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Executive Summary

EXECUTIVE SUMMARY

This report describes the methodology used by the ExternE Project of the European
Commission (DGXI1) JOULE Programme for assessment of the external costs of energy. Itis
one of a series of reports describing analysis of nuclear, fossil and renewable fuel cycles for
assessment of the externalities associated with electricity generation. Part | of the report deals
with analysis of impacts, and Part Il with the economic valuation of those impacts.

Analysisis conducted on amarginal basis, to allow the effect of an incremental investment in

a given technology to be quantified. Attention has been paid to the specificity of results with

respect to the location of fuel cycle activities, the precise technologies used, and the type and

source of fuel. The main advantages of this detailed approach are as follows:

e It takesfull and proper account of the variability of impacts that might result from different
power projects,

e It is more transparent than analysis based on hypothetically ‘representative’ cases for each
of the different fuel cycles;

e It provides aframework for consistent comparison between fuel cycles.

A wide variety of impacts have been considered. These include the effects of air pollution on
the natural and human environment, consequences of accidents in the workplace, impacts of
noise and visua intrusion on amenity, and the effects of climate change arising from the
release of greenhouse gases. Wherever possible we have used the ‘impact pathway’ or
‘damage function’ approach to follow the anaysis from identification of burdens (e.g.
emissions) through to impact assessment and then valuation in monetary terms. This has
required a detailed knowledge of the technologies involved, pollutant dispersion, analysis of
effects on human and environmental health, and economics. In view of this the project
brought together a multi-disciplinary team with experts from many European countries and
the USA.

The gspatia and temporal ranges considered in the analysis are dependent on the type of
impact under assessment. For example, noise effects will only be experienced over a
maximum of afew kilometres, impacts associated with emission of acidifying pollutants from
power stations act over one thousand kilometres or more; impacts associated with long lived
radioisotopes emitted to the atmosphere, or greenhouse gases, require global assessment. In
all cases we have sought to quantify impacts over as much of the range affected as possible.
Similar variation between impacts exists with respect to the timescales involved - some
impacts are short lived, others will persist for many thousands of years. The assessment of
long-term impacts brings in aneed for discounting. The central discount rate used here is 3%,
though a rate of 0% has also been used for transparency, to demonstrate the problem of
discounting long term impacts, and also to demonstrate sensitivity to discount rate.
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This report aims to present the methodology in a transparent manner in more detail than has
been possible elsewhere, clearly identifying the uncertainties involved and the assumptions
that are being made. A major difficulty concerns the quantitative description of the
uncertainties associated with the anaysis. The mgor problem is that some aspects of
uncertainty cannot be described numerically from the available data. To date a largely
qualitative assessment of uncertainty has been adopted although new approaches are currently
being investigated within ExternE. These will be incorporated into the methodology during
the next phase of the Project.

Some observers have stated that the detailed methodology described in this report imposes
unreasonable analytical demands. However, ExternE and other recent projects have
demonstrated that this is no longer the case. Software developed under ExternE will soon be
available, further reducing the demands placed upon analysts. The methodology described in
this report thus provides a means of providing externality data that incorporates the latest
scientific and economic knowledge on the external costs of energy which can then be
incorporated within decision making processes.
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1. INTRODUCTION

1.1 Background to the ExternE Project

The European Commission launched the project in collaboration with the US Department of
Energy in 1991. The study was initiated because of concern that the environmental impacts of
energy use were not being properly integrated into decision making processes. Advances in
scientific knowledge over recent years have demonstrated that the use of energy causes
damage to awide range of receptors, including human health, natural ecosystems and the built
environment. These damages are referred to as external costs, or externalities, to the extent
that they are not reflected in the market price of the good in question (in this case energy).
Concern has been heightened because of a realisation that the damage that has been observed
or predicted as a consequence of current activities will be irreversible in some cases, and for
others may persist for many years, and be widespread.

Work on externaities relating to the energy sector is being driven by severa factors,

including:

e The need to integrate environmental concerns when choosing between different fuels and
energy technologies;

* The need to evaluate the costs and benefits of stricter environmental standards;

» Increased attention to the use of economic instruments for environmental policy;

» Different policy initiatives to encourage competition and the market mechanism in the
energy sector (e.g. privatisation, limiting of subsides, liberalisation of energy markets).

At the level of the European Union the need for externality assessment has been stressed by a

number of measures, including:

e The Maastricht Treaty;

e TheFifth Environmental Action Programme ‘ Towards Sustainability’;

e The Commission's White Paper entitled ‘ Growth, competitiveness, employment and ways
forward to the 21st century’ (CEC, 1993);

e The proposal for an energy-carbon tax;

e The requirement of the European Environmental Agency ‘to stimulate the development of
methods of assessing the cost of damage to the environment and the costs of environmental
preventive, protection and restoration policies'.

Further discussion on the requirements for externality assessment in these measures is
provided in the ExternE Project’s Summary Report (European Commission, 1995a).
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Concern over the environmental impacts of energy are of course not confined to Europe.
Similar developments are apparent in a number of other countries such as the USA (partly
through collaboration with the ExternE Project), Australia, Canada and the former EFTA
countries, and international organisations including the International Energy Agency, United
Nations Economic Commission for Europe and the International Atomic Energy Agency.

1.2 Previous Studies

Previous work in this area can be divided into those studies performed specifically to quantify
external costs, and those which have concentrated on the quantification of impacts without
necessarily continuing to quantification of economic damage.

Two broad methodological approaches have been used in these studies. They are usually
described as ‘top-down’ and ‘bottom-up’. Top-down analyses use highly aggregated data, for
example, national emission and impact data, to estimate the damage costs of particular
pollutants. The main problem with this technique is that it tends to make poor use of the
wealth of environmental and economic knowledge that is now available. Also, the approach
is not suited to the calculation of marginal costs, which are of most interest in neo-classical
economic analysis. The advantage of the technique is in some ways a reflection of its
problems; it has low data requirements and may alow preliminary estimates to be made
where detailed information is lacking.

In contrast the bottom-up methodology (also known as the damage function or impact
pathway approach) alows the use of technology-specific emissions data for individual
locations. This is the approach selected for the ExternE Project. It uses detailed site and
technology specific data together with pollution dispersion models, detailed information on
the location of receptors and dose-response functions to calculate the physical, chemical
biological and social impacts of fuel cycle activities. These impacts are then valued in
monetary terms.

The most prominent of past externality studies are those by Hohmeyer (1988), Ottinger et al
(1990) at Pace University, Bernow et al (1990) of the Tellus Institute, ECO Northwest (1987)
and Pearce et al (1992). The Tellus Institute study differs to the others in that it used the
control cost method to quantify damages, and hence no attempt was made to quantify impacts
separately from their valuation. The other studies show a progression from fairly restricted
top-down analysis to the more complete fuel cycle based bottom-up approach. The merits of
these studies are discussed in more detail in the introduction to the ExternE Project Summary
Report (European Commission, 1995a). One of their main criticismsis that much of the work
Is derivative, with each ‘new’ study reliant on information from earlier studies. Furthermore,
the analysis has tended to be dominated by economic arguments, with less attention being
devoted to the merits of the science underlying the impact assessment.
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1.3 Objectives and Scope of the Exter nE Project
1.3.1 Objectives

The ExternE Project aims to be the first systematic approach to the evaluation of externa
costs of awide range of different fuel cycles.

The principle objectives of the ExternE Project, to date, have been:

1. To develop a unified methodology for quantifying the environmental impacts and social
costs associated with production and consumption of energy;

2. To use this methodology to evaluate the external costs of incremental use of different fuel
cyclesin different locations in the European Union;

3. Toidentify critical methodological issues and research requirements.

The emphasis in the objectives has been on methodology rather than calculation of values of
external costs. This reflects concerns, particularly in the USA, that values for external costs
are quoted and used without reference to the assumptions and methodology, both of which
have a major influence on many calculations.

The ExternE Project has been built on three important principles. First, transparency, to show
how the work is done, the assumptions made and the data used.  Secondly,
comprehensiveness, to include al significant impacts and extending the impact anaysis in
time and space to capture all relevant effects, and thirdly, consistency, to allow comparisons
between different fuel cycles and different locations. The project has criticaly reviewed and
used the best available scientific data, models and dose-response functions in the literature.

The design of internationally agreed tools is a necessary first stage for estimating reliable
values for external environmental costs. Quantitative estimates of some external costs have
been made to demonstrate the methodology developed in the study and to compare against
other studies. Hence, the objective has been to advance the state of the art, rather than to
produce definitive results, and identify areas which require further research work.

Work on the ExternE Project is to continue under the European Commission’ s 4th Framework
Programme. It is envisaged that future work will build on the existing framework but will
focus more on the potential application of externalitiesin policy and decision making.

1.3.2 Scope

The project addresses compl ete 'cradle-to-grave' analyses for site and technology specific fuel
cycles. For power generation it takes into account the chain of processes from fuel extraction
and processing, to power generation and waste disposal, including norma and accidental
operation, and for some fuel cycles electricity transmission. The impacts related to the use of
the construction materials and transport of bulk materials and personnel are also taken into
account if estimated to be an important source of externalities (for example, in some
renewable cycles). In these cases, the approach is close to alife cycle analysis. The analysis
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is done on a marginal basis, such that external costs are calculated for a new incremental
investment in each fuel cycle activity.

The methodology that has been developed could be applied to all energy systems. However,
to date the project has focused on the important power generation fuel cycles (fossil, nuclear
and renewables) and energy saving. Some work is also underway on the application of the
methodology to evaluate the externalities associated with domestic energy use and the energy-
related externalities of transport.

In this project, the term environmental externalities is broadly defined and includes all
burdens imposed by an activity on the environment that affect our welfare. Hence it includes
impacts of pollution on human health, agriculture, materials, ecosystems and how the
resultant changes in ecosystems affect our actual, potential or future possibilities to use it
(recreation, use for transportation) or the importance we may attach to conserving it
(biodiversity). Externalities may include both negative economic effects (e.g. damages) and
positive economic effects (benefits) on the environment and health. Externalities of energy
are of course not limited to environmental and health related impacts; impacts on employment
and energy security also give rise to (non-environmental) externalities. Although this project
has been defined to cover a number of these aspects, to date work has focused on the
environmental and health impacts.

The ExternE Project goes beyond earlier studiesin several respects. Theseinclude:

* A more thorough characterisation of the energy technologies and their discharges into the
environment on a site specific basis,

e Consideration of all major stages of fuel cycles rather than just electric power generation.
Significant environmental impacts occur during the mining of fuels, their transportation
and the eventual disposal of the wastes. These need to be evaluated as carefully as those of
the generating stage but previously little work has been done on them,

e Modelling the dispersion and transformation of pollutants rather than relying on previous
estimates. Existing work has relied mainly on short distance dispersion models for
assessment of air pollution impacts. Concern over the transboundary effects of pollution,
and subsequent international agreements demonstrate that it is widely recognised that this
is inadequate. Furthermore, attention needs to be paid to the transformation of pollutants,
leading, for example, to the generation of sulphate aerosols or ozone.

e Engaging in a more extensive, critical review and use of the literature on ecology, health
sciences and economics than previous studies. Many ecological, epidemiologica and
valuation studies have come out in the last five to ten years. The ExternE Project has
reviewed these and used the latest information available in developing impact pathways
and in valuing them.

e ldentifying cases where externalities may be partially, or wholly, internalised.

The ExternE Project study is closely linked with other work being undertaken within the
European Commission's programmes. For example, an overall objective of this project is that
the results of this project will provide the environmental dimension in the new generation of
energy-economy-environment models (Systems for Externalities and General Equilibrium,
SOLFEGE Project), currently under development within the JOULE programme. The
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internalisation of external costs into energy policies requires not only a better assessment of
the external costs but aso tools to assess different policy options and to identify the optimal
mix of instruments for internalising external costs. The combination of the framework
developed within the ExternE Project with the new generation of energy-economy-
environment models will provide a set of powerful tools well suited to tackle such policy
issues.

1.4 Purposeand Structure of the Report

The objective of the present report is to provide details of the broad methodology devel oped
and used by the ExternE Project for impact assessment. In addition to this, background
information is also presented on a number of specific impact pathways to provide a forum for
detailed discussion and to prevent a need for repetition in other volumes in the present series.
Most of these pathways concern the impacts of emissions of the acid gases, particulates and
ozone precursors to the air, and hence are primarily associated with the fossil fuel cycles.
Detailed descriptions of the application of the methodology to the different fuel cycles
considered in the project are given in other ExternE Project reports (European Commission,
1995b-€).

The next chapter provides details of the impact pathway approach. This is followed by a
review of pollutant dispersion modelling, and then assessment of impacts on human health,
either as it affects members of the public through air pollution or accidents, or workers,
through occupational diseases and accidents. The following five chapters discuss the
methodology for air pollution effects on agriculture, natural terrestrial ecosystems, forests,
freshwater fisheries and building materials. Chapter 12 discusses the methodology for global
warming, Chapters 13 addresses noise and Chapters 14 and 15 address visua intrusion and
major accidents.

Within this report relatively little attention is devoted to assessment of nuclear and certain
aspects of renewable fuel cycles. In each case the impacts concerned tend to be quite specific
to the technologies involved, and hence these issues have been dealt with in detall in the
ExternE reports on individual fuel cycles (European Commission, 1995d and 1995¢). Part |1
of this report contains details of the methodologies used for the economic valuation of the
impacts.
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2. THEIMPACT PATHWAY METHODOLOGY

2.1 ApproachesUsed for Externality Analysis

The ExternE Project has adopted the ‘impact pathway’ approach for the assessment of the
external impacts and associated costs resulting from the supply and use of energy. The phrase
‘impact pathway’ simply relates to the sequence of eventslinking a ‘burden’ to an ‘impact’ and
subsequent valuation. The methodology therefore proceeds sequentially through the pathway,
as shown in Figure 2.1. It provides a logical and transparent way of quantifying externalities.
However, only recently, through developments in environmental science and economics, and
Improvements in computing power has it become a realistic proposition. Subsequently a
number of other approaches have been used in the past. These alternatives are now reviewed
to highlight the differences that exist between them and the ExternE methodology.

2.1.1 The‘top-down’ approach

Early externalities work used a ‘top-down’ approach (the impact pathway approach is ‘ bottom-
up’ in comparison, although the labels "macro” and "micro" might be more descriptive). A
top-down (macro) analysis is typically highly aggregated, being carried out at a regiona or
national level, using estimates of the total quantities of pollutants emitted or present and
estimates of the total damage that they cause. A classic example is the study by Hohmeyer
(1988), followed in the US by Ottinger et al (1991). The key steps of Hohmeyer's analysis of
fossil power plants were as follows:

e Development of an inventory of emissions of carbon monoxide (CO), particulate matter
(PM), oxides of nitrogen (NO,), sulphur dioxide (SO,), and volatile organic compounds
(VOCs) in Germany;

» Weighting of these emissions by relative toxicity factors,

e Estimation of the contribution of fossil power plants to the tota damage from these
pollutants;

* Review of the available literature on estimates of environmental damage due to air pollution
and extraction of a plausible range of values for damages in Germany, for the major impact
categories of flora, fauna, mankind, materials, and climate change;

e Combination of the numbers to obtain damage costs per kWh of electricity, for each of these
five impact categories.

This scheme is summarised in Figure 2.2. While Hohmeyer's study was a pioneering step
forward, there are a number of major problems with it. Even if one can trust the damage cost
estimates, the relative toxicity factors are a weak link because they are derived from
government regulations for maximum permissible concentrations at a place of work, rather
than from exposure-response functions.
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Figure2.1 Anillustration of the main steps of the impact pathways methodology applied to
the consequences of pollutant emissions. Each step is analysed with detailed process models.
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Nationa estimate of
damage

National estimate of l
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Estimate of damage per
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Figure 2.2 Illustration of the ‘top-down’ approach for externality assessment. This approach
takes no account of the site specificity of many types of impact.

Since the analysis was done in terms of national averages, effects due to variations in
population density and pollutant concentration were neglected. The transport of pollutants
across national boundaries was also neglected.

2.1.2 The‘control cost’ method

The “control cost’ method substitutes the cost of reducing emissions of a pollutant (which are
determined from engineering data) for the cost of damages due to these emissions. As
justification, the proponents of this approach argue that when elected representatives decide to
adopt a particular level of emissions control they are expressing the collective willingness-to-
pay of the society that they represent to avoid a damage. However, that would be true only if
our society were at the economic optimum. In fact, the point of the optimum is precisely what
we would like to know, and the control cost approach merely begs the question. Certainly,
knowledge of control costs is an important element in formulating prescriptive regulations, but
presenting them asif they were damage costs is to be avoided.

2.1.3 Lifecycleanalysis(LCA)

Life cycle analysis (OECD, 1992; Heijungs et al, 1992; Lindfors et al, 1995) is a flourishing
discipline whose roots go back to the net energy analyses that were popular twenty years ago.
While there are severa variations, all life cycle analysis is in theory based on a careful and
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holistic accounting of all energy and materia flows associated with a system or process. The
approach tends to be used to compare the environmental impacts associated with different
products that perform similar functions, such as plastic and glass bottles.

One of the major issues in any LCA concerns the way in which the ‘system boundaries’ are
specified, defining the extent of the analysis around the basic system under investigation.
Some limit on the system is clearly essential, otherwise analysis becomes impracticable.
However, much thought needs to go into the drawing of boundaries in order that all factors
relevant to the outcome of the analysis are assessed. The ‘system’ should therefore include
flows that are induced upstream or downstream of the processes under investigation.

The Society for Environmental Toxicology and Chemistry (SETAC) has sought to define an
internationally agreed methodology for LCA, in order to overcome certain problems that have
been identified, and to allow comparison between the results of different studies (Consoli et al,
1993). The SETAC methodology proceeds through the following stages:

Definition of objectives and system boundaries;

Collation of datato provide an emissions inventory;

Classification of emissions into impact categories;

Characterisation of impacts;

Normalisation;

Vauation (trandation of impact assessments into a common unit).

oukrwnE

Results are specific to the system boundary that has been defined. Great care is needed in the
setting of boundaries as they can significantly affect the outcome of the analysis.

Stage 4, ‘characterisation’ typically only goes as far as summing emissions of various
pollutants using some kind of weighting scheme (e.g. global warming potentials). Severa
systems for ‘characterising’ different types of pollutant have been collated by Heijungs et al
(1992). The following stage, normalisation, consists of an assessment of the relative weighting
to be given to different impact categories. The term valuation refers to assessment of
environmental effects to acommon unit, though thisis not necessarily monetary.

Life cycle analyses tend not to be explicit on the calculation of impacts, if they have attempted
to quantify impacts at al. For example, the ‘classification factors' identified by Heljungs et al
(1992) for each pollutant are independent of the site of release. For air pollution these factors
were calculated with the assumption of uniform mixing in the earth's atmosphere. While this
can be justified for greenhouse gases and other pollutants with long residence times, it is
unrealistic for particulate matter, NO,, SO, and ozone (O,). The reason for this radical
approximation lies in the choice of emphasisin LCA: the prime goal is a careful accounting of
all materia flows, direct and induced. Since induced flows occur at many geographically
different points under avariety of different conditions, it is simply not practicable to keep track
of the local details of the emissions.

By contrast, the fuel cycle analysis reported here places its emphasis on the quantification of

impacts and cost because people care more about impacts than emissions. The quantification
of emissions is merely a step in the analysis. From this perspective the choice between the
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approaches taken by fuel cycle analysis and by conventional life cycle analysis is a matter of
accuracy; uncertainties increase the further the analysis is continued. In genera terms,
however, it is our view that the fuel cycle analyses of the ExternE Project can be considered a
particular example of life cycle analysis.

2.2 Guiding Principlesin the Development of the ExternE M ethodology

The underlying principles on which the methodology for the ExternE Project has been

developed are:

Transparency, to show precisely how results are calculated, the uncertainty associated with the
results and the extent to which the external costs of any fuel cycle have been fully
quantified.

Consistency, with respect to the boundaries placed on the system in question, to allow valid
comparisons to be made between different fuel cycles and different types of impact within a
fuel cycle.

Analysis is conducted on a marginal basis, to alow the results to be used to assess the
incremental effects and costs of (e.g.) investment in new power projects or changes in
government policy.

In order to comply with these principles, the ExternE analysis presented in this series of reports
IS based around the assessment of the effects of individual power projects which are closely
specified with respect to:

e The technologies used;

e Thelocation of the power generation plant;

e Thelocation of supporting activities;

e Thetype of fuel used;

e The source and composition of the fuel used.

Each of these factors is important in determining the magnitude of impacts and hence
associated externalities.

2.3 Defining the Boundaries of the Analysis

The starting point for fuel cycle analysisis the definition of the boundaries of the system under
investigation, and the range of burdens and impacts to be addressed. The boundaries used in
the ExternE Project are very broad. This is essentia in order to ensure consistency in the
application of the methodology for different fuel cycles.

Certain impacts brought within our boundaries cannot be quantified at the present time, and
hence the analysis is incomplete. However, this is not a problem peculiar to this style of
analysis; it simply reflects on gaps in available knowledge. Our rule hereis that no impact that
is known or suspected to exist, but cannot be quantified, should be ignored for convenience.
Instead it should be retained for consideration alongside whatever analysis has been possible.
An advantage of the present analysis is that such gaps have been identified. Further work is
needed so that unquantified effects can be better integrated into decision making processes.

11
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2.3.1 Stagesof thefuel cycle

For any project associated with electricity generation the system is centred on the generation
plant itself. However, the system boundaries should be drawn so as to account for all potential
effects of afuel cycle. In our analysis we have included a wide variety of other activities. The
exact list of stagesis clearly fuel cycle dependent (the list for the nuclear fuel cycle will be very
different to that for wind). The following provides examples of the up- and down-stream
processes that we have considered. Reference should be made to the reports on individual fuel
cyclesto see what has been included in each case:

e Production of construction materias;

e Transport of construction materials;

e Construction of plant;

e Exploration for fuel;

e Extraction of fuel;

e Processing of fuel;

e Transport of fuel;

e Transport of personnel;

e Treatment of flue gases;

e Generation of wastes and by-products (‘wastes' that can be used elsewhere);

e Further treatment of waste;

e Removal of plant at the end of its service lifetime;

» Restoration of sites after closure.

In practice, a complete analysis of each stage of a fuel cycle is often not necessary in order to
meet the objectives of the analysis (see below). However, the onus is on the analyst to
demonstrate that this is the case - it cannot smply be assumed. Worth noting is the fact that
variation in laws and other local conditions will lead to major differences between the
importance of different stages in different parts of the world; one should not ignore a particular
stage simply because someone elsewhere found that it was not important.

A further complication arises because of the linkage between fuel cycles and other activities,
upstream and downstream. For example, in theory we should probably account for the
externalities associated with (e.g.) the production of materials for the construction of the plant
used to make the stedl that is used to make turbines, coal wagons, etc. One could carry on to
infinity. The benefit of doing so is, however, extremely limited. Fortunately this can usualy
be demonstrated quite easily through order-of-magnitude calculations on emissions, without
the need for detailed analysis (see Section 2.4.1, below).

The treatment of waste matter and by-products deserves special mention. Impacts associated
with waste sent for disposal should be considered as part of the system under analysis.
However, impacts associated with waste utilised el sewhere (by-products) should be considered
as part of the utilising system from the moment that they are removed from the boundaries of
the fuel cycle. For these purposes the fuel cycle boundary may need to extend to treatment of
wastes to ensure that they are in aform that can be used elsewhere. A good example is the use
of gypsum produced through flue gas desulphurisation as a building material.

12
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2.3.2 Location of fuel cycle activities

One of the distinguishing features of the present study is the inclusion of site dependence. For

each stage of each fuel cycle we have therefore identified specific locations for the power plant

and al of the other activities drawn within the system boundaries. In some cases this has gone

so far as to identify routes for the transport of fuel to power stations. The reason for defining

our analysis to this level of detail is simply that location is important in determining the size of

impacts. There are severa elementsto this, the most important of which are:

» Variation in legal requirements (e.g. concerning the use of pollution abatement techniques,
occupational safety standards, etc.);

e Variationin fuel quality;

» Differences in the sensitivity of the human and natural environment upon which fuel cycle
burdens impact.

We have therefore set out to identify realistic sites for each of the technologies considered in
each country for which analysis has been conducted. Some of the sites are currently used for,
or in support of, electricity generation. Others are not, though they are suitable to be used in
the way assumed. For example, neither the West Burton ‘B’ or Lauffen plants considered in
the coa fuel cycle report (European Commission, 1995a) currently exist. However, planning
permission was granted to the CEGB (the UK’s electricity utility at the time) to build a coal
fired plant at West Burton in 1988, and the Lauffen site was identified as suitable for a large
fossil fuel power station in a survey conducted in Germany.

The alternative to this would be to describe a ‘representative’ site for each activity. It was
agreed at an early stage of the ExternE study that such a concept is untenable. Also, recent
developments elsewhere, such as use of critical loads analysis in the revision of the Sulphur
Protocol within the United Nations Economic Commission for Europe's (UN ECE)
Convention on Long Range Transboundary Air Pollution, demonstrate the importance attached
to site dependence by decision makers.

However, the selection of a particular series of sites for a particular fuel cycle is not altogether
realistic, particularly in relation to upstream impacts. For example, how can one evaluate the
externalities associated with oil used for a power plant when the power station uses oil
imported from a number of different countries, and that oil serves a number of different end
uses (gasoline, heating oil, plastics, etc.) as well as fuel oil for the power plant? The
assumption of a single site certainly simplifies the analysis, but can hardly be considered
realistic, other than in certain cases such as plants burning lignite and some coal fired plants.

In principle the basic rule for the analysisis simple:

Incremental upstream impact of the fuel cycle

difference of impacts of world fuel production with and without this fuel cycle.
However, application of this rule is anything but straightforward. More sophisticated treatment
will become possible in the future, as the analysis is applied to more and more cases (provided
that thisis done in a consistent fashion), establishing a more extensive database on externalities

13
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than is currently available. In view of this, the current phase of ExternE should be regarded as
afirst step, upon which to build future work.

2.3.3 ldentification of fuel cycletechnologies

The objective of the ExternE Project so far has been to quantify the external costs of power
generation technologies built in the 1990s. For the most part we have not been concerned so
far with future technologies that are as yet unavailable, nor with older technologies which are
gradually being decommissioned.

Over recent years an increasingly prescriptive approach has been taken to the regulation of new
power projects. The concept of Best Available Technology/Techniques (BAT), coupled with
emission limits and environmental quality standards defined in Europe by both national and
international legislation, restrict the range of alternative plant designs and rates of emission.
This has made it relatively easy to select technologies for each fuel cycle on a basis that is
consistent across fuel cycles. However, care is still needed to ensure that a particular set of
assumptions are valid for any given country. Thisisillustrated by the different NO, emission
standards applied in the UK and Germany (see Chapter 2 of the report on the coal fuel cycle -
European Commission, 1995 - in the present series).

Whilst the present reports deal with closely specified technology options, extrapolation of the
results to other options can often be achieved with little additional effort. Details of emissions
from 8 technology options, including cogeneration of heat and power, are given in the report on
the coal fuel cycle, though the report itself only goes on to provide detailed analysis for 2 of
these. Externalities can be quantified for the other options by direct extrapolation based on the
specified emissions data, assuming certain similarities (e.g. location and stack height).

This section has outlined the broad strategy used to define technologies so far by the ExternE
Project. For further details the reader should consult the reports on the individual fuel cycles.

2.3.4 ldentification of fuel cycle burdens

For the purposes of this project the term ‘burden’ relates to anything that is, or could be,
capable of causing an impact of whatever type. The following broad categories of ‘burden’
have been identified:

e Solid wastes;

e Liquid wastes;

e Gaseous and particulate air pollutants;

e Accidents,

e Occupational exposure to hazardous substances;

* Noisg

e Heat;

e Presence of human activity (causing, e.g., visual intrusion);
e Others (e.g. exposure to electro-magnetic fields).

14
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During the identification of burdens no account has been taken of the likelihood of any
particular burden actually causing an impact, whether serious or not. For example, in spite of
the concern that has been voiced in recent years there is no definitive evidence that exposure to
electro-magnetic fields associated with the transmission of electricity is capable of causing
harm. The purpose of the exercise is ssimply to catalogue everything to provide a basis for the
analysis of different fuel cycles to be conducted in a consistent and transparent manner, and to
provide a firm basis for revision of the analysis as more information on the effects of different
burdens becomes available in the future.

The need to describe burdens so comprehensively is highlighted by the fact that it is only
recently that the effects of long range transport of acidic pollutants, and the release of CFCs
and other greenhouse gases have been appreciated. Ecosystem acidification, global warming
and depletion of the ozone layer are now regarded as among the most important environmental
concerns facing the world. The possibility of other apparently innocuous burdens causing risks
to health and the environment should not be ignored.

2.3.5 ldentification of impacts

The next part of the work involves identification of the potential impacts of these burdens. At
this stage it is irrelevant whether a given burden will actually cause an appreciable impact; all
potential impacts of the identified burdens should be reported.

The emphasis here is on making the analyst demonstrate that certain impacts are of little or no
concern, according to current knowledge. The conclusion that the externalities associated with
a particular burden or impact, when normalised to fuel cycle output, are likely to be negligible
is an important result. It will not inevitably follow that action to reduce the burden is
unnecessary, as the impacts associated with it may for example have a serious effect on a small
number of people. It does, however, imply that the use of an externality ‘adder’ to electricity
price would be too blunt an instrument to deal with the burden efficiently.

The present series of reports provides comprehensive listings of burdens and impacts for most
of the fudl cycles considered. The tasks outlined in this section and the previous one are
therefore not as onerous as they seem, and will become even easier with the development of
appropriate databases.

2.3.6 Valuation criteria

Many receptors that may be affected by fuel cycle activities are valued in a number of different
ways. For example, forests are valued not just for the timber that they produce, but also for
providing recreational resources, habitats for wildlife, their interactions (direct and indirect)
with climate and the hydrological cycle, protection of buildings and people in areas subject to
avalanche, etc. Externalities analysis should include all such aspects in its valuation. Again,
the fact that a full quantitative valuation along these lines is rarely possible is besides the point
when seeking to define what a study should seek to address.

2.3.7 Spatial limits of theimpact analysis

15



The Impact Pathway Methodol ogy

The system boundary also has spatial and temporal dimensions that require definition. The
gpatial limits of analysis should be designed to capture impact as fully as possible. Within the
ExternE Project the objective has been to quantify impacts over their full range, irrespective of
national boundaries. The importance of this is illustrated in the next Chapter by the
demonstration that fuel cycle pollutants can be transported over great distances. In practiceit is
frequently necessary to truncate the analysis at some point, because of limits on the availability
of data. It isrecommended that an estimate be provided of the extent to which the analysis has
been restricted. For example, one could quantify the proportion of emissions of a given
pollutant that have been accounted for, and the proportion |eft unaccounted.

The importance of an adequate definition of spatia limit for the analysis is illustrated by
European Commission (1995a) in the analysis of health impacts associated with emissions
from coal fired power plants. Originally the range of this analysis was restricted to a distance
of 50 km around the emission site. This was increased to the national boundary in the UK and
Germany, and then again to a full European assessment for the German case study. A highly
significant increase in estimated damages was found each time the range was extended.

2.3.8 Temporal limits of theimpact analysis

In keeping with the previous section, impacts should be assessed over their full time course.
This clearly introduces a good deal of uncertainty for long term impacts, such as those of
global warming or high level radioactive waste disposal, asit requires aview to be taken on the
structure of future society. There are a number of facets to this, such as global population and
economic growth, technological developments, the sustainability of fossil fuel consumption
and the sensitivity of the climate system to anthropogenic emissions.

The approach adopted here is that discounting should only be applied after impacts are
quantified. The application of any discount rate above zero can reduce the cost of major events
in the distant future to a negligible figure. This perhaps brings into question the logic of
discounting over time scales running far beyond the experience of recorded history.

We believe that it is informative to conduct analysis of impacts that take effect over periods of
many years in spite of the large uncertainties involved. By doing so we can at least gain some
idea of how important they might be in comparison to effects experienced over shorter time
scales. We can also identify the chief methodological and ethical issues that need to be
addressed. To ignore them might suggest that they are unlikely to be of any importance.

2.4 Analysisof Impact Pathways

Having identified the range of burdens and impacts that result from a fuel cycle, and defined
the technol ogies under investigation, the analysis typically proceeds as follows:

e Prioritisation of impacts;

e Description of priority impact pathways,

e Quantification of burdens,

e Description of the receiving environment;

e Quantification of impacts;
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e Economic valuation;
» Description of uncertainties.

2.4.1 Prioritisation of impacts

It is possible to produce a list of several hundred burdens and impacts for many fuel cycles. A
comprehensive analysis of all of theseis clearly beyond the scope of externality analysis. What
is important, however, is to be sure that the analysis covers those effects that (according to
present knowledge) will provide the greatest externalities. Accordingly, the analysis presented
in this series of reports was limited, though only after due consideration of the potential
magnitude of al impacts that were identified for any fuel cycle. Wherever possible scoping
calculations were made to gain some idea of the likely magnitude of impacts, during the
identification of the priority impacts.

It is necessary to ask whether the decision to assess only a selection of impactsin detail reduces
the value of the project as awhole. We believe that it does not, as it can be shown that many
impacts (particularly those operating locally around any given fuel cycle activity) will be
negligible compared to the overall damages associated with the technology under examination.

There are good reasons for believing that local impacts will tend to be of less importance than
regional and global effects. The first is that they tend to affect only a small number of people.
Even though it is possible that some individuals may suffer very significant damages these will
not amount to a significant effect when normalised against a fuel cycle output in the order of
several TeraWatt hours per year. It is likely that the most appropriate means of controlling
such effects is through the local planning system, which should have the flexibility to deal
effectively with the wide range of concerns that may exist locally.

A second reason for believing that local impacts will tend to be less significant is that it is
typically easier to ascribe cause and effect for impacts effective over a short range than for
those that operate at longer ranges. Accordingly there is a longer history of legidation to
combat local effects. It isonly in recent years that the international dimension of pollution of
the atmosphere and water systems has been realised, and action has started to be taken.

There are obvious exceptions to the assertion that local impacts are of less importance than
others, as will be evident from the following sections. The most important probably concerns
occupational disease and accidents that affect workers and members of the public. Given the
high value attached to human life and well-being there is clear potential for associated
externalities to be large. Other cases mainly concern the renewable technologies for which the
most serious impacts, particularly of the power generation stage, tend to be extremely localised.
For example, most concern over the development of wind farms typicaly relates to visual
intrusion in natural landscapes and to noise emissions.

The analysis of certain upstream impacts appears to create difficulties for the consistency of the
analysis. For example, if we treat emissions of SO, from a power station as a priority burden,
why not include emissions of SO, from other parts of the fuel cycle, for example from the
production of the steel and concrete required for the construction of the power plant? In
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conjunction with our colleagues in the US Department of Energy study, we have assessed a
number of such cases using available databases, such as GEMIS (Fritsche et al, 1992).
Calculations made in this way typicaly show that the emissions under investigation are 2 or 3
orders of magnitude lower than those from a fossil fuel power station. It is thus logical to
expect that the impacts of such emissions are trivial in comparison, and can safely be excluded
from the analysis. However, this does not hold across all fuel cycles. In our report on the wind
fuel cycle (European Commission, 1995b), for example, it was found that emissions associated
with the manufacture of plant are capable of causing significant externalities, relative to the
others that were quantified.

The selection of priorities partly depends on whether one wants to evaluate damages or
externalities. In quite a few cases the externalities are small in spite of significant damages.
For example, if a power plant has been in place for a long time, much of the externality
associated with visual and noise impacts will have been internalised through adjustmentsin the
local real estate market; the impacts become reflected in the price of housing. It has been
argued that occupationa health effects are also likely to be internalised. For example, if coal
miners are rational and well informed their work contracts should offer benefits that internalise
the incremental risk that they are exposed to. However, thisisavery controversial assumption,
as it depends precisely upon people being both rational and well informed and the existence of
perfect mobility in labour markets. For the present time we have quantified occupational
health effects in full, leaving the assessment of the degree to which they are internalised to a
later date.

It would be wrong to assume that those impacts given low priority in this study are always of
so little value from the perspective of energy planning that it is never worth considering them
in the assessment of external costs. Each case has to be assessed individually. Differencesin
the local human and natural environment, and |legislation need to be considered.

Section 2.5 provides a listing of the priority impact categories for the fossil, nuclear and
renewable fuel cycles considered so far by ExternE.

2.4.2 Description of priority impact pathways
Some impact pathways analysed in the present study are relatively ssimple in form, asillustrated
in Figure 2.3. This Figure uses the example of externalities associated with visual intrusion

arising from the development of a wind farm. The scheme is so simple that diagrammatic
representation is realy unnecessary.
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Figure 2.3 Theimpact pathway describing the processes associated with changesin visual
amenity resulting from the development of awind farm.

In other cases the link between ‘burden’ (defined here smply as something that causes an
‘impact’) and monetary cost is far more complex. To clearly define the linkages involved in
such cases we have drawn a series of diagrams. One of these is shown in Figure 2.4,
illustrating the series of processes that need to be accounted for from emission of acidifying
pollutants to valuation of impacts on freshwater ecosystems.

A number of points should be made about Figure 2.4. 1t (and others like it) do not show what
has been carried out within the project. Instead they illustrate an ideal - what one would like to
do if there was no constraint on data availability. They can thus be used both in the
development of the methodology and also as a check once analysis has been completed, to gain
an impression of the extent to which the full externality has been quantified. Thislast point is
important because much of the analysis presented by the ExternE Project is incomplete. This
reflects on the current state of knowledge of the impacts addressed, rather than on the efforts of
the study team! The analysis can easily be extended once further data becomes available.

Also, for legibility, numerous feedbacks and interactions are not explicitly shown in the
diagrammatic representation of the pathway.

19



The Impact Pathway Methodol ogy

Emission

1. Soil Acidification

2. Mobilisation of heavy
metals and nutrients

#

Entry to aquatic ecosystem

Y Y

1. pH of water

2. Nutritional status of water and sediments
3. Concentration of toxic substances

4. Light quality

Inputs to water via land

¢ ,,,,,,,,,,,,,,,,,,,,,,,,

Jarem 0} sindui 10811g

. Abundance and growth of fish
. Abundance of fish predators
. Abundance/species composition of invertebrates

- 1
2
3
4. Abundance/species composition of flora
5
6

Competition

. Nutrient cycling
. Movement of heavy metals through food chain

1. Recreational use ‘

'

Existence values

. Commercial losses

. Costs for mitigating behaviour
Recreational value

Bwp e

Vi

Figure 2.4 The impact pathway showing the series of linkages between emission of acidifying
pollutants and the valuation of impacts to freshwater fisheries. This complex example

contrasts with the simple scheme shown in Figure 2.3.
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2.4.3 Quantification of burdens

The data used to quantify burdens must be both current and relevant to the situation under
analysis. Emission standards, regulation of safety in the workplace and other relevant factors
vary significantly over time and between and within different countries. These differences are
important, and are recognised by the specificity of our analysis with respect to time and place.

It is true that the need to meet these demands creates difficulties for data collection. However,
given that the objective of this work is to provide as far as possible an accurate account of the
environmental and socia burdens imposed by energy supply and use, these issues should not
be ignored.

All impacts associated with pollution of some kind require the quantification of emissions.
Emission rates of the ‘classical’ air pollutants (CO,, SO,, NO,, CO, volatile organic compounds
and particulate matter) are quite well known. Especialy well determined is the rate of CO,
emission for fuel using equipment; it depends only on the efficiency of the equipment and the
carbon/hydrogen ratio of the fuel - uncertainty is negligible. Emissions of the other classical
air pollutants are somewhat less certain, particularly asthey can vary with operating conditions.
For example, NO emissions are likely to increase above manufacturer’s specifications if a
selective catalytic reduction unit is not well maintained. The sulphur content of different
grades of oil and coal can vary by an order of magnitude, and hence, likewise, will emissions
unless this is compensated for through varying the performance of abatement technologies.
The general assumption made in this study is that unless otherwise specified, the technology
used is the best available according to the regulations in the country of implementation, and
that performance will not degrade. We have sought to limit the uncertainty associated with
emissions of these pollutants by close identification of the source and quality of fuel inputs
within the study.

The situation is less clear with respect to trace pollutants such as lead and mercury, since the
content of these in fuel can vary by much more than an order of magnitude. Furthermore, some
of these pollutants are emitted in such small quantities that even their measurement is difficult.
The dirtier the fuel, the greater the uncertainty in the emission estimate. There is also the need
here to account for emissions to more than one media, as trace pollutants may be emitted to air,
contained in water discharged to rivers or the sea, or entrained in material sent for disposal or
use on land. The last category is the subject of mgor uncertainty, as waste has historically
been sent for disposal to facilities of varying quality, ranging from simple holes in the ground
to well-engineered landfills. Increasing regulation relating to the disposal of material and
management of landfills should reduce uncertainty in this area greatly for analysis within the
European Union, particularly given the concept of self-sufficiency enshrined in Regulation
259/93 on the supervision and control of shipments of waste into, out of and within the
European Community. The same will not apply in many other parts of the world.

The problem becomes more difficult for the upstream and downstream stages of the fuel cycle
because of the variety of technologies that may be involved. Particularly important may be
some stages of fuel cycles such as biomass, where the fuel cycle is potentially so diverse that it
IS possible that certain activities are escaping stringent environmental regulation.
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The burdens discussed so far relate only to routine emissions. Burdens resulting from
accidents also need to be considered. These might result in emissions (e.g. of oil) or an
incremental increase in the risk of injury or death to workers or members of the public. Either
way it is normally necessary to rely upon historical datato quantify accident rates. Clearly the
data should be as recent as possible so that the rates used reflect current risks. Major
uncertainty however is bound to present when dealing with extreme events, such as the
disasters at Chernobyl and on the Piper Alpha oil rig in the North Sea. To some extent it isto
be expected that accident rates will fall over time, drawing on experience gained.

Wherever possible data should be relevant to the country where a particular fuel cycle activity
takes place. For example, it is not logical to use UK and German occupational health data for
coa mining for an implementation in a country which does not use coal from either country,
perhaps preferring to import from non-EU countries, such as Poland, the USA, China or South
Africa. Although this complicates the analysis, it is simply areflection of the real world.

2.4.4 Description of thereceiving environment

The use of the impact pathway approach requires a detailed definition of the scenario under
analysis with respect to both time and space. Thisincludes:

e Meteorological conditions affecting dispersion and chemistry of atmospheric pollutants;

e Location, age and health of human populations relative to the source of emissions,

e The status of ecological resources;

e Thevalue systems of individuals.

The range of the reference environment for any impact requires expert assessment of the area
influenced by the burden under investigation. As stated above, arbitrary truncation of the
reference environment is methodol ogically wrong and will produce results that are incorrect. It
isto be avoided as far as possible. Guidance can be taken from the existing series of fuel cycle
reports (European Commission, 19953, b, c, d).

Clearly the need to describe the sensitivity of the receiving environment over a vast area
(extending to the whole planet for some impacts) creates a major demand on the analyst. This
is simplified by the large scale of the present study - we have been able to draw on data held in
many different countries. Further to this we have been able to draw on numerous databases
that are being compiled as part of other work, for example on critical loads mapping.
Databases describing the distribution of the key receptors covering the whole of Europe are
currently under development as part of the ExternE Project software.

Some assumption about future activities is required in order to estimate damages at some time
in the future. In a few cases it is reasonable to assume that conditions will remain roughly
constant, and that direct extrapolation from the present day is as good an approximation as any.
In other cases, involving for example the emission of acidifying gases or the atmospheric
concentration of greenhouse gases this assumption is untenable. In the first case, most
European countries are committed to reducing acid emissions under the UN ECE Convention
on Long Range Transboundary Air Pollution. The area of Europe subject to exceedance of
critical loads will thus decline over time. Estimates of future emissions and of their effect on
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deposition over Europe are available, however, and can be included in the modelling
framework. In the second case the atmospheric concentration of greenhouse gases is certain to
increase for the foreseeable future, in spite of any commitment to freezing or reducing emission
levels by any European countries. However, projected global emissions of greenhouse gases
are available from the IPCC under six different scenarios for the future to the year 2100
(Pepper et al, 1992), and the effect of these emissions on global atmospheric greenhouse gas
levels may be modelled. The scenarios also include a variety of other parameters required for
assessment of the long impacts of climate change, such as population and economic growth.
Unfortunately it is to be noted that the scenarios cover a very wide range of ‘possible futures',
underlining the uncertainties associated with conducting analysis over long time scales.

2.4.5 Quantification of impacts

The methods used to quantify various types of impact form the bulk of this report. As
suggested by the impact pathways illustrated in Figures 2.3 and 2.4, the complexity of this
analysis varies greatly. In some cases externalities can be calculated by multiplying together as
few as 3 or 4 parameters. In othersit is necessary to use a series of sophisticated models linked
to large databases.

Common to al of the analysis conducted on the impacts of pollutants emitted from fuel cycles
are the needs for modelling the dispersion of pollutants and the use of a dose-response function
of somekind. Again, thereis much variation in the complexity of the models used.

The most important pollutant transport models used so far within ExternE relate to the
atmospheric dispersion of pollutants. These are addressed in Chapter 3 of this report. They
need to account not only for the physical transport of pollutants by the winds but also for
chemical transformation. A major problem has so far been the lack of a regional model of
ozone formation and transport within fossil-fuel power station plumes that is applicable to the
European situation. However, models are available for the other atmospheric pollutants of
concern.

The term ‘dose-response’ is used somewhat loosely in much of this work, as what we are really
talking about is the response to a given exposure of a pollutant in terms of atmospheric
concentration, rather than an ingested dose. Hence the terms ‘dose-response’ and ‘ exposure-
response’ should be considered comparable. A major issue with the application of dose-
response functions concerns the assumption that they are transferable from one context to
another. For example, many of the functions for health effects of air pollutants are derived
from studiesin the USA. Isit valid to assume that these can be used in Europe? The answer to
this question is to a certain degree unknown - there is good reason to suspect that there will be
some variation, resulting from the affluence of the affected population, the exact composition
of the cocktail of pollutants that the study group was exposed to, etc. However, in most cases
the view of our experts has been that transference of functions is to be preferred to ignoring
particular types of impact altogether - neither option is free from uncertainty.

Dose-response functions come in a variety of functional forms, some of which are illustrated in
Figure 2.5. They may be linear or non-linear and contain thresholds (e.g. critical loads) or not.
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Those describing effects of various air pollutants on agriculture have proved to be particularly
complex, incorporating both positive and negative effects, because of the potentia for certain
pollutants, e.g. those containing sulphur and nitrogen to act as fertilisers.

Response -

T Linear, without threshold

7 Non-linear

Linear, with threshold

- Dose

Function with
fertiliser effect

Figure 2.5 A variety of possible formsfor dose-response functions.

Ideally these functions and other models are derived from studies that are epidemiological -
assessing the effects of pollutants on real populations of people, crops, etc. This type of work
has the advantage of studying response under realistic conditions. However, results are much
more difficult to interpret than when working under laboratory conditions, where the
environment can be closely controlled. One of the main problems with laboratory studies has
been the need to expose study populations to extremely high levels of pollutants, often
significantly greater than they would be exposed to in the field. Extrapolation to lower, more
realistic levels may introduce significant uncertainties, particularly in cases where there is
reason to suspect that a threshold may exist.

The description and implementation of exposure-response relationships is fundamental to the
entire ExternE Project. Much of this report is, accordingly devoted to assessment of the
availability and reliability of these functions.

2.4.6 Economic valuation

The rationale and procedures underlying the economic valuation applied within the ExternE
Project are discussed in Part 11 of this report.
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2.4.7 Assessment of uncertainty
Causes of uncertainty

Uncertainty in externality estimates arises from a number of sources, including:

e Thevariability inherent in any set of data;

= Extrapolation of data from the laboratory to the field;

» Extrapolation of exposure-response data from one geographical location to another;
e Assumptions regarding threshold conditions;

e Lack of detailed information with respect to human behaviour and tastes;

= Political and ethical issues, such as the selection of discount rate;

e The need to assume some scenario of the future for any long term impacts;

e Thefact that some types of damage cannot be quantified at all.

It is important to note that some of the most important uncertainties listed here are not
associated with technical or scientific issues, instead they relate to political and ethical issues,
and gquestions relating to the development of world society. It is also worth noting that, in
general, the largest uncertainties are those associated with impact assessment and valuation,
rather than quantification of emissions and other burdens.

By contrast to the relatively small uncertainties and normal (gaussian) frequency distributions
typically encountered in science and engineering, the uncertainties in impact analysis are so
large that it would be inappropriate to use error intervals that are additively symmetric about
the mean. Instead one should specify multiplicative intervals, in other words, intervals that are
additive on a logarithmic scale. The frequency distributions are not symmetric, with
implications that may appear counterintuitive. It is helpful to think in terms of lognormal
distributions because they are frequently encountered in impact analysis, analogous to the
normal distributions so familiar in the more exact sciences. A variable x has a lognormal
distribution if the variable In(x) has a normal distribution; in other words, it is normal on a
logarithmic scale.

Anaogous to the ordinary normal (also known as gaussian) distribution which is characterised
by two parameters, the mean and the standard deviation, the lognormal distribution can be
characterised by the geometric mean and the geometric standard deviation o,. For this
distribution the geometric mean is equal to the median: half of the distribution is above, the
other half below the median. The geometric standard has a simple interpretation in terms of the
67% confidence interval (a familiar number because for gaussian distributions 67% of all
values are within one standard deviation of the mean): for alognormal distribution 67% of the
values are within the interval [l/o,, 0 ]. Likewise 95% are within the interval [(L/o,)’,( 0.)7.
Note, however, that these values are centred around the median rather than the mean; the
lognormal distribution is not symmetric.
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Methods for describing uncertainty

Traditional statistical techniques would ideally be used to describe the uncertainties associated
with each of our estimates, to enable us to report a median estimate of damage with an
associated probability distribution. Unfortunately this is rarely possible without excluding
some significant aspect of error, or without making some bold assumption about the shape of
the probability distribution. Alternative methods are therefore required, such as sensitivity
analysis, expert judgement and decision analysis.

So far we have mainly relied upon the use of sensitivity analysis and expert judgement. For the
sensitivity analysis we have sought to identify the most uncertain parameters in the anaysis
and then varied them over what we regard as a reasonable range. No attempt has been made to
investigate the possible propagation of uncertainties through the impact pathways using
sensitivity analysis - it has simply been applied to individual parameters.

Expert judgement has been used to report the level of uncertainty that we perceive is associated

with each set of results, taking into account all of the uncertainties that may be present. Four

confidence bands have been defined:

» H (high) - maximum uncertainty perceived to be less than an order of magnitude;

e M (medium) - maximum uncertainty perceived to be about an order of magnitude;

e L (low) - result may bein error by more than an order of magnitude;

e | - reserved for particularly uncertain results (e.g. those of the analysis of global warming
impacts) which could be in error by two or more orders of magnitude.

The confidence bands are extremely broad in their range, partly because of the types of damage
that are being assessed, and partly because the use of expert judgement becomes somewhat
meaningless if the bands are defined too tightly.

Future work on description of uncertainty

Clearly, none of the methods used so far to quantify uncertainty are ideal. An improved
methodology is certainly required to allow the proper integration of uncertainty into decision
making processes. This has aready started to be developed, and further work is planned for the
next stage of the ExternE Project.

The development work performed so far has concentrated on the most important externalities
identified by the project. For each stage of the analysis the full range of possible outcomes
needs to be defined. A probability distribution has then to be described within thisrange. The
results for each stage can be combined using commercialy available software. Further
demonstration and discussion of this approach is necessary before it can be widely
implemented.
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2.5 Impacts Assessed in the Exter nE Project

2.5.1 Priority impactsfor fossil technologies

The following list of priority impacts has been derived for the fossil fuel cycles. It is necessary
to repeat that this list is compiled for the specific fuel cycles considered by the present study,
and should be reassessed for any new cases. The first group of impacts are common to all
fossil fuel cycles:

Effects of atmospheric pollution on human health;

Accidents affecting workers and/or the public;

Effects of atmospheric pollution on materias;

Effects of atmospheric pollution on crops,

Effects of atmospheric pollution on forests;

Effects of atmospheric pollution on freshwater fisheries;

Effects of atmospheric pollution on unmanaged ecosystems,

Impacts of global warming;

Impacts of noise.

CoNOIUA~WDE

To these can be added a number of impacts that are fuel cycle dependent:

10. Impacts of coal and lignite mining on ground and surface waters;

11. Impacts of coa mining on building and construction;

12. Resettlement necessary through lignite extraction;

13. Effects of accidental oil spills on marinelife;

14. Effects of routine emissions from exploration, development and extraction from oil and gas
wells.

2.5.2 Priority impactsfor nuclear technologies

The priority impacts of the nuclear fuel cycle to the general public are radiological and non-
radiological health impacts due to routine and accidental releases to the environment. The
source of these impacts are the releases of materials through atmospheric, liquid and solid
waste pathways.

Occupational health impacts, from both radiological and non-radiological causes, were the next
priority. These are mostly due to work accidents and radiation exposures. In most cases,
statistics were used for the facility or type of technology in question. When this was not
possible, estimations were taken from similar type of work or extrapolated from existing
information.

The impacts on the environment of increased levels of natural background radiation due to the
routine releases of radionuclides have not been considered as a priority impact pathway. The
most important impacts to the natural environment that could be expected would be the result
of major accidental releases. This type of impact has been included in the economic damage
estimates as the loss of land-use and agricultural products after a potential severe reactor
accident. Possible long-term ecological impacts have not yet been considered.
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2.5.3 Priority impactsfor renewable technologies

The priority impacts for renewables vary considerably from case to case. Each case is

dependent upon the local conditions around the implementation of each fuel cycle. For the

wind fuel cycle (European Commission, 1995b) the following have been considered:

1. Accidents affecting the public and/or workers;

2. Effects on visua amenity;

3. Effects of noise emissions on amenity;

4. Effects of atmospheric emissions related to the manufacture of turbines and construction and
servicing of the site.

Whilst for the hydro fuel cycle (European Commission, 1995b) we have assessed another
group:

1. Occupationa health effects;

2. Employment benefits and local economic effects;

3. Impacts of transmission lines on bird populations,

4. Damages to private goods (forestry, agriculture, water supply, ferry traffic);

5. Damages to environmental goods and cultural objects.

2.5.4 Related issues

A notable inclusion for the hydro fuel cycle was that of employment benefits. Clearly thisisa
consequence of al fuel cycles. However, its assessment and integration with other fuel cycle
effects are the subject of much debate. Within the framework of the present study it was
considered most appropriate to investigate this issue for only a single fuel cycle for the time
being, in order to raise issues of concern.

It is necessary to ask whether the study fulfils its objective of consistency between fuel cycles,
when some impacts common to a number of fuel cycles have only been considered in a select
number of cases. In part thisis due to the level of impact to be expected in each case - if the
impact is likely to be large it should be considered. If it is likely to be small it may be
legitimate to ignore it, depending on the objectives of the analysis. In general we have sought
to quantify the largest impacts because these are the ones that are likely to be of most interest.

2.6 Summary

This Chapter has introduced the ‘impact pathway’ methodology of the ExternE Project. We
believe that it provides the most appropriate way of quantifying externalities because it enables
the use of the latest scientific and economic data.

Critical to the analysis is the definition of fuel cycle boundaries, relating not only to the
different stages considered for each fuel cycle, but also to the:

e Location of each stage;

e Technologies selected for each stage;

* |dentified burdens;

e ldentified impacts;
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e Vauation criteria;
e Spatia and temporal limits of impacts.

In order to achieve consistency it is necessary to draw very wide boundaries around the
analysis. The difficulty with successfully achieving an assessment on these terms is slowly
being resolved through the development of software and databases that greatly simplify the
analysis.

The definition of ‘system boundary’ is thus broader than is typically used for LCA. Thisis
necessary because our analysis goes into more detail with respect to the quantification and
valuation of impacts. In doing so it is necessary to pay attention to the site of emission sources
and the technologies used. We are also considering a wider range of burdens than is typical of
LCA work, including, for example, occupational health effects and noise.

It will be noted that the analysis cuts across a large number of disciplines, ranging from energy
technology to ecology and economics. In order to present aview that is consistently at or close
to the current state of the art in each field it is necessary to use the skills of a wide variety of
experts. Unless such an approach is adopted it is likely that the results (both quantitative and
qualitative) would be rapidly outdated or prone to misinterpretation.

Perhaps the most important part of the analysis concerns the description of uncertainty. The
best that we have been able to achieve at the present time is a semi-quantitative error analysis.
However, we have used this to define broad confidence bands around each of our estimates.
These are an important part of the results and should, accordingly, be given due consideration.
An improved methodology for describing uncertainty for this type of analysisis currently being
developed within the project.
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3 MODELLING POLLUTANT TRANSPORT AND
CHEMISTRY

3.1 Introduction

This chapter discusses the approaches to atmospheric modelling used within the ExternE
Project. The atmospheric pollutants generated from the fuel cycles of the fossil fuels are
predominantly emitted from the tall stacks of power plants. Therefore, we have concentrated
on both primary emissions and pollutants associated with acidic deposition and photo-
oxidants arising from fuel combustion. Although other sources will arise from up- and
downstream fuel cycle phases, including emissions from construction activities, fuel
extraction and transportation, these sources are generally negligible when compared to fossil
fuel power station emissions.

For the nuclear fuel cycle, potential emissions of radionuclides will arise from many fuel
cycle stages. We have not discussed the atmospheric processes and modelling of these
species separately within this chapter. To model these radionuclide emissions, we have used
standard modelling tools which assess stable atmospheric releases. The transport and
modelling of all fuel cycle releases to other environmental media are not considered in this
chapter; an in depth discussion of such processes and the methods used for modelling
emissions to water, and through soil, can be found in the companion nuclear report (European
Commission, 19953).

The environmental impacts caused by burning fossil fuels in power stations are described in
subsequent chapters. The primary emitted pollutants responsible for these impacts are listed
below in Table 3.1. Many of the emissions are precursors for secondary pollutants, generated
by chemical reactions in the atmosphere and so all compounds are listed, together with the
impact categories for subsequent chapters.

This chapter does not address the modelling of fossil fuel cycle greenhouse gas emissions
(CO,, CH, and N,O); our approach to global warming is presented in Chapter 12. Other
atmospheric releases, including the large quantities of water vapour released from cooling
towers are also not considered here. These sources may cause local effects but are likely to be
better dealt with by local planning regulations rather than by integration of externalities into
planning processes.

Due to the widespread nature of atmospheric pollution, it is rarely possible to deduce source-
receptor relationships from measurements. Therefore, mathematical models including
atmospheric dispersion, transformation and loss of pollutants are widely used to assess the
consequences of present-day and predicted changes in emission patterns. These models vary
in complexity and type in response to the perceived nature of the problem, and the range of
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atmospheric behaviour observed. The accuracy of these models is limited by our
understanding of atmospheric transport, by the chemical mechanisms involved and by the
accuracy with which these processes can be represented on the best available computers.
Restrictions on models may also be caused by inadequate or missing data. Despite these
limitations, even quite ssmple models of pollutant behaviour have often been successful in
explaining much of the variation in measured pollutant concentrations.

Table 3.1 Primary and Secondary Pollutants from the Fossil Fuel Cycles.

Primary (Emitted) Secondary | mpact category
CO, (Carbon dioxide) - Global warming
CH,; (Methane) O3 (ozone) Photo-oxidants
Global warming
N,O (Nitrous oxide) - Globa warming
SO, (Sulphur dioxide) H,SO, Health effects
Sulphate aerosol S Fertilisation
Acid deposition
Global warming
NO (Nitric oxide) NO, Health effects
HNO; N Fertilisation
Nitrate aerosol Acid deposition
Os Photo-oxidants
Global warming
Particul ates - Health effects
Deposition (soiling)
HCl (Hydrochloric acid) NH,CI Acid deposition

3.2 Atmospheric Transport Models

Atmospheric pollutants are transported by wind and diluted by atmospheric turbulence until
they are deposited to the ground by either turbulent diffusion (dry deposition) or precipitation
(wet deposition). Following emission from the stack, some of these primary pollutants take
part in chemical reactions in the atmosphere to form secondary pollutants, such as sulphuric
acid or ozone. The concentrated release of large quantities of pollutants (mainly oxides), from
elevated point sources several hundred meters above the ground, leads to the specific behaviour
of power station emissions. These differ in both dispersion and chemistry from widespread
emissions released near ground level, for example by traffic and private households.

The atmospheric pollutant transport processes we have modelled in our analysis of fossil fuel
cycles can be classified into three groups. These are separated according to their chemical
characteristics and the atmospheric chemical and physical processes involved in their
formation. They are:
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e Primary pollutants directly emitted from the stack. These include particulate matter and
sulphur dioxide (SO,);

e Secondary sulphur and nitrogen species formed from the primary emissions of SO, and
NO,. Analysis of these compounds includes modelling the concentration of secondary
particul ates in the atmosphere and dry and wet (acid rain) deposition processes,

e Photochemical oxidants, such as ozone, formed in atmospheric chemical reactions between
hydrocarbons and oxides of nitrogen in the presence of sunlight.

For each of the above categories, a different modelling approach may be required. The first
group, which comprises primary pollutants, are in effect chemically stable in the region of the
emission. Thus, their concentrations can be predicted using Gaussian plume dispersion
models. These models assume source emissions are carried in a straight line by the wind,
mixing with the surrounding air both horizontally and vertically to produce pollutant
concentrations with a normal (or Gaussian) spatial distribution. However, the use of these
modelsistypically constrained to within a distance 100 km of the source.

Pollutant transport extends over much greater distances. A different approach is needed for
assessing regional transport as chemical reactions in the atmosphere become important. This
is particularly so for the acidifying pollutants. For this analysis we have used receptor-
orientated Lagrangian trgjectory models. The outputs from the trajectory models include
atmospheric concentrations and deposition of both the emitted species and secondary
pollutants formed in the atmosphere.

Finally, the impacts of photochemical formation from primary emissions must be considered.
The modelling of the effects on ozone formation from power station emissions is difficult.
Primary emissions of oxides of nitrogen (NO,) from fossil fuel combustion contribute to
ozone formation via a complex set of photolytic reactions involving hydrocarbons. Most
previous modelling effort has been applied to well mixed emissions, at low altitude, in high
ozone conditions. In contrast, power station plumes are emitted from high stacks with very
little hydrocarbon content. Previous work has shown that ozone concentrations are generally
reduced in the plume in the near field, but that at greater distances the plume can have a
positive ozone increment. Therefore, any modelling must incorporate considerable
complexity in both plume dynamics and chemistry.

Ozone levels may be affected over a regional scale; however, specific local conditions may
mean greater attention is needed in the near-field. This has been the case for one of our
reference environments, and thus, as with other pollutants we have included greater modelling
resolution local to the emission. In addition to regional impacts, the release of power station
NO, to the free troposphere may affect ozone at a global level. Preliminary models of
regional and global ozone formation have been used but we attach a lower level of confidence
in the output, and results from these models are currently not used to generate damage costs.
Improved models are being developed under various programmes, and it is hoped that these
will be availablein the near future.
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3.3 Considerationson the Appropriate Range of Analysis

When analysing pollutant emissions in studies of this nature, an important question is the
range of analysis which should be used. In order to be comprehensive it is essentia that
impacts are assessed over their full range, with respect to both space and time. To artificially
constrain the area of analysis (i.e. by fixing the range of analysis to a model output) will
underestimate the full impacts of air pollution. However, there are no clear guidelines for the
appropriate system boundaries for impact assessment in terms of geographical distance from the
source of pollutants. For the purposes of this work, the guidelines used for traditional
environmental assessment of power projects whereby consideration is limited to local
impacts, will certainly not apply.

Over the course of the ExternE Project, our policy towards the range over which impacts
should be assessed has changed, as our understanding of the damage processes has devel oped.
For some impacts, it was clear that regional analysis was necessary. For example, it would be
both scientifically and politically unacceptable to ignore the impacts of long range transport of
acid emissions on the lakes of Scandinavia. However, for other pollutants and their impacts,
the picture was not as clear. Our initial assessments for health impacts were limited to a
distance of tens of kilometres from the source, assuming that the main portion of impacts would
occur within thisarea. To an extent, this limitation was based on the reliability of the Gaussian
plume models used for air transport modelling rather than on an analysis of the physica or
biological processes leading to damage in the affected receptors. With the development of
greater scientific consensus and improved modelling tools we have extended analysis of all
pollutants to aregiona range. However, where possible, a greater resolution has been used in
the local area of the plant. This does mean that we are extending the range of the models that
for which they were originaly designed. In our view, the errors introduced by using the
models outside their design range are likely to be less than the effects of arbitrarily
constraining the range of the reference environment.

In order to include as much of the potential damage as possible, it is necessary to know how
far the regiona range assessments should extend. Relatively simple approximations
(European Commission, 1995b) can be used to show the suitable range of analysis. For the
purposes of demonstration, the impacts of atmospheric pollutants on human health are used.

A simple calculation can be produced, assuming a homogenous population distribution over
Europe. By neglecting the escape of pollutants into the free troposphere and assuming a
homogeneous distribution of wind direction during the year, air pollutants are effectively mixed
within a cylinder. The top and bottom of the cylinder respectively being the top of the
atmospheric mixing layer and the ground surface. Simple dispersion equations can be used to
calculate the concentration at distance from the source. These assume average annual wind
speed and instantaneous vertical mixing throughout the height of the mixing layer, with values
from the Harwell Trgectory Model being used for the mixing layer height, wind speed and dry
deposition; chemical transformation and wet deposition of pollutants are not included.

The concentrations can be linked to dose-response functions for health effects to calculate the
proportion of damage with distance from the source. Linear functions for health effects with no
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threshold of effect are used athough it should be stressed that some scepticism is warranted on
the extrapolation of the available exposure-response functions down to very small increments far
away from the source of pollutants. The resulting graph of the % of cumulative damage with
distance is shown in Figure 3.1 for each of the main pollutants (SO,, NO, and two size fractions
of particulate matter).
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Figure 3.1 Percentage of cumulative damage expected with distance from the emission source.

Although this is only an approximate calculation, the figure clearly shows that limiting the
range of anaysis to tens of kilometres is insufficient; it only covers a minor fraction of the total
expected damage.

Obvioudy, the basic assumptions (of a homogenous distribution of population, pollutants,
conditions and dose-response functions) are not appropriate to estimate the figure of total
damage within a selected reference region, and before drawing genera guidelines a more
detailed analysis of the influence of chemical transformation processes and wet deposition is
required. Nevertheless, the results in Figure 3.1 demonstrate that with linear exposure-response
functions, a consistent assessment of various impacts within the existing framework should
cover distances of severa thousands of kilometres from the power plant. We recommend that
additional input from area experts is used to give operationa guidelines, though for the present
analysis, we have extended our range of analysis, where possible, to a European-wide
assessment.

The following sections describe the modelling approach we have taken for each of the
atmospheric pollutant categories; primary pollutants, acid species and ozone formation. We do
not intend to present a comprehensive review of pollutant transport modelling, but some
comments on aternative approaches and model limitations are included with the descriptions
of the selected models.
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3.4 Local Scale Modelling of Primary Pollutants

Close to the power plant, i.e. a distances of 10-50 km, chemical reactions in the atmosphere
have little influence on the concentrations of primary pollutants (provided NO and its oxidised
counterpart NO, are summarised as NO, ). Due to the emission height from the top of tall power
station stacks, the near surface ambient concentrations of these primary pollutants close to the
stack depend heavily on the actua vertical exchange of the lower atmosphere. Vertical mixing
depends on the atmospheric stability and the existence and height of inversion layers (whether
below or above the plume). For these reasons, a model which neglects chemical reactions but is
detailed enough in the description of turbulent diffusion and vertical mixing is the most efficient
means of assessing ambient air concentrations of primary pollutants on aloca scale. Gaussian
plume models are commonly used for these estimations of local scale pollutant dispersion
from continuous emissions at point sources.

3.4.1 Gaussian plume models

Gaussian plume models assume that the concentration distribution at the surface from a
continuous release into the atmosphere has a Gaussian shape, calculated by:

__Q -y o

c 2moo, .exp 207 .exp 207 [1]
where:

c =atmospheric concentration;

Q =theemissionrate;

u =wind speed;

y =distance from the plume;

h  =stack height;

0, =crosswind standard deviation (a measure of plume width);

0, =vertical standard deviation.

z

The assumptions embodied in this type of model usually include those of flat terrain and
constant meteorological conditions so that the plume travels with the wind in a straight line at
a constant speed. Dynamic features which affect the dispersion, for example vertical wind
shear, areignored. These assumptions generally restrict the range of validity of these models
to a region within 50-100 km of the source. The straight line assumption is most strongly
justified for a statistical evaluation of long periods (oneyear in this study), where mutua
changes in wind direction cancel each other out, rather than for an evaluation of short episodes.

Additional terms are included to account for reflections from the ground and from an elevated
boundary layer inversion which acts as a barrier to vertical transport. The plume rise due to
momentum and thermal effects must be estimated to add to the value of h. The plume
standard deviation as a function of position and weather conditions are important parameters
in this model, and much attention has been focused on providing parameterisations to
calculate their value from available meteorological data since the early work of Pasquill
(1961). A general review of plume models and some parameterisations for o, and o, is given
in |AEA (1986).
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Two types of Gaussian plume model were initially used to estimate dispersion for analysing
the UK coal plant. For long-term continuous releases, the annual average concentrations,
(equation [1]) can be integrated across wind to remove the dependence on oy, and a sector
analysis done using wind frequency information. Clarke (1979) gives details of the use of this
type of model. For concentrations over shorter time periods, equation [1] was used directly.
In this case it is important to include the significant variation in o, with the length of time
scale considered. This variation arises because of the contribution of larger scale eddies to the
cross-wind dispersion, usually described as "plume meandering”. A procedure described by
Moore in Clark (1979) was used to estimate this effect.

The models described above use parameterisations for o,, the vertical plume standard
deviation in terms of distance downwind, the wind speed as measured at the surface, and the
solar radiation input. These inputs were thought to be sufficient as descriptions of turbulence
induced by mechanical wind shear and by buoyancy forces. Substantial progress has been
made in our understanding of turbulent characteristics in the planetary boundary layer
(Wyngaard, 1984) since the development of these models. One important result is that it has
been found that the turbulent characteristics of a convective boundary-layer are determined
largely by the boundary layer depth, Z;, and a convective velocity scale: w. given by:

U3
9QZ;

[2]
canTa

where:
g = gravitational acceleration;
Q, =thesurface heat flux;
G, =ardensity;
C, = specific heat at constant pressure;

p
T, =air temperature.

Weil and Brower (1984) describe a Gaussian plume model for dispersion from tall stacks
based on convective boundary layer scaling. The model predicts that unstable and neutral
conditions occur more frequently than in previous models, resulting in higher ground level
concentrations. An evaluation of the model using SO, monitoring data obtained at various
distances downwind proved it to be significantly better in performance. This model was aso
used in the origina assessment of UK impacts at West Burton to assess loca pollution
concentrations for primary emissions of SO,, NO, and particulates.

For the Lauffen plant in Germany, the loca range atmospheric transport was calculated using
the Industrial Source Complex Short Term model (ISCST2), version 2, of the U.S. EPA (Brode
and Wang, 1992). The model calculated hourly concentration values of SO,, NO, and
particulates for one year at the centre of each small 10 x 10 km EUROGRID cdll, centred on
the Lauffen plant. The EUROGRID co-ordinate system is based on geographical parallels and
meridians and defines equal-area projection gridcells of 10 000 km? and 100 km?’. The width of
the large gridcells is defined as a sector of 1.5~ on the respective meridian. The small gridcells,
used for thislocal analysis are defined by dividing each side of the large gridcells in ten regular
parts. To guarantee high quality data for the local range anadlysis near the power plant, recent
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German data from the * Statistik Regional’ database (Statistik Regional, 1993) were transformed
to the small EUROGRID gridcdlls.

The effects of chemica transformation and deposition were neglected. Annual and seasonal
mean values were obtained by temporal averaging of the model results. The o, and o, diffusion
parameters were taken from BMJ (1983). This parameterisation is based on the results of tracer
experiments at emission heights of up to 195 m (Nester and Thomas, 1979). More recent
mesoscale dispersion experiments confirm the extrapolation of these parameters to distances of
more than 10 km (Thomas and Vogt, 1990).

The ISCST2 model provides a ssimple procedure to account for terrain elevations above the

elevation of the stack base:

e The plume axis is assumed to remain at effective plume stabilisation height above mean sea
level asit passes over elevated or depressed terrain;

» The effective plume stabilisation height at point (x,y) isgiven by:

heap = max(O, Zstack - Z(X,Y) + hstack) * hrise (3

where:

h,, = isplume stabilisation height;

z... = heght above mean sealeve of stack base;

z(x,y) = terrain height above mean sealevel at point (x,y);

h,, = stack height;

. = height of plumerise above stack.

and:

the mixing height isterrain following;
the wind speed is afunction of height above the surface.

Mean terrain heights for each grid cell were calculated from a digita terrain elevation model
(DHM, 1990). To investigate the sensitivity of model results with respect to the resolution of
terrain elevation, a control run with an enhanced resolution was performed. Results of this
control run with 100 x 100 grid cells (each small grid cell divided into 100 even smaller cells)
were in good agreement with the results for standard resol ution.

The meteorological input data requirements of the ISCST2 model comprise hourly mean values
of mixing height, wind speed and wind profile exponent, wind direction at the effective plume
height, ambient air temperature and vertical temperature gradient. These data were provided as
output of the REWIMET wind field mode (Heimann, 1985; VDI-Guideline, 1992).
Furthermore, ISCST2 needs hourly stability classes. These were obtained from the REWIMET
output on surface roughness and Monin-Obukhov length, according to Golder (1972).
REWIMET is initialised by a vertical profile of potential temperature and pressure, and the
geostrophic 850 hPa wind each day at 0 UTC. Geostrophic wind and near surface temperature
are updated at 3 hour intervals. These data, for surface station 10739 (Stuttgart-Schnarrenberg),
are published by the German Weather Service in the European Meteorologica Bulletin
(DWD, 1990). Geographic input data for REWIMET are terrain elevation and land use. Terrain
elevation is used as described above with ISCST2, land use is taken from Statistische Berichte
1991). An example of the results of local scale pollutant transport calculations is shown in
Figure 3.2.

38



Modelling Pollutant Transport and Chemistry

12

11

1 | Lauffen

-10

=ilil

-12
- "
13 [ Stuttgart

67 68 69 70 71 72 73 74 75 76

Increment in TSP concentration

Baden-Wirttemberg 1 oo -0004  ugm®
I 0004 -0.0086  wg/m®
I 00086-0.0228 ug/m®
B 00223-0032  ugm?®
I 0032 -006 ug/m®

Coordinate system: EUROGRID
Gridcell size: 100 km 2

Figure 3.2 Loca scale incremental TSP concentrations due to the operation of the reference
coal fired power plant at Lauffen in the Baden- Wrttemberg region of Germany.

3.5 Regional Scale Modelling of Primary Pollutantsand Acid Deposition

With increasing distance from the power station, emission plumes are spread verticaly and
horizontally due to atmospheric turbulence. Outside the local area (i.e. at distances beyond
50 km from the stack) it can be generally assumed that the pollutants have been vertically mixed
throughout the height of the atmospheric mixing layer. In contrast, chemical transformations
and deposition processes can no longer be neglected on this regiona scale. The most efficient
way to assess annual, regional scale pollution is viamodels containing a simple representation of
transport but a detailed enough representation of chemical reactions.

With the exception of ozone, the main species of interest in the regional assessments are the
acidifying pollutants, formed from the primary emissions of SO, and NO,. A brief description
of the processes involved in their regional transportation and the models we have used to assess
them are presented in the sections below.

3.5.1 Acid deposition processes

Acid deposition, caused by emissions of SO, and NO,, has been studied in Western Europe
over many years. During thistime it has been realised that the acid rain phenomenon involves
complex relationships between the emitted precursor species and other atmospheric species,
and that there may be difficulty in distinguishing between the environmental effects of acid
rain and those from photochemical oxidants such as ozone. Acid rain is a regional scale
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phenomenon. The sites where, for example, ecological damage is being experienced are often
separated from the sources of pollution by large distances. Because of the complexity
between the source and receptor, acid deposition modelling has a major part to play in
distinguishing the role of atmospheric chemistry, and models are the only method of
practically revealing the source receptor relationships.

The processes involved in modelling acidic deposition include:

e Emission of pollutants;

e Dispersion;

e Atmospheric transport over regional scales;

e Chemical transformations and dry and wet deposition processes.

The principal emissions of interest from fossil-fuel use are SO, and NO,. These compounds
may be removed directly by dry deposition and can also be transformed to other gaseous and
particul ate phase species and be subsequently removed by dry and wet deposition.

Because of the large geographical range of the acid deposition phenomenon, an extensive
emissions database is required. The data for SO, and NO, have been taken from EMEP's 150
by 150 km grid (Sandnes and Syve, 1992). However, where modelling has been undertaken
on a UK scale only, a more detailed emissions data have been used on a 20 km grid scale (Lee
and Johnson, 1993).

Sulphur and NO, from natural sources (i.e. plankton, soil microbes, lightning, etc.) are
important on the global scale (e.g. Spiro et al, 1992; Logan, 1983). The modelling activities
described here do not include any natural sources and as more inventories of emissions
become available (e.g. Graedel et al, 1995) these can be included in the future to assess their
importance on the regional scale.

Smith (1991) discusses the available databases for emissions of SO,, NO, and NH; for
western Europe. The accuracy of the estimates for European countries was considered to be
around 10-20% for NO, and SO,, and around 50% for NH;. The accuracy tends to decrease
with increased resolution. The uncertainties in emissions may therefore make a considerable
contribution to the final uncertainty of model results.

Meteorological processes are important to several aspects of acid deposition. These include
initial dispersion and long range transport processes, reviewed by Eliassen (1980; 1984),
Johnson (1983) and Schwartz (1989), together with those processes involved in the formation
of cloud droplets and rainfall. These processes are important because of the role of agueous
phase chemistry in the oxidation of SO, to sulphate.

It is important to consider the nature of particulate species predicted by such modelling. Only
secondary species are included and other particul ates from fossil-fuel combustion, e.g. fly ash
from power stations or carbonaceous material from the transport sector, are not considered. In
addition, larger particles, i.e. 1-10 pum, may arise from sources such as soil erosion, sea-spray,
open mining etc. Again, these are not treated by the models described here.
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3.5.2 Typesof acid deposition models

Severa different types of model have been used to investigate acid deposition. These include
Eulerian grid models, Lagrangian trgjectory models and statistical models. These have been
discussed in detail by severa authors (Johnson, 1983; Eliassen, 1980, 1984; Hough and
Eggleton, 1986; Schwartz, 1989). The principle types of model are discussed here, together
with amore detailed description of the model used in this study.

In the Eulerian approach the model domain is mapped onto a grid, with the emissions to each
grid cell specified. Atmospheric transport between cells is incorporated, together with
chemical processes. The complexity of the time dependent meteorological processes and
emissions required as input into this type of model may restrict the grid size to be large, and
subgrid scale mixing in the model makes it inappropriate for studying changes to individua
stack emissions. Despite these problems, much effort is being directed into this type of model
because it can address problems of non-linear chemistry and also the combined problem of
tropospheric oxidant production together with acid deposition. It is costly to obtain
climatological estimates of acid deposition from this type of model because of the long time
required for model runs.

Lagrangian models consider air parcels which move with the direction and velocity of the
wind. Eliassen (1984) provides a review of some aspects of Lagrangian models of air
pollution. There are two main types of these models; those orientated towards the source of
pollution and those which are receptor-orientated. In the first case, the source provides an
initial mass of pollutant to the model air parcel which subsequently moves away from the
emission site. In the receptor-orientated case, the air parcel moves over various emission
sources until it arrives at the receptor site. Lagrangian models permit the inclusion of more
detailed chemistry than the Eulerian schemes, but the role of mixing between air parcels with
different origins is not included. The effects of wind shear, which give different trajectory
paths to parcels of air in different levels in the atmosphere, is seldom considered as the
common assumption is that most of the pollution is confined to the mixing layer.
Nevertheless, despite these theoretical problems, Lagrangian models have proved useful
because their sensitivity to individual emission contributions can be rapidly assessed. Indeed,
Lagrangian type models have proved capable of reproducing the distribution pattern and
magnitude of regional sulphate deposition (Schwartz, 1989).

To estimate the regional scale concentration and deposition of acid species, the ExternE
Project has used the Harwell Trajectory Model (and derivations). The model was originally
described by Derwent and Nodop (1986) for atmospheric nitrogen species, and extended to
include sulphur species by Derwent, Dollard and Metcalfe (1988). It is a receptor-orientated
Lagrangian plume model employing an air parcel with a constant mixing height of 800 m,
moving with a representative wind speed of 7.5 msl. The results were obtained at each
receptor point by considering the arrival of 24 trajectories weighted by the frequency of the
wind in each 15° sector. The trgectory paths were assumed to be along straight lines and
were started at 96 hours from the receptor point, equivalent to a distance of 2,592 km.

41



Modelling Pollutant Transport and Chemistry

The chemical interconversions and remova mechanisms specified in the HTM are shown in
Figure 3.3 These schemes are highly simplified trestments of atmospheric chemistry. The
SO, oxidation scheme has a rate of 1% hr-1; such an approach is commonly adopted in
modelling sulphur oxidation (Binkowski et al, 1990) as detailed modelling of heterogeneous
chemistry is not straightforward. The chemical scheme for oxidised nitrogen species assumes
an averaging of day- and night-time chemistry. In general, dry deposition of gases is
important close to sources and wet deposition more important at distance from sources. Dry
deposition of particulate species is more evenly spread as the deposition velocity of material
inthe 0.1-1 ym sizerange is generally quite small.

O3

\ '

NO =—2»= NO, O o HNO, A% Nitrae
aerosol

b N

Emission Dry deposition Wet deposition
' e H-S0O » Sulphate
2 aerosol
Emission Dry deposmon Wet deposition
NH HNO, - Ammonium
H.SO aerosol
\ 2-4
Emission Dry deposition Wet deposition

Figure 3.3 Chemical reactions of the sulphur and nitrogen species included in the
Harwell Trajectory Model.

Unusually, the HTM aso has a scheme for HCIl. Hydrochloric acid is removed quite quickly
(by wet and dry processes) close to sources and is much less important in terms of acidity than
SO, and NO,. It should also be noted that in terms of ecosystem acidification, NH; makes an
important contribution because deposited (NH,),SO, releases two protons as a result of
microbiological processes in the soil. Ammonia is also an important chemical ‘regulator’ as
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oxidation of SO, in clouds is pH dependent and thus, can be self-limiting. However, the
presence of NH; raises the pH and allows more SO, to be converted to H,SO, (Behra et al,
1989). Furthermore, NH; plays an important role in oxidised nitrogen chemistry forming
NH,NO; particulate.

The HTM has more recently been updated (Lee and Johnson, 1993), using UK emissions on a
20 km grid scale and most significantly, a rainfal field on a 20 km grid which substantially
improves the model's ability to reproduce observations over that reported by RGAR (1990).
For the UK implementation, the regional range is limited to the national level, with data
output on the UK National Grid. An example of the model output is shown in Figure 3.4.

For the analysis of coal and gas fired power plants in the UK, use of the Harwell Traectory
Model output was restricted to the UK National boundaries. Transport beyond the UK was
determined using the output of the European Monitoring and Evaluation Programme (EMEP).
This uses a complex and well reviewed modelling procedure to calculate the deposition of
sulphur and nitrogen in all European countries as a function of the source country. The most
recent results include data up to 1991 (EMEP, 1992). This source-receptor national matrix
was used to calculate the fraction of each country's emissions deposited in each other country
for both sulphur and oxidised nitrogen species. It is then assumed that this fraction can be
applied to the output of an individual power station, assuming that the resulting pollution field
is uniform over the whole of the receptor country. At the ranges typical of transboundary
pollution these are reasonable approximations. The largest source of error is likely to derive
from neglecting the effects of differential precipitation on wet deposition.

Subsequently, for the modelling of the codl, lignite and oil plants in Germany, a version of the
Harwell model was adapted at IER. This is called the Windrose Trajectory Model and is
designed to operate on the EUROGRID co-ordinate system. Primary and secondary acid
species were modelled across Europe. The spatial resolution for this regiona analysis is output
on the large EUROGRID cells (100 x 100 km). The Windrose model also considers receptor
specific meteorological input data. Where available, 1990 meteorological data were taken from
the Meteorological Synthesising Centre-West of EMEP a The Norwegian Meteorological
Institute (Hollingsworth, 1987; Nordeng, 1986). 6-hourly data in the EMEP 150 km grid of
precipitation and wind (at the 925 hPa level) were transformed to the EUROGRID grid and
averaged to obtain the receptor-specific mean annual windrose (frequency distribution of the
wind per sector), mean annual windspeed and total annual precipitation. Base line emissions of
NO,, SO, and NH, for Europe were taken from the 1990 EMEP inventory (Sandnes and Styve,
1992). An example of model output is are shown in Figure 3.5.
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In addition, primary particulate emissions from the power plant were also modelled across the
same co-ordinate system using the simple wind trgectories within the Windrose Trgjectory
Model. The issue of system boundaries was investigated using the model; the results showed
95 % of the emitted particulate matter was deposited within the model domain. According to
Figure 3.1, this percentage corresponds to an effective downwind distance of some 1,900 km for
TSP (5-10 mm). The actual boundaries of the model domain are 1,600-2,400 km from the plant.
As the Windrose model takes account of both dry and wet deposition and tends to over-estimate
sulphate in precipitation, the total deposited sulphur (92 % of the emitted mass) and nitrogen
(78 %) are somewhat higher than the values in Figure 3.1 at a distance of 1,900 km from the
source.

3.6 Ozone Modelling

The assessment of ozone formation generated by fossil fuel power station emissions has
proved to be of the most difficult modelling exercises within the ExternE Project. Ozone
formation is critically influenced by specific weather conditions and requires large quantities
of certain precursors, which frequently arise from other trans-boundary pollution sources.

In generd, there are sufficiently large scale emissions of precursors over large parts of

Europe, in magnitude and composition, to form regional scale ozone episodes. The

occurrence of photochemical episodes therefore depends largely on meteorological

conditions; for regional scale ozone formation, the most important (PORG, 1993) are:

= Sunshine to drive the chemical reactions,

e Low wind speeds (0-5 m/s) to inhibit dispersion;

e Restricted boundary layer depths, to allow the build-up of precursors;

* High air temperatures (above 20°C) to enhance evaporative emissions of hydrocarbon
precursors and promote certain chemical reactions.

The meteorological conditions which fulfil all these requirements are those associated with

stable summer anticyclones (high pressure westher systems). The specific processes which

contribute to surface ozone (O;) concentrations may be classified (Altshuller, 1986) as:

= Transport of stratospheric O, towards the surface;

» Photochemical O; formation within the free troposphere and unpolluted parts of the
planetary boundary layer;

e Photochemical formation within the polluted boundary layer;

» O, formation within plumes from single or multiple emission sources.

The major routes for the chemical formation of ozone are processes which convert NO to
NO,, which is subsequently photolysed to form NO and an oxygen atom which combines with
oxygen to form ozone:

RO, + NO _ NO, + RO [4]

NO, + hv _ O + NO [5]

—
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M
O+0, > O, [6]

where RO, is HO, or an organic peroxy radical formed from the oxidation of
hydrocarbons, hv is radiation (280< A < 430 nm) and M is any molecule such as N, or O,
which acts to dissipate the energy released by the reaction in order to prevent O,
decomposing. Ozoneis also destroyed by photochemical processes, including the reaction:

For occasions when equation [7] is the dominant loss process, equations [5], [6] and [7] can
be used to establish an equilibrium relationship between O5;, NO and NO,:

_INO,] k,

[NO] Kk, 8]

[O]

where k, isthe rate of photolysis of NO,, and k, is the rate of the reaction between NO and O,
(equation [7]). Thus, wherethe NO,:NO ratio islow, asin theinitial stages of a power station
plume, the ozone concentration remains low.

The spatial distribution of the man-made photochemica oxidant precursor emissions needed
for ozone generation tend to be concentrated in the urban and industrial areas of Northwest
Europe. During these episodes the concentration rises to over 100 ppb - 2 to 3 times the
background concentration.

Therefore, reference power station emissions are likely to affect regional ozone formation.
However, the nature of plume emissions are very different from most ozone modelling
exercises to date, namely the effects of ozone for stable atmospheric conditions in highly
polluted areas. In these cases, the major culprits are vehicle emissions, which contain both
NO, and hydrocarbons, and therefore, most modelling effort in the past has been applied to
well mixed emissions, at low atitude, in high ozone conditions. In contrast, emissions
emitted from high stacks contain very little hydrocarbon content and initially have high
concentrations of NO which break down ozone.

3.6.1 Models of regional ozone formation

Regional air quality models for ozone have been developed in order to understand the
relationship between peak ozone concentrations and emissions. Several types of model have
been used, and Seinfield (1988) provides a critical review. The models are divided broadly
into those which use a fixed Eulerian grid approach within a specified area, and those which
use a Lagrangian technique where an air parcel isfollowed over a specified trgjectory. Hybrid
models incorporate both methods within the same model. Within this broad classification,
many techniques have been used to specify meteorological features used in models and many
different chemica mechanisms of varying complexity have been used.
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Results from both measurements and box model studies have shown that ozone production
per unit of NO, lost (the ozone production efficiency) varies non-linearly with the NO,
concentration (Liu et al, 1987; Lin et al, 1988). Significant differences are found in ozone
production efficiency between models with different non-methane hydrocarbon (NMHC)
concentrations and compositions. These results have important implications to the modelling
of ozone production from discrete sources such as power plant plumes as distinct from
sources such as traffic emissions which have a wide distribution. Another difference is that
power plant plumes are characterised by high NO, to NMHC ratios compared to emissions at
the surface, where the two are often released together.

Eulerian or Lagrangian box models which have alarge grid size tend to smooth the variability
in the NO, concentration because the emission sources are artificially mixed in alarge volume
of air. The amount of ozone produced in the model is therefore higher with models of large
grid size, compared with models which resolve the NO, emissions distribution. Sillman et al
(1990) demonstrate increases in peak ozone concentrations with models of grid sizes of
80 x 80 km2. In contrast, Seinfield (1988) quotes model results from Urban Airshed models
where peak O, was reduced considerably by anincrease in grid size. It is clearly necessary to
simulate to some extent the frequency distribution of NO, in the model.

The lifetime of ozone concentrations in the boundary layer implies that a regional scale
simulation is required. This makes it computationally difficult to use fine-mesh models. The
scale of the model domain used must be related to the lifetime of the important model
precursors for ozone. In the case of NO,, lifetime is largely determined by conversion to
HNQO; through the reaction of NO, with OH. As OH concentrations are often reduced initially
within power plant plumes (Cocks and Fletcher, 1988, 1989) the NO, lifetime will not be
reproduced adequately by a Eulerian Grid model with large grid sizes, and the time and length
scale of the model will need to be adjusted accordingly. Sillman et al (1990) give chemical
loss lifetimes for a power plant plume several times greater than for Eulerian grid models.

3.6.2 Measurement and modelling of ozone in power station plumes

The role of NO, emissions from power stations on local air quality depends on the rate of
dispersion of the plume and on the chemistry within the expanding plume. Where rapid
mixing of the plume into the ambient air occurs, ozone formation is expected. More typically,
the plume remains intact and aloft for a considerable distance downwind from the point of
emission and can thus make no contribution to ozone concentrations at the surface. In certain
conditions the plume remains intact below a stable layer and can be recognised at hundreds of
km from the source. Therefore, models which do not include plume dispersion and chemical
processes will overestimate the effect of NO, emitted from tal stacks on ozone
concentrations, especialy close to the emission point. This is because the emitted nitrogen
oxides are assumed to be mixed into a much larger volume of air than is actually the case, and
greater concentrations of non-methane hydrocarbons are present than in a plume. The
prediction of changes in the surface concentration of ozone in response to power plant NO,
emissions remains a major problem because of the uncertainties involved in modelling plume
dispersion and mixing processes.
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The uncritical application of Eulerian grid or single box models in order to calculate the
effects of high stack NO, emissions on surface ozone concentrations may give erroneous
results for several reasons, including:

e The assumption of instantaneous mixing within grid cells, creates errors in calculating the
mean NO, concentration;

* The conclusion from reactive plume models in European conditions is that 0zone excesses
are not predicted until after many hours of travel;

e The vertical resolution of many Eulerian grid models is insufficient and may lead to NO,
concentrations aloft from stack releases mixing too rapidly with hydrocarbons released at
the surface;

» TheNO, lifetimein the plume is expected to be greater than NO, in the ambient airmass.

Within the plume, the reaction of NO with O; present in the ambient air tends to reduce O,
concentrations (see equation [6]). This reaction, together with the rate of photolysis of NO,
determines a photostationary state which may be attained in the plume. Oxidation of NO is
limited by the amount of oxidants present in the expanding plume, and the NO:NO, ratio will
remain high. Conversion of NO, to HNO; within the plume may be an important removal
process, and be sufficiently rapid to act before the NO, is widely dispersed.

Measurements of O, in power plant plumes confirm the decrease in O; in the initial stages of
dispersion. For example, Altshuller (1986) summarises measurements in America that
suggest that several hours of transport are necessary before ozone will be produced in the
plume. In some circumstances ozone deficits are till present after over 500 km of travel
(Clark et al, 1984). Models of the chemical reactions and dispersion processes affecting
power station plumes have been constructed (Miller et al, 1978; Hov and Isaksen, 1981,
Stewart and Liu, 1981; Derwent, 1982; Cocks and Fletcher, 1988, 1989; Janssen, Nieuwstadt
and Donze, 1990). The mgjor features of these models are similar in that an initial decreasein
O, isfollowed by an increase after several hours of travel

Plume models have been used to calculate O; concentrations in European conditions
(Derwent, 1982; Cocks and Fletcher, 1988; 1989). Derwent (1982) used a vertically-
integrated plume model with 20 horizontal cells to study the development of chemical species
extending from a large isolated UK power station downwind over areas of differing
background emissions. The plume was studied for 10 hours of daytime travel. In all cases
there was a significant ozone decrease in the plume at al times. In one case a very small
increase above ambient concentrations was observed at the edge of the plume. The author
concluded that power station plumes have little significant impact on photochemical ozone
formation in rura regions of the UK. Cocks and Fletcher (1988, 1989) used a single box
model to study the advection of a 2,000 MW power plant plume over a 24 hour period.
Studies were made with the plume dispersing into typical 'rural’ ambient air, and into an
‘urban’ ambient air, the latter with much higher emissions of NO,, CO and hydrocarbons. In
both cases ozone concentrations in the plume were normally predicted to be lower than in the
ambient air mass, and significant ozone excess was only predicted for slowly dispersing
plumes in summer conditions after 24 hours. Most of the plume NO, was predicted to be
converted into HNO; after this time. From the results discussed above, it appears that ozone
may not be generated until some 100 km or more from the point of emission.
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However, studies with plume models in the conditions of USA (Hov and Isaksen, 1981,
Stewart and Liu, 1981) have shown ozone increases above ambient air within a few hours of
travel. Derwent (1982) considers this amost certainly due to the differing hydrocarbon to
NO, ratios in the emissions. Seinfield (1988) expressed the need for a grid based
photochemical model with a subgrid scale approach to plume dispersion and chemistry. An
example of this type of model is described by Sillman et al (1990) and applied to an area of
the continental USA.

Similarly, there will be some European examples, where in the presence of conditions which
are highly favourable to O; generation, ozone concentrations may be increased within a
relatively short distance of power plants. This has been the case for one of the reference
locations chosen - at Lauffen in Germany. A highly detailed ozone model has been used for
predicting the local ozone concentrations from fossil fuel power station emissions for this
area. It is important to stress that there are severa major VOC emitters located in the
neighbourhood of the power plant, leading to highly site specific effects on ozone formation.
However, because of the complexity of the model, the results generated have been restricted
to alocal zone of only about 150 km by 150 km; the effect of emissions on regional ozone
have not been calculated.

For this specific local analysis, changes in the surface concentration of ozone were simulated by
Fiedler et al, at IMK (Institut fir Meteorologie und Klimatforschung) at the University of
Karlsruhe. They employed the mesoscale Eulerian modd KAMM (Karlsrtuhe Atmospheric
Mesoscale Modd) to investigate peak ozone concentrations during a summer day. The KAMM
model system comprises a non-hydrostatic meteorological driver (Adrian and Fiedler, 1991) and
a Eulerian transport and chemistry model (Nester and Fiedler, 1992), the latter employing the
gas phase mechanism of RADM-2 (Regiona Acid Deposition Modd) (Stockwell et al, 1990).

The modd grid was divided into 57 x 53 x 18 cells, representing 171 km x 159 km x 4600 m.
The area is defined by 58 x 54 gridcells with a size of 3 km x 3 km on the German Gaul3-
Krlger co-ordinate system. The depth of the surface layer was 24 m, the depth of the elevated
layer at plume height was 220 m. A base line scenario was available from a prior study (Vogel
et al., 1994), which was based on meteorological and emission data of a photosmog episode on
3 August 1990, when half-hour ozone concentrations as high as 208 pg/m® were observed. A
model run with additional emissions from the reference power plant was compared with the base
line study to obtain incremental concentrations. Figure3.6 shows these incremental
concentrations, in the surface layer of the modd, at 2 pm, the time of highest ozone levels. It
has to be emphasised, that due to the complexity of the KAMM-DRAIS model, smulation of
ozone formation has been done only for a single reference day during a summer ozone
episode.
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