone modelling we can propose no satisfactory solution, and therefore
adopt the EMEP concentrations, even for urban populations.

In this context, it is worth noting that similar modelling problems (see Section 3.3.1 above) mean
that EMEP systematically underestimates the ground level, urban concentrations of other pollutants
(very significantly for primary pollutants, though these are of little relevance within the present
analysis for reasons discussed elsewhere in this report).  When total damages are aggregated, this
will tend to counteract the error in urban ozone estimation to some extent.

3.3.4 Valuation Data

3.3.4.1 Mortality

The value of statistical life (VOSL), essentially a measure of WTP for reducing the risk of premature
death, is an important parameter in environmental benefits analysis.  However, recent analysis for the
UK Government (NERA, 1997) indicates that there may be methodological problems with much of the
VOSL analysis literature.  This concludes that a somewhat lower VOSL may be justified, and that the
value of the VOSL may be context dependent.
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The major problems with VOSL relate to its use in the context of air pollution deaths.  In earlier phases
of the ExternE Project a number of questions were raised regarding the use of the VOSL for every case
of mortality considered.  These originally related to the fact that many people whose deaths were linked
to air pollution were suspected of having only a short life expectancy even in the absence of air
pollution.  Was it logical to ascribe the same value to someone with a day to live as someone with tens
of years remaining?  Was it logical to ascribe the full VOSL to cases where air pollution is only one
minor factor of perhaps several that determines the time of death?  Should allowance be made for fear
of death per se when policy makers cannot change the fact that everyone will die once and once only.

The exposure-response function for chronic effects of exposure to fine particles on mortality does not
directly quantify the numbers of people dying prematurely from air pollution.  Estimates of the number
of people for whom the timing of death is related to long-term exposure to poor air quality can really
only be made by supposition at the present time.  The main part of the analysis has therefore been
carried out using the value of a life year (VOLY) concept.  For quantification of the VOLY at the
present time it was necessary to adapt the estimate of the VOSL.  This is not ideal by any means1 but it
does provide a first estimate for the VOLY.  Further discussion of the issue is given in Appendix II,
which provides the background to the derivation of the values identified in Table 8 and Table 9.

Table 8.  Estimated VOLY for acute and chronic effects of air pollution at different discount rates.
The 4% discount rate is selected as a median estimate.

Type of effect/discount rate VOLY (1990ECU)
Acute effects on mortality

0% 61,000
4% 110,000
10% 195,000

Chronic effects on mortality
0% 98,000
4% 67,000
10% 50,000

For consistency with the IIASA report (Amann et al, 1998) a discount rate of 4% has been used as the
median estimate.  The changes in value with discount rate in Table 8 appear counter-intuitive at first
sight.  The increase in value with discount rate for acute effects arises from the method used to
calculate the VOLY.  It is assumed that the VOSL from which the data were derived represented the
valuation of someone of middle age (between 35 and 40).  The simplified approach necessarily adopted
at the present time requires that each undiscounted life year is given an equal value.  Once discounting
is introduced it is necessary to increase the value of a life year in order that the total of discounted
values over all years remains equal to the VOSL.  For chronic impacts discounting has a composite
effect.  Future life years are discounted in the calculations, as for acute effects.  However, a correction
in the opposite direction is necessary because chronic effects arise (by definition) from long term
exposure: the effect of a given emission of pollution today may be linked to the death of an individual,
but perhaps not for many years.

The figures shown in Table 9 are based on the study by NERA (1997), which sought to quantify the
VOSL in the context of air pollution effects on mortality.  They were used for the study conducted
                                                     
1 This distinction is extremely important.  Advocates of the VOLY approach do not regard use of the VOSL as
the basis for calculation as the best method for deriving the value of a life year, and would prefer to base
estimates on primary research.  Robust studies in this area are as yet unavailable.  However, criticism of the
VOLY concept has focused much on the methods used to date for calculation, rather than the concept itself.
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for the UN/ECE Task Force on Economic Aspects of Abatement Strategies (Holland et al, 1998) and
so are retained here for consistency.  The upper bound figures are slightly lower than those derived
for the ExternE Project (2.2 MECU vs. 2.6 MECU).  The results of the comparison of costs and
benefits in Section 5 show that this difference has no real effect on the overall economic evaluation.
The ranges shown can be compared with the observed range for the VOSL from the literature.  The
review by Markandya (in European Commission, 1995b) gives a range of 0.3 to 17.5 MECU (1990).

It is useful to consider the figures shown in Table 8 and Table 9 with data used for the USEPA
analysis for the revised Regulatory Impact Analysis for ozone and particulate matter national
ambient air quality standards (NAAQS).  As here, the US data (Post et al, 1997) look at both the
VOSL and VOLY approaches to valuation, with figures of $4.8 million (3.3 MECU) and $293,000
(203,000 ECU) respectively.  These figures are higher than those used in this report, partly due to
differences in income between the US and Europe.

Table 9.  Estimated VOSL for acute and chronic effects of air pollution on mortality from NERA
(1997).  The figure of 2.2 MECU/case is used in this study to quantify an upper estimate of damages
for acute effects on mortality.  1.1 MECU is used to provide a VOSL-based estimate for chronic
effects on mortality (noting that a conservative approach is taken here to VOSL-based valuation of
the effects of long term exposure on mortality).

Type of effect VOSL (1990ECU)
Acute effects on mortality

Low bound 0
High bound 2,200,000

Chronic effects on mortality
Low bound 1,100,000
High bound 2,200,000

3.3.4.2 Morbidity

Values for morbidity effects are given in Table 10, based on work by Markandya (European
Commission, 1998).
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Table 10. Values in ECU for morbidity impacts (Markandya, to be published in European
Commission, 1998).

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.

Respiratory Hospital
Admissions (RHA)

6,560 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 Bronchitis in Adults 88,000 Rowe et al (1995).

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.

3.4 Damage to Materials

3.4.1 Introduction

The effects of atmospheric pollutants on buildings provide some of the clearest examples of damage
related to the combustion of fossil fuels.  Pollution related damage to buildings includes
discoloration, failure of protective coatings, loss of detail in carvings and structural failure.  In the
public arena most concern about pollutant damage to materials has focused on historic monuments.
However, impacts of air pollution on materials are, of course, not restricted to buildings of cultural
value.  They have also been recorded on modern ‘utilitarian’ buildings.  Also, other types of
materials such as textiles, leather and paper are susceptible to damage.  Given the relative abundance
of modern buildings compared to older ones, it may be anticipated that damages to the former will
outweigh those to the latter.  However, with only limited data on the way that people value historic
monuments the relative importance of damage to the two types of structure is a matter of
speculation.  During the course of this study available analyses on WTP for protection of historic
buildings have been assessed (see Appendix II), but it has not proved possible to extrapolate these
data to the present assessment.  These data suggest that effects could be substantial.
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3.4.2 Stock at Risk Data

The stock at risk is derived from data on building numbers and construction materials taken from
building survey information.  Such studies are generally performed for individual cities; these can
then be extrapolated to provide inventories at the national level.  For countries for which data are not
available, values must be extrapolated from elsewhere, though this inevitably results in lower
accuracy.  In general it is assumed that the distribution of building materials follows the distribution
of population.  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 of material data was derived
from European Commission (1995b) and Kucera et al (1993b).

3.4.3 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).

The atmospheric modelling results from EMEP probably under-estimate the impacts of primary
pollutants on materials for the reasons outlined in Section 3.2.1.  Whereas health impacts are
dominated by the effects of secondary pollutants, materials impacts are primarily dependent on
concentration of the primary pollutant, SO2.  There is therefore good reason to believe that the
impacts on materials estimated using the EMEP data will be a significant under-estimate.
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3.4.4 Identification of Dose-Response Functions

The main source of data for exposure response functions used here is the work conducted under the
UN/ECE Programme (Kucera, 1993a, 1993b, 1994).  This section describes information on each
material and lists the dose-response functions used.  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, we have
assumed respective densities of 2.0 and 7.14 tonnes/m3.

The functions given in this report are currently under review, and should be superseded in the
Autumn of 1998 by functions derived in the UN/ECE programme following eight years of exposure,
rather than four years.

3.4.4.1 Natural Stone

The ability of air pollution to damage natural stone is well known, and hence will not be debated
further in this report.  A number of functions are available in the literature, for which we rely on the
following published by Kucera;

Unsheltered limestone (4 years):

ML = 8.6 + 1.49.TOW.SO2 + 0.097.H+

Unsheltered sandstone (4 years):

ML = 7.3 + 1.56.TOW.SO2 + 0.12.H+

3.4.4.2 Brickwork, Mortar and Rendering

Observation in major cities suggests that brick is unaffected by air pollution attack.  However,
although brick itself may be relatively inert to acid damage (see Appendix III), the mortar
component of brickwork is not.  The primary mechanism of mortar erosion is acid attack on the
calcareous cement binder (UKBERG, 1990; Lipfert, 1987).  Assuming that the inert silica aggregate
is lost when the binder is attacked, the erosion rate is determined by the erosion of cement.
Functions are approximated from those given above for sandstone, as specific analysis has not been
carried out on mortar.
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3.4.4.3 Concrete

The major binding agent in most concrete is an alkaline cement which is susceptible to acid attack.
Potential impacts to concrete include soiling and discoloration, surface erosion, spalling and
enhanced corrosion of embedded steel.  However, for all these impacts (with the exception of
surface erosion) damages are more likely to occur as a result of natural carbonation and ingress of
chloride ions, rather than interaction with pollutants such as SO2.  Effects on steel embedded in
reinforced concrete are possible, but no quantitative information exists for these processes.  In view
of this, damage to concrete has not been considered in the study (see Appendix III).  Given the
importance of concrete as a modern building material this could lead to an underestimation of
material damage effects.

3.4.4.4 Paint and Polymeric Materials

Damages to paint and polymeric materials can occur from acidic deposition and from photochemical
oxidants, particularly ozone.  Potential impacts include loss of gloss and soiling, erosion of polymer
surfaces, loss of paint adhesion, interaction with sensitive pigments and fillers such as calcium
carbonate, and contamination of substrate prior to painting leading to premature failure and
mechanical property deterioration such as embrittlement and cracking particularly of elastomeric
materials.

The most extensive review in this area is from the USA (Haynie, 1986).  This identifies a 10-fold
difference in acid resistance between carbonate and silicate based paints. The dose-response
functions are as follows, in which tc = the critical thickness loss, about 20 um for a typical
application:

Haynie - carbonate paint:

       ∆ER/tc = 0.01.P.8.7.(10-pH - 10-5.2)+0.006.SO2
.f1

Haynie - silicate paint:

       ∆ER/tc = 0.01.P.1.35.(10-pH - 10-5.2)+0.00097.SO2
.f1

There are problems with the application of these functions.  These are discussed in more detail by
European Commission (1995).  However, in the absence of superior data both functions have been
applied to investigate the uncertainties involved in this part of the assessment.  No account of ozone
damage to paint is yet possible, though a study for UK DETR in this area is near completion.
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3.4.4.5 Metals

Atmospheric corrosion of metals is well accepted.  Of the atmospheric pollutants, SO2 causes most
damage, though in coastal regions chlorides also play a significant role.  The role of NOx and ozone
in the corrosion of metals is uncertain, though recent evidence (Kucera, 1994) shows that ozone may
be important in accelerating some reactions.

Although dose-response functions exist for many metals, this analysis is confined to those for which
good inventory data exist; steel, galvanised steel/zinc and aluminium.  Other metals could be
important if the material inventories used were more extensive, quantifying for example copper used
in historic monuments.

Steel is typically coated with paint when not galvanised.  The stock of steel in our inventories has
therefore been transferred to the paint stock at risk.

3.4.4.6  Zinc and Galvanised Steel

Zinc is not an important construction material itself, but is extensively used as a protective coating
for steel (galvanised steel).  Despite a large number of studies of zinc corrosion over many years,
there remains some uncertainty about the form of the dose-response function.  One review
(UKBERG, 1990) identifies 10 different functions that assume time linearity, consistent with the
expectation that the products of corrosion are soluble and therefore non-protective.  However, other
reviews (Harter, 1986 and NAPAP, 1990) identify a mixture of linear and non-linear functions.
Further uncertainty arises from the recent development of zinc coatings that are more corrosion
resistant.  For this study, we have used the following functions, from Kucera et al (1994).

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

3.4.4.7  Aluminium

Aluminium is the most corrosion resistant of the common building materials.  In the atmosphere
aluminium becomes covered with a thin, dense, oxide coating, which is highly protective down to a
pH of 2.5.  Recent reductions in pollutant emissions in Europe suggest that the rate of damage from
simple corrosion of aluminium seems unlikely to be of concern.  No functions are available for
‘pitting’ as a result of exposure to SO2 which appears to be a more serious problem (Lipfert, 1987).
Aluminium has therefore been excluded from this analysis.
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3.4.5 Calculation of Repair Frequency

We assume 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 11.

Table 11.  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

The figures given in the Table represent averages out of necessity, though the loss of material will
not be uniform over a building.  Some areas of a building at the time of maintenance or repair would
show significantly more material loss than indicated by the ‘critical thickness’, and others less.  It
may also be expected that the maintenance frequency would be dictated most by the areas that are
worst damaged.  The galvanised steel data are based on the assumption that maintenance takes place
once an average of 50% of the protective zinc coating has been eroded.

The figure used for damage to stonework (remembering that data for valuation of effects on cultural
assets are unavailable, and hence that damage to fine carvings is not included in this assessment) has
previously been claimed to be too low.  In practice damage to natural stone in utilitarian buildings
turns out to be of little importance in the damage assessment, even using the low figure cited here,
so no attempt to re-estimate it has been made.

3.4.6 Estimation of Economic Damage (Repair Costs)

The valuation of impacts should ideally be made in terms of the willingness to pay to avoid damage.
No assessments of this type are available.  Instead, repair and replacement costs of building
components are used as a proxy estimate of economic damage.  The main complication here relates
to uncertainty about the time at which people would take action to repair or maintain their property.
We assume that everyone reacts rationally, in line with the critical thickness losses given above.  It
is recognised that some people take action for reasons unrelated to material damage (e.g. they decide
to paint their house a different colour).  The effect of air pollution in such cases would be zero,
assuming that pollution has not caused an unpleasant change in the colour of the paint, providing a
bias to over-estimation of damage.  However, other people delay taking action to repair their
buildings.  If this leads to secondary damage mechanisms developing, such as wood rot, following
paint failure that has been advanced through exposure to air pollution, additional damage will arise.
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Given the conflicting biases that are present and a lack of data on human behaviour, the assumption
followed here seems justified.

It is necessary to make some assumptions about the timing of the costs.  For a building stock with a
homogeneous age distribution, the incidence of repair and replacement costs will be uniform over
time, irrespective of the pollution level.  The repair/replacement frequency is then an adequate basis
for valuation with costs assumed to occur in the year of the emission.  The building stock
corresponds relatively well to the requirement of a homogeneous age distribution.  There are some
exceptions, where the age distribution, and consequently replacement time distribution, are more
strongly concentrated in some periods.  However, the error in neglecting this effect will be small for
analysis across Europe compared to other uncertainties in the analysis.

Estimates for the repair costs have been taken from several sources, Ecotec (1986), Lipfert (1987),
German manufacturers (P. Mayerhofer, personal communication) and Kucera et al (1993b).  Table
12 summarises the damage costs that form the basis of this analysis in 1990ECU.  For
implementation these have been weighted by purchasing power parity in the different regions of the
UN/ECE/EMEP domain.

Identical repair costs are used for all types of repainting, whether on wood surfaces, steel, galvanised
steel, etc.  This is likely to underestimate impacts, as some paints such as the zinc rich coatings
applied to galvanised steel will be more expensive than the more commonly applied paints for which
the cost data are strictly appropriate.

Table 12.  Repair and maintenance costs [ECU/m2] applied in this analysis.

Material ECU/m2

Zinc 21
Galvanised steel 25
Natural stone 235
Rendering, mortar 25
Paint 11

3.4.7 Uncertainties in Assessment of Damage to Materials

A number of uncertainties remain in the analysis.  The following are identified as research priorities:

• Improvement of inventories, in particular; the inclusion of country specific data for all parts of
Europe; disaggregation of the inventory for paint to describe the type of paint in use;
disaggregation of the inventory for galvanised steel to reflect different uses (which has been
partially attempted here, though somewhat indirectly); disaggregation of calcareous stone into
sandstone, limestone, etc.  In addition, alternatives to the use of population data for extrapolation
of building inventories should be investigated.

• Further development of dose-response functions, particularly for paints, mortar, cement render,
and for ozone;

• Assessment of exposure dynamics of surfaces of differing aspect (horizontal, sloping or vertical),
and identification of the extent to which different materials can be considered to be sheltered;

• Definition of service lifetimes for stone, concrete and galvanised steel;

• Integration of better information on repair techniques;
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• Improvement of awareness of human behaviour with respect to maintenance;

Although this list of uncertainties is extensive, it would be wrong to conclude that knowledge of air
pollution effects on building materials is poor, certainly in comparison to knowledge of effects on
many other receptors.  Indeed, the converse may be true; because a great deal is known about
damage to materials it is possible to specify uncertainties in detail.

Some of these uncertainties will lead to an underestimation of impacts, and some to an
overestimation.  The factors affecting galvanised steel are of most concern given that damage to it
comprises a high proportion of total materials damage.  However, a number of potentially important
areas were excluded from the analysis because no data were available.  In general, inclusion of most
of these effects would lead to greater estimates of impacts.  They include:

• Effects on historic buildings and monuments with "non-utilitarian" benefits;

• Damage to utilitarian structures that were not included in the inventory;

• Damage to paint work through mechanisms other than acid erosion;

• Damage to reinforcing steel in concrete;

• Synergies between different pollutants;

• Impacts of emissions from within Europe on buildings outside Europe;

• Impacts of ozone on paints and polymers

• Indirect economic effects (see Glomsrod et al, 1996).

3.5 Effects of Air Pollution on Agricultural Systems

3.5.1 Introduction

The pollutants of interest to this study affect agricultural systems in three ways.  Nitrogen deposition
should in most cases enhance crop productivity.  Acid deposition will lead to an increased demand
for lime on non-calcareous soils.  Finally, the effects of ozone on crops are well established.  It is
possible that there might be direct effects of VOCs on crops, though there is a lack of exposure-
response data for their evaluation.

Direct effects of NO2 on crops have been reported, but not at the concentrations found in rural areas
of Europe.  Accordingly such effects are not considered here.

In addition to direct effects linked to pollutant toxicity, a number of indirect effects on plant
performance have been noted.  These include interactions with insect pests, pathogens and climate.
These are not modelled explicitly in this study, though they may be partially accounted for in the
ozone functions used.

3.5.2 Acidification of Agricultural Soils

UK TERG (1988) concluded that the threat of acid deposition to soils of managed agricultural
systems should be minimal, since management practices (liming) counteract acidification and often
override many functions normally performed by soil organisms. They suggested that the only
agricultural systems in the UK that are currently under threat from soil acidification are semi-natural
grasslands used for grazing, especially in upland areas.  Particular concern has been expressed since
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the 1970’s when traditional liming practices were cut back or ceased altogether, even in some
sensitive areas, following the withdrawal of government subsidies.  Concern has also been expressed
in other countries.  Agricultural liming applications decreased by about 40% in Sweden between
1982 and 1988 (Swedish EPA, 1990).  Although liming may eliminate the possibility of soil
degradation by acidic deposition in well-managed land, the efficacy of applied lime may be reduced,
and application rates may need to be increased.

The basis of the method is to calculate:

• 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.

Deposition values for acidity are typically expressed in terms of kilo-equivalents (keq) or mega-
equivalents (Meq).  One equivalent is the weight of a substance which combines with, or releases,
one gram (one equivalent) of hydrogen.  When sulphuric acid is neutralised by lime (calcium
carbonate);

H2SO4 + CaCO3 → CaSO4 + H2O + CO2

100 kg CaCO3 is sufficient to neutralise 2 kg H+. Accordingly the total acidifying pollution input is
multiplied by 50 to give the amount of lime required to neutralise it.  The price of lime is ECU
16.8/tonne.

This analysis has been applied to areas under arable crops and permanent pastures.  No account has
yet been taken of the fact that much of this land will not be acid sensitive, because of the underlying
geology.  Account has not been taken of this because the results show that the damages are not
significant in the context of the overall analysis (see below).  Similar analysis has not been
conducted for other systems subjected to acidification because most of these areas are not limed
routinely.  There are exceptions to this, for example freshwaters and forests in parts of Scandinavia.
However, the implicit under-estimation of damages resulting from this will be offset by the over-
estimation resulting from a lack of differentiation of agricultural soils of differing sensitivity to acid
inputs.

3.5.3 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, ECU 430/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.
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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.

3.5.4 Ozone Effects

Ozone crop damages have been calculated using EMEP’s accumulated ozone above a threshold of
40 ppb (AOT40) metric, where AOT40 is defined by:

AOT O dt40 40 03= −∫ max( , ).

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.

Yield reduction due to ozone is calculated using exposure response functions for all relevant crops.
These are taken from the latest recommendations of the ExternE project based on a survey (Jones et
al, 1997) covering US National Crop Loss Assessment Network (NCLAN) results reported in earlier
ExternE work (European Commission, 1995) and European based studies (Ashmore, 1993; Fuhrer,
1996).  The latter studies focus on a “critical level”, usually defined as the AOT40 level at which
there is a 10% yield reduction.  In some cases, there are explicit warnings about the difficulties of
extrapolating this information.  However, a 10% yield loss is not critical in the normal sense of
indicating some impact threshold.  On the contrary, the exposure response function is expected to be
continuous, indeed there is some evidence that results are related reasonably linearly to AOT40 over
a significant range (Jones et al, 1997).  In the absence of other approaches to benefits assessment,
we are therefore prepared to use “critical level” studies, subject to the problems discussed below.

The original sources have been used by Jones et al (1997) to classify crops into four broad ozone
sensitivity categories.  To these have been added a number of other crops (Table 13).  An extensive
summary of the relevant parts of Jones’ paper is appended to this report (Appendix IV) for
information (to be published, European Commission, 1998).

For each crop category the ‘critical level’ has been used in the determination of exposure response
functions, which are assumed to be linearly related to AOT40.  The adopted dose-response functions
are shown in Table 14.

Meat and milk production are assumed to be 50% as sensitive as pasture grass, on which livestock
are primarily dependent for food.  There is considerable uncertainty in this estimate.  In theory, the
sensitivity could be anywhere between 0 and 100%, depending upon the existing efficiency of
pasture use. However, only 20% of estimated ozone damages to agriculture fall in this category, so
the sensitivity to  different extreme assumptions is not large.



32

Table 13. 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 14.  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

These functions are largely derived from experiments on a few cultivars under closely controlled
laboratory conditions in which other factors of production (notably water) are suitable for growth.
Responses in the field may be different for a number of reasons:

• sensitivities of different cultivars,

• variably sensitivity across the life cycle,

• differences in micro-climate and air movement which reduce ozone concentrations in vegetation
compared to measured ambient levels,

• interactions with other pollutants,

• adaptation to ozone impacts, and

• humidity and water availability.

The last of these is potentially very important and could result in a systematic error.  Water
availability is critical to stomatal conductivity, and therefore to the mechanism by which
atmospheric ozone produces leaf damage.  In dry conditions, stomata remain closed to reduce water
loss.  These may well coincide with the hot, sunny and stable atmospheric conditions in which ozone
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concentrations are highest.  In this case, the laboratory exposure response function will be an
overestimate.  This problem with applying the exposure response functions may be small on
irrigated land and in NW Europe, but could be very significant on unirrigated land in Southern
Europe.  The extent to which the effect might reduce crop loss in Europe as a whole, compared to
that calculated with the exposure response functions, is unknown.  It will clearly be influenced by
the use of irrigation, which will tend to focus on the most economically valuable crops.

3.5.5 Valuation of Crop Losses

Valuation of crop losses has been undertaken using prices from United Nations Food and
Agriculture Organisation (FAO, 1994).  These represent world prices, which we take to be a closer
approximation to real resource costs than prices in areas such as the EU where there is extensive
intervention to support food prices.

Indirect economic effects arising from air pollution damage to crops have been quantified in some
studies (e.g. the Norwegian study by NIAR/Mortensen/SSB, 1997).  Appropriate models for running
this type of analysis at the EU level are not available.  Results from NIAR/Mortensen/SSB could be
extrapolated for a first estimate of the extent of these indirect effects.  However, against the context
of the Common Agricultural Policy, and the restriction of this analysis to the EU, extrapolation of
data from a non-EU Member State is not appropriate.

3.6 Forest Damage

The assessment of forest damage is more difficult than assessment of crop damage, largely because
of the different life cycles involved.  The fact that trees live for a very long time has made the study
of pollution effects upon them very difficult.  Another major factor arises because agricultural soils
are effectively managed through annual cultivation cycles, whilst forest soils are more or less
undisturbed, allowing acidification to proceed over time.  It is notable that despite alarm over forest
decline, European trees are typically growing faster than before.  One reason for this could be
enhanced N deposition, providing a steady source of fertiliser to the forests.  The downside of this is
that the increased growth might cause nutrient imbalances, as the supply of other nutrients
(particularly base cations which have been depleted through acidification) may not be sufficient to
keep up with growth (see Schulze et al, 1989).

Analysis of damage to forests, particularly at the scale of interest to this study, is
prone to significant problems.  These result from several factors;

• forests grow for many years before harvest (if indeed the trees are harvested), and effects should
be integrated over the full life cycle;

• forest systems are not managed with anything like the intensity typical of agricultural systems;

• forests serve many purposes, of which wood production is only one;

• much of the forest remaining in Europe grows in areas subject to a high level of stress - low
temperatures, high winds, low soil nutrient status, etc., and is therefore subject to a variety of
stresses;

• trees in forests do not grow in isolation from their neighbours in the way that seedlings grown in
pots for experimental purposes do;

• experimentally grown trees are rarely likely to have well developed mycorrhizal associations,
affecting the ability of plants to extract nutrients from the soil;, etc.
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In this study we focus on the effects of ozone.  Effects of N deposition are not considered, although
it was for crops, because of the concerns for long term sustainability identified in the Schulze et al
(1989) paper.  Effects of acidification are also not quantified because of a lack of exposure-response
functions beyond description of critical loads.

At the Kuopio workshop on critical levels, two functions were proposed for ozone effects on forest
productivity:

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.

The data for these functions were drawn from several studies.  Unfortunately these studies were
inconsistent in the parameters measured (including total biomass, shoot biomass, stem diameter,
shoot stem diameter and above ground biomass). Most of the work undertaken in deriving the
response data will inevitably have focused on young plants growing in artificial conditions.  By their
nature, therefore, there is a high level of uncertainty associated with the two functions.  This
increases in the extrapolation from two species to all deciduous and coniferous species, and in
extrapolation to the whole of Europe.  However, the alternative to the application of these functions
would be to ignore forest damage altogether.  The functions are therefore applied in this study,
noting the numerous caveats that surround them.

Data on stock at risk is taken from the RIVM land use data base.  The RIVM dataset distinguishes
between coniferous and deciduous woodland.  Given the two functions, one for each type of tree, it
would be possible to derive an estimate of damage for each.  However, reflecting the uncertainties
involved, both functions have been applied to the entire European forest area to provide a range
(even if this range does not present the full uncertainty).

Valuation of effects on forest productivity (leaving aside concern over the appearance of woodlands)
is complicated.  Any shortfall in forest production can be met in the short term by increased harvest
rates.  Problems can thus be offset for many years, over which reduced productivity may diminish to
a negligible level through discounting.  Even without discounting, a greater awareness of the issues
involved could lead to changes in management systems which alleviate the problem.  Quantified
changes in forest productivity have been valued simply by using information on the value of timber
(FAO, 1997).  It is acknowledged that this represents a major simplification - it would be far more
appropriate to use or develop a long term model of forest dynamics, integrating data on management
regimes.  This is well beyond the scope of the present study, and in any case would be undermined
by the fundamental uncertainties that exist throughout the chain of forest damage analysis.

Overall, the authors accept that the methods used for analysis of forest damage are inadequate, and
that they do not provide robust guidance on the benefits for forestry of reducing ozone levels.
However, one of the aims of the present study is to push quantification of damage as far as possible,
in order that effects that have previously been ignored because of a lack of data can start to be
integrated alongside those effects for which quantification is now routine.
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3.7 Visibility

3.7.1 Introduction

There is an apparent major disparity in attitude to effects of air pollution on visibility (or more
precisely, visual range) between Europe and the USA.  Well over one hundred pages of the NAPAP
review (1990) were devoted to this subject, which has almost completely escaped attention in
Europe.  In consequence all valuation data relating to effects on visibility are from the USA.
Extrapolation to Europe is possible (as shown below) but prone to large uncertainty.

It is reasonable to ask what reasons there might be for this apparent difference in attitude.  Can it
really be that Europeans do not care about visibility?  It is possible that few Europeans perceive that
a problem exists.  This may partly be a response to the fact that real improvements in air quality in
Europe have reduced earlier problems with visibility very significantly.  [Sunshine hours in London
in winter doubled in the twenty or thirty years that followed the passage of the first UK Clean Air
Act.  This legislation was mirrored elsewhere in Europe.]  A further possibility is that the USA is
simply more beautiful than Europe.  However, bearing in mind the population densities of Europe
and North America, areas of scenic beauty in the US may well be in places that are more remote
than their European counterparts, and hence less subject to high pollutant loads, and also less
frequently visited.

3.7.2 Quantification of Visibility Damages

The core reference used here is the review by Landrieu (1997), prepared for the meeting of the
UN/ECE TFEAAS of June 1997.  Virtually all published data in this area are from the USA.  Light
extinction results from two phenomena, scattering and absorption.  The function proposed for the
analysis adds together extinction from various fractions of ambient air;
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b = light extinction coefficient of the atmosphere
bair = scattering of light by molecules in unpolluted air = 0.011 km-1 (average value)
SO4

--, NO3

-, etc. are air concentrations of the pollutants of concern
esubscript defines the scattering efficiencies of each fraction.  The units given in the Landrieu paper are

m2 mg-1, except for NO2, for which eG is expressed in km-1ppm-1).  Values for each are as
follows, noting in most cases that there is an absence of specific field data;

eS = 0.003 eN = 0.003
eO = 0.003 eC = 0.012
eD = 0.001 eG = 0.33

f(RH) and g(RH) are ratios of the scattering due to hygroscopic aerosols at a given relative humidity
RH to the scattering at 0% RH

Ammonium is not specifically accounted for in the function proposed by Landrieu.  We assume that
all ammonium is present as either sulphate or nitrate.

Landrieu describes the complex interaction between humidity and scattering efficiency.  Following
Sisler et al (1994) the following is adopted for the average annual scattering effect of humidity on
nitrates and sulphates;
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( ) ( )f RH RH RH( ) .= − +4 6 15 19
2

and for the average annual scattering effect of humidity on organics;

( ) ( )g RH RH RH( ) .= − +2 5 6 5
2

Expanding the equation and expressing NO2 in ug m-3 for consistency with the other pollutants,
leaves the function;
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The ‘haziness index’ (dv) suggested by Pitchford (1994), can be combined with a value of 8 ECU/dv
to quantify value (in ECU) per person;

value per person dv
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Maddison (1997) has reviewed a number of different studies to produce an alternative estimate of
WTP.  One of the purposes of the analysis was to test whether the results of certain studies were
statistically different from the rest of the literature.  The function derived by Maddison, converted to
give WTP in ECU, and omitting terms that covered studies that Maddison found to be flawed, was:

WTP V V= ⋅125 2 1ln( / )

V1 = initial visual range
V2 = final visual range

There are clear uncertainties in this analysis, particularly relating to the transfer of data from the
USA to Europe.  In view of the lack of concern expressed in Europe on this issue, the valuation
function from Maddison (1997) is preferred here, as it gives lower results than the one suggested by
Pitchford (1994).
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3.8 Quantification of Uncertainty

This section is largely based on analysis by Rabl and Spadaro (1997).

3.8.1 Introduction

In numerous places in this report it is made clear that uncertainties in analysis of environmental
benefits are large.  The best estimate of any damages value is therefore, on its own, inadequate for
most policy making purposes.  Some indication of the credibility of that estimate, the likely margin
of error, and the assumptions which might lead to significantly different answers, is also required.

It is appropriate to group the main contributions to the uncertainty into qualitatively different
categories:

• statistical uncertainty - deriving from technical and scientific studies, e.g. dose-response
functions and results of valuation studies,

• model uncertainty - deriving from judgements about which models are the best to use, processes
and areas excluded from them, extension of them to issues for which they are not calibrated or
designed.  Obvious examples are the use of models with and without thresholds, use of rural
models for urban areas, neglecting areas outside dispersion models and transfer of dose-response
and valuation results to other countries,

• uncertainty due to policy and ethical choices - deriving from essentially arbitrary decisions
about contentious social, economic and political questions, for example decisions on discount
rate and how to aggregate damages to population groups with different incomes and preferences,

• uncertainty about the future - deriving from assumptions which have to be made about future
underlying trends in health, environmental protection, economic and social development, which
affect damage calculations, e.g. the potential for reducing crop losses by the development of
more resistant species, and

• human error.

Uncertainties of the first type (statistical) are amenable to analysis by statistical methods, allowing
the calculation of formal confidence intervals around a mid estimate.  Uncertainties in the other
categories are not amenable to this approach, because there is no sensible way of attaching
probabilities to judgements, scenarios of the future, the ‘correctness’ of ethical choices or the
chances of error.  There is no reason to expect that a statistical distribution has any meaning when
attempting to take into account the possible variability in these parameters.  In addition, our best
estimate in these cases may not be a median value, thus the uncertainty induced may be systematic.
Nevertheless the uncertainty associated with these issues is important and needs to be addressed.

The impact pathway approach used for the benefits analysis conducted here proceeds through a
series of stages, each stage bringing in one additional parameter or component (e.g. data on stock at
risk, a dose-response function, or valuation data) to which some degree of uncertainty can be linked.
For statistical uncertainty one can attempt to assign probability distributions for each component of
the analysis and calculate the overall uncertainty of the damage using statistical procedures.  That is
the approach recommended and adopted in this study (see below).  In practice this is problematic
because of the wide variety of possibly significant sources of error that are difficult to identify and
analyse.

For non-statistical uncertainty it is more appropriate to indicate how the results depend on the
choices that are made, and hence sensitivity analysis is more appropriate.
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3.8.2 Analysis of Statistical Uncertainty

3.8.2.1 Basis for the Analysis of Uncertainty

To determine the uncertainty of the damage costs, one needs to determine the component
uncertainties at each step of impact pathway analysis and then combine them.  For each parameter
we have an estimate around which there is a range of possible alternative outcomes.  In many cases
the probability of any particular outcome can be described from the normal distribution with
knowledge of the mean and standard deviation (σ) of the available data (Figure 2).  The standard
deviation is a measure of the variability of data: the zone defined by one standard deviation either
side of the mean of a normally distributed variable will contain 68.26% of the distribution; the zone
defined by the standard deviation multiplied by 1.96 contains 95% of the distribution etc.

The impact pathway analysis is typically multiplicative.  For example, air pollution effects on health
are calculated thus:
     Damage = pollution concentration

x population
x exposure-response function
x valuation

The distribution of outcomes from such a multiplicative analysis is typically lognormal; in other
words the log of the variable is distributed normally.  Plotted on a linear scale the lognormal
distribution is skewed with the peak towards the left hand side (low values) and a tail to the right
(high values) that may include extremely high outcomes, although with a low probability.  By
carrying out the log transformation the data become amenable to the statistical procedures that apply
to the normal distribution.
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Figure 2.  Illustration of the normal distribution.
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This characteristic allows the use of multiplicative confidence intervals.  Even though the complete
characterisation of uncertainty requires an entire probability distribution rather than just a single
number or interval, one can often assume that the distributions are approximately lognormal for
multiplicative processes.  In such cases the error distribution of the product approaches the
lognormal distribution in the limit where the number of factors goes to infinity. In practice the
approach to lognormality is quite close even when there are only a few factors, provided the
distributions of these factors are themselves not too different from lognormal. Examples indicate
that this is indeed a good assumption for the impact pathway analysis, and lognormality is a good
approximation for the uncertainty analysis of the damage cost (Rabl, 1996).

To adopt this approach it is sufficient to specify just two numbers: the geometric mean (ug) and the
geometric standard deviation (σg). For the lognormal distribution, ug ≅ median. By definition a
variable x has a lognormal distribution if log(x) is normal.  In the limit of small uncertainties, which
are common in the physical sciences, σg approaches 1 and the lognormal distribution approaches the
normal.  In field sciences, both biological and social, larger uncertainties are common, so that σg

>>1.

With a normal distribution the confidence range with which a particular value can be predicted is
determined by the mean (u) and standard deviation (σ).  Figure 3 illustrated the way in which
confidence defined limits can be set around the mean using the standard deviation.  With the
lognormal distribution the confidence interval is predicted from the geometric mean (ug) and the
geometric standard deviation (σg).  Because of the properties of logarithms under addition, the
relationship is additive for the logarithm of the variable, but multiplicative for the variable itself.
The 68% confidence limits are then defined by the range ug/σg to ug.σg and the 95% confidence limits
by the range ug/σg

 2 to ug.σg

 2.

Acute mortality due to air-borne particulates is taken here as an illustrative example, using
information from ExternE.  The data used relate to emissions from individual power plants of
closely defined design and fuel supply, and hence the error bounds for emissions are smaller than
those likely for emissions quantified using the RAINS model.  There are three parts to the
quantification of impacts;

• Estimation of emissions - for the macropollutants this is the best quantified stage of the analysis,
with errors typically of the order of a few percent only.

• Dispersion - established models are available for describing the dispersion of pollutants around a
point source, or from a number of different sources.  The models are complex needing to
integrate chemical processes and variations in meteorology over the extended distances over
which they need to be applied.  Overall, these models seem reasonably reliable, though it is
difficult to validate output, and they are typically incapable of dealing with fine scale variation in
pollution climate.

• Dose-response function - a number of epidemiological studies are available for assessing the
acute effects of exposure to fine particles on mortality.  Results are generally consistent.  Errors
are calculated from analysis of data from different studies.

From available information (error identified in the literature and expert judgement where this is not
available) the geometric standard deviations for each step are estimated as;

Emission* 1.1
Dispersion 2.5
Dose-response function 1.5

*Note: this example considers emissions from a single power station, rather than emissions at the national level.
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the geometric standard deviation of the physical damage is σg = 2.7, from the formula:
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for the combination of geometric standard deviations. If the median damage has been found to be ug

= 2 deaths/year, the one σg interval is 2/2.7 = 0.74 to 2*2.7 = 5.4 deaths/year, and the 95%
confidence interval is 2/2.72 = 0.27 to 2*2.72 = 14.58 deaths/year.  This result provides an indication
of the likely range of outcomes based on statistical uncertainties, and an illustration of the shape of
the probability distribution, skewed to the left, but with a long tail going out to high values.

The analysis is summarised in Table 15 and extended to include the errors arising through valuation.
For this particular impact the valuation stage contains the most extensive uncertainties of all - a wide
range of values have been suggested for the value of premature mortality linked to air pollution.

Table 15.  Sample calculation of the geometric standard deviation for acute mortality due to
air-borne particulates emitted from a power station.  Model, ethical and scenario uncertainties have
been excluded from this analysis.

Stage Geometric standard deviation σ
g

Emission 1.1
Dispersion 2.5
Dose-response function 1.5
σg,tot for impact assessment 2.7
Economic valuation 3.4
σg,tot for cost 4.9
Effects not taken into account >1.0

Grand Total σg >4.9

In this indicative calculation, air pollution damages can be estimated to within about a factor of
about five (68% confidence interval), excluding model, ethical and scenario uncertainties.

3.8.2.2 Confidence Bands

Estimates of σg (the geometric standard deviation) have been placed in three bands;
A = high confidence, corresponding to σg = 2.5 to 4;

B = medium confidence, corresponding to σg = 4 to 6;

C = low confidence, corresponding to σg = 6 to 12;

These bands are reported impact by impact elsewhere within this report.  Given that σg has actually
been quantified for a number of impacts, it is reasonable to ask why the final result is given as a
band.  The reason is that the data given in this section are themselves uncertain.  To give a single
figure would imply greater confidence in the characterisation of uncertainty than really exists.

It is to be remembered that the 95% confidence interval is calculated by dividing/multiplying the
mean by σγ

2.  The overall ranges represented by the confidence bands are therefore larger than they
might at first appear; band C covering four orders of magnitude.
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3.8.3 Key Sensitivities

There are important issues in model choice at almost all stages of the analysis.  Models have
different credibility depending upon the quality of analysis which underpins them and the extent to
which they have been validated.  In addition, application of even the best models generates some
additional concerns, relating to their use over a range of times and places and for purposes different
from those intended by their authors.

In addition, some issues, notably discounting, are controversial because they have substantial moral
and ethical implications.  It is important for decision making that these are integrated into the
analysis in a transparent manner.  They should therefore be treated explicitly as sensitivities and not
simply be assumed to take the values the analysts prefer.

However, for many policy purposes, it is not the sensitivity of the individual damage category to
particular choices which is important.  Where damage estimates are used in cost benefit analysis,
what matters is the confidence which can be placed on the final judgement that the benefits of a
strategy are greater or less than the corresponding costs.  Very large changes in relatively small
damage categories are unlikely to affect this test in most cases.  Moreover, even major sensitivities
in important damage categories may not be critical if the cost-benefit comparison is heavily
weighted in one direction.

To test the sensitivity of the cost benefit analysis to different damage categories we use a ranking
approach.  The damages categories are ranked by level of uncertainty.  This is inevitably a
subjective judgement.  We have used a group of UK experts in different disciplines to produce
rankings independently then ordered the damage categories accordingly.  The ranking exercise is
described in full in Appendix V and applied in Section 4.
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4. Results of the Benefits Assessment

4.1 Introduction

The results of the benefits assessment are provided in this chapter, receptor by receptor in the
following order;

Health
Materials
Crops
Forests
Visibility

This structure allows sensitivity analysis to be explored for each set of impacts, and discussion of
the varying biases involved.  The results of this section are collated for each scenario and compared
with the scenario costs as calculated by RAINS in Section 5.

All of the results given refer to annual benefits in the year 2010.  Prices are given in 1990ECU for
consistency with the output of the RAINS model.  Benefits of emission reductions within the EU to
countries outside it have not been included in our assessment, though they can be quantified using
the ALPHA model.  They would clearly increase overall benefits.

Results in terms of the magnitude of avoided impact achieved by moving to a more restrictive
emissions scenario, rather than the economic benefit achieved, are presented only for impacts on
mortality.  We regard this as unnecessary for other types of impact for the following reasons;

• Morbidity: Inclusion of these data would add substantially to the number of tables presented in
the report.  Given that quantified morbidity effects are small in economic terms the inclusion of
these data seems unnecessary.

• Materials: Open markets exist for repair to materials, so data on impacts seems unnecessary.  In
any case, it would be difficult to derive a metric for materials damage that would be
immediately meaningful (e.g. change in erosion rates in um or g/m2).

• Agriculture, forestry:  Goods in these receptor classes are commonly traded.  The benefit of
including yield loss information separately on more than 40 classes of agricultural produce
seems very small.

• Visibility:  The physical metric of reduced visibility is not well known, and thus would have
little meaning to most readers.  This point is exacerbated by the experimental nature of our
analysis on visibility, and the very low level of confidence with which we view the results.
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4.2 Health Effects

4.2.1 Results by Country, and Sensitivity Analysis

The results of the health benefits assessment are presented for morbidity and mortality by country in
Table 16 and Table 17a to f, respectively.

Table 16.  Annual morbidity benefits for 2010 for the scenarios studied compared to the
REFERENCE scenario.  All figures in million ECU (MECU), base year 1990.

Country E12/1 E12/2 E12/3 E14/1 E14/2 E14/3
Austria 25 54 60 37 53 63
Belgium 30 83 93 61 84 90
Denmark 2 8 9 5 9 10
Finland 0 2 2 1 2 3
France 220 370 420 270 360 400
Germany 150 490 550 290 500 560
Greece 26 17 18 5 6 7
Ireland 1 3 3 2 3 3
Italy 260 350 370 320 320 400
Luxembourg 8 21 23 14 21 23
Netherlands 41 140 150 95 140 150
Portugal 12 36 41 3 3 4
Spain 97 97 150 34 43 48
Sweden 3 12 11 7 13 15
United Kingdom 55 120 140 87 130 130
Total EU 930 1800 2000 1200 1700 1900

The following were identified as key sensitivities in this analysis, starting with those affecting the
morbidity results:
1. Chronic effects of air pollution on the incidence of bronchitis in adults.
2. Acute effects of air pollution on restricted activity days (RADs).

These two effects dominate the other effects on morbidity (see Table 6 for a full list of the effects
considered).  Both are probably less certain than other morbidity effects: RADs because the broad
range of symptoms involved makes valuation of an average case extremely difficult, and some
concern over the quality of the study from which the exposure response function was taken: chronic
effects on the incidence of bronchitis in adults because of the high valuation linked to new incidence
of chronic disease.  The results are not necessarily wrong, but further substantiation of the input data
is desirable.
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Table 17a.  Reduction in the number of cases of premature mortality related to ozone and secondary
nitrate exposure.

Country E12/1 E12/2 E12/3 E14/1 E14/2 E14/3
Austria 66 120 130 86 120 140
Belgium 130 210 230 160 210 220
Denmark 12 23 25 15 23 26
Finland 3 7 6 5 8 9
France 660 970 1100 730 960 1000
Germany 600 1100 1300 780 1100 1300
Greece 68 43 46 17 17 22
Ireland 7 10 11 8 10 11
Italy 520 720 860 710 680 900
Luxembourg 30 52 59 37 52 56
Netherlands 210 330 370 250 330 350
Portugal 30 77 82 9 11 13
Spain 240 250 360 97 120 140
Sweden 15 33 31 21 36 40
UK 400 550 610 410 550 580
Total EU 3000 4500 5200 3300 4300 4800

Table 17b:  Annual benefits for 2010 from reduction in the number of cases of mortality from short-
term (acute) exposures, calculated using the VOSL approach for valuation. All figures in million
ECU (MECU), base year 1990.

Country E12/1 E12/2 E12/3 E14/1 E14/2 E14/3
Austria 140 260 300 190 260 300
Belgium 290 450 510 340 450 480
Denmark 26 51 55 34 51 56
Finland 7 16 14 10 18 20
France 1500 2100 2500 1600 2100 2300
Germany 1300 2500 2800 1700 2500 2800
Greece 150 94 100 37 37 48
Ireland 16 23 25 17 23 24
Italy 1100 1600 1900 1600 1500 2000
Luxembourg 65 110 130 82 120 120
Netherlands 460 740 810 560 740 780
Portugal 67 170 180 19 25 28
Spain 530 550 780 210 270 300
Sweden 32 73 69 47 80 89
UK 870 1200 1300 890 1200 1300
Total EU 6600 10000 11000 7300 9400 11000
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Table 17c: Annual benefits for 2010 from reduction in the number of cases of mortality from short-
term (acute) exposures, calculated using the VOLY approach for valuation. All figures in million
ECU (MECU), base year 1990.

Country E12/1 E12/2 E12/3 E14/1 E14/2 E14/3
Austria 4 7 7 5 6 8
Belgium 7 11 13 9 11 12
Denmark 1 1 1 1 1 1
Finland 0 0 0 0 0 0
France 37 53 62 40 53 57
Germany 33 63 70 43 63 70
Greece 4 2 3 1 1 1
Ireland 0 1 1 0 1 1
Italy 29 39 47 39 37 50
Luxembourg 2 3 3 2 3 3
Netherlands 11 18 20 14 18 19
Portugal 2 4 5 0 1 1
Spain 13 14 20 5 7 8
Sweden 1 2 2 1 2 2
UK 22 30 33 22 30 32
Total EU 160 250 290 180 240 260

Table 17d.  Life years lost to chronic effects of exposure to fine particles.

Country E12/1 E12/2 E12/3 E14/1 E14/2 E14/3
Austria 2000 4500 4900 3000 4400 5200
Belgium 2200 6800 7500 5000 6900 7400
Denmark 150 660 700 380 680 770
Finland 21 140 110 78 170 190
France 17000 29000 34000 22000 29000 32000
Germany 11000 40000 45000 24000 41000 46000
Greece 2100 1400 1500 390 450 550
Ireland 69 190 210 130 190 200
Italy 21000 29000 31000 26000 27000 33000
Luxembourg 630 1700 1900 1100 1700 1800
Netherlands 2900 11000 12000 7600 11000 12000
Portugal 990 3000 3400 190 230 280
Spain 7900 7900 12000 2700 3400 3800
Sweden 170 980 870 540 1100 1200
UK 3300 9000 10000 6100 9000 9800
Total EU 72000 150000 160000 99000 140000 150000
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Table 17e:  Benefits from reduction in the number of cases of mortality from long-term (chronic)
exposures to secondary particles, calculated using the VOLY approach for valuation. All figures in
million ECU (MECU), base year 1990.

Country E12/1 E12/2 E12/3 E14/1 E14/2 E14/3
Austria 140 300 330 200 290 350
Belgium 150 450 500 330 460 490
Denmark 10 44 47 25 45 51
Finland 1 10 7 5 11 13
France 1200 2000 2300 1500 2000 2100
Germany 710 2700 3000 1600 2700 3100
Greece 140 92 99 26 30 37
Ireland 5 13 14 8 13 14
Italy 1400 1900 2000 1700 1800 2200
Luxembourg 42 110 120 76 110 120
Netherlands 190 760 830 510 770 840
Portugal 66 200 230 13 15 19
Spain 530 530 790 180 230 260
Sweden 12 66 58 36 72 82
UK 220 600 680 410 600 650
Total EU 4800 9800 11000 6600 9100 10000

Table 17f.  Benefits from reduction in the number of cases of mortality from long-term (chronic)
exposures to secondary particles, calculated using the VOSL approach for valuation. All figures in
million ECU (MECU), base year 1990.  Assuming that the chronic effect is real, results are
subsequently generated based on very conservative assumptions with respect to the average number
of life years lost per case affected.

Country E12/1 E12/2 E12/3 E14/1 E14/2 E14/3
Austria 220 490 540 330 480 570
Belgium 240 750 830 550 760 810
Denmark 16 73 77 42 75 84
Finland 2 16 12 9 18 21
France 1900 3200 3700 2400 3200 3500
Germany 1200 4400 4900 2600 4500 5100
Greece 230 150 160 43 49 60
Ireland 8 21 23 14 21 22
Italy 2400 3200 3400 2900 2900 3600
Luxembourg 69 180 210 120 190 200
Netherlands 310 1200 1400 840 1300 1400
Portugal 110 330 380 21 25 30
Spain 870 860 1300 300 370 420
Sweden 19 110 96 59 120 130
UK 360 990 1100 670 990 1100
Total EU 7900 16000 18000 11000 15000 17000
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3. Approach to valuation of mortality.

Table 17b and Table 17c show wide differences in valuation through the application of VOLY and
VOSL approaches.  Further to the values shown in the Table, the NERA (1997) study suggested zero
as an absolute lower limit to the VOSL for acute effects on mortality.  The consequence of the use of
this figure is obvious, and so it has been omitted from the table.  Also, it is a figure that is extremely
unlikely to find acceptance amongst practitioners in the field.  NERA appeared to express a
preference for a value of the VOSL very much closer to zero than the 2.2 MECU per premature
death adopted here.  Unfortunately NERA were unable to give further guidance on this issue through
a lack of data.  However, the value of the VOLY applied here could be taken to illustrate the use of a
VOSL closer to zero.  From this perspective the two concepts may not therefore provide widely
differing answers.  As noted in Section 3, above, use of the data adopted for the USEPA assessment
of the NAAQS for ozone and particles would increase estimates of benefit.

4. Discount rate applied in derivation of the value of a life year.

The data shown in Table 8 above demonstrate that varying the discount rate between 0 and 10%
would affect estimates of acute effects on mortality made using the VOLY by a factor of about 2,
and chronic effects by between 25% and 46%.  The USEPA analysis (Post et al, 1997) used a rate of
5%, compared to the 4% used here as best estimate.  There is general consensus that the correct
figure is around the 4% used here, so the overall sensitivity to discount rate appears to be minor.

5. Thresholds.

The Steering Group requested that account be taken of the effect of the possible existence of a
threshold for ozone effects on mortality.  No threshold was suggested by the Group, however,
reflecting the lack of data in this area.  Further problems arise because of the format and resolution
of the EMEP ozone output.  Given these problems, we illustrate the possible effect of a threshold by
extrapolation from the analysis of ozone effects in Great Britain (COMEAP, 1997).  The assumed
threshold in that study was 50 ppb, which led to a factor 18 reduction in the number of cases of
premature mortality each year (from 12,500 to 700).

Figure 3 demonstrates the effect of the introduction of this threshold on estimates of benefits
through reduction in the number of cases of early death linked to short term pollution exposure.  The
figure shows the results of the assessment using VOLY valuation.  However, the same pattern
follows for VOSL valuation, with the introduction of the threshold for the ozone component
reducing total acute cases by between 40 and 60%.  The threshold is only applicable to acute effects;
functions linking chronic exposure to ozone with mortality being unavailable.  In terms of the
overall cost-benefit analysis, the introduction of the threshold only has a noticeable effect when the
valuation of mortality is based on the VOSL, as will be seen in Section 5.
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Figure 3.  Illustration of the effect of thresholds on estimated benefits relating to short term effects
of ozone and particles on premature mortality.  Light bars show the results assuming no threshold
for ozone effects, dark bars the benefits assuming a 50 ppb threshold for acute ozone effects on
mortality, but no threshold for effects of fine particles.

6. Inclusion of effects of chronic mortality.

We accept that available assessments of chronic mortality effects, particularly that by Pope et al
(1995) are valid, though some would disagree.  There is also a problem arising from a lack of
information about the lifetime exposures of the subjects of the Pope study.  As stated above, this
area of the work requires further basic research to validate the findings of the US studies by Pope et
al (1995) and others.  The sensitivity to inclusion and exclusion of chronic effects on mortality is
shown in the next section.

7. Use of EMEP ozone data for analysis of impacts in urban areas.

The problem that arises here is the need for sub-grid scale modelling of ozone concentrations in the
urban centres where much of the European population lives.  It could be assumed that the modelling
applied here is not relevant to urban areas, in which case the health benefits linked to ozone
reduction would be approximately halved.

8. Lack of consideration of impacts occurring outside the EU.

The range of ozone formation linked to emissions from the EU extends over great distances.  Rabl
and Eyre (1997) reported that non-European impacts could be of the order of 50% of the regional
effects quantified within Europe.  This provides a tendency to underestimation of benefits in this
study, though of course should be offset against other areas of possible over-estimation.  Although
these benefits are not of chief concern for EU Member States, they are relevant to the broader debate
at the UN/ECE level.



49

9. Omission of:
a) Effects listed in Table 7 (acute effects of NO2 on mortality, etc.)
b) Valuation of altruism
c) Effects of changes in emission of pollutants not considered in this study, arising

from the measures forecast to be implemented under each scenario.

The omission of these effects will bias the analysis towards underestimation, countering effects
listed above that might lead to overestimation of benefits, though to an unknown extent.

10. Sensitivity to slope of the exposure-response functions for acute effects on mortality

The available literature implies a range of slope factors for the change in mortality rate per ug/m3

PM10 from 0.04% to 0.11%.  The rate used here is 0.074%, roughly central between these two limits.
Assuming that other assumptions are correct this leads to potential variation of about 50% around
the estimates shown here, with a factor 3 variation from low to high.

11. Sensitivity to assumptions on the period of life lost to acute effects on mortality when
applying the VOLY approach to valuation

There is no firm evidence as to the period of life that is lost on average to the acute effects of air
pollution on mortality.  Some speculate that it could be a matter of a few days, others that the true
figure is in the order of months, perhaps as long as a year.  In this study we have adopted a mean of
6 months, roughly in the middle of other estimates that have been made.  We would expect the
median to be significantly less than the mean.  Variation of this figure leads to a simple linear
variation in the estimate of benefits based on the VOLY approach.

12. Sensitivity to assumptions on the period of life lost to chronic effects on mortality when
applying the VOSL approach to valuation

For chronic effects on mortality there is also uncertainty as to the average period of life lost by those
affected.  Here we assume an average of 10 years per case.  It is probable that this is a conservative
estimate, biasing the results of a VOSL based analysis downwards.
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4.3 Impacts on Materials

4.3.1 Results

Results for benefits in terms of reduced damage to building materials are shown in Table 18.
Estimated damages are low compared to some previous estimates because the scenarios considered
do not account for reduction of SO2.  This has previously been shown to be the dominant pollutant in
materials damage assessments.  Also, functions for analysis of ozone effects on polymeric materials
such as rubber and re not yet available.

Table 18.  Annual benefits for 2010 of reduced damage to materials from moving to the scenarios
examined from REF.  All figures in million ECU (1990).

Country E12/1 E12/2 E12/3 E14/1 E14/2 E14/3
Austria 0 1 1 1 1 1
Belgium 1 2 2 1 2 2
Denmark 0 0 0 0 0 0
Finland 0 0 0 0 0 0
France 3 4 5 3 4 5
Germany 2 8 9 5 8 9
Greece 0 0 0 0 0 0
Ireland 0 0 0 0 0 0
Italy 4 5 5 4 4 5
Luxembourg 0 0 0 0 0 0
Netherlands 1 2 3 2 2 2
Portugal 0 0 0 0 0 0
Spain 1 1 2 0 0 1
Sweden 0 0 0 0 0 0
UK 1 2 2 2 2 2
Total EU 13 26 30 18 25 28

4.3.2 Key Sensitivities

Key sensitivities in assessment of materials damage are:
1. Assumptions of behaviour with respect to maintenance.
2. Lack of country specific inventory data.
3. Definition of service lifetimes.
4. Assumptions relating to the exposure of material used in buildings, compared to the

exposure of experimental samples.
5. Assumptions regarding the mechanism of paint damage from air pollution.
6. Omission of;

a) Effects on historic buildings
b) Effects on steel in re-inforced concrete
c) Ozone effects on paint and polymers
d) Indirect economic effects.

For the first three of these sensitivities it is possible the direction of error introduced by the
assumptions made in this study is not identifiable.  Sensitivities 4 and 5 are likely to tend to
overestimation of damage, though paint effects seem so small that sensitivity can be ignored in the
context of the wider analysis conducted here.  In the broader context of this analysis the omissions
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listed are probably unimportant, given the comparatively low level of benefit quantified for the
materials that are included.

4.4 Impacts on Agriculture

4.4.1 Results

Estimated benefits attributable to the scenarios studied over those of the move to the REFERENCE
scenario are given in Table 19.

Table 19.  Estimated annual benefits to agriculture in 2010 of reducing emissions. All figures in
million ECU (MECU), base year 1990.

Country E12/1 E12/2 E12/3 E14/1 E14/2 E14/3
Austria 16 23 27 18 22 27
Belgium 68 70 79 56 70 73
Denmark 14 20 22 14 20 22
Finland 1 1 1 1 1 1
France 670 860 1000 650 870 920
Germany 270 370 410 260 360 400
Greece 73 46 49 22 20 27
Ireland 9 10 11 8 10 10
Italy 300 420 560 470 400 590
Luxembourg 0 0 0 0 0 0
Netherlands 120 120 130 100 120 120
Portugal 12 29 26 4 5 6
Spain 190 200 270 59 74 84
Sweden 2 3 3 2 4 4
UK 130 140 160 110 140 150
Total EU 1900 2300 2800 1800 2100 2400

4.4.2 Key Sensitivities

The following key sensitivities have been identified for analysis of the effects of air pollution on
agriculture;
1. Extrapolation of exposure-response functions to different cultivars and crops from those

tested experimentally.
2. Assumptions regarding relationship between forage and livestock/milk production.
3. Effect of water stress on sensitivity to ozone (see Section 4.4.2.1).
4. Omission of interactions between;

a) different pollutants
b) pests
c) pathogens
d) frost
e) other environmental stresses

5. Omission of indirect economic effects
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The overall direction of error in the estimates made is, as for most other receptors, not clear.  Of the
sensitivities listed we can be confident that 3 would bias to overestimation of damage if left
uncorrected and that 4 is likely to bias towards underestimation.

4.4.2.1 Ozone Effects and Water Stress

Water stressed plants are less susceptible to ozone damage than plants growing in an ideal
environment because their stomata shut, greatly reducing gas transfer between the ambient air and
sensitive sites within leaves.  This effect is of much concern because of the strong correlation
between water stress and periods when ozone levels are high.  Experimentally grown plants are
typically not water stressed, and so available data would appear likely to over-estimate ozone
damages.

During the course of this study, data on irrigation was collected (Eurostat, 1995) and is shown in
Table 20.  More than 15% of arable and permanent crops in Albania, Bulgaria, Cyprus, Denmark,
Greece, Italy, Moldova, the Netherlands, Portugal and Spain are irrigated at rates typically in excess
of 200 mm per year.  Most attention is presumably given to high value crops, so these should be at
less risk of drought effects than lower value crops (hence the % of crop value under irrigation may
be much greater than the % of crop area under irrigation).  Permanent crops with deep root systems
may not be seriously affected by drought in all but the most adverse situations within Europe.
Taking this information into account, the effect of drought on crop yield/ozone relations may not be
substantial.
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Table 20.  Irrigation of crops in Europe (Eurostat, 1995).

Agricultural Arable/permanent Irrigated Average %arable/
Year usage, Mm3 crop area km2 area mm permanent

km2 supplied crops
irrigated

Albania 7000 4230 60%
Austria 1985 15240 40 0 0%
Belarus 1989 1099 62580 1490 738 2%
Belgium 8233 10
Bosnia-H 11170
Bulgaria 1990 2476 41620 12360 200 30%
Croatia 16230
Former CSFR 1988 50600 2820 6%
Cyprus 1985 1560 360 23%
Denmark 25580 4300 17%
Estonia 1991 41 11480
Finland 1988 25240 640 3%
France 1981 3450 192340 11700 295 6%
Germany 1985/7 235 120020 4820 49 4%
Greece 1980 4220 39120 11950 353 31%
Hungary 1985 412 52870 2040 202 4%
Iceland 80
Ireland 9330
Italy 1987 119750 31200 26%
Latvia 17558
Lithuania 23413
Luxembourg 1988 570
Malta 1987 130 10 8%
Moldova 1990 1105 17000 2900 381 17%
Netherlands 1986 9110 5550 61%
Norway 1980 69 8650 970 71 11%
Poland 1988 1623 147150 1000 1623 1%
Portugal 1989 3836 31730 6310 608 20%
Romania 1988 8122 100200 32160 253 32%
Russian Fed 1990 20500 1318000 61500 333 5%
Slovenia 3050
Former USSR 1989 149998 2289200 212100 707 9%
Spain 1986 30017 200890 34020 882 17%
Sweden 1988 171 27900 1140 150 4%
Switzerland 1983 263 4120 250 1052 6%
Turkey 1989 16900 276890 23700 713 9%
Ukraine 1989 10300 346290 26000 396 8%
UK 1988 66000 1640 2%
F. Yugoslavia 1987 77300 1480 2%
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4.5 Effects on Forest Productivity

4.5.1 Results

Results are presented in Table 21.  Both the function derived experimentally from Norway spruce
and the one for beech have been used and an average taken.  It would be possible to apply them
separately to soft- and hard-wood production respectively.  However, given the uncertainties
associated with the derivation of the exposure-response functions such refinement seems
unnecessary.

Table 21.  Estimated annual benefits for 2010 in terms of timber and pulp production of reducing
ozone levels in Europe.

Country E12/1 E12/2 E12/3 E14/1 E14/2 E14/3
Austria 8 12 15 10 12 15
Belgium 8 8 9 7 8 8
Denmark 0 0 0 0 0 0
Finland 2 3 2 2 3 3
France 55 70 83 54 71 75
Germany 45 58 66 43 58 63
Greece 1 1 1 0 0 0
Ireland 0 0 0 0 0 0
Italy 6 8 11 9 8 11
Luxembourg 0 0 0 0 0 0
Netherlands 1 1 1 1 1 1
Portugal 3 6 5 1 1 1
Spain 8 9 12 3 4 5
Sweden 4 6 6 4 6 7
UK 3 3 3 2 3 3
Total EU 140 190 220 140 180 190

4.5.2 Key Sensitivities

1. Extrapolation of exposure-response functions;
a) to mature forests
b) to forests across Europe
c) to species other than beech and Norway spruce

2. Assumptions on costing - response of the forestry sector to long term changes in forest
productivity.

3. The need for discounting damages to the time when forests are harvested.
4. Exclusion of impacts;

a) use values not linked to timber production
b) effects of acidification and eutrophication (only ozone is considered by the functions

used here).

The problems with exposure-response functions are likely to be of secondary importance to issues
surrounding forest economics.  It is possible that there is sufficient timber grown in Europe for any
losses linked to ozone to be absorbed by a slight, but sustainable increase in the area of forest
harvested each year.  Another possibility is that conversion of agricultural land to forest is needed to
maintain supplies.  Given the extended life cycle of forests compared to agriculture these changes
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could be planned and costs minimised.  Yet another possibility is that failure to act fast enough to
counteract the threat of future shortages could have serious repercussions in years to come.  Again,
given the extended life cycle of forests and the discounting of future forest revenues it is possible
that even severe problems in the forest sector in the future could count for little now in economic
terms (though this does not necessarily mean that nothing should be done about them).  The analysis
conducted here implies that damages will be small, compared to other things considered in this
study, though effects could become much more significant of course were the effects of acidification
and eutrophication brought in.

It must be noted that the analysis presented here values forests only in terms of timber production.
Amenity and existence values associated with forests are large, and if these were taken into account
results could increase substantially.

4.6 Effects on Visibility

4.6.1 Results

The estimated annual benefits in terms of willingness to pay for improvements in visibility arising
from reducing emissions to the levels of the scenarios investigated are given in Table 22 which uses
the Maddison valuation function.  The benefits quantified here are of course subject to considerable
uncertainty, as discussed in the next section.  The results seem too high to be credible against an
impact that causes so little concern in Europe at the present time.

4.6.2 Uncertainties

The function describing the effects of air pollution on visual range may be the most certain of any
function used in this study, as it deals solely with physical parameters.  The largest uncertainties
associated with the function arise from the lack of good quality data on carbonaceous particles,
organic compounds and ‘other particles’ across Europe.  Coarse estimates for each of these fractions
have been entered.  The most serious problems, however, arise at valuation.

It is easy to say that analysis is applicable only in the USA, because no-one voices concern over
reduced visual range in Europe.  However, given the size of the results it is important to dwell on
them, and ask how unreasonable they are.
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Table 22.  Annual benefits in 2010 through improvements in visibility by scenario, compared to the
REFERENCE scenario.  Benefits were calculated using the Maddison function.

Country E12/1 E12/2 E12/3 E14/1 E14/2 E14/3
Austria 10 23 26 16 23 27
Belgium 10 33 36 24 33 36
Denmark 1 4 5 3 5 5
Finland 0 1 1 1 1 2
France 90 150 180 110 150 170
Germany 48 190 210 110 190 210
Greece 9 6 6 2 2 2
Ireland 1 2 2 1 2 2
Italy 95 130 140 120 120 150
Luxembourg 3 7 8 5 7 8
Netherlands 13 53 58 35 53 58
Portugal 5 15 18 1 1 1
Spain 41 41 62 14 17 19
Sweden 1 7 6 4 7 8
UK 20 56 63 38 56 61
Total EU 350 720 810 480 670 760

First we need to put the analysis into context.  Imagine, for example arriving at the top of the Eiffel
Tower to discover that you can hardly see anything of Paris.  It seems nonsense to say that this
would not affect the enjoyment of anyone who has gone to the expense and effort of making the trip.
It is reasonable to conclude, therefore, that some WTP for improvement in visibility is likely to exist
in Europe.  Unfortunately we do not appear able to postulate with confidence what might be a
reasonable figure of damages.

The worst cases of visibility limitation will be episodic.  In contrast the approach taken here is based
on calculations involving annual average concentrations across 150x150 km grid cells, and so is
unable to pick up episodic effects.

Within this report we cannot resolve the problems associated with this issue.  The plain fact is that
our estimates of visibility benefits look truly excessive compared to perception of reduced visibility
as a problem in Europe.  However, the results from the use of US data, and consideration of issues
surrounding the problem suggest that there are grounds for believing that people could be willing to
pay significant amounts of money for improvements in visual range, though it is doubtful that the
true figure is as high as those calculated here.

At this point it is useful to look at the problem from a US perspective, as illustrated by the author
Bill Bryson, writing in 1997: ‘Last year, I spent a good deal of my time hiking the Appalachian
Trail, a long distance footpath.  In Virginia, where the trail runs through the Shenandoah National
Park, it was still possible when I was a teenager [in the 1960s] to see Washington, DC, 75 miles [125
km] away, on clear days.  Now in even the most favourable conditions, visibility is less than half
that.  In hot, smoggy weather, it can be as little as two miles [3 km].’

Finally, it should be remembered that concern over transboundary pollution effects in Europe is a
fairly recent phenomenon: with the exception of a few far-sighted individuals it dates back only 25
years.  Note also that concern over the health effects of air pollution started much more recently:
they were not considered at all in the development of earlier international legislation in this area as it
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was believed that problems had been solved through action at the national and local levels.  Hence
the mere fact that people do not appear concerned is no guarantee that a problem does not exist.

4.7 Estimates of Statistical Uncertainty

4.7.1 Results

Estimates of statistical uncertainty have been made using the methodology set out in Section 3.9.2.
Estimates of the geometrical standard deviation (σg) for each step of the analysis are given below.
They are based on work in the ExternE Project (Rabl, 1996, ExternE, 1998) with revisions specific
to the issues addressed in this paper made by the authors.  In some cases, e.g. for the dose-response
functions, the estimate of statistical uncertainty is based on confidence intervals from the primary
sources.  In other cases it is based on the authors’ judgement.  In all cases, the statistical uncertainty
will be different for each issue addressed, so that the estimates for broad classes should be treated as
indicative only.

Emissions

The emissions database is of variable quality depending upon the monitoring and assessment
programme in each country.  Emissions of NOx are largely from well characterised sources such as
power plants and motor vehicles.  VOC and ammonia emissions are from more diverse sources and,
in the case of ammonia, area rather than point sources.  Monitoring data is therefore less reliable.

On average, we estimate a σg of 1.5, based on knowledge of the confidence associated with emission
inventories for specific plant and inventories at the national level.

Stock at Risk

The quality of information on receptor density is rather well known.  Population data in most
countries (even for the medium term future) are probably accurate to within 10%.  Crop and timber
production data are also well documented and the land classification data used for estimation of
ecosystem are also believed to be of good quality.  The materials stock at risk is probably less
accurate, being based on extrapolation from relatively few sources.  Based on personal judgement
we estimate uncertainty for the different stocks as follows:

Population σg 1.1
Crops, forests and ecosystems σg 1.4
Materials σg 1.7

Dispersion

The uncertainty inherent in atmospheric modelling depends upon the details of the model output
which is needed.  In all cases we are interested in the incremental concentrations and depositions
resulting from a change in emissions.  For a long range transport modelling programme such as
EMEP, the accuracy of predictions for individual pollutants at a specific location and time may be
rather poor, typically with a geometric standard deviation of 2.5 (Rabl, 1996).  But annual averages
for the whole continent are likely to be somewhat better.  The total deposition of acidity and
nitrogen, given the emissions, should be fairly accurate because of mass conservation.  The
uncertainty depends only on the extent to which the relevant species are not deposited on the
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relevant parts of the European land area.  Concentrations of ozone and aerosols, on the other hand
depend on reaction rates, meteorological conditions and other variables, and therefore are more
uncertain.   We estimate

a σg of 1.4 for deposited nitrogen and acidity, and
a σg of 2.0 for aerosols and ozone.

Exposure-Response Functions

The statistical uncertainty in most exposure response functions can be ascertained directly from the
relevant study.  In principle we could report a σg for each function used where this has been obtained
by epidemiological or other experimental work.  In practice it is simpler to consider broad
categories.  For health most of the exposure-response functions have limited statistical uncertainty,
otherwise they have been rejected.  (The biggest uncertainty comes in model choice issues such as
the existence of thresholds, which are not considered here.)  For materials, crops and forests, there
are also extensive experimental data, but more uncertainty in the results.  For ecosystems, the
assessment of exposure is restricted to areas above critical load, and therefore the uncertainty is
rather low (like health, the main uncertainty relates to the choice of threshold).  For visibility the
function is the loss in visual range which is fairly well known.  From data in primary sources and
personal judgement we estimate:

for health and ecosystems a typical σg of 1.5,
for visibility, crops and materials a typical σg of 2, and
for forests a typical σg of 3.

Valuation

For goods and services which are traded in actual markets - building repairs, crops and timber - the
price uncertainty in rather low.  For valuations dependent on revealed preferences or contingent
valuation, the uncertainties are much higher, especially where valuation involves goods which are
complex, poorly understood or morally problematic.  We estimate:

for crops, timber and materials a σg of 1.5,
for morbidity a σg of 2,
for mortality a σg of  3, and
for visibility a σg of 4, and
for ecosystems a σg of 5.

Combining these uncertainties in the manner described above, the overall statistical uncertainties are
shown in Table 23.  Inevitably the final estimates are partly subjective, given the need for expert
judgement in derivation of some of the component uncertainties.  However, a methodology has been
established and first estimates calculated.  This is a considerable advance since early 1996 when the
only attempts to illustrate uncertainty in this field were qualitative.
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Table 23.  Estimated geometric standard deviations for different impact categories considered in this
analysis.

Damage category σg (σg)
2 Rating

Health - morbidity 3.7 13.7 A
Health - mortality 4.3 18.5 B
Materials damage 3.9 15.2 A
Crops - N and acidity deposition 3.5 12.2 A
Crops - ozone damage 3.8 14.4 A
Forests 4.4 19.4 B
Natural ecosystems 6.0 36.0 C
Visibility 5.2 27.0 B

4.7.2 Interpretation of this Part of the Uncertainty Analysis

The 95% confidence interval is calculated by dividing/multiplying the median estimate by the
square of the geometric standard deviation, shown in the third column of the table.  The ranges
generated are thus extremely broad (a consequence of multiplicative analysis).  The ranges are
however heavily skewed, which is apparent from consideration that dividing/multiplying our median
estimates by the geometric standard deviation (as opposed to its square) yields the 68% confidence
interval.  This is illustrated in the following example:

Median estimate for impact X: 10 MECU, Geometric standard deviation: 4
68% confidence interval: 2.5 to 40 MECU
95% confidence interval: 0.63 to 160 ECU

Note that to some extent at least the confidence bands are misleading.  Taking the example of
visibility, most would say that the median estimate made in this report is excessive, let alone a 95%
confidence interval that would bring in an estimate 27 times as high (though an estimate 27 times
lower may seem more reasonable on current evidence).  For some other impacts (e.g. effects on
ecosystems) it seems likely that our results underestimate the benefits of pollution abatement.  In
both these cases, the doubts stem from concerns about the validity of the valuation model.  However,
in other cases the net direction of the biases contained within the analysis is unclear.

Overall this part of the analysis succeeds in providing quantitative data on uncertainty, but on its
own fails to clarify issues.  [That is, beyond stating that the benefits analysis is subject to large
uncertainty, which is already widely appreciated].  Some commentators will no doubt say that the
existence of large uncertainties undermines the credibility of benefits analysis as a tool for policy
makers.  In fact we regard the converse as true: the fact that possible errors are large makes it all the
more essential that benefits analysis is carried out so that policy makers develop an appreciation of
the potential risks of their actions.

That this is necessary is illustrated by the following example.  Take two policy options of equal cost.
One has a small but reasonably certain benefit.  The other potentially has very large benefits, but
these are extremely uncertain.  In deciding which option to choose the policy maker should clearly
consider the uncertainties in order to weigh the probability as to which measure is likely to have the
greatest benefit.  Benefits analysis may not necessarily provide clear-cut answers.  However, we
believe that it does improve the information base available to policy makers, and hence should assist
in improving the quality of decisions made.  Furthermore, there are other methods for investigating
uncertainty, some of which are used in the next section.
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5. Cost-Benefit Analysis

5.1 Cost Data

Cost data for the scenarios studied here, net of the costs of attaining the REF scenario were given in
Section 2 (Table 4).  They were calculated at IIASA using the RAINS model; further details are
provided in Part A of this report.

5.2 Collating the Benefits Data

An uncertainty ranking exercise was conducted as part of the earlier study (Holland et al, 1998) by
researchers and government officials in the UK (Appendix V).  This provided a means of grouping
effects according to the level of confidence expressed in them by respondents. These range from
Group I, in which almost all respondents appeared to have confidence to Group V, in which no
respondent had much confidence, if any.  Distinction was made between the two approaches for
valuation of mortality - the use of the value of statistical life (VOSL) and the value of a life year
(VOLY).

There is essentially little difference in the rankings between all respondents (Table A2 in Appendix
V) and the lead authors of the earlier report by Holland et al (1998), as shown in Table A3 in
Appendix V.  Accordingly we retain the ranking from all respondents.  The groupings were as
follows for the effects quantified in this report:

Group I:
Materials damage (excluding paint)
Crops - N fertilisation effects
Acute mortality (VOLY)
Morbidity (excluding restricted activity days and chronic effects on 
bronchitis)

Group II:
Restricted activity days
Paint damage from acidic deposition
Crops - ozone effects

Group III:
Acute mortality (VOSL)
Chronic effects on bronchitis

Group IV:
Ozone damage to forests
Chronic effects on mortality (VOLY)

Group V:
Chronic effects on mortality (VOSL)
Visibility effects
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This omits the following, in particular;
• Effects on ecosystems
• Effects on structures and artefacts of cultural merit (it would appear that these are likely to be of

little importance in this context, as indicated by the low benefits for reduced damage to those
materials that are included)

• Indirect economic effects of pollution damage to agriculture and buildings
• Effects on non-timber attributes of forests
• Altruistic effects related to health impacts

Double counting is possible as effects are added into each group.  For example it would be wrong to
add VOSL estimates of acute effects on mortality to VOLY estimates.  This has been avoided.
Chronic and acute estimates of mortality from fine particles are also not combined.

At various meetings the authors have invited those present to follow the instructions given in
Appendix V to derive listings that could show a different perspective to that of the UK group that
originally carried out the ranking exercise.  No further response has been received during this study,
and so the listing derived by Holland et al (1998) is retained.

5.3 Comparison of Costs and Benefits

Results for the median estimate of each of these impacts have been brought together by group for
each country.  Overall the results are dominated by effects on health, particularly mortality, though
benefits from crop protection are significant when compared with costs, as will be shown below.
Effects on forests and materials are small, though the benefits quantified exclude important aspects
of value. The categories are now added together sequentially in the following tables, starting with
the group to which most confidence is attached (Group I), and compared with the costs of each
scenario.  Two tables are presented for each scenario, one for each of the two methods for valuation
of mortality.  The tables are highlighted to identify the number of effect groupings required for
benefits to exceed costs.  In countries where the sum of all benefits do not exceed costs, the costs
column is also highlighted.
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Table 24a.  Comparison of costs and benefits of attaining the E12/1 scenario with mortality
valuation based on VOLY with values in MECU/year. The highlighting identifies the benefits that
need to be added together for overall benefit to exceed costs.  Confidence in benefit estimates
declines from Group I to Group V.

Country I I+II I+II+III I+II+III+
IV

I+II+III+
IV+V

Costs

Austria 6 29 45 190 200 1
Belgium 13 88 110 250 270 298
Denmark 1 16 17 26 28 0
Finland 0 1 1 4 4 0
France 64 790 930 2100 2200 541
Germany 59 360 450 1200 1200 1488
Greece 6 87 100 240 250 310
Ireland 1 10 10 15 16 0
Italy 50 410 590 2000 2100 267
Luxembourg 3 5 10 50 54 0
Netherlands 21 150 180 360 380 213
Portugal 3 17 25 92 98 41
Spain 23 240 300 830 870 87
Sweden 1 4 5 20 22 0
UK 39 180 200 410 440 736
Total 290 2400 3000 7800 8200 4000

Table 24b.  Comparison of costs and benefits of attaining the E12/1 scenario with mortality
valuation based on VOSL with values in MECU/year. The highlighting identifies the benefits that
need to be added together for overall benefit to exceed costs.  Confidence in benefit estimates
declines from Group I to Group V.

Country I I+II I+II+III I+II+III+
IV

I+II+III+
IV+V

Costs

Austria 3 25 190 190 360 1
Belgium 6 81 390 390 500 298
Denmark 0 15 42 43 47 0
Finland 0 1 8 10 9 0
France 27 750 2400 2400 3700 541
Germany 26 330 1700 1800 2400 1488
Greece 3 83 250 250 420 310
Ireland 0 9 26 26 26 0
Italy 21 390 1700 1700 3600 267
Luxembourg 1 3 74 74 110 0
Netherlands 9 140 620 620 720 213
Portugal 1 16 91 93 170 41
Spain 9 230 820 830 1500 87
Sweden 1 3 37 41 45 0
UK 18 160 1000 1000 970 736
Total 130 2200 9400 9500 15000 4000
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Table 25a.  Comparison of costs and benefits of attaining the E12/2 scenario with mortality
valuation based on VOLY with values in MECU/year. The highlighting identifies the benefits that
need to be added together for overall benefit to exceed costs.  Confidence in benefit estimates
declines from Group I to Group V.

Country I I+II I+II+III I+II+III+
IV

I+II+III+
IV+V

Costs

Austria 11 48 84 390 420 13
Belgium 21 110 170 620 660 859
Denmark 2 24 30 74 78 0
Finland 1 2 3 15 17 0
France 93 1000 1300 3300 3400 1248
Germany 110 600 930 3700 3800 2468
Greece 4 55 66 160 160 102
Ireland 1 11 13 25 27 0
Italy 69 570 810 2700 2900 436
Luxembourg 5 10 24 130 140 46
Netherlands 33 190 280 1000 1100 279
Portugal 7 45 70 270 290 246
Spain 24 250 310 840 880 20
Sweden 3 10 17 88 94 39
UK 55 230 300 890 940 1146
Total 440 3200 4400 14000 15000 6902

Table 25b.  Comparison of costs and benefits of attaining the E12/2 scenario with mortality
valuation based on VOSL with values in MECU/year. The highlighting identifies the benefits that
need to be added together for overall benefit to exceed costs.  Confidence in benefit estimates
declines from Group I to Group V.

Country I I+II I+II+III I+II+III+
IV

I+II+III+
IV+V

Costs

Austria 5 42 340 350 730 13
Belgium 9 100 610 620 1200 859
Denmark 1 23 79 79 130 0
Finland 0 2 19 21 30 0
France 39 990 3400 3400 5800 1248
Germany 48 540 3400 3400 6800 2468
Greece 2 53 160 160 270 102
Ireland 0 11 35 35 46 0
Italy 30 530 2300 2400 4900 436
Luxembourg 2 7 130 130 270 46
Netherlands 15 170 1000 1000 1900 279
Portugal 3 41 230 240 500 246
Spain 10 240 850 860 1500 20
Sweden 1 8 89 95 170 39
UK 24 200 1400 1400 1900 1146
Total 190 3000 14000 14000 26000 6902
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Table 26a.  Comparison of costs and benefits of attaining the E12/3 scenario with mortality
valuation based on VOLY with values in MECU/year. The highlighting identifies the benefits that
need to be added together for overall benefit to exceed costs.  Confidence in benefit estimates
declines from Group I to Group V.

Country I I+II I+II+III I+II+III+
IV

I+II+III+
IV+V

Costs

Austria 13 55 95 440 460 0
Belgium 23 120 190 690 730 895
Denmark 2 26 32 79 83 0
Finland 1 2 3 12 13 0
France 110 1200 1500 3800 4000 2579
Germany 120 680 1000 4100 4300 3470
Greece 4 58 70 170 170 113
Ireland 1 13 14 28 31 0
Italy 83 740 990 3000 3200 716
Luxembourg 6 11 27 150 160 46
Netherlands 37 210 310 1100 1200 301
Portugal 8 45 72 300 320 219
Spain 33 340 440 1200 1300 110
Sweden 3 9 16 79 85 0
UK 60 250 330 990 1100 1618
Total 510 3800 5100 16000 17000 10067

Table 26b.  Comparison of costs and benefits of attaining the E12/3 scenario with mortality
valuation based on VOSL with values in MECU/year. The highlighting identifies the benefits that
need to be added together for overall benefit to exceed costs.  Confidence in benefit estimates
declines from Group I to Group V.

Country I I+II I+II+III I+II+III+
IV

I+II+III+
IV+V

Costs

Austria 6 48 380 400 820 0
Belgium 10 110 680 690 1300 895
Denmark 1 25 85 86 140 0
Finland 0 2 16 18 24 0
France 46 1200 3900 4000 6700 2579
Germany 54 600 3800 3900 7600 3470
Greece 2 55 170 170 290 113
Ireland 0 12 39 39 52 0
Italy 36 700 2800 2800 5400 716
Luxembourg 3 8 150 150 300 46
Netherlands 17 190 1100 1100 2100 301
Portugal 3 40 250 250 560 219
Spain 14 320 1200 1200 2200 110
Sweden 1 7 83 89 160 0
UK 27 220 1600 1600 2100 1618
Total 220 3500 16000 16000 30000 10067
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Table 27a.  Comparison of costs and benefits of attaining the E14/1 scenario with mortality
valuation based on VOLY with values in MECU/year. The highlighting identifies the benefits that
need to be added together for overall benefit to exceed costs.  Confidence in benefit estimates
declines from Group I to Group V.

Country I I+II I+II+III I+II+III+
IV

I+II+III+
IV+V

Costs

Austria 8 36 60 270 290 1
Belgium 16 87 130 460 490 780
Denmark 1 17 20 45 47 0
Finland 0 1 2 9 10 0
France 70 790 970 2500 2600 573
Germany 76 410 600 2200 2300 1271
Greece 2 25 28 54 56 0
Ireland 1 9 10 18 19 0
Italy 68 620 830 2600 2700 682
Luxembourg 4 7 16 91 96 12
Netherlands 25 150 210 710 750 123
Portugal 1 6 7 21 22 0
Spain 9 77 98 280 290 1
Sweden 2 6 10 50 54 12
UK 40 170 220 620 660 591
Total 320 2400 3200 9900 10000 4046

Table 27b.  Comparison of costs and benefits of attaining the E14/1 scenario with mortality
valuation based on VOSL with values in MECU/year. The highlighting identifies the benefits that
need to be added together for overall benefit to exceed costs.  Confidence in benefit estimates
declines from Group I to Group V.

Country I I+II I+II+III I+II+III+
IV

I+II+III+
IV+V

Costs

Austria 4 31 240 250 510 1
Belgium 7 79 460 470 870 780
Denmark 0 16 53 53 80 0
Finland 0 1 12 14 18 0
France 30 750 2500 2600 4300 573
Germany 33 370 2300 2300 4200 1271
Greece 1 24 64 64 90 0
Ireland 0 8 26 26 33 0
Italy 29 580 2400 2400 4500 682
Luxembourg 2 5 96 96 190 12
Netherlands 11 140 750 760 1300 123
Portugal 0 5 26 27 39 0
Spain 4 71 310 310 510 1
Sweden 1 5 56 60 100 12
UK 18 150 1000 1000 1100 591
Total 140 2200 10000 10000 18000 4046
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Table 28a.  Comparison of costs and benefits of attaining the E14/2 scenario with mortality
valuation based on VOLY with values in MECU/year. The highlighting identifies the benefits that
need to be added together for overall benefit to exceed costs.  Confidence in benefit estimates
declines from Group I to Group V.

Country I I+II I+II+III I+II+III+
IV

I+II+III+
IV+V

Costs

Austria 11 47 83 390 410 13
Belgium 21 110 170 630 660 859
Denmark 2 25 30 75 80 0
Finland 1 3 4 18 19 0
France 93 1100 1300 3300 3400 1462
Germany 110 600 930 3700 3900 2207
Greece 2 23 26 56 58 0
Ireland 1 11 13 25 27 0
Italy 66 550 770 2500 2700 416
Luxembourg 5 10 24 140 140 46
Netherlands 33 190 280 1000 1100 217
Portugal 1 7 9 25 26 0
Spain 12 97 120 350 370 1
Sweden 4 10 19 97 100 84
UK 55 230 300 890 950 1166
Total 420 3000 4100 13000 14000 6471

Table 28b.  Comparison of costs and benefits of attaining the E14/2 scenario with mortality
valuation based on VOSL with values in MECU/year. The highlighting identifies the benefits that
need to be added together for overall benefit to exceed costs.  Confidence in benefit estimates
declines from Group I to Group V.

Country I I+II I+II+III I+II+III+
IV

I+II+III+
IV+V

Costs

Austria 5 41 330 340 720 13
Belgium 9 100 610 620 1200 859
Denmark 1 23 80 81 130 0
Finland 0 2 21 24 35 0
France 39 1000 3400 3400 5700 1462
Germany 48 540 3400 3400 6900 2207
Greece 1 22 62 63 95 0
Ireland 0 11 35 35 46 0
Italy 28 510 2200 2200 4500 416
Luxembourg 2 7 140 140 270 46
Netherlands 15 170 1000 1000 1900 217
Portugal 0 6 33 34 48 0
Spain 5 90 390 390 650 1
Sweden 2 9 97 100 190 84
UK 24 200 1400 1400 1900 1166
Total 180 2700 13000 13000 24000 6471
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Table 29a.  Comparison of costs and benefits of attaining the E14/3 scenario with mortality
valuation based on VOLY with values in MECU/year. The highlighting identifies the benefits that
need to be added together for overall benefit to exceed costs.  Confidence in benefit estimates
declines from Group I to Group V.

Country I I+II I+II+III I+II+III+
IV

I+II+III+
IV+V

Costs

Austria 13 56 98 450 480 29
Belgium 22 120 180 670 710 865
Denmark 2 27 33 84 89 0
Finland 1 3 4 20 22 0
France 100 1100 1400 3600 3700 1589
Germany 120 660 1000 4100 4300 2994
Greece 2 31 35 72 74 0
Ireland 1 12 14 27 29 0
Italy 87 780 1000 3200 3400 886
Luxembourg 6 11 26 150 160 44
Netherlands 35 200 300 1100 1200 280
Portugal 1 8 10 30 31 0
Spain 13 110 140 400 420 1
Sweden 4 12 22 110 120 134
UK 57 240 320 960 1000 1315
Total 470 3400 4600 15000 16000 8137

Table 29b.  Comparison of costs and benefits of attaining the E14/3 scenario with mortality
valuation based on VOSL with values in MECU/year. The highlighting identifies the benefits that
need to be added together for overall benefit to exceed costs.  Confidence in benefit estimates
declines from Group I to Group V.

Country I I+II I+II+III I+II+III+
IV

I+II+III+
IV+V

Costs

Austria 6 49 390 410 850 29
Belgium 10 110 640 650 1300 865
Denmark 1 25 87 88 150 0
Finland 0 2 24 26 39 0
France 43 1100 3600 3700 6200 1589
Germany 53 590 3700 3800 7700 2994
Greece 1 30 82 82 120 0
Ireland 0 11 37 37 49 0
Italy 37 730 3000 3000 5800 886
Luxembourg 2 8 150 150 300 44
Netherlands 16 180 1100 1100 2100 280
Portugal 0 7 37 38 56 0
Spain 6 100 440 440 730 1
Sweden 2 10 110 120 210 134
UK 26 210 1500 1500 2000 1315
Total 200 3100 15000 15000 28000 8137
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5.3.1 Trends in the Results

5.3.1.1 Scenario E12: Ozone strategy, mortality valuation using VOLY

Taking the whole of the EU into account it was found necessary for benefits to exceed costs to
include all impact categories up to category IV (including chronic effects of fine particles on
mortality) when following valuation in terms of life years lost.  This was true for all 3 scenarios.
However, having added in category IV effects, total benefits exceeded costs by a factor of about 2
for scenarios E12/1 and E12/2, and by 70% for scenario E12/3.  This demonstrates the expected
decline in the cost-benefit ratio as emissions abatement increases.

Two countries, Belgium and the UK, showed costs in excess of benefits for all three scenarios.  The
only other such cases were for Germany and Greece in scenario E12/1.  This can be explained for
Germany as it has markedly higher emissions reductions than other countries in this scenario.  For
Greece it seems likely that there is an underestimation of ozone benefits arising from the spatial
resolution of available ozone data.  This needs further investigation.  Another factor is that Greece is
geographically displaced from the rest of the European Union.  This means that it benefits relatively
little from emission reductions in other EU countries.  In the context of the wider UN/ECE Multi-
pollutant, Multi-effect protocol this may be less important, assuming that the non-EU countries that
neighbour Greece reduce their emissions.

5.3.1.2 Scenario E12: Ozone strategy, mortality valuation using VOSL

Taking the whole of the EU into account it was found necessary for benefits to exceed costs to
include all impact categories up to category III (including effects of acute exposure on mortality)
when basing mortality valuation on the value of statistical life.  This was true for all 3 scenarios.
Having added in category III effects, total benefits exceeded costs by a factor of about 2 for
scenarios E12/1 and E12/2, and by 60% for scenario E12/3 (interestingly the same pattern as
observed in section 5.3.1.1).  Again, this demonstrates the expected decline in the cost-benefit ratio
as emissions abatement increases.

Overall, bringing in all 5 categories in the confidence ranking, no country experienced cost in excess
of benefit.  In scenario E12/1 only Greece required benefits ranked with lower confidence than
category III (which includes acute effects on mortality) to be added in.  For scenario E12/2 this
applied to both Belgium and Portugal, and for scenario E12/3 to Belgium and the UK.

5.3.1.3 Scenario E14: Ozone Directive, mortality valuation using VOLY

Similar patterns are observed for this suite of scenarios as for the E12 set; with mortality valuation
based on VOLY, all categories up to category IV (including effects of chronic exposure to fine
particles on mortality) are required.  Costs exceed benefits consistently for Belgium and the UK (for
the latter only in scenarios E14/2 and E14/3), and also for Sweden in scenario E14/3.  Overall, once
category IV impacts are introduced benefits exceed costs by about a factor 2 for all scenarios.

5.3.1.4 Scenario E14: Ozone Directive, mortality valuation using VOSL

Similar trends are observed here as in the case of the E12 scenarios when mortality valuation was
based on the VOSL.  Only Belgium (all three scenarios) and Sweden (scenario E14/3) required
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further benefits to be added after the inclusion of the effects of acute exposure to ozone and fine
particles on mortality.

5.3.2 Effects of Main Sensitivities

The main sensitivities identified in the course of this study are as follows;

1. Alternative approaches to valuation of mortality

2. Inclusion of function for assessment of the chronic effects of fine particles on mortality

3. Assumption that all fractions of PM10 are equally aggressive to human health

4. Inclusion of function linking ozone to mortality and the effect of possible thresholds for ozone
effects on mortality

5. Prediction of changes in ozone exposure using the EMEP model

6. Influence of meteorological and other factors on estimates of changes in crop yield

7. Inclusion of effects on livestock production

8. Inclusion of effects arising from changes in visibility

9. Omission of effects on ecosystems, possible chronic effects of ozone exposure on morbidity,
indirect economic effects arising from reduced agricultural yield, altruistic effects of health
impacts, etc.

10. Error in RAINS estimates of costs

11. Starting point bias (use of the REFERENCE scenario, rather than 1990 emissions data).

Each of these is now considered in turn.  For the most part they are considered individually, though
some interpretation of their possible combined effect is also provided.

5.3.2.1 Alternative approaches to valuation of mortality

The effect of this sensitivity is explicitly demonstrated in Table 24 to 29.  Adopting the VOLY
approach leads to net benefits provided that it is also accepted that chronic exposure to fine particles
is causally associated with premature mortality (note: this, nor any other statement made in this
report should be thought to imply that air quality is here regarded as the only or indeed the main
factor that influences the timing of death).  Observing that total quantified benefits exceed costs by a
factor of about 2 for all scenarios it is clear that the VOLY could be reduced below the 67,000 ECU
applied to these chronic effects for costs and quantified benefits to balance.  The VOLY required to
do this ranges from about 10,000 ECU to 33,000 ECU, depending on scenario.

5.3.2.2 Inclusion of function for assessment of the chronic effects of fine particles on mortality

There is much debate about the validity of the association observed by Pope et al, and (accepting
that it is valid) the correct interpretation of Pope’s results for quantification purposes.  On this latter
point note that the results of Pope have already been scaled down by a factor 2 here to account for
previous exposure to levels of PM that are higher than those found in urban areas of the USA and
EU today.  If this function were not included the conclusion that benefits exceed costs would only
apply when mortality valuation was based on the VOSL.
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5.3.2.3 Assumption that all fractions of PM10 are equally aggressive to human health

In the absence of substantive information to the contrary this assumption is followed here with
respect to nitrates.  Further work to clarify this issue is extremely important as it will enable better
targeting of measures to reduce the health impacts of exposure to particles in the ambient air.  An
alternative assumption that nitrates are not harmful (because of their solubility, chemical
characteristics, or whatever) would clearly lead to zero benefits from PM-related mortality in this
study.  The effect of this assumption is illustrated in the next section (5.3.2.4).

5.3.2.4 Inclusion of function linking ozone to mortality, and the effect of possible thresholds
for ozone effects on mortality

The use of ozone thresholds would have little effect on the overall results.  Adopting the VOLY
approach to valuation there would be almost no effect at all, as associated results for acute effects of
air pollution on mortality are insignificant.  Even when the VOSL approach is used it is apparent
from results presented in this section and in Figure 3 that the use of an ozone threshold would not
make much difference: benefits at the EU level would still exceed costs once category IV impacts
(VOLY valuation case) or category III impacts (VOSL valuation case) were added in.  Given that
this is the case when ozone effects on mortality are reduced by a factor 18 to account for a threshold
(assuming the UK COMEAP analysis to be correct), the inclusion or exclusion of the ozone
mortality function is itself of little account in most respects.

As several of the main sensitivities identified here are associated with mortality it is instructive to
see how total benefits summed across morbidity, agriculture, forests and materials compare with
costs (Figure 4).  Effects on visibility are also excluded from this comparison, because of their low
confidence ranking.
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Figure 4.  Comparison of costs with benefits without accounting for pollution-related mortality and
effects on visibility, and other effects not quantified in this study (e.g. those listed in section 5.3.2.9).
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The figure shows that costs (assuming the RAINS estimates are correct) would exceed benefits for
all scenarios, if benefits were restricted to the aspects of morbidity, agriculture, forests and materials
that it has been possible to value here.  The difference between costs and benefits for the E12/1,
E14/1 scenarios is however 25 and 22%, increasing to 50 and 45% for scenarios E12/3, E14/3.  The
addition of known effects that are unquantified (on ecosystems, non-timber attributes of forests,
some types of material such as rubber, etc.) could well drive benefits beyond costs for some or all of
the scenarios considered.

Given the closeness of the results shown in Figure 4 the accuracy of the estimates of costs made by
RAINS is extremely important if mortality effects are entirely or partially eliminated from the
analysis.  There is a widely held view that RAINS tends to overestimate costs because the abatement
techniques considered are restricted to technological solutions.  Allowing flexibility in the way that
countries can meet their emissions target would bring in a broader range of options, some of which
could well be less expensive than those considered by RAINS.  An argument against this made by
representatives of industry seems to be based on the view that the cost-effectiveness of at least some
of the measures included in RAINS is over-estimated.  The authors of the present report are unaware
of the extent to which industry has considered the availability of potentially cheaper options that are
not included in RAINS in coming to its conclusions.

5.3.2.5 Prediction of changes in ozone exposure using the EMEP model

The problems of modelling the benefits of emissions abatement using the EMEP model with its 150
by 150 km resolution have already been discussed in this report (section 3.3.3 and elsewhere). The
implicit assumption in our analysis is that the EMEP model correctly predicts changes in ozone
exposure.  (Note that this becomes complicated for the benefits assessment because of thresholds for
effects on vegetation and possibly on health).  Ideally modelling at a much finer resolution would be
done in order to gauge the reliability of the assessment carried out here.  However, this type of
modelling was beyond the scope of this study.

5.3.2.6 Influence of meteorological and other factors on estimates of changes in crop yield

There is much resistance to the quantification of effects of ozone on agriculture, arising from an
inability to account for a number of environmental factors.  Water stress is perhaps the most
important of these, and a failure to consider it could lead to a significant overestimation of benefits.
Set against this is the fact that large parts of the driest areas of the EU are irrigated, presumably in
those areas where high value crops are grown.  Also set against this is the omission of other
influences that could be related to ozone exposure that would further reduce yield, such as
interactions of air pollution with some pests and pathogens.

5.3.2.7 Inclusion of effects on livestock production

The approach used for inclusion of effects on livestock and milk production, scaling production
against changes in pasture grass productivity, is in itself prone to significant uncertainty (see Section
3.5.4).  However, the maximum error set against other quantified effects on agriculture is only
around 20%, so is unlikely to have a significant effect on the overall assessment.
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5.3.2.8 Inclusion of effects arising from changes in visibility

There is little confidence in the quantification of welfare benefit associated with changes in
visibility.  This is reflected by the fact that this impact was ranked last in the confidence ranking
exercise.  It is noted however that the inclusion or exclusion of effects on visibility had little effect
on the balance of the cost benefit equation for any scenario: inclusion of visibility was not needed
for overall benefits to exceed costs in any scenario, taking the base case assumptions as correct.

5.3.2.9 Omission of effects on ecosystems, possible chronic effects of ozone exposure on
morbidity, indirect economic effects arising from reduced agricultural yield, altruistic effects
of health impacts, etc.

Omission of these effects will clearly provide some bias towards underestimation of damages.
Accepting that the assumptions followed in the analysis are correct, and that the ratio of benefit to
cost is sufficiently high to warrant reduction of ozone levels, the omission of these impacts would
not be important.  If it is felt that our analysis greatly overestimates benefits, the need to reduce
ozone levels is a question of the weighting to be given to the effects that we have not been able to
quantify.

5.3.2.10 Error in RAINS estimates of costs

The level of error in the estimated costs of the different scenarios is likely to be markedly less than
the error in the benefits assessment.  However, as noted above in Section 5.3.2.4, there are
circumstances under which error in estimates made by RAINS become important, the example used
being the case where estimated mortality benefits are assumed to be too uncertain for inclusion in
the cost-benefit analysis, even when valuation is based on the more conservative VOLY approach.

5.3.2.11 Starting point bias

Starting point bias relates to the use of the REFERENCE scenario, rather than current or 1990
emissions data as the point for comparison in this study.  Some commentators have argued that use
of the REFERENCE scenario gives the impression that the overall cost burden to industry will be
lower than the true costs.  The reason for using the REFERENCE scenario is that this study needs to
consider the position once all current legislation is enacted. This legislation cannot be ignored.
Also, if the costs of abatement were based on reductions from current levels, so should the
assessment of benefits.  Assuming that the most cost-effective options are brought in first (in other
words, assuming that the RAINS cost-curves are correct), the effect on our results of putting back
the start point would probably be to increase the benefit:cost ratio.  We use the word ‘probably’ here
because of potential conflict through the non-linearities of ozone formation.  This could have very
important implications.  For example, the use of 1990 for comparison could well lead to a net benefit
for all scenarios even when potential mortality benefits are excluded.
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6. Conclusions

1. The starting point for our conclusions is that total estimates of benefits appear likely to exceed
costs for all of the scenarios considered.

2. We are careful to say that this is only the starting point.  This conclusion needs to be considered
against other information presented in the study.  Most notable are the level of confidence
associated with estimated benefits, and the weighting that should be given to effects that remain
unquantified.  The limitations of other inputs to the work, notably the cost estimates made at
IIASA and the results of the EMEP ozone model also need to be considered.

3. There are two general approaches to assessment of benefits that are subject to significant
uncertainty.  The first is conservative, quantifying only those effects for which it is felt that
associated uncertainty will be small.  The second, which was followed here, is to quantify more
widely, and then to consider the potential errors involved (a theme that is explored throughout the
report).

4. Adopting the first approach involves taking a necessarily subjective position on how good the
evidence must be on a given effect for analysis to be considered robust.  Beyond establishing
whether or not a pollutant is known to be harmful to one or more receptor types, it may provide
rather poor guidance on the range of possible effects of a pollutant, and on the balance of costs
and benefits.

5. We prefer the alternative, to quantify as far as possible and then to consider the uncertainties.
Backed up by an appropriate level of uncertainty and sensitivity analysis a reasonably robust and
complete perspective can be obtained.  Provided that information is presented clearly, enabling
readers to see for themselves the effects of different uncertainties, we feel that it is also likely to
offer far greater transparency than the first approach.

6. Based on extensive review of the potential for error in the analysis, the key sensitivities in this
analysis were found to be;
a) Issues relating to the assessment of mortality generally
b) Prediction of changes in ozone exposure using the EMEP model
c) Influence of meteorological and other factors on estimates of changes in crop yield
d) Omission of effects on ecosystems, possible chronic effects of ozone exposure on morbidity,

indirect economic effects arising from reduced agricultural yield, altruistic effects related to
health impacts, etc.

e) Accuracy of estimates of the costs of abatement made by RAINS.

7. Other sensitivities were explored, but found to be less significant.  The inclusion of a function for
quantifying the effects of acute exposure to ozone on mortality, for example, was found to have
very limited impact on the results.  When valued using the value of life years (VOLY) approach,
ozone related mortality was insignificant compared to costs.  When the value of statistical life
was applied instead, the benefits relating to reductions in secondary nitrate concentrations
(through lower NOx emissions) were found to be sufficient to drive benefits higher than costs,
though the benefit:cost ratio would clearly be affected.  Note that there are in turn questions over
the role of nitrates in the association between particulate matter and mortality.

8. The most important impacts in the benefits analysis were those on human health and crops.
Effects on forest productivity and materials were negligible in comparison, whilst those on
ecosystems were unquantified.  Unlike some previous studies, it was found that the benefits from
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reduced impacts on agriculture offset a significant proportion of total costs.  The extent to which
the analysis is dominated by health effects is thus reduced.

9. Valuation of changes in visibility, based on US data, suggest that this effect could be significant.
However, it is not perceived to be an important issue in Europe at the present time.  Many
reasons can be proposed for the difference in perception between Europe and the USA, but
without original data from Europe the issue must remain one of speculation.  Results of this part
of the analysis are thus regarded as being of very low reliability, and most commentators,
including the authors suspect that they are seriously over-estimated.  Visibility damages were
found to be of very little importance in the comparison of costs and benefits because of their low
position in the confidence ranking exercise.

10. Effects on the agricultural sector are complicated, as nitrogen deposition has the capacity to
improve crop growth, whilst ozone will reduce it.  Overall, the negative ozone effect substantially
outweighs the benefits of N fertilisation.

11. Combining different assumptions on the individual elements in the list of uncertainties given at
point [7] above, it is possible to generate total benefits estimates that are much smaller than the
costs for the scenarios considered.  Our analysis does not therefore ‘prove beyond all reasonable
doubt’ that benefits would exceed costs.  We do however believe that the assumptions that go
into our core analysis form a reasonable interpretation of available data.  Section 5 demonstrated
rather limited sensitivity to variation in most of the key uncertainties identified so far as to the
question of whether benefits would exceed costs.  We therefore feel justified in saying that our
starting point conclusion [point 1], that benefits are likely to exceed costs for all scenarios, is
reasonably robust.

12. The findings presented here are only one of several inputs to the political process of determining
air quality limits that provide an appropriate level of protection for human health and the
environment.  The decision on limit values needs to take into account variation in the benefit:cost
ratio, and aversion to risks of error on both sides of the cost-benefit equation.


