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FOREWORD

Externalities are related to social welfare and to the economy. The idea is firstly to measure
the damages to society which are not paid for by its main actors; secondly, to translate these
damages into a monetary value; and thirdly, to explore how these external costs could be
charged to the producers and consumers. Indeed, if the market takes into consideration the
private costs, policy-makers should try to take account of the external costs.

During the course of the last fifteen years, the European Commission has worked extensively
— in particular through socio-economic research in the field of energy - to quantify the energy
external costs. The European research allowed a multidisciplinary research team, composed of
engineers, economists and epidemiologists, to develop an original methodology, the Impact
Pathway Approach.

The Impact Pathway Approach tackles issues such as the exposure-response functions;
especially health impacts from air pollution, the monetary valuation of these impacts (“value
of statistical life”), accidents in the whole energy supply chain, and the assessment of other
impacts like global warming, acidification and eutrophication. Models for pollutant dispersion
have also been developed and case studies have been performed all around Europe.

Electricity — like transport — is a key factor for economic and social development.
Nevertheless, its air pollutants (particles, oxides of nitrogen, sulphur dioxide, etc) provoke
damages like morbidity or premature mortality (chronic bronchitis, asthma, heart failure,...).
The ExternE research team has made an in-depth analysis of various fuels and technologies in
the electricity sector with methodology and results published in 1995 and 1999. An update
was necessary to take account of the latest developments both in terms of methods for
monetary valuation and technological development.

The ExternE methodology is widely accepted by the scientific community and is considered
as the world reference in the field. With ExternE, and this new “green accounting
framework”, a ranking of technologies can be made according to their social and
environmental impacts. Internalising external costs, by taxing the most damaging
technologies or by subsidising the cleanest and healthiest ones, can give an impetus to new
technologies and could help to achieve a more sustainable world.

Achilleas Mitsos
Director-General for Research
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1 Executive Summary
1.1 Overview of the Methodology

The ExternE methodology provides a framework for transforming impacts that are ex-
pressed in different units into a common unit — monetary values. It has the following
principal stages:

1) Definition of the activity to be assessed and the background scenario where the
activity is embedded. Definition of the important impact categories and
externalities.

2) Estimation of the impacts or effects of the activity (in physical units). In general,
the impacts allocated to the activity are the difference between the impacts of the
scenario with and the scenario without the activity.

3) Monetisation of the impacts, leading to external costs.

4) Assessment of uncertainties, sensitivity analysis.

5) Analysis of the results, drawing of conclusions.

The ExternE methodology aims to cover all relevant (i.e. not negligible) external
effects. However, in the current state of knowledge, there are still gaps and uncertain-
ties. The purpose of ongoing research is to cover more effects and thus reduce gaps and
in addition refine the methodology to reduce uncertainties. Currently, the following
impact categories are included in the methodology and described in detail in this report:

1) Environmental impacts:

Impacts that are caused by releasing either substances (e.g. fine particles) or energy
(noise, radiation, heat) into the environmental media: air, soil and water. The
methodology used here is the impact pathway approach, which is described in detail in
this report.

2) Global warming impacts:

For global warming, two approaches are followed. First, the quantifiable damage is
estimated. However, due to large uncertainties and possible gaps, an avoidance cost
approach is used as the recommended methodology.

3) Accidents:

Accidents are rare unwanted events in contrast to normal operation. A distinction can
be made between impacts to the public and occupational accident risks. Public risks can
in principle be assessed by describing the possible accidents, calculating the damage
and by multiplying the damage with the probability of the accidents. An issue not yet
accounted for here is the valuation so-called ‘Damocles’ risks, for which high impacts
with low probability are seen as more problematic than vice versa, even if the expected
value is the same. A method for addressing this risk type has still to be developed.
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1.2 The Impact Pathway Approach

The impact pathway approach (IPA) is used to quantify environmental impacts as de-

fined above. As illustrated in Figure 1.1, the principal steps can be grouped as follows:

e Emission: specification of the relevant technologies and pollutants, e.g. kg of
oxides of nitrogen (NOy) per GWh emitted by a power plant at a specific site;

e Dispersion: calculation of increased pollutant concentrations in all affected regions,
e.g. incremental concentration of ozone, using models of atmospheric dispersion
and chemistry for ozone (O3) formation due to NOy;

e Impact: calculation of the cumulated exposure from the increased concentration,
followed by calculation of impacts (damage in physical units) from this exposure
using an exposure-response function, e.g. cases of asthma due to this increase in Os;

e Cost: valuation of these impacts in monetary terms, e.g. multiplication by the
monetary value of a case of asthma.

SOURCE
(specification of site and technology)

= emission
(e.g., kg/yr of particulates)

l

DISPERSION

(e.g. atmospheric dispersion model)

= increase in concentration
at receptor sites

(e.g., pg/m3 of particulates
in all affected regions)

l - Dose-

L Response
DOSE-RESPONSE FUNCTION - Function
(or concentration-response function) o
= impact !
(e.g., cases of asthma due to ambient [ -
concentration of particulates) I

:

MONETARY VALUATION

(e.g., cost of asthma)

Figure 1.1 The principal steps of an impact pathway analysis, for the example of air
pollution.
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Whereas only the inhalation dose matters for the classical air pollutants (PM;o, NOx,
SO, and 03), toxic metals and persistent organic pollutants also affect us through food
and drink. For these a much more complex IPA is required to calculate ingestion doses.
Two models were developed for the assessment of external costs due to the emission of
the most toxic metals (As, Cd, Cr, Hg, Ni and Pb), as well as certain organic pollutants,
in particular dioxins.

Table 1.1 Air pollutants and their effects on health.

Primary Pollutants Secondary Impacts

Pollutants
mortality
Particles cardio-pulmonary morbidity
(PM10, PM2 5, black (cerebrovascular hospital admissions, congestive heart
smoke) failure, chronic bronchitis, chronic cough in children,
lower respiratory symptoms, cough in asthmatics)
mortality
SO2 cardio-pulmonary morbidity
(hospitalisation, consultation of doctor,
asthma, sick leave, restricted activity)
SO2 Sulphates  like particles?
NOx morbidity?
NOx Nitrates  like particles?
mortality
NOx+VOC Ozone morbidity (respiratory hospital admissions, restricted
activity days, asthma attacks, symptom days)
CO mortality (congestive heart failure)
morbidity (cardio-vascular)
PAH cancers
diesel soot, benzene,
1,3-butadiene, dioxins
As, Cd, Cr-VI, Ni cancers
other morbidity
Hg, Pb morbidity (neurotoxic)

In terms of costs, health impacts contribute the largest part of the damage estimates of
ExternE. A consensus has been emerging among public health experts that air
pollution, even at current ambient levels, aggravates morbidity (especially respiratory
and cardiovascular diseases) and leads to premature mortality (see Table 1.1). There is
less certainty about specific causes, but most recent studies have identified fine
particles as a prime culprit; ozone has also been implicated directly. The most
important cost comes from chronic mortality due to particles (this term, chosen by
analogy with acute and chronic morbidity impacts, indicates that the total or long-term
effects of pollution on mortality have been included, in contrast to acute mortality
impacts, which are observed within a few days of exposure to pollution).
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1.3 Methods for Monetary Valuation

The impact pathway requires an estimation of the impacts in physical terms and then a
valuation of these impacts based on the preferences of the individuals affected. This
approach has been successfully applied to human health impacts, for example, but in
other areas it cannot be fully applied because data on valuation is missing (e.g.
acidification and eutrophication of ecosystems) or because estimation of all physical
impacts is limited (e.g. global warming).

For these cases, a second best approach is better than having no data. Therefore the use
of approaches that elicit implicit values in policy decisions to monetise the impacts of
acidification and eutrophication and of global warming has been explored. Table 1.2
gives a general overview of the methods for quantifying and valuing impacts.

Table 1.2 Overview of methods used in ExternE to quantify and value impacts.

Air pollution Global
Public health | Agriculture, buil- | Ecosystems | warming
ding materials

ExternE, “Classical” impact pathway approach
Quantification of | Yes Yes Yes, critical | Yes, partial
impacts loads
Valuation Willingness | market prices Yes, WTP &

to pay (WTP) market prices
Extension: Valuation based on preferences revealed in
Political UN-ECE; Implementing
negotiations NEC Kyoto, EU
Public referenda Swiss

Referenda

Under certain assumptions the costs of achieving the well-specified targets for
acidification, eutrophication and global warming can be used to develop shadow prices
for pollutants or specific impacts from pollutants. These shadow prices can be used to
reflect these effects for comparison of technologies and fuel cycles.

For global warming damage cost estimates of ca. €9/tCO, were derived for a medium
discount rate. However, this figure is conservative in the sense that only damage that
can be estimated with a reasonable certainty is included; for instance impacts such as
extended floods and more frequent hurricanes with higher energy density are not taken
into account, as there is not enough information about the possible relationship between
global warming and these impacts.
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Thus, to account for the precautionary principle, we propose to use an avoidance costs
approach for the central value. The avoidance costs for reaching the broadly accepted
Kyoto target is roughly between €5 and €20 per t of CO,. In addition it is now possible
to analyse the prices of the tradeable CO, permits, which increased from end of July
2005 to the beginning of October 2005 from about €18/tCO, to about €24/tCO,. This
confirms the use of €19/t CO, as a central value. The lower bound is determined by the
damage cost approach to about €9/t CO..

More stringent reduction targets, e.g. the EU target of limiting global warming to 2°C
above pre-industrial temperatures may lead to marginal abatement costs as high as
$350/tC = ca. €95/t CO,. However it is still an open question whether such an
ambitious goal with such high costs will be accepted by the general population. Thus,
as an intermediate target, the Dutch value of ca. €50/t CO, could be used as an upper
bound for sensitivity analysis.

In the context of acidification and eutrophication the study shows that a simple analysis
may not be correct, i.e. abatement costs for SO, and NOx need to be corrected for other
impacts. By analysing the decisions of policy makers in detail, shadow prices for
exceedance of critical loads for eutrophication and acidification (ca. €100 per hectare of
exceeded area and year with a range of €60 - 350/ha year) have been derived.

1.4 Uncertainties

Damage cost estimates are notorious for their large uncertainties and many people have
questioned the usefulness of damage costs. The first reply to this critique is that even an
uncertainty by a factor of three is better than infinite uncertainty. Second, in many
cases the benefits are either so much larger or so much smaller than the costs that the
implication for a decision is clear even in the face of uncertainty. Third, if policy
decisions are made without a significant bias in favour of either costs or benefits, some
of the resulting decisions will err on the side of costs, others on the side of benefits.
Analyses of the consequences of such unbiased errors found a very reassuring result:
the extra social cost incurred because of uncertain damage costs (compared to the
minimal social cost that one would incur with perfect knowledge) is remarkably small,
less than 10 to 20% in most cases even if the damage costs are in error by a factor
three. However, without any knowledge of the damage costs, the extra social cost could
be very large.

One possibility to explore the uncertainties in the context of specific decisions is to
carry out sensitivity analyses and to check whether the decision (e.g. implementation of
technology A instead of technology B) changes for different assumptions (e.g. discount
rate, costs per tonne of CO,, valuation of life expectancy loss). It is remarkable that
certain conclusions or choices are robust, i.e. do not change over the whole range of
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possible values of external costs. Furthermore, it can be shown that the ranking of
electricity production technologies, for example, with respect to external costs does not
change if assumptions are varied. A further option is to explore how much key values
have to be modified before conclusions change. It can then be discussed whether the
values triggering the change in decision can be considered realistic or probable.

A considerable share of uncertainties is not of a scientific nature (data and model
uncertainty) but results from ethical choices (e.g. valuation of lost life years in different
regions of the world) and uncertainty about the future. One approach to reduce the
range of results arising from different assumptions on discount rates, valuation of
mortality, etc. is to reach agreement on (ranges of) key values. Such “conventions for
evaluating external costs”, resulting from discussion of the underlying issues with
relevant social groups or policy makers, help in narrowing the range of costs obtained
in sensitivity analyses. This would help to make decision making in concrete situations
easier and to focus on the remaining key issues to be solved in a specific situation.



2 Introduction

For almost 15 years the European Commission has supported the development and
application of a framework for assessing external costs of energy use. In the ExternE
(Externalities of Energy) project series, the impact pathway methodology has been
developed, improved and applied for calculating externalities from electricity and heat
production as well as transport.

The ExternE Project commenced in 1991 as the European part of a collaboration with
the US Department of Energy in the ‘EC/US Fuel Cycles Study’. Successful
collaboration at that time produced a workable methodology for detailed quantification
of the external costs of fuel cycles. A series of reports were published in the USA and
in Europe in 1994 and 1995, the European reports covering:

Volume 1: Summary
Volume 2: Methodology
Volume 3: Coal and Lignite
Volume 4: Oil and Gas
Volume 5: Nuclear

Volume 6: Wind and Hydro

Continued funding allowed the European study team to expand in the next phase of the
study which ran from 1996 to 1997, bringing in additional expertise and broadening the
geographical coverage of the study within the European Union. By this time all EU
Member states except Luxembourg were included, and from outside the EU, Norway.
At the end of that phase, four further reports were produced by the European team:

Volume 7: Methodology Update 1998

Volume 8: Global Warming Damages

Volume 9: Waste, PV, New Power Technologies and End Use Technologies
Volume 10: National Implementation Results

Since then the methodology was taken further in a number of projects. The impact
pathway analysis was extended to the environmental media soil and water. New
scientific knowledge was included, above all in the areas of health impact
quantification, modelling of global warming effects, and monetary valuation.
Contingent valuation studies on the valuation of changes in life expectancy were
carried out. Furthermore monetary values were derived based on preferences revealed
in political negotiations. These can be used where the impact pathway approach cannot
be fully applied due to missing knowledge.
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As is evident from its title, this report supersedes the original Volumes 2 and 7 on
methodology. Elements of the earlier reports have been retained where appropriate.
However, this report mainly consists of new or revised text, reflecting the significant
advances made to the end of 2004.



3 Purpose and General Methodology
3.1 Purpose of Quantifying External Costs

In this report the methodology for calculating external costs used in ExternE is
explained. This evokes the question, what external costs are and for what purposes they
can be used.

Human activities cause damages and impose risks on human beings, ecosystems and
materials. For instance, a power plant when producing electricity may emit pollutants
that are transported in the atmosphere and then when inhaled can create a health risk or
after deposition can disturb ecosystems. The power plant operator has no incentive to
account for this damage, when making decisions His duty is to respect the emission
thresholds imposed by environmental regulation, but not the avoidance of further small
risks and damages. The damages occurring thus are external effects, i.e. not taken into
account by the person or institution causing the effects. In order to be able to assess and
compare the external effects with each other and with costs, it is advantageous to
transform them into a common unit; the choice of a monetary unit here has advantages
described later. Thus converting external effects into monetary units results in external
costs. These external costs are not accounted for by the decision maker; thus they
should be internalised by using appropriate instruments, e.g. a tax.

Thus, an external cost arises, when the social or economic activities of one group of
persons have an impact on another group and when that impact is not fully accounted,
or compensated for, by the first group.

Why would we want to calculate external costs and for what purposes do we need or
use them? There are a number of purposes, which are described in the following.

When investment decisions are made, ¢.g. about which power plant technology to use
or where to site a power plant, it is evident that it would be of interest for society to
take environmental and health impacts into account and include the external effects into
the decision process, i.e. to internalise external costs. Of course, before internalisation
the external costs have to be estimated. More precisely, marginal external costs are
needed, i.e. the additional external costs that arise when the investment alternative is
implemented. This implies that not only external costs occurring during operation, but
also during construction, provision of energy carriers and materials, waste disposal,
dismantling, etc., i.e. the full life cycle, have to be accounted for. To support the
decision process, the social costs of the investment alternatives, i.e. the sum of internal
and external costs, can then be compared. If decisions are to be taken now, but the
consequences of the decisions reach decades into the future, the possible future costs
have to be estimated.
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In a similar way external cost estimates are useful for carrying out technology
assessments, and thus to find out the principal weaknesses and strengths of a
technology and to be able to assess the overall performance and usefulness of a
technology; this would for example help to answer questions about whether and where
the technology would need further improvement, and whether subsidising it or
supporting further research might be justified. As not necessarily specific technologies
at specific sites are analysed, future typical or average marginal external costs for
typical technologies at different sites would be needed.

Not only investments cause external costs, but also consumption of consumer goods,
whereby the choice between alternative technologies or consumer goods can
influence the size of externalities considerably. Again, marginal external costs are
needed, for example the costs that are caused by driving a car on a certain road or type
of road or the costs of using a stove for heating. The best way of internalising these
costs is via imposing taxes that are equal to the external costs, so that prices reflect the
true costs and tell the ecological truth. However, as it is often not feasible to fix a
different tax for each individual case, averaged external costs for classes of goods, sites
or activities are used to determine the tax to be imposed.

A fourth very important field of application is the performance of cost-benefit-
analyses for policies and measures that reduce environmental and health impacts.
Policies and measures for reducing environmental pollution generally imply additional
costs for industry and consumers. Thus it is important for the acceptance of the measure
to show that the benefits, for example reduced health risks, outweigh or justify the
costs. The benefit can be expressed as avoided external costs. To calculate the avoided
external costs, it is necessary to create two scenarios: a baseline scenario, which
describes a development without the implementation of the measure or policy and a
scenario including it. Then the impacts occurring for the two scenarios are calculated.
The difference of the impacts is monetised; this gives the avoided external costs or
benefits (provided that the impacts of the scenario with the measure are lower than for
the baseline scenario). These benefits can then be compared with the costs. If benefits
are larger than costs, the policy or measure is beneficial for society’s welfare.

The fifth area of application is the assessment of health and environmental impacts
occurring in a region due to activities of different economic branches, in short green
accounting. For example one could monetise the health effects occurring due to
emission of different pollutants, and can then rank different source categories,
economic sectors or pollutants according to their health impacts, compare health effects
in different countries or imposed from one country to another or compare health effects
of different years to find out whether the situation is improving. Again, the external
costs of two scenarios are compared, a baseline scenario and a scenario where the
activities that should be assessed are omitted. The difference is then allocated to these
activities.
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3.2 Basic Principles of the Methodology

The applications mentioned above all have something in common: having calculated
different impacts (risks, damage) or indicators, that indicate to what extent objectives
are fulfilled, it is necessary to compare these impacts with each other and with costs. To
compare technologies or assess policies, it has to be found out whether one
composition of impacts and costs is better or worse than another composition. This is
not straightforward, as the different impacts have different units, so they cannot be
added directly. So, before being able to add them, it is necessary to transform them into
a common unit. The ExternE methodology provides a framework for doing this. The
basic principles of the methodology are derived in the following.

1) All the applications mentioned above imply that there are different effects and
impacts that somehow have to be weighted with each other to get an overall
assessment of whether one basket of impacts is better or worse than another. The
first principle of the ExternE methodology is that this assessment or weighting of
impacts is as far as possible carried out using quantitative figures and
procedures. The reason is that only quantitative algorithms ensure the necessary
transparency and reproducibility of results.

2) Secondly, the common unit into which impacts are transformed is a monetary
unit. This has a number of advantages. First, units are conceivable. The importance
of an impact in monetary units, say €10,000, can be directly and intuitively grasped,
as one can compare it with the utility of the goods and services that one could buy
with this amount. Whereas an amount of say 120 utility points does not say
anything about the importance of the impact. Secondly, monetary values are
transferable from one application to another. This is because monetary units are
defined independent of the assessment process. So if a monetary valuation of the
risk to get a certain disease, e.g. bronchitis, has been found, this value can — with
some caution and adjustment — then be used in a further analysis, where this disease
occurs, without having to carry out a new survey on its monetary value. Thirdly, the
above mentioned applications at some stage require the use of monetary units. So in
order to compare costs with benefits, it is necessary to convert benefits into
monetary units. It would of course also be possible to convert costs into some
benefit unit like ecopoints, but this is obviously less useful due to the first reason
mentioned. For internalising external effects with taxes, it is also obviously
necessary to express these effects in monetary units.

3) How is it possible to get a measure for the relative importance of impacts and thus
for the weighting factors or algorithms needed? As no natural law exists that
somehow weighs impacts with different units, the logical possibility is to measure
the preferences of the population. This can be done with a number of methods, e.g.
by asking for or observing the willingness to pay to avoid a certain impact. The
only alternative would be to measure the preferences of elected representatives of
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4)

5)

6)

the population, with the argument that representatives are or can be better informed
than the public. However, these representatives change, so that benefit transfer is
difficult or not possible. Furthermore experience with multiattribute utility analysis
shows that decision makers are often not willing to expose their preference
structure, possibly because they fear that they lose influence on their decisions.
Although in ExternE it is also possible to use revealed preferences of decision
makers for example, the preferred way is to directly measure preferences of the
population. To get useful results, impacts should be described and explained as well
as possible before measuring preferences. Given that it would cost too much effort
to ask the whole population, it seems sufficient to ask a representative sample of the
population. Thus, the assessment of impacts is based on the (measured)
preferences of the affected well-informed population.

To be able to get meaningful results, the interviewed persons have to understand the
change of utility that occurs due to the impact to be assessed. This implies that it is
important to value a damage, not a pressure or effect. For instance, it is not
useful to ask for the willingness to pay to avoid an amount of emissions, say 5
tonnes of NOy, as no one — at least without further information or knowledge — can
judge the severity of this or the damage or loss of utility caused by this emission.
On the other hand, if somebody is asked for an assessment of a concrete health risk,
e.g. a cough day, he can compare this impact with other impacts and changes of
utility that he experiences.

An important aspect is that external costs depend on the time and site of the
pressure. For instance, if emissions of air pollutants occur in a densely populated
area, the health of more people is at risk than for a site where equal amounts of
pollutants are emitted but in a less densely populated area. The emissions of sulphur
dioxide are more harmful in areas where ammonia concentrations in the atmosphere
are higher, because then more ammonium sulphate is formed, which causes more
health damage than SO,. Noise in a city at night is more annoying than a similar
noise level outside the city during the day. The methodology should thus be
capable of calculating site and time dependent external costs. Only a detailed
bottom-up calculation allows a close appreciation of such site, time and technology
dependence. Thus for most environmental impacts the so-called ‘Impact Pathway
Approach’ is used, that follows the complete chain of causal relationships, starting
with the emission of a burden through its diffusion and conversion in the
environmental media to its impact on the various receptors and finally the monetary
valuation of its impacts.

Depending on the nature of the policy question, average or aggregated external
costs can then be calculated as needed to support the implementation of different
policy instruments.

The methodology thus has the following principal stages:
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1) Definition of the activity to be assessed and the background scenario where the
activity is embedded. Definition of the important impact categories and
externalities.

2) Estimation of the impacts or effects of the activity (in physical units). In general,
the impacts allocated to the activity are the difference between the impacts of the
scenario with and the scenario without the activity.

3) Monetisation of the impacts, leading to external costs.

4) Assessment of uncertainties, sensitivity analysis.

5) Analysis of the results, drawing of conclusions.

The basic elements of the methodology are:

o External effects: External effects arise if, due to the activities of one person or
group of persons, an impact on another group occurs that is not taken into account
or compensated for by the first group. The impact has to have an influence on the
utility or welfare of the second group. External effects can be positive or negative.
Further distinction can be made between direct use values (direct effects on the
utility of the persons whose preference is measured), indirect use values (effects on
the utility of persons, e.g. children, other than those whose preference is measured)
and non-use or existence values.

e Indicators: Indicators are used to express the amount of the external effect in a
quantitative way. If, for instance, the effect is a change of the risk to get chronic
bronchitis, the indicator might be the change in the number of cases of chronic
bronchitis per 100 000 inhabitants.

e Functions for monetary valuation: A function that transfers the indicator values into
monetary values. If the relation between indicator and monetary value is linear, a
parameter MV per unit of indicator is given. Methods to derive this function or
parameter are described later in this chapter.

The ExternE methodology aims to cover all relevant (i.e. not negligible) external
effects. However, in the current state of knowledge, there are still gaps and
uncertainties. The purpose of ongoing research is to cover more effects and thus reduce
gaps and in addition refine the methodology to reduce uncertainties. Currently, the
following impact categories are included in the methodology and thus described in
detail in the following chapters:

1) Environmental impacts:

Environmental impacts here mean impacts that are caused by releasing either
substances (e.g. fine particles) or energy (noise, radiation, heat) into the environmental
media: air, soil and water. The substances and energy are transported and transformed
and finally reach receptors (humans, plants, materials, ecosystems), where they cause
risks and damage. Clearly, the methodology to use here is the impact pathway
approach. Due to lack of knowledge, the pathway from emission to damage can
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sometimes not be quantified; in that case, other second best methods, e.g. marginal
avoidance costs or restoration costs are used.

2) Global warming impacts:

For global warming, two approaches are followed. First, the quantifiable damage is
estimated based on a top-down approach; i.e. the total damage of a scenario is
calculated and then distributed on the emissions of greenhouse gases. However, due to
large uncertainties and possible gaps, an avoidance cost approach is used in addition.
This means that the marginal avoidance costs to reach given emission reduction targets
are used.

3) Accidents:

Accidents are rare unwanted events in contrast to normal operation. A distinction can
be made between impacts to the public and occupational accident risks. Public risks can
in principle be assessed by describing the possible accidents, calculating the damage
and by multiplying the damage with the probability of the accidents. An issue not yet
accounted for here is risk aversion, which means that high impacts with low probability
are seen as more problematic than vice versa, even if the risk is the same. For
occupational risks statistics are usually available; the difficult item here is to judge to
what extent these risks are external.

4) Energy security:

If unforeseen changes in availability and prices of energy carriers occur, this has
impacts, for instance on economic growth. A first attempt to estimate the order of
magnitude of the resulting external costs has been made in the project ‘ExternE-POL’,
however the methodology is currently revised within the project ‘CASES’ and will be
described in a revised version of this report as soon as available.

In addition, there are a number of issues that are sometimes seen as important for the
decision process, but are — at least according to the opinion of the ExternE team — not
external costs. These include:

e Impacts on employment:

Employment is influenced by the labour market; thus impacts on employment are
not, according to economic theory, external costs as defined above. However, they
nevertheless are usually an important argument in any investment decision.

We first have to note that there are direct effects, i.e. the construction and operation
of a power plant would of course lead to the creation of working places. On the
other hand, there are indirect effects, e.g. the operation of the plant might lead to a
change in electricity prices, which changes the costs for producing other goods and
thus the demand for these goods and so on.

In general it is more the change of the distribution of working places that might
have an important local effect. However, these effects are currently not included in
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ExternE and thus have to be taken into account separately within the decision
making process.

e Depletion of non-renewable resources:
According to Hotelling’s theory the depletion of exhaustible resources is considered
in the prices of the resources, thus costs of depletion are internal. However, if one
assumes that the current interest rates are higher than the social preference rate that
should be used for social issues, then some adjustment should be made. However,
this is not yet considered within ExternE.

By far the most important of the external effects are the environmental impacts. Thus,
the following chapters explain the impact pathway approach used for these impacts in
detail.

Which marginal costs should be estimated and internalised?

If marginal external costs are broadly internalised, i.e. in one or several sectors of an
economy, this might lead to decisions that in turn lead to a large change of emissions.
Now, due to this change in emissions, marginal external costs may change, i.e. the
damage caused by one unit of pollutant may change, because it might depend on the
overall level of emissions and thus concentrations of pollutants. Three cases have to be
distinguished:

First: if marginal costs do not depend on the emission level, e.g. as the concentration-
response-relationship is linear and no chemical conversion of substances occurs,
marginal external costs stay constant.

Second, if marginal costs decrease with decreasing emission levels, after the
internalisation the emission levels and marginal costs decrease; thus, if external costs
from the starting point are internalised, this would result in a too far-reaching reduction
of emissions. Two possibilities to avoid this problem are available. First, one could
adjust the internalised marginal costs according to the progress achieved in reducing
emissions. However, this might result in investments in emission reduction measures
that are not efficient. So the better possibility is to estimate the marginal external costs
that occur at the optimal point, i.e. where marginal external costs are equal to marginal
avoidance costs. This of course can only be calculated if the avoidance cost curve is
available, which involves some uncertainties.

Third, if marginal costs increase with decreasing emission levels, the internalisation at
current levels leads to an emission reduction that is too low. There are two examples
where this occurs:

The first is the case of tropospheric ozone. In certain regions, a limited reduction of NO
emissions might not lead to a significant reduction of ozone, in urban areas ozone
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concentrations might even increase. Only after NO emissions are substantially reduced,
one might achieve a shift from a VOC limited regime to a NO limited one.

The second example is noise. In a very busy street, an additional vehicle will increase
the noise level much less than in a quiet street.

It is clear that, in both cases, the aim of an internalisation to initiate measures to reach
the optimal level of pollution control is only achieved if not the marginal costs before
the internalisation but rather at the optimal level are internalised. This has to be
estimated based on scenario calculations and reduction costs.

3.3 Methods for Monetisation

The following sections discuss the use of non-market valuation techniques for end-
points of dose-response functions and alternative approaches for monetary valuation
where no reliable impact estimates are possible.

3.3.1 Non-market valuation techniques for end-points of dose-response functions

Non-market valuation is a technical term used to describe the idea that a number of
welfare components in the valuation of external costs or any project appraisals do not
have the value of that welfare expressed in a market price. For example, environmental
goods and services generally have characteristics' that make it difficult or even
impossible for markets in these services to function well. The public good feature of
environmental services leads to market failure in a sense that individuals are not free to
vary independently the level of the services they consume (Freeman, 2003). Thus, non-
market valuation techniques are necessary to estimate monetary values of welfare
changes in consumption of environmental services. Other examples include the welfare
effects on health of changes in pollution. In neither case is the good or service traded in
a market but it is recognised that there is a welfare change. In order to represent these
types of welfare changes, we have to adopt non-market valuation techniques to measure
the size of the welfare changes.

Generally non-market valuation methods are classified according to the origin or source
of the data analysed. Mitchel and Carson (1989) observe that data on environmental use
often come from either observations of individuals acting in real-world settings or from
individuals’ responses to hypothetical questions that aim to elicit individuals’ preferen-
ces in regard to the environmental good or service. The valuation methods based on the
former type of data source are called revealed preference methods, while the methods
based on the latter are known as stated preference methods (Freeman, 2003)°.

! Non-excludability and non-rivalry in consumption are typical characteristics of environmental services,
such as air quality and noise. These are also characteristics of public goods.
? This section presents a general overview of the non-market valuation methods. For a formal definition
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Using revealed preference methods, also known as behavioural methods, the researcher
observes individual behaviour towards a market good with connection to the non-
market good or service investigated, assuming individuals’ behaviour reflects utility
maximisation subject to income constraint. From this behaviour the analyst infers the
value individuals pose on the non-market good or service of interest. For example,
analysts can use individuals’ behaviour in the house market to estimate the value of
changes in air quality (non-market service of interest), which is an important attribute
of the marketed good (houses).

Revealed preference techniques can be divided into direct and indirect methods
(Navrud, 2004). Direct revealed preference methods include simulated market
exercises, i.e., constructing a real market for a non-market good. An example of a
revealed preference direct method is based on observed choices in a referendum
exercise, where individuals are offered a fixed quantity of a good at a given price on a
‘yes-no’ basis. Individuals’ choices reveal if the value of the offered good is greater or
less than individuals’ maximum willingness to pay for the offered good. In order to use
the results of this type of referendum exercise to value a good, data on voting behaviour
is needed for different levels of the good at a fixed price or for a fixed level of the good
at different prices. However, in most referendum exercises the voters only vote for or
against one specified price for the provision of one level of the good. Contingent
valuation surveys, discussed below, overcome this problem by simulating referendum
exercises at different levels of prices and good provision®.

Table 3.1 summarises the non-market valuation techniques and their classification.

Table 3.1 Classification of non-market valuation techniques.

Indirect Direct

Household production function approach | Simulated markets
Revealed preferences | ¢ Travel cost method Actual referenda

e Averting costs Market prices

Hedonic price analysis Replacement costs

Choice experiments
e Conjoint analysis
Stated preferences e Contingent ranking Contingent valuation
e Contingent rating

e Pair wise comparisons

Source: Adapted from Navrud (2004) and Freeman (2003).

of these valuation methods refer to Freeman (2003).

3 Navrud (2004) argues that another advantage of contingent valuation surveys over referendum exerci-
ses is that they secure a more representative sample of the population than a referendum (actual referen-
da), “which often have low participation rates and are dominated by better-educated and better-off
citizens” (Navrud, 2004).
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Current thinking regarding the pros and cons of the different individual techniques are
outlined in the sub-section below.

3.3.2 Description of techniques used

Direct techniques
Direct techniques include using market prices and replacement costs. Market prices

are used when there is a physical impact — through a dose-response or exposure-
response function — on the production function of a given market good. In this case, the
physical impact is multiplied by the market price of the affected good to estimate an
economic (use) value of the non-market good. As an example, the impact of air
pollution from electricity generation or transport (non-market good) on crops (market
goods) can be cited. If the crop damage is small enough to avoid changes in relative
market prices, in which case changes in consumer and producer surpluses have to be
taken into account, then the reduction in crop output can be multiplied by the crops’
market price to estimate the impact of air pollution in crop damage. The great
advantage of this method is that it relies on the use of market prices to derive values
rather than having to infer values through indirect means.

The replacement or restoration cost method assumes that the economic cost of a non-
market good can be estimated by the market price of a substitute market good that can
replace or restore the original quantity or quality level of the non-market good. Navrud
(2004) cites that it has been used to estimate economic damages from soil erosion by
using market prices for soil and fertilisers to calculate what it would cost to replace the
lost soils, and also to calculate loss of ecosystem functions. The author argues that this
method estimates arbitrary values that might bear little relationship to true social values
— e.g. individuals’ willingness to pay for the restoration of environmental and cultural
amenities may be more or less than the cost of replacement. Nevertheless, their
advantage is seen as being that they make direct use of market prices.

Indirect revealed preference techniques

These techniques use models of relationships between market goods and the non-
market good of interest, assuming that there is some kind of substitute or
complementary relationship between both goods. Examples of these methods include
the household production model together with the travel cost method, the averting
behaviour method and hedonic price analysis.

The household production function approach investigates changes in consumption of
commodities that are substitutes or complements for the non-market good. The travel
cost method estimates recreational use values through the analysis of travel
expenditures incurred by consumers to enjoy recreational activities The travel
expenditures, participation rates, visitor attributes and information about substitute sites
can be used to infer the demand for recreation and the consumer surplus as the welfare
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measure associated with changes in the environmental attributes of the recreational site.
The travel cost model is based on the recognition that the cost of travelling to a site is
an important component of the full cost of a visit and that there would be variation in
travel costs across any sample of visitors (Freeman, 2003). Travel cost models are very
sensitive to many aspects including to model specification, the choice of functional
forms, treatment of travel time and substitute sites. The quality of estimates generated
by travel cost models depends on how the analyst deals with those issues. However,
travel cost models have the advantage of being relatively cheap to perform when
compared to standard preference methods (described below).

Averting costs, or defensive/preventive expenditures, assumes that individuals spend
money on certain activities that reduce their risks (e.g. impact of pollution, risks of
accidents) and that these activities are pursued to the point where their marginal cost
equals their marginal value of reduced impact. Averting goods related to pollution
include air filters, water purifiers and noise insulation, while averting goods that reduce
risks of death may include seat belts and fire detectors. One criticism of the averting
cost method is that the consumer decides whether or not to buy the averting good
depending on whether his or her marginal benefit is not less than the marginal cost of
purchasing the good. The marginal cost equals the marginal benefit only for the last
person to purchase the averting good; for all other consumers, the willingness to pay
exceeds the marginal cost of a reduction in risks/impacts. Another problem arises when
the averting activity produces joint benefits, such as when it reduces the risk of injury
or property damage as well as the risk of death. As with the replacement cost method,
however, the advantage of the technique is seen as being that it makes direct use of
market prices.

Hedonic price analysis refers to the estimation of implicit prices for individual
attributes of a market commodity when an environmental good or service can be
viewed as attributes of a market commodity, such as properties or wages. The hedonic
price model provides the basis for deriving welfare measures from observed differences
in property prices or wages offered in the job market. The method is based on the
assumption that house characteristics (job characteristics) yielding differences in
attributes across houses (jobs) should be reflected in property value (wage)
differentials. Thus, just as wages are higher in risky occupations to compensate workers
for their increased risks, property values may be lower in polluted areas to compensate
residents for their increased risks. The property market is then used to infer the
willingness to pay to reduce risks or disutility, through a hedonic price function.
However, the hedonic price function is sensitive to the specification and functional
form and a number of econometric issues are generally involved in the estimation of
the value of the desired attribute. It is also a resource intensive exercise to make these
estimates.
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Stated preference is a generic name for a variety of techniques including the
contingent valuation and choice experiments like contingent ranking, contingent choice
and conjoint analysis. In the stated preference approach, researchers pose contingent or
hypothetical questions to respondents, inducing responses that trade-off improvements
in public goods and services for money. From the responses, preferences for the
hypothetical good or the value of changes in provision of the hypothetical good can be
inferred. The hypothetical nature of stated preference is at the same time one major
advantage in regard to other approaches® and, on the other hand, the main argument
against stated preference methods.

Contingent valuation is a survey method in which respondents are asked to state their
preferences in hypothetical or contingent markets, allowing analysts to estimate
demands for goods or services that are not traded in markets. In general, the survey
draws on a sample of individuals who are asked to imagine that there is a market where
they can buy the good or service evaluated. Individuals state their individual
willingness to pay for a change in the provision of the good or service, or their
minimum compensation (willingness to accept) if the change is not carried out. Socio-
economic characteristics of the respondents — gender, age, income, education etc. — and
demographic information are obtained as well. If it can be shown that individuals’
preferences are not stated randomly, but instead vary systematically and are
conditioned by some observable demographic characteristics, then population
information can be used to forecast the aggregate willingness to pay for the good or
service evaluated. The contingent valuation method has been widely used for
estimating environmental benefits in particular.

The literature on the contingent valuation method’s advantages and disadvantages is
large (e.g. Mitchell and Carson, 1989; Bateman et al., 2002). A key problem to resolve
in a contingent valuation study is to make the scenario sufficiently understandable,
clear and meaningful to the respondent, who must understand clearly the changes in
characteristics of the good or service he or she is being asked to value. The mechanism
for providing the good or service must also seem plausible in order to avoid scepticism
that the good or service will be provided, or the changes in characteristics will occur.
However, perhaps the most serious problem related to contingent valuation studies may
be the fact that the method provides hypothetical answers to hypothetical questions,
which means no real payment is undertaken. This fact may induce the respondent to
overlook his or her budget constraint, consequently overestimating his or her stated
willingness to pay. Another criticism refers to the fact that researchers cannot know for
sure that individuals would behave in the same way in a real situation as they do in a
hypothetical exercise.

4 For example, the hypothetical nature of stated preference methods allows the estimation of non-use or
existence value and, consequently, estimates the total economic value of an environmental good or
service.
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Choice experiments (CE) involve introducing a set of hypothetical alternatives, each
presenting a different situation with respect to some environmental amenity and other
characteristics. Respondents are asked to rank the alternatives in order of preference or
to pick the most preferred alternative. The rankings or choices can be analysed to
determine the marginal rate of substitution between any characteristic and the level of
the environmental amenity. If one of the characteristics is a monetary price then it is
possible to compute the respondent’s willingness to pay for the good or service of
interest (Freeman, 2003). Because choice experiments are based on attributes, they
allow the researcher to value attributes as well as situational changes. In the case of
damage to a particular attribute, compensating amounts of other goods (rather than
compensation based on money) can be calculated. An attribute-based approach is
necessary to measure the type or amount of other ‘goods’ that are required for
compensation (Navrud, 2004). This approach can provide more information about a
range of possible alternative policies as well as reduce the sample size needed
compared to contingent valuation. However, survey design issues with the CE approach
are often more complex due to the number of goods that must be described and the
statistical methods that must be employed (Navrud, 2004).

3.3.3 Evaluation of environmental impacts based on preferences revealed in
political negotiations

The impact pathway requires an estimation of the impacts in physical terms and then a
valuation of these impacts based on the preferences of the individuals affected. This
approach has been successfully applied to human health impacts, for example, but in
other areas this approach cannot be fully applied because data on valuation is missing
(acidification and eutrophication of ecosystems) or because estimation of all physical
impacts is limited (global warming).

Therefore and for these cases, a second best approach may be better than having no
data or partial data. Therefore the use of approaches that elicit implicit values in policy
decisions to monetise the impacts of acidification and eutrophication and of global
warming has been explored. Marginal abatement costs would be equal to marginal
damage costs if the emission limits imposed by environmental regulations were
optimal. But policy makers do not know where the social optimum is, to say nothing
about the twists and turns of the political processes that lead to the choice of regulations
in practice. In reality the policy makers need information on damage costs, as provided
by programmes such as ExternE, in order to formulate the environmental regulations.
Therefore using abatement costs as proxy for damage costs begs the question. A
general overview of methods and how they relate is given in Table 3.2.

Nonetheless abatement costs can be a valuable source of information for impacts whose

monetary valuation has not yet been satisfactory or even possible, in particular global
warming. This approach, called standard price or abatement cost approach, has also
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been tried for eutrophication and acidification, but the results for the latter impacts have
not yet been included in the damage costs of ExternE because of problems with the data
linking emissions and affected areas. The abatement cost approach is appropriate to the
extent that the choices of policy makers correctly reflect the underlying values of the
population. For impacts such as eutrophication and acidification, policy makers may
have a better understanding of the values than the general population because they have
the means to become well informed about the nature of the impacts whereas the general
population lacks the necessary knowledge to have a well-informed opinion. Even
though the results of the standard price or abatement cost approach must not be used for
cost-benefit analysis and for environmental regulations, they can be used for comparing
the external costs of different fuel chains, thus providing guidance for energy policy.

Table 3.2 Overview of methods used in ExternE to quantify and value impacts.

Air pollution Global
Public health | Agriculture, buil- | Ecosystems | warming
ding materials

ExternE, “Classical” impact pathway approach
Quantification of | Yes Yes Yes, critical | Yes, partial
impacts loads
Valuation Willingness | market prices Yes, WTP &

to pay (WTP) market prices
Extension: Valuation based on preferences revealed in
Political UN-ECE; Implementing
negotiations NEC Kyoto, EU
Public referenda Swiss

Referenda

Even though the results for eutrophication and acidification have not yet been applied,
it may be instructive to sketch very briefly how they were obtained. A reference
scenario for the emissions of NOy, SO,, NH; and VOC was defined as the expected
emissions in 2010 under business as usual, taking into account the legislation in force
in Europe as of 1998. It is compared with three alternative scenarios for reducing these
emissions: the Gothenburg Protocol, the initial proposal for the National Emission
Ceilings Directive of the EU and the final version in which this directive was accepted.
The abatement costs for reaching each of these three scenarios from the reference are
available from the RAINS model of [IASA. The corresponding damage costs due to the
impacts on health, agricultural crops, building materials and ozone formation have been
calculated by ExternE. The benefits from reduced eutrophication and acidification have
been calculated in physical units, as hectares saved. To derive the monetary value of a
hectare saved, one needs to know what weighting factors the policy makers attached to
the respective impact categories. That was done by an examination of the reasons given
by the texts of the proposed or realised directives, supplemented by a questionnaire for
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policy makers. Combining the weighting factors of the policy makers with the
respective impact categories, one obtains the benefits implicitly assigned by the policy
makers. Since all the benefits except eutrophication and acidification are in monetary
units, the monetary value of the latter follows by setting the sum of all benefits equal to
the abatement cost. Of course, the uncertainties are large.

With regard to CO,, an assessment of the costs for achieving Kyoto targets in the EU
can be interpreted as a proxy for the collective willingness-to-pay in the EU for early
action against global warming. For assessing technologies and fuel cycles in the mid-
long-term, the best estimate is between €5-20/tCO,eq, With the higher range reflecting
the costs if emissions are controlled within Europe. For ExternE a value of €19/tCOy¢q
has been selected. This number is also well below the penalty set in the emission
trading scheme (€40/tCOxq for the first 3 years), which can be seen as an upper limit
for the damage cost. A recent review showed that a value of €19/tCO.q is in the middle
of the wider range of estimates, both from studies and from starting or experimental
CO,-trading schemes (Downing and Watkiss, 2003).

For another data point for CO, the results of referenda on energy taxes in Switzerland
held in year 2000 have been analysed. Under plausible assumptions about the
underlying WTP distribution, the average willingness of the Swiss population to pay
energy taxes per kWh can be estimated. The referenda originally refer to taxes on non-
renewable energy consumption in order to favour renewable energy. The change from
fossil fuels to renewable energy affects mainly direct CO, emissions but not necessarily
other pollutant emissions (e.g. NOx or PM;, emission factors for biomass are
comparable to those for fossil fuels). Therefore it is plausible to account the WTP per
kWh fully to CO; as far as emissions are concerned. The resulting estimates are about
€6 to 9/tCOy¢q for the geometric mean and about €14 to 22tCOyq for the arithmetic
mean, confirming the plausibility of the value chosen by ExternE.

3.4 Benefit Transfer

According to Rosenberger and Loomis (2001), benefit transfer is defined as the
adaptation and use of existing economic information derived for specific sites under
certain resource and policy conditions to new contexts or sites with similar resources
and conditions. Brouwer (1998) defines it as a technique where the results of monetary
(environmental or health) valuation studies, estimated through market based or non-
market based economic valuation techniques, are applied to a new policy context.
Some authors (e.g. Navrud, 2004) prefer the term ‘value transfer’, since in many cases
damage estimates can also be transferred from previous studies (termed study-sites) to
new evaluation contexts (policy-sites).
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Decision-makers often need economic analyses to support decisions among different
policy alternatives. When the relevant economic values and the required resources are
not available for developing new environmental valuation studies, then economic
measures estimated in similar contexts and sites can provide a proxy for the estimates
necessary for decision-making. In other words, benefit transfer is an alternative to fill in
gaps in the availability of information on the preferences of individuals in a country or
region. "Applying previous research findings to similar decision situations is a very
attractive alternative to expensive and time consuming original research to quickly
inform decision makers" (Brouwer, 1998).

3.4.1 Alternative benefit transfer methods

Navrud (2004) defines a typology of the most usual benefit transfer methods,
identifying two main approaches. The unit value transfer approach, which involves the
methods known as simple unit transfer (also known as single-point estimate or average-
value transfer — Rosenberger and Loomis, 2001) and unit transfer with income
adjustment, and the function transfer approach that uses the benefit function transfer
method and meta-analysis (or meta-regression analysis).

Unit value transfer — simple unit transfer

This is the simplest method of transferring economic estimates from one site or context
to another, based on using an estimate from a single relevant study-site or a range of
point estimates if more than one study is considered relevant (average-value transfer).
According to Navrud (2004), it assumes that the well-being experienced by an average
individual at the original study-site will be equivalent to the well-being experienced by
the average individual in the policy-site. Once this assumption holds, analysts can
directly transfer the economic benefit or damage from the study-site to the policy-site.
An alternative procedure, average-value transfer, is based on using a measure of the
central tendency of relevant studies as the transfer estimate for a given policy-site.
Rosenberger and Loomis (2001) argue that average value estimates, however, are no
better than the data they are based on, that is, all of the eventual problems related to the
credibility of any single estimate are also relevant for an average value based on that
estimate. The authors claim that the primary steps to perform a single point estimate
transfer (simple unit transfer) include identifying and quantifying the policy-induced
changes, and locating and transferring a unit value (single estimate or average)
representing the individuals’ welfare measure.

An immediate limitation of this method is that individuals in the policy-site may differ
from individuals at the study-site(s) in terms of socio-economic characteristics —
income, education, religion, for example — that can affect their preferences. Therefore,
Navrud (2004) concludes that the simple unit transfer approach should not be used for
benefit transfer between countries with different income levels and costs of living.
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Unit value transfer — unit transfer with income adjustment

The unit transfer with income adjustment method has been the most used practice for
policy analysis in developing countries since most of the environmental valuation
studies were conducted in developed countries (Navrud, 2004). This method assumes
that the benefit value in the policy-site can be estimated by adjusting the benefit value
in the study-site(s) by the ratio between income levels in both sites and the income
elasticity of demand for the environmental good. Formally:

s
Bp = BS(YPJ (31)

s

Where (B)) is the adjusted policy-site benefit; (By) is the original benefit estimate in the
study-site; (Y,) and (Y;) are the income levels; and () is the income elasticity of
demand for the analysed environmental good.

However, it is argued that most studies assume GDP per capita as proxies for income in
international benefit transfers, and income elasticity of demand equal to one. These
common assumptions do not necessarily hold. Navrud (2004) argues that it is
appropriate to use PPP estimates of per capita GDP, instead of GDP per capita, since
these estimates are adjusted to reflect a comparable amount of goods and services that
could be purchased with the per capita GDP in other country. Also, the author claims
that there is no evidence that welfare measures associated with environmental goods
vary proportionally with income, and sensitivity analyses should assume different
levels of income elasticity of demand. Using an income elasticity equal to one would
change the willingness-to-pay measure in the policy-site proportionally to the relative
per capita income differential across the two areas of study, whilst income elasticity
equal to zero would mean that no adjustment is considered for income differentials
(Davis et al., 1999).

Function transfer — benefit function transfer

Benefit-function transfer involves the use of a willingness-to-pay function, derived in a
study-site preferably using stated or revealed preference techniques, which relates
willingness to pay to a set of characteristics of the study-site population and the
environmental good. That is, benefit function transfers use a model that statistically
relates benefit measures with study factors such as characteristics of the user population
and the resource being evaluated. The transfer process involves adapting the benefit
function to the characteristics and conditions of the policy-site, forecasting a benefit
measure based on this adaptation of the function, and use of the forecast measure for
policy analysis (Rosenberg and Loomis, 2001).

The advantage of benefit function transfer, in contrast with unit value transfer, is that

more information can be taken into account in the transfer process. When transferring a
unit value estimate from a study-site to a policy-site, it is assumed that the two sites are
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identical across the various factors that determine the level of benefits derived in both
sites. However, Rosenberger and Loomis (2001) argue that this is not always the case,
their argument being based on different validity and reliability assessments of unit
value transfers. The invariance involving the transfer of benefit measures alone makes
these transfers insensitive or less robust to significant differences between the study-
site and the policy-site. Therefore, the main advantage of transferring an entire benefit
function to a policy-site is the apparently increased precision of tailoring a benefit
measure to fit the characteristics of the policy-site.

Disadvantages of the method are primarily due to data collection and model
specification in the original study. Navrud (2004) claims that the main problem with
the benefit function approach relates to the exclusion of relevant variables in the
willingness-to-pay function estimated in a single study. For example, when the
estimation is based on observations from a single environmental good, the lack of
variation in some of the independent variables avoids the inclusion of these variables in
the model, and in another policy-site these variables may be important. Indeed,
Rosenberg and Loomis (2001) report that factors in the benefit function may be
relevant to the study-site but not to the policy-site. These factors can have distinct
effects on the tailored benefit measures at a policy-site.

Function transfer — meta-analysis

Meta-analysis is used when the results of many valuation studies, developed in
different study-sites, are used for estimating a single benefit transfer function. It is
defined as the statistical summary of relationships between benefit estimates and
quantifiable characteristics of studies. In meta-analysis, several studies are analysed as
a group and each result of these studies is one observation in a regression analysis. The
data for a meta-analysis are typically summary statistics from study-site reports and
include quantified characteristics of the user population, the study site’s environmental
resources, and the valuation methodology used.

Navrud (2004) claims that meta-analysis allows analysts to evaluate the influence of a
wider range of population and environmental good characteristics, as well as the
modelling assumptions. The resulting regression equations can then be used to predict
an adjusted unit value for the policy-site, given the availability of data on the
independent variables for the policy-site. The meta-analysis regression has the welfare
measure as dependent variable, the environmental good and population characteristics
as independent variables (similar to the benefit function transfer), but also includes
characteristics of the original studies in the study-sites. These characteristics include
methodological variables, such as elicitation format, payment vehicle, and response
rates in case of studies applying stated preference methods. However, the author argues
that methodological variables are not particularly useful in predicting welfare estimates
for environmental goods, especially in international benefit transfer, if we assume
cross-country heterogeneity in preferences for environmental goods. The author
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concludes that, to increase the applicability of meta-analysis for benefit transfer,
analysts should select original studies that are methodologically very similar to each
other, isolating the effects of site and population characteristics on the estimates.

3.4.2 Validity and reliability

Several factors were identified that can affect the reliability and validity of benefit
transfers. Rosenberger and Loomis (2001) summarised these factors:

One group of factors that affects the validity of benefit transfers includes:

o The quality of the original study greatly affects the quality of the benefit transfer
process;

o The limited number of studies investigating a specific environmental good, thus
restricts the pool of estimates and studies from which to draw information;

o The documentation of data collected and reported can be a limitation.

A second group of factors is related to methodological issues. For example:

o Different research methods may have been used across study-sites, including
what question(s) was asked, how it was asked, what was affected by the
management or policy action, how the environmental impacts were measured,
and how these impacts affect recreation use;

o Different statistical methods for estimating models can lead to large differences
in values estimated. This also includes issues such as the overall impact of
model misspecification and choice of functional form;

o There are different types of values that may have been measured in primary
research, including use values and/or passive- or non-use values.

A third group of factors concerns the correspondence between the study site and the

policy site, which arises because

o Some of the existing studies may be based on valuing activities at unique sites
and under unique conditions;

o Characteristics of the study-site and the policy-site may be substantially
different, leading to quite distinct values. This can include differences in quality
changes, site quality, and site location.

A fourth factor is the issue of temporality or stability of data over time. If the

existing studies occurred at different points in time, relevant differences between

then and now may not be identifiable nor measurable based on the available data.

A fifth factor is the spatial dimension between the study-site and the policy-site.

This includes the extent of the implied market, both for the extent and comparability

of the affected populations and the resources impacted between the study-site and

the policy-site.

These factors can lead to bias or error in the benefit transfer process, reducing its
robustness. The objective of the benefit transfer process is to minimise mean square
error between the true value and the predicted or transferred value of impacts at the
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policy-site. However, Rosenberger and Loomis (2001) claim that the original or true
values are themselves approximations and are subject to error. Therefore, any
information transferred from a study-site to a policy-site is accomplished with varying
degrees of confidence in the applicability and precision of the information.

3.4.3 Validity tests

Studies have tested the validity and reliability of different benefit transfer methods and
results have shown that the uncertainty in spatial and temporal benefit transfer can be
large (e.g. Ready et al.,, 2004; Kristoferson and Navrud, 2005). Although no standard
protocol or guidelines for conducting benefit transfer is available, some studies
compare benefit transfer estimates with contingent valuation studies of the same site to
test the validity of benefit transfer. For example, Bergland ef al. (1995), cited in Navrud
(2004), conducted contingent valuation surveys for increased water quality in two
different lakes in Norway, generated benefit functions for each of them, transferred the
benefit function to the other, and then compared the transferred values with the original
contingent valuation estimates. The authors also transferred and compared the mean
(unit) values, since the lakes were rather similar in size and type of pollution problem.
Several tests for transferability were conducted but transferred and original estimates
were statistically different at the 5% level. However, the transfer error’ varied between
20% and 40%, with predicted values being lower in one case (for one of the lakes) and
higher for the other lake.

Ready et al. (2004) measured the benefits for specific health impacts related to air and
water pollution in five European countries using similar contingent valuation surveys.
The authors tested different benefit transfer methods against original contingent-
valuation estimates, finding an average error of 38%. They concluded “accounting for
measurable differences among countries in health status, income and other
demographic measures, either through ad hoc adjustments to the transferred values or
through value transfer function transfer, did not improve transfer performance” (Ready
et al., 2004). It suggests that cultural and attitudinal factors seem to be important in
explaining differences in valuation across countries.

Navrud (2004) cites examples of validity tests performed within countries, across
countries, and between developed and developing countries, and concluded that the
results from these studies show that the uncertainty in value transfer can be large. The
general indication is that benefit transfer cannot replace original studies, especially
when the costs of being wrong are high.

* Defined as the difference between transferred mean WTP and observed mean WTP, as a percentage of
the observed mean WTP.
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3.4.4 Conditions and limitations

Rosenberger and Loomis (2001) argue that some general conditions should be met to
perform benefit transfers.

e The policy context should be carefully defined, identifying:

o The extent, magnitude, and quantification of expected impacts from the
proposed action;
o The population that will be affected by the expected impacts;
o The data needs, including the type of measure (unit, average, marginal value)
and the degree of certainty surrounding the transferred data.
o The study-site data should also meet certain conditions:

o Studies transferred must be based on adequate data, valid economic method, and
correct empirical technique;

o Contain information on the statistical relationship between benefits and socio-
economic characteristics of the affected population;

o Contain information on the statistical relationship between the benefits and
physical/ environmental characteristics of the study site;

e The correspondence between the study-site and the policy-site should have the
characteristics:

o The environmental resource and the change in the quality or quantity of the
resource at the study-site and the resource and expected change at the policy-site
should be similar;

o The markets for the study-site and the policy-site are similar, unless there is
enough useable information provided by the study on own and substitute prices
— other characteristics should be considered, including similarity of
demographic profiles between the two populations and their cultural aspects;

3.5 Discounting
3.5.1 Discount rates

We do not need to rehearse again the rationale for discounting or the reasons for the
continuing debate as to which rate(s) to use in the environmental context. Both are de-
scribed in detail in European Commission (1995) and Friedrich and Bickel (2001).
There are two ways in which a social discount rate can be derived. The first is the
social rate of time preference (also known as the consumption discount rate), which
attempts to measure the rate at which social welfare or utility of consumption falls over
time. The social rate of time preference is given by:

i=z+nxg 3.2)
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where z is the rate of pure time preference (impatience — utility today is perceived
as being better than utility tomorrow), g is the rate of growth of real consumption
per capita, and # is the percentage fall in the additional utility derived from each
percentage increase in consumption (n is referred to as the 'elasticity of the
marginal utility of consumption').

The second reason is that, since capital is productive, a unit of a currency’s worth of
resources now will generate more than one unit of currency’s worth of goods and
services in the future. Hence an entrepreneur is willing to pay more than one unit in the
future to acquire one unit’s worth of these resources now. This argument for
discounting is referred to as the 'private marginal opportunity cost of capital' argument,
and for our purposes can be converted, in theory, to the social marginal opportunity
cost of capital by subtracting external costs of the productive capital and adding the
external benefits. In practice we often assume, for simplicity, that the two are the same.

In the presence of efficient markets and no taxes, the two measures would be equated
by the market rate of interest. In practice the range of individual time preference rates is
large and does not coincide with the rates for the opportunity cost of capital. As
described in the source mentioned above, our solution to this is to suggest a range of
values for the discount rates to be used. Depending on the assumptions made about the
components of the social rate of time preference, values can reasonably be suggested in
a range of 0% - 4.5%. These are set out in the table below

Table 3.3 Social time preference rates.

Pure Rate of Elasticity of Marginal Per Capita Income  Discount Rate
Time Preference  Utility of Consumption Growth Rate
z n g i=z+tn'g
0 0 1.5 0
0 1 1.5 1.5
1.5 1 1.5 3
3 1 1.5 4.5

Values for the social opportunity cost of capital in the EU are generally found to
average about 6%. Combining estimates for the social time preference rates with the
social opportunity cost give a range of recommended discount rates for use in the
ExternE project of:

e Low: 0%
e Central: 3%
e High: 6%
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3.5.2 Theoretical rationale for declining discount rates

Weitzman (1998) points out that, when applying standard discounting methods to long-
term effects, for any reasonable discount rates (above 1 or 2% per annum) what
happens a few centuries from now hardly counts at all. There is therefore an issue as to
what will be the deep-future real interest rates. For any period, the real rate of interest is
determined by the productivity of investment, (the social marginal opportunity cost of
capital referred to above), and for the deep future it is the same. By applying constant
discount rates, economists are implicitly assuming that the productivity of investment
will be the same in the deep future as in the recent past. Weitzman does not see
fundamental reasons why this should not be so. But, the deep future is totally uncertain,
and one of the most uncertain aspects of it is the discount rate itself. It is not the
discount rate that should be probability-averaged over states of the world, but the
discount factor. This makes a huge difference in the deep future, for very large time
periods. Uncertainty about future interest rates provides a strong generic rationale for
using certainty-equivalent social interest rates that decline over time from around
today’s market values down to the smallest imaginable rates for the far-distant future.
This effect does not begin to operate until beyond the range of near future, in which we
can be fairly confident today’s rates will prevail.

His argument, then, is that when there is an uncertain discount rate, the correct discount
rate for a particular time period — the certainty-equivalent discount rate — can be found
by taking the average of the discount factor, rather than the discount rate itself.
Table 3.4 illustrates this. Here, there are ten discount rate scenarios, with each scenario
having an equal probability.

This shows that — in the limit — as the time period considered becomes larger and
approaches infinity, the certainty-equivalent discount rate approximates the lowest
discount rate being considered — in this case 1%. The empirical values given here are
derived from a study by Newell and Pizer (2001), based on uncertainty in relation to
US market interest rates on long-term government bonds using Weitzman's approach.

This profile of a declining discount rate over future time periods is not uncontroversial.
There is, for example, no reason why we need to assume a fall in productivity growth.
There is also no discussion of the social time preference rate. These issues are ripe for
future research efforts. For the time being, we suggest that the range of constant rates
outlined above be used in the first instance, and to use the Weitzman justification for a
declining rate regime. Rounded values of those above would suggest the following: for
about the next 25 years from the present, use a “low-normal” real annual interest rate of
around 3-4%. For the period from about 25 to about 75 years from the present, use a
within-period instantaneous interest rate of around 2%. For the period from about 75 to
about 300 years from the present, use a within-period instantaneous interest rate of
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around 1%. And for more than about 300 years from the present, use a within-period
instantaneous interest rate of around 0%.

Table 3.4 Uncertain discount factors and declining discount rates.

Discount factors in year t

Discount rate 10 50 100 200 500

1% 091 0.61 037 0.14 0.01
2% 0.82 037 0.14 0.02 0.00
3% 0.74 023 0.05 0.00 0.00
4% 0.68 0.14 0.02 0.00 0.00
5% 0.61 0.09 0.01 0.00 0.00
6% 0.56 0.05 0.00 0.00 0.00
7% 0.51 0.03 0.00 0.00 0.00
8% 046 0.02 0.00 0.00 0.00
9% 042 0.01 0.00 0.00 0.00
10% 039 0.01 0.00 0.00 0.00

Certainty-equivalent discount factor 0.61 0.16 0.06 0.02 0.00

Certainty-equivalent discount rate

Newell and Pizer (2001) 4.73% 2.54% 1.61% 1.16% 1.01%
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4 Assessment of Impacts Caused by Emissions to Air, Water and
Soil: The Impact Pathway Approach

4.1 Introduction

In order to calculate the damage costs (= external costs) of polluting activities such as

energy production, one needs to carry out an impact pathway analysis (IPA), tracing the

passage of a pollutant from where it is emitted to the affected receptors (population,
crops, forests, buildings, etc.). As illustrated in Figure 4.1, the principal steps of an IPA
can be grouped as follows:

e Emission: specification of the relevant technologies and pollutants, e.g. kg of
oxides of nitrogen (NOy) per GWh emitted by a power plant at a specific site);

e Dispersion: calculation of increased pollutant concentrations in all affected regions,
e.g. incremental concentration of ozone, using models of atmospheric dispersion
and chemistry for ozone formation due to NOy (this step is also called
environmental fate analysis, especially when it involves more complex pathways
that pass through the food chain);

e Impact: calculation of the dose from the increased concentration, followed by
calculation of impacts (damage in physical units) from this dose, using a dose-
response function, e.g. cases of asthma due to this increase in ozone;

e Cost: economic valuation of these impacts, e.g. multiplication by the cost of a case
of asthma.

The impacts and costs are summed over all receptors of concern. The work involves a
multidisciplinary system analysis, with inputs from engineers, dispersion modellers,
epidemiologists, ecologists and economists.

For many environmental choices one needs to look not only at a particular source of
pollutants, but has to take into account an entire process chain by means of a life cycle
assessment (LCA). For example, a comparison of power generation technologies
involves an analysis of the fuel chain sketched in Figure 4.2. Whether an IPA of a
single source or an LCA of an entire cycle is required, depends on the policy decision
in question. For finding the optimal limit for the emission of NOy from an incinerator,
an IPA is sufficient, but the choice between incineration and landfill of waste involves
an LCA.

In principle the damages and costs for each pollution source in the life cycle should be
evaluated by a site-specific IPA. But in practice almost all LCA has taken the shortcut
of first summing the emissions over all stages and then multiplying the result by site-
independent impact indices. Also, most practitioners of LCA reject the concept of
monetary valuation, preferring instead to use about ten non-monetary indicators of
“potential impact” that are based on expert judgment.
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|
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Figure 4.1 The principal steps of an impact pathway analysis, for the example of air
pollution.

ExternE, however, has been using LCA in combination with IPA (impact pathway
analysis) to get a complete assessment of external costs due to electricity production,
including impacts that occur upstream and downstream of the power plant itself. That
practice requires a modification if the external costs upstream or downstream have
already been completely internalised. Of course, that is not the case at the present time
for most pollutants and in most countries (SO, in Sweden being a good counter
example).

The need to include upstream or downstream impacts in the external cost calculations
arises from the lack of complete internalisation by the current environmental policies. If
an external cost that arises upstream or downstream has already been internalised by an
optimal pollution tax (i.e. a tax equal to the marginal damage) or by tradeable permits
that are auctioned by the government, it should no longer be included — otherwise there
would be double counting when the results are used, for example in a cost-benefit
analysis or to determine the pollution tax for the power plant. On the other hand, for
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external costs that have been internalised by tradeable permits that are free, the residual
damage has not been paid by the polluters and should be included in the analysis.

—> real impacts for each stage (site specific)

Goal: evaluate the entire matrix

Steps of impact pathway analysis [ Emission Dispersion Exposure- Economic
response valuation
? function

Stage of fuel chain \L

Fuel extraction

Fuel transport

Power plant

Transmission of electricity

Management of wastes

Life cycle assessment: first sum over
emijfions
then
Z —> X multiplication by
"potential impact" indices

Figure 4.2 Relation between impact pathway analysis and current practice of most
LCA, illustrated for the example of electricity production. From Spadaro
and Rabl (1999).

And, of course, the contributions upstream or downstream should be indicated
separately, to avoid misuse when the results are used for regulations that concern a
power plant. For example, it would not make sense to tax a power plant for damage
caused by a coal mine in a different country (if all polluters had to pay a tax
corresponding to the full LCA impacts, there would be double taxation).

The reader may wonder about the relation between an IPA and an environmental
impact study (EIS) that is required before a proposed installation (power plant,
incinerator, factory, etc.) can be approved. The purpose of an EIS is to ensure that
nobody is exposed to an unacceptable risk or burden. Since the highest exposures are
imposed in the local zone, it is sufficient for an EIS to focus on a local analysis, up to
perhaps ten km depending on the case. Thus an EIS provides the possibility of a veto if
a proposed installation is considered unacceptable. In contrast the calculation of total
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damage costs requires an [PA where the damages are summed over all affected
receptors (for most air pollutants emitted in Europe that is the entire continent, and for
greenhouse gases it is the entire globe). Damage costs are needed primarily by decision
makers at the national or international level, or generally by anyone concerned with
total impacts.

4.2 Dispersion of Pollutants and Exposure

The principal greenhouse gases, CO,, CHs and N,O, stay in the atmosphere long
enough to mix uniformly over the entire globe. No specific dispersion calculation is
needed but the calculation of impacts is extraordinarily complex, see the documentation
published by the Intergovernmental Panel on Climate Change (IPCC
http://www.ipcc.ch). For most other air pollutants, in particular PM,, (particulate
matter with diameter less than 10 um), NOy and SO,, atmospheric dispersion is
significant over hundreds to thousands of km, so both local and regional effects are
important. ExternE uses therefore a combination of local and regional dispersion
models to account for all significant damages. The main models for the local range
(<50 km from the source) have been the gaussian plume models ISC (Brode and
Wang, 1992) for point sources such as power plants, and ROADPOL for lines sources
(emissions from transport) (Vossiniotis ez al., 1996).

At the regional scale one needs to take into account the chemical reactions that lead to
the transformation of primary pollutants (i.e. the pollutants as they are emitted) to
secondary pollutants, for example the creation of sulphates from SO,. Here ExternE
uses the Windrose Trajectory Model (WTM) (Trukenmiiller and Friedrich, 1995) to
estimate the concentration and deposition of acid species. WTM is a user-configurable
Lagrangian trajectory model, derived from the Harwell Trajectory model (Derwent and
Nodop, 1986). The modelling of ozone is based on the EMEP MSC-W oxidant model
(Simpson et al., 1992; Simpson and Eliassen, 1997). EMEP is the official model used
for policy decisions about transboundary air pollution in Europe.

Several tests have been carried out to confirm the accuracy of the results. For example,
we have checked the consistency between ISC and ROADPOL, and we have compared
the concentrations predicted by WTM with measured data and with calculations of the
EMEP programme.

Whereas only the inhalation dose matters for the classical air pollutants (PM;jo, NOx,
SO, and O3), toxic metals and persistent organic pollutants also affect us through food
and drink. For these a much more complex IPA is required to calculate ingestion doses.
During the NewExt phase of ExternE (see ExternE, 2004) two models were developed
for the assessment of external costs due to the emission of the most toxic metals (As,
Cd, Cr, Hg, Ni and Pb), as well as certain organic pollutants, in particular dioxins. They
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take into account the pathways in Figure 4.3. One of these models (“WATSON”) is a
multi-zonal model that links the regional air quality model of EcoSense to a soil and
water multimedia model of the Mackay level III/IV type. The other model (Spadaro
and Rabl, 2004) is based mostly on transfer factors published by EPA (1998), with
some supplemental data of IAEA (1994 and 2001). These transfer factors account in a
simple manner for the transport of a pollutant between different environmental
compartments, for example the uptake by agricultural crops of a pollutant from the soil.
The uncertainties of these models are large, but at least one has approximate values for
the pollutants of concern here. The results published by ExternE are based on both of
these models.
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Figure 4.3 Pathways taken into account for health impacts of air pollutants. Direct
emissions to soil or water are a special case where the analysis begins at
the respective “soil” and “water” boxes. The impacts from seafood have
not yet been calculated.

We do not yet have all the elements for calculating the dose due to ingestion of
seafood, which is potentially large because of bioconcentration and because most fish
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comes from the ocean rather than freshwater. Even if the concentration increment in the
sea is very small, the collective dose from seafood could be significant if the removal
processes (sedimentation) are slow and the analysis has no cut-off in time.

A general result of this analysis is that, when these pollutants are emitted into the air,
the ingestion dose can be about two orders of magnitude larger than the dose by
inhalation. Because nowadays most food is transported over very large distances, the
total dose does not vary much with the site where these pollutants are emitted into the
air. As far as damages are concerned, one has to note that the same dose can have a
very different effect on the body depending on whether it is inhaled or ingested. Cd, Cr-
VI and Ni, for instance, are according to current knowledge carcinogenic only through
inhalation.

4.3 Dose-Response Functions
4.3.1 General considerations

The dose-response function (DRF) relates the quantity of a pollutant that affects a
receptor (e.g. population) to the physical impact on this receptor (e.g. incremental
number of hospitalisations). In the narrow sense of the term, it should be based on the
dose actually absorbed by a receptor. However, the term dose-response function is
often used in a wider sense where it is formulated directly in terms of the concentration
of a pollutant in the ambient air, accounting implicitly for the absorption of the
pollutant from the air into the body. The functions for air pollutants are typically of the
that kind, and the terms exposure-response function or concentration-response function
(CRF) are often used.

The DRF is a central ingredient in the impact pathway analysis and merits special
attention. A damage can be quantified only if the corresponding DRF is known. Such
functions are available for the impacts on human health, building materials, and crops,
caused by a range of pollutants such as primary and secondary particles (i.e. nitrates,
sulphates), ozone, CO, SO,, NOy, benzene, dioxins, As, Cd, Cr, Ni and Pb. The most
comprehensive reference for health impacts is the IRIS database of EPA
(http://www.epa.gov/iriswebp/iris/index.html). For the application in an IPA, that
information often has to be expressed in somewhat different form, accounting for
additional factors such as the incidence rate. Unfortunately, for many pollutants and
many impacts the DRFs are very uncertain or not even known at all. For most
substances and non-cancer impacts the only available information covers thresholds,
typically the NOAEL (no observed adverse effect level) or LOAEL (lowest observed
adverse effect level). Knowledge of thresholds is not sufficient for quantifying impacts;
it only provides an answer to the question whether or not there is a risk. The principal
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exceptions are carcinogens and the classical air pollutants, for which explicit DRFs are
known (often on the assumption of linearity and no threshold).

By definition a DRF starts at the origin, and in most cases it increases monotonically
with dose, as sketched schematically in Figure 4.4. At very high doses the function may
level off in S-shaped fashion due to saturation, but that case is not of interest here.
DRFs for health are determined from epidemiological studies or from laboratory
studies. Since the latter are mostly limited to animals, the extrapolation to humans
introduces large uncertainties.

A major difficulty for health impacts lies in the fact that one needs relatively high doses
in order to obtain observable non-zero responses unless the sample is very large; such
doses are usually far in excess of typical ambient concentrations in the EU or North
America. Thus there is a serious problem of how to extrapolate from the observed data
towards low doses. Figure 4.4 indicates several possibilities for the case where the
point P corresponds to the lowest dose at which a response has been measured. The
simplest is the linear model, i.e. a straight line from the origin through the observed
data point(s). The available evidence suggests that a dose-response function is unlikely
to go above this straight line in the low dose limit. But the straight line model does
appear to be appropriate in many cases, in particular for many cancers. In fact, most
estimates of cancers due to chemicals or radiation assume this linear behaviour.
Another possibility is the "hockey stick": a straight line down to some threshold, and
zero effect below that threshold. Thresholds occur when an organism has a natural
repair mechanism that can prevent or counteract damage up to a certain limit.

There is even the possibility of a "fertiliser effect" at low doses, as indicated by the
dashed line in Figure 4.4. This can be observed, for example, in the dose-response
functions for the impact of NOy and SO, on crops: a low dose of these pollutants can
increase the crop yield, in other words the damage is negative. Generally a fertiliser
effect can occur with pollutants that provide trace elements needed by an organism.

In practice most DRFs used by ExternE, in particular all the ones for health, are
assumed to be linear (without threshold). Note that for the calculation of incremental
damage costs there is no difference between the linear and the hockey stick function
(with the same slope), if the background concentration is everywhere above this
threshold; only the slope matters. For particles, NOy, SO,, O3 and CO the background
in most countries is above the level where effects are known to occur. Thus the precise
form of the ER function at extremely low doses is irrelevant for these pollutants; if
there is a no-effects threshold, it is below the background concentrations of interest.
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Figure 4.4 Possible behaviour of dose-response functions at low doses. If P is the
lowest dose where a non-zero impact has been observed, the extrapolation
to lower doses is uncertain but values higher than linear are unlikely.

4.3.2 Health Impacts

In terms of costs, health impacts contribute the largest part of the damage estimates of
ExternE. A consensus has been emerging among public health experts that air
pollution, even at current ambient levels, aggravates morbidity (especially respiratory
and cardiovascular diseases) and leads to premature mortality (e.g. Wilson and
Spengler, 1996, or the AIRNET website http://airnet.iras.uu.nl). There is less certainty
about specific causes, but most recent studies have identified fine particles as a prime
culprit; ozone has also been implicated directly. The most important cost comes from
chronic mortality due to particles, calculated on the basis of Pope ef al. (2002) (this
term, chosen by analogy with acute and chronic morbidity impacts, indicates that the
total or long-term effects of pollution on mortality have been included, in contrast to
acute mortality impacts, which are observed within a few days of exposure to
pollution). Another important contribution comes from chronic bronchitis due to
particles (Abbey et al., 1995). In addition there may be significant direct health impacts
of SO,, but for direct impacts of NOy the evidence is less convincing.
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In ExternE the working hypothesis has been to use the DRFs for particles and for Os as
the basis. The health impacts of NOx and SO, are assumed to arise indirectly from the
particulate nature of nitrate and sulphate aerosols, and they are calculated by applying
the particle DRFs to these aerosol concentrations. But the uncertainties are large
because there is insufficient evidence for the effects of the individual components or
characteristics (acidity, solubility, ...) of particulate air pollution. In particular there is a
lack of epidemiological studies of nitrate aerosols because until recently this pollutant
has not been monitored by air pollution monitoring stations. All DRFs for health
impacts have been assumed to be linear at the population level, in view of the lack of
evidence for thresholds at current ambient concentrations. In contrast to the
homogeneous populations of cloned animals studied by toxicologists, the absence of a
no-effect threshold is plausible for real populations because they always contain
individuals with widely differing sensitivities (for example, at any moment about 1% is
within the last nine months of life and thus extremely frail).

4.4 Monetary Valuation
4.4.1 General considerations

The goal of the monetary valuation of damages is to account for all costs, market and
non-market. For example, the valuation of an asthma attack should include not only the
cost of the medical treatment but also the willingness-to-pay (WTP) to avoid the
residual suffering. It turns out that damage costs of air pollution are dominated by non-
market goods, especially mortality. If the WTP for a non-market good has been
determined correctly, it is like a price, consistent with prices paid for market goods.
Economists have developed several tools for determining non-market costs. Of these
tools contingent valuation (CV) has enjoyed increasing popularity in recent years
(Mitchell and Carson, 1989). The results of well conducted studies are considered
sufficiently reliable. However, CV studies are not the only instruments that can be used
for deriving monetary values. There are other valuation methods that can be used in
addition or complementarily.

4.4.2 Mortality

The cost of mortality is usually evaluated by means of the value of a prevented fatality
(VPF), often called "value of statistical life" (VSL), an unfortunate term that often
evokes hostile reactions among non-economists. In reality VPF is merely a shorthand
for “willingness-to-pay (WTP) to avoid the risk of an anonymous premature death”.
WTP (including ability to pay) is limited, even if we feel that the value of life is infinite
— to save an individual in danger, no means are spared. Typical values recommended
for policy decisions in Europe and North America are in the range of €1 to 5 million.
Previous phases of ExternE (see European Commission, 1999a-d; ExternE, 2000) had
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used values around €3 million, chosen as average of the VPF studies that had been
carried out in Europe. More recently ExternE (2004) carried out a new CV study and
lowered the value to €1 million.

But whereas VPF is relevant for accidental deaths, it is not appropriate for air pollution
mortality; the latter is primarily cardio-pulmonary and the associated loss of life
expectancy (LE) per premature death is much shorter than for accidents. Furthermore,
one can show (Rabl, 2003) that the total number of premature deaths due to air
pollution cannot even be determined. One of the reasons is that air pollution cannot be
identified as cause of any individual death; it is only a contributory, not a primary cause
of death. Epidemiological studies of total (as opposed to acute) air pollution mortality
cannot distinguish whether the observed result is due to a few people suffering a large
loss of LE or many suffering a small loss. It is quite plausible that everybody’s life is
shortened to some extent by pollution, in which case every death would be a premature
death due to pollution. Number of deaths is therefore not a meaningful indicator of the
total air pollution mortality (even though several authors who do not understand this
point have published numbers). Rather one has to use loss of LE which is indeed a
meaningful indicator.

For the valuation of LE loss one needs the value of a life year (VOLY). In contrast to
hundreds of VPF studies that have been carried out in many industrialised countries,
VOLY has received little attention until recently. A significant step forward was taken
by Krupnick et al. (2002) who developed a questionnaire specifically for the CV of air
pollution mortality which they have applied in several countries (Canada, Japan and
USA). More recently this questionnaire has also been applied in France, Italy and the
UK (ExternE, 2004). The application in France (Desaigues et al., 2004) involved not
only the original questionnaire of Krupnick ez al. but also the test of several variants, in
particular variants that phrased the elicitation question directly in terms of LE gain
(rather than risk of dying as in the original version), a formulation that is being used for
the valuation work in the current phase of ExternE (the Integrated Project NEEDS). A
crucial point that needs to be explained very carefully in such a questionnaire is that air
pollution mortality does not cut off a few months of misery at the end of life but causes
“accelerated ageing”. Based on the results in France, Italy and the UK, ExtenE is now
using a VOLY of €50,000.

4.5 Software

For the calculation of damage costs ExternE uses the EcoSense software package, an
integrated impact assessment model that combines atmospheric models (WTM and
ISC) with databases for receptors (population, land use, agricultural production,
buildings and materials, etc.), dose-response functions and monetary values.
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In addition there are two tools for simplified approximate assessments: EcoSenseLE
and RiskPoll. EcoSenseLE (Look up Edition) provides tables of typical damage costs
for a variety of emission sites. RiskPoll is a package of several models with different
input requirements and levels of accuracy. It is based on the interpolation of dispersion
calculations by EcoSense and, with its simplest version (the “uniform world model”
described in section 11.2.2), yields results that are typically within a factor of two to
three of detailed EcoSense calculations for stack heights above 50 m. A more complex
model of RiskPoll includes the ISC gaussian plume model for the analysis of local
impacts and emissions at or near ground level. RiskPoll also contains a module for the
multimedia pathways of Figure 4.3.

Information on these software tools can be found at the ExternE website
(http://www.externe.info). EcoSense can be obtained by paying a small handling fee
after signing a license agreement. EcoSenseLE is an online tool at this website, and
RiskPoll can be downloaded without charge or restrictions.

4.6 Calculation of Marginal Damage for Non-linear Impacts

The goal of ExternE is to estimate marginal damage costs because the socially optimal
level of pollution control corresponds to the point where the sum of marginal damage
cost and marginal abatement cost equals zero. However, if this seemingly simple
statement is interpreted carelessly it could lead to absurd policy recommendations for
impacts that are a non-linear function of the emission. To illustrate this problem,
consider Figure 4.5 which shows a pollutant whose damage increases with emission at
low emission levels but decreases again if the emission is high. Such a situation
actually occurs with O3 impacts as a function of one of the precursor emissions, NO
(note that most NOy is emitted as NO). The case of O3 damage due to NO is the most
extreme (complicated even more by the strong dependence of the curve on the other
precursor VOC), but the problem also occurs in milder form with aerosols created by
NO, and SO, emissions.

With a careless interpretation one would find a negative marginal damage (tangent at
the current emission level El), implying that the policy response should be to
encourage even greater emission of this pollutant. Such a policy response would miss
the real optimum at E,,. To provide the correct information to policy makers, one
needs to examine carefully what the marginal damage costs will be used for and how
they should be calculated. In fact, the correct calculation depends on the use of the
results.

Probably the most important use of ExternE is the formulation of policies (e.g.

pollution taxes or tradeable permits) to reduce the emissions to their social optimum.
For this application the key observation is that the optimisation condition (marginal
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damage cost + marginal abatement cost = 0) requires knowledge of these marginal
costs in the vicinity of the optimal emission level. Both the damage cost and the
abatement cost can vary with emission site, and so does the optimal emission level.
Ideally a policy maker should know the entire cost curves for marginal damage and
abatement at each site. In the case of NOy, SO, and VOC the damage costs are
complicated site-dependent functions of not only the pollutant under consideration but
also the simultaneous emission of several other pollutants with due consideration of all
of their respective emission sites. The optimisation requires the solution of the coupled
optimisation equations.
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Figure 4.5 Pollutant whose damage D increases with emission E at low levels but
decreases again if the emission is high. Slope of thick dashed line is the
appropriate marginal damage, i.c. at optimal emission (unknown). Slope
of chord from pre-industrial (Eg, Do) to current (E;, D;) would be a better
estimate of the appropriate marginal damage than the marginal damage at
current emission E;.

A first estimate of something like an ,optimal emission level’ has been estimated for
the years 2010 and 2020 within the so-called CAFE (clean air for Europe) process,
where efficient scenarios for pollution control in the EU have been created by
integrated assessment models, especially by the RAINS model operated by ITASA and
the model MERLIN from IER Stuttgart. These scenarios could be used as background
scenarios.

The optimal NOy emissions are much more uncertain than those for SO,, for several

reasons. Not only is the damage cost due to nitrate aerosols uncertain because of the
lack of information on their toxicity, but the optimum depends also on the damage costs
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due to O3, because the optimisation for NOy involves setting the marginal abatement
cost equal to the total marginal damage cost, not the individual cost components due to
nitrates and ozone. The O3 damage due to NOy depends in turn on the background
emissions of VOC. So far the optimal emission levels for VOC have not been
estimated, and in any case iterations would be needed because of the coupled nature of
the equations.

To conclude, the marginal damage costs of ExternE have to be calculated with
emissions inventories that are much closer to the optimal emission levels than those
that have been used until now. That will have a major effect on the results. Since the
optimal emission levels are not known, the process is iterative. Fortunately there seems
to be a fair amount of tolerance to errors in the determination of the optimal emissions,
as shown by Rabl, Spadaro and van der Zwaan (2005), so even an initial estimation of
the optimum may suffice for the purpose of calculating the damage costs of ExternE.

4.7 The Effect of Uncertainties and Ways to Address Uncertainties

Damage cost estimates are notorious for their large uncertainties (Rabl and Spadaro,
1999), and many people have questioned the usefulness of damage costs. The first reply
to this critique is that even an uncertainty by a factor of three is better than infinite
uncertainty. Second, in many cases the benefits are either so much larger or so much
smaller than the costs that the implication for a decision is clear even in the face of
uncertainty. Third, if policy decisions are made without a significant bias in favour of
either costs or benefits, some of the resulting decisions will err on the side of costs,
others on the side of benefits. Rabl, Spadaro and van der Zwaan (2005) have examined
the consequences of such unbiased errors and found a very reassuring result: the extra
social cost incurred because of uncertain damage costs (compared to the minimal social
cost that one would incur with perfect knowledge) is remarkably small, less than 10 to
20% in most cases even if the damage costs are in error by a factor three. However,
without any knowledge of the damage costs, the extra social cost could be very large.

One possibility to explore the uncertainties in the context of specific decisions is to
carry out sensitivity analyses and to check whether the decision (e.g. implementation of
technology A instead of technology B) changes for different assumptions (e.g. discount
rate, costs per tonne of CO,, valuation of life expectancy loss). It is remarkable that
certain conclusions or choices are robust, i.e. do not change over the whole range of
possible values of external costs. Furthermore, it can be shown that the ranking of
electricity production technologies, for example, with respect to external costs does not
change if assumptions are varied. A further option is to explore how much key values
have to be modified before conclusions change. It can then be discussed whether the
values triggering the change in decision can be considered realistic or probable.

47



The Impact Pathway Approach

A considerable share of uncertainties is not of a scientific nature (data and model
uncertainty) but results from ethical choices (e.g. valuation of lost life years in different
regions of the world) and uncertainty about the future. One approach to reduce the
range of results arising from different assumptions on discount rates, valuation of
mortality, etc. is to reach agreement on (ranges of) key values. Such “conventions for
evaluating external costs”, resulting from discussion of the underlying issues with
relevant social groups or policy makers, would help in narrowing the range of costs
obtained in sensitivity analyses. This would help to make decision making in concrete
situations easier and to focus on the remaining key issues to be solved in a specific
situation.

4.8 Presentation of Results

The multitude of uncertainties described in the previous section makes the presentation
of results a challenging task. ExternE does give estimates of the uncertainty, but
sometimes they are not prominently placed together with the central estimate. Showing
a result together with an explanation of its uncertainty is more difficult than showing a
simple number. Finding the most appropriate way to communicate the uncertainties is
not easy, especially since different users have different information needs.

Furthermore there are gaps in what currently can be quantified. Potentially important
gaps should be reported together with the results. The problem is how to judge which
impacts are potentially important, e.g. might have significant damage costs, and how to
represent them. At the start of the analysis, ExternE used a screening process, analysing
the ubiquity, irreversibility and persistency of a potential impact, and this screening
process should continue. As with any assessment method, there may be other important
impacts that have not yet been recognised as such (and ideal decision-making would
take this eventuality into account).

Following recommendations can be given with respect to the presentation of results in
order to ensure transparency:

e Present not only a single monetary value, but results for different subcategories
(e.g. human health impacts, crop losses; or by pollutant).

e Present not only monetary values but as well physical impacts for important impact
categories (e.g. number of life years lost).

e Carry out sensitivity analyses: present results for alternative assumptions for:
VOLY, CO, damage/abatement cost, CRF for chronic motality (toxicity of primary
and secondary particles).

e Describe gaps in the analysis.
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5 Impact Pathway Approach: Models for Pollutant Dispersion and
Sound Propagation

5.1 Airborne Pollutants

This section draws on the relevant chapters of the 1998 update of the ExternE
methodology report (European Commission, 1999), partly updated and extended by
Bert Droste-Franke.

5.1.1 Introduction

Given increased understanding of the importance of long-range transboundary transport
of airborne pollutants, there was an obvious need in the project for a harmonised
European-wide database supporting the assessment of environmental impacts from air
pollution. In the very beginning of the ExternE Project, work focused on the assessment
of local scale impacts and teams from different countries made use of the data sources
available in each country. Country-specific data sources and grid systems were not
compatible when extending analysis to the European scale, so it was logical to set up a
common European-wide database by using official sources like EUROSTAT and then
making this available to all ExternE teams. The next step was to establish a link
between the database and all the models required for the assessment of external costs to
guarantee a harmonised and standardised implementation of the theoretical
methodological framework. This led to the development of the EcoSense model.

The objectives for the development of EcoSense were:

to provide a tool supporting a standardised calculation of fuel cycle externalities,
to integrate relevant models into a single system,

to provide a comprehensive set of relevant input data for the whole of Europe,
to enable the transparent presentation of intermediate and final results, and

to support easy modification of assumptions for sensitivity analysis.

As health and environmental impact assessment is a field of large uncertainties and
incomplete but rapidly growing understanding of the physical, chemical and biological
mechanisms of action, it was a crucial requirement for the development of the
EcoSense system to allow an easy integration of new scientific findings. As a
consequence, all the calculation modules (except for the ISC-model, see below) are
designed in such a way that they are a model-interpreter rather than a model. Model
specifications such as chemical equations, dose-response functions or monetary values,
for example, are stored in the database and can be modified by the user. This concept
allows easy modification of model parameters and avoids the problems of ‘black box’
systems by allowing the user to track stepwise through the analysis.
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5.1.2 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 metres 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:

e Primary pollutants directly emitted from the stack. These include particulate matter
and sulphur dioxide (SO5);

e Secondary sulphur and nitrogen species formed from the primary emissions of SO,
and NOy. Analysis of these compounds includes modelling the concentration of
secondary particulates 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, is 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 models is typically constrained to within a
distance of 100 km of the source.

In one of our earlier reports (European Commission, 1995) it was estimated that
assessment over a range of 1000 km or more was necessary to capture 80% or more of
the damages linked to emission of NOy, SO,, and fine particles (Figure 5.1). 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 a receptor-orientated Lagrangian trajectory model. The
outputs from the trajectory models include atmospheric concentrations and deposition
of both the emitted species and secondary pollutants formed in the atmosphere. The
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impacts of photochemical formation from primary emissions have to be considered also
on a regional scale. For this analysis a parameterised Lagrangian Ozone model is used.
Alternatively, Eulerian models can be applied directly or in a parameterised form.
Options to use such models on the European level are currently being analysed and will
be considered for future assessments. Due to the modular structure of EcoSense, it is
possible to integrate new dispersion models as they become available.
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Figure 5.1 Percentage of cumulative damage expected with distance from the emission
source.

5.1.3 Scope of the EcoSense model

EcoSense was developed to support the assessment of priority impacts resulting from
the exposure to airborne pollutants, namely impacts on health, crops, building
materials, forests and ecosystems. Although global warming is certainly among the
priority impacts related to air pollution, this impact category is not covered by
EcoSense because of the very different mechanism and global nature of impact. Priority
impacts like occupational or public accidents are not included either because the
quantification of such impacts is based on the evaluation of statistics rather than on
modelling. Version 4.01 of EcoSense covers 14 pollutants, including the ‘classical’
pollutants SO,, NO, particulates, CO and ozone, as well as some of the most important
heavy metals and hydrocarbons, but does not include impacts from radioactive
nuclides. The description in this chapter focuses on the most up-to-date Version 4.01 of
EcoSense designed for the analysis of single energy sources in Europe. Further versions
of EcoSense are operated at IER including versions designed for the analysis of road
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transport and multiple sources such as whole source sectors and countries in Europe
and EcoSense versions transferred to regions outside Central Europe, namely
Brazil/South America, China/Asia, Russia, and Ukraine.

5.1.4 The EcoSense modules

Figure 5.2 shows the modular structure of the EcoSense model. All data — input data,
intermediate and final results — are stored in a relational database system. The two air
quality models integrated in EcoSense are stand-alone linked to the system by pre- and
postprocessors. There are individual executable programs for each of the impact
pathways, which make use of common libraries.
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Figure 5.2 Structure of the EcoSense model

Calculations usually start with modifications of input data in the databases provided by
the model, shown as circles in Figure 5.2. These hold technology and environmental
data for the reference technology, receptor data (reference environment database),
dose-response functions and monetary values applied for the model. In a second step,
air quality modelling is carried out with the models specified by the user before, in a
third step, the impact assessment modules are started in which selected exposure-
response functions are used together with selected monetary values to estimate physical
impacts and damage costs. Effects on human health, crops and materials are assessable.
Finally, the calculated results can be compiled as a ‘readable’ report and a table text
file. The latter is provided in a format which can easily be imported as a table into MS
Excel. Furthermore, individual results can be displayed on a map. Two geographical
structures are used for data processing: for the input of geographical data,
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administrative units down to municipality level for some regions and, for air quality
modelling, (polar-stereographic) grids with maximum resolutions of 10 x 10 km?
(local) and 50 x 50 km? (regional/European-wide).

5.1.5 The air quality models integrated in EcoSense

Local scale modelling of primary pollutants — the Industrial Source Complex
Model

Close to the plant, i.e. at distances of 10-50 km, chemical reactions in the atmosphere
have little influence on the concentrations of primary pollutants, if NO and its oxidised
counterpart NO, can be summarised as NO,. Due to the large emission height on top of
a tall stack, the near surface ambient concentrations of the pollutants at short distances
from the stack are heavily dependent on the vertical mixing 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, the most
economic way of assessing ambient air concentrations of primary pollutants on a local
scale is a model which neglects chemical reactions but is detailed enough in the
description of turbulent diffusion and vertical mixing. A frequently used model, which
meets these requirements, is the Gaussian plume model. The concentration distribution
from a continuous release into the atmosphere is assumed to have a Gaussian shape:

o v (z=h)’ (z+h)’
c(x,y,z) = w270, exp{ 20_);2 } [exp{ 20 }+ exp{ 20 D (5.1)
where:  ¢(x,,z) concentration of pollutant at receptor location (x,y,z)
0 pollutant emission rate (mass per unit time)
u mean wind speed at release height
o, standard deviation of lateral concentration distribution at downwind
) distance x
o, standard deviation of vertical concentration distribution at downwind
distance x
h plume height above terrain

The assumptions embodied in this type of model include those of idealised terrain and
meteorological conditions so that the plume travels with the wind in a straight line.
Dynamic features that affect the dispersion, for example vertical wind shear, are
ignored. These assumptions generally restrict the range of validity of the application of
these models to the region within some 50 km of the source. The straight line
assumption is justified for a statistical evaluation of a long period, where mutual
changes in wind direction cancel each other out, rather than for an evaluation of short
episodes.
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EcoSense employs the Industrial Source Complex Short-term model, version 2
(ISCST2) of the U.S. EPA (Brode and Wang, 1992). The model calculates hourly
concentration values of SO,, NO, and particulate matter for one year at the centre of
each small EUROGRID cell in a 10 x 10 km” grid centred on the site of the plant.
Effects of chemical transformation and deposition are neglected. Annual mean values
are obtained by temporal averaging of the hourly model results.

The oy and o, diffusion parameters are 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 assumes reflection of the plume at the mixing height, i.e. the top of
the atmospheric boundary layer. It also provides a simple 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 as it passes over elevated or depressed terrain.

e The mixing height follows the terrain.

e The effective plume stabilisation height 4, at receptor location (x,y) is given by:

hsrab = h + Zx - min(z‘(x ¥) ’Zx + hv) (52)
where: & plume height, assuming flat terrain
hy height of the stack
Z height above mean sea level of the base of the stack
2 height above mean sea level of terrain at the receptor location

Mean terrain heights for each grid cell are provided by the reference environment
database.

It is the responsibility of the user to provide the meteorological input data. These
include wind direction, wind speed, stability class as well as mixing height, wind
profile exponent, ambient air temperature and vertical temperature gradient.

Regional scale modelling of primary pollutants and acid deposition — the
Windrose Trajectory Model

With increasing distance from the power station, emission plumes are spread vertically
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
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vertically mixed throughout the height of the atmospheric mixing layer. In contrast,
chemical transformations and deposition processes can no longer be neglected on this
regional scale. The most efficient way to assess annual, regional scale pollution is via
models 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 NOy. Both
pollutants cause acid deposition, which has been studied in Western Europe over many
years.

The processes involved in modelling acidic deposition include:

Emission of pollutants;

Dispersion;

Atmospheric transport over regional scales;

Chemical transformations and dry and wet deposition processes.

Several different types of model have been used to investigate acid deposition. These
include Eulerian grid models, Lagrangian trajectory models and statistical models.
These have been discussed in detail by several authors (Johnson, 1983; Eliassen, 1980,
1984; Hough and Eggleton, 1986; Schwartz, 1989). Lagrangian models, such as the
Windrose Trajectory Model incorporated into EcoSense, consider air parcels that 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 that 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).

The Windrose Trajectory Model (WTM) used in EcoSense to estimate the
concentration and deposition of acid species on a regional scale was originally
developed at Harwell Laboratory by Derwent and Nodop (1986) for atmospheric
nitrogen species, and extended to include sulphur species by Derwent, Dollard and
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Metcalfe (1988). The model 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. The results are obtained at each receptor point by
considering the arrival of 24 trajectories weighted by the frequency of the wind in each
15° sector. The trajectory paths are assumed to be along straight lines and are started at
96 hours from the receptor point. The chemical scheme of the model is shown in
Figure 5.3.
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Figure 5.3 Chemical reactions of the sulphur and nitrogen species included in the
Harwell Trajectory Model.

In EcoSense, the model is implemented by means of

e a set of parameters and chemical equations in the EcoSense database which defines
the model,;

e a model interpreter (wmi.exe);

e a sect of meteorological input data (gridded wind roses and precipitation fields) in the
reference environment database;

e cmission inventories for NO,, SO, and ammonia, which are also provided in the
reference environment database;
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e additional emissions of the plant from the reference technology database.

The 1990 meteorological data were provided by the Meteorological Synthesising
Centre-West of EMEP at the Norwegian Meteorological Institute (Hollingsworth,
1987), (Nordeng, 1986). Six-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, receptor specific, the mean annual wind rose (frequency distribution of the wind
per sector), the mean annual wind speed and total annual precipitation. Baseline
emissions of NO,, SO, and NH; for Europe are taken from the 1990 EMEP inventory
(Sandnes and Styve, 1992).

Regional scale modelling of ozone — the Source-Receptor Ozone Model

The EMEP MSC-W’s Lagrangian Ozone model (Simpson, 1992, Simpson, 1993,
Simpson, 1995) has been used to calculate the effects of reducing NOy and VOC
emissions from each country on the concentration levels for a number of countries in
Europe, generating so-called source-receptor blame matrices (Simpson et al.,, 1997).
The regional modelling of ground-level ozone in EcoSense (Source-Receptor Ozone
Model (SROM)) is based on an iteration model from Simpson and Eliassen (1997)
which builds on these matrices.

Based on annual emissions of NOy and NMVOC, the model calculates O3 annual mean
concentrations as well as concentration indicators such as Accumulated Ozone above a
Threshold of 40 ppbV (AOT40) for the growing seasons of crops and forests and
Accumulated Ozone above a Threshold of 60 ppbV (AOT60). The maximal spatial
resolution is restricted by the applied country-to-grid blame matrices. On the source
side the maximal resolution is country-level and on the concentration side about 150 by
150 km”. The applied EMEP 150 grid has the same orientation as the EMEP 50 grid.
Each of its grid cells is composed of nine EMEP 50 grid cells.

In order to be able to take non-linearities in the processes of ozone formation into
account, two background levels are considered, the 1990 background (Base0) and a
reduction in NOy, and NMVOC emissions by 70 percent (Basel). Outgoing from those
levels, matrices for increments (Basel) and decrements (Base0) of 20 and 40 percent
for NOx and 40 percent for NMVOC emissions were estimated by Simpson et al.
(1997) and implemented into SROM.

5.2 Multi-Compartment (air/water/soil) Analysis
In past work of the ExternE project series on external costs of energy, exposures and

resulting impacts through contaminants present only in air were assessed and valued. In
order to perform the external cost assessment in as complete a way as possible, the
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assessment has recently been broadened also to comprise exposures through food and
drinking water. This requires models that also take the media soil and water as well as
food items into account. In contrast to the assessment of purely airborne pollutants,
these models do not only need to consider the environmental fate of a substance, i.c., its
dispersion and transformation in the environment, but also the exposure particularly of
human beings (when assessing human health impacts).

As there are some hundreds or even thousands of substances that may be hazardous, a
prioritisation of the substances to be initially assessed was made. As a result, toxic
substances that are released from power plants should be considered. Of particular
concern are the toxic metals As, Cd, Cr, Hg, Ni and Pb (e.g., French et al. 1998; United
Nations - Economic Commission for Europe 1998) which were consequently selected
for study.

Available models were reviewed (e.g., European Commission, 1996; United States -
Environmental Protection Agency, 1998; Huijbregts et al., 2000; Hertwich et al., 2001;
International Atomic Energy Agency, 2001; McKone and Hertwich, 2001; McKone
and Enoch, 2002; Pennington ef al., 2005) with the conclusion that none of these
models can be used directly for the calculation of external costs. This is because they
do not quantify the total impact of an emitted pollutant but only the impact in a limited
region, over a limited time horizon or on a limited population (the most exposed
subgroup). Since the external cost should take into account the total impact
(expectation value rather than worst case estimate) over all time, all space and the
entire population, these models have to be adapted. However, by suitable modifications
and adaptations two independent models have been developed and applied. One of the
models (the "Uniform World Model”) is based on transfer factors and other parameters
of United States - Environmental Protection Agency (1998), the other (“WATSON”) is
a multi-zonal model that links the regional air quality model of EcoSense (cf. European
Commission 1999) to a soil and water multimedia model of the Mackay level type (cf.
Mackay, 2001). The output of these models is the damage per kg of pollutant or per
kWh, as a function of the site and conditions (for emissions to air: stack height, exhaust
temperature and velocity) of the source.

The goal of this section is to describe these two models that have been developed for
the purpose of assessing a contaminant in the environment and also its exposure via
food and drinking water to humans.

5.2.1 Uniform World Model
The starting point is the observation that, for incremental impacts due to small
(compared to background levels) changes in emissions, the dose-response function

(DRF) can be linearised and the corresponding total damage can be calculated with
equilibrium models (steady state) even though the environment is never in
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equilibrium.® The necessary equations and parameters for the assessment of As, Cd, Cr,
Hg, Ni and Pb are obtained from United States - Environmental Protection Agency
(1998). The model is a generalisation to multimedia of the “uniform world model” for
air pollution of Curtiss and Rabl (1996) and Spadaro (1999); it provides typical results
for a region rather than for a specific site. Nonetheless it can distinguish, by means of
simple correction factors, different kinds of sources such as power plants, industrial
boilers and cars.
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Figure 5.4 Pathways taken into account for health impacts of air pollutants by the
Uniform World Model. Direct emissions to soil or water are a special case
where the analysis begins at the respective “soil” and “water” boxes. In
the present version seafood is not yet included.

We account for the pathways in Figure 5.4. We do not consider dermal contact because
that pathway has been found to be entirely negligible for these metals (e.g. United
States - Environmental Protection Agency, 1998; McKone and Enoch, 2002). Like the
underlying model of United States - Environmental Protection Agency (1998), we do

% However, since some processes for toxic metals involve very long time constants t, we also perform
calculations where such processes are truncated with cut-off times of 30 and 100 years; for that we
reduce the concentrations in the corresponding compartments by a factor 1-exp(-teypof/T)-
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not consider ground water, assuming that on average inflow and outflow of the
pollutant to this compartment are equal. In the same spirit we assume that all drinking
water is taken from surface water rather than groundwater. The resulting drinking water
dose is an upper bound because it does not account for removal processes during the
passage to and from groundwater.

We do not yet have all the elements for calculating the dose due to ingestion of
seafood, which is potentially large because of bioconcentration and because most fish
comes from the ocean rather than freshwater. One would need compartment models of
all the oceans, coupled with data on fish production. Even if the concentration
increment in the sea is very small, the collective dose from seafood could be significant
if the removal processes (sedimentation) are slow and the analysis has no cut-off in
time. The problem of long time constants also haunts the assessment of pathways that
pass through soil. Neither United States Environment Protection Agency (EPA) nor
International Atomic Energy Agency (IAEA) consider the impacts beyond the lifetime
of the emitting installation, typically a few decades. When concerned with total
impacts, two sets of results are regularly computed: one for the totality of the collective
dose, and one for the collective dose incurred during the first 100 years. To allow
valuation of the costs beyond the first generation with a lower intergenerational
discount rate, the fraction of the dose incurred during the first 30 years after an
emission is regularly indicated. The model is fully documented in Spadaro and Rabl
(2004).

5.2.2 WATSON

The second model proposed covers the whole of Europe in a spatially-resolved way. It
is called the integrated WATer and SOil environmental fate, exposure and impact
assessment model of Noxious substances (WATSON) for Europe and is coupled to the
software tool EcoSense.

In order to allow for a bottom-up impact assessment approach that is in agreement with
the impact pathway approach of ExternE, the media soil and water need to be modelled
in a more spatially-resolved way for the whole of Europe. Compared to air, however,
water and especially soils show highly variable properties so that there is quite a
substantial literature on the most appropriate spatial and also temporal resolution at
which these media would best be modelled (e.g. Addiscott, 1998; Becker, 1995;
Hoosbeek and Bryant, 1992; Kirkby et al., 1996; Bloschl, 1996). Models that cover
larger areas than just a catchment with a fair degree of spatial resolution usually operate
on a grid and most often cover the whole globe as global (atmospheric) circulation
models. However, their focus is on the water balance or global biogeochemical cycles
rather than on toxic substances. Although the modelling based on lumped parameters at
larger scales is seen very critically (Becker, 1995), the model to be developed also
needs to be acceptable in terms of computing time and data storage needs as it is meant
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to be a decision-support tool rather than purely serving research purposes. This is
supported by Addiscott (1993) who pointed out that functional models are likely to be
increasingly advantageous also with respect to their performance when the physical
scale of the modelling exercise increases.
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Figure 5.5 Conceptual structure of the environmental fate and exposure assessment of
the WATSON model and its linkage to the air quality model contained in
the EcoSense tool (arrows connecting boxes denote a substance’s
environmental pathway; arrows not connecting boxes indicate ultimate
removal processes from the model’s scope)

As a consequence, the multimedia modelling approach according to Mackay (2001) has
been followed here which is well suited to quantitatively assess average concentrations
of rather persistent substances at the regional scale resulting from highly dispersed and
diffused sources (Cowan et al., 1995). It is based on a mass balance that is formulated
as a set of linear first-order ordinary differential equations. In line with Brandes et al.
(1996), the mass balance is formulated based on concentrations. With the help of
Mackay-type models, usually the steady-state solution is computed which assesses the
situation when no mass change in any modelled compartment occurs due to continuous
release of a substance over longer time periods. The time period until such a steady-
state is reached actually depends on the nature of the substance, particularly its overall
persistence in the modelled environment. Therefore, WATSON offers the opportunity
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not only to calculate a substance’s environmental concentration in water and soil at
steady state (which may serve as an indicator for sustainability if compared to a societal
target value) but also dynamically with variable time steps. In addition, the time to
reach a specified percentage of the steady-state concentration can be computed in order
to get an impression of what time scales one has to deal with under a certain emission
scenario until this ultimate situation occurs. Unlike many existing multimedia models,
WATSON offers the option to switch particular processes on and off according to the
nature of the substance rather than setting parameters to unreasonable values (e.g. for
vapour pressure of metals other than Hg in Guinée et al, 1996) since different
processes are of varying importance for different substances. The processes that are
covered by WATSON can be divided into different types (Table 5.1 also gives the
processes considered).

Table 5.1 Process types and related processes considered in WATSON.

Process type Processes
Transformation® e degradation,
e decay
Exchange
inter-zonal e river discharge
e circulation of large lakes”
intra-zonal Terrestrial environment:

e matrix leaching,

preferential flow,

soil erosion,

overland flow and interflow,
ice melt of glaciers,

harvest removal

Aquatic environment:
sedimentation,
re-suspension,

sediment burial,

diffusive exchange between water and sediments,
removal via catch of fish

Direct and diffuse input

dry and wet atmospheric deposition
e direct releases into water and soil

* irrelevant for the trace elements considered

®if a lake is fully contained in a zone it is already assumed to be fully mixed or homo-
geneous as part of a freshwater compartment according to multimedia modelling
practice.
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One drawback for coupling an air quality model to a multimedia (soil and water) model
could be that it is not fully integrated. This means that the assumed/expected multiple
intermedia exchanges between air on the one hand and soil, water and/or vegetation on
the other of the so-called multimedia organic pollutants for instance may not be
warranted. For the bulk of substances which are not true ‘multi-hop pollutants’
(Klepper and den Hollander, 1999), however, the intermedia exchange (or feedback) is
assessed to be small (Margni et al, 2004). Heavy metals can principally enter the
atmosphere via volatilisation and re-suspension when attached to particles. Apart from
mercury, heavy metals do not have a significant vapour pressure so that volatilisation
can be neglected. Suzuki ef al. (2000) investigated the influence of wind erosion on the
fate of rather persistent organic chemicals with the help of a (fully integrated)
multimedia model. In a sensitivity analysis, they found that this process is negligible.
Therefore, it is assumed here that also for (persistent) heavy metals this process can be
neglected supported by the fact that it mainly occurs on plains in arid to semi-arid
climates with little to no vegetation cover (Scheffer and Schachtschabel, 1989) which
are not widespread in Europe.

It is, therefore, concluded that the coupling of a single-medium air quality model to a
water and soil multimedia type of model is a valid approach for assessing average
environmental concentrations of non-‘multi-feedback’ pollutants at the regional scale.

Environmental fate modelling

As already outlined above, the environmental fate model consists of an existing single-
medium air quality model (the Windrose Trajectory Model WTM) linked to a water
and soil multimedia type of model (‘air model’ and ‘water and soil model’ blocks in
Figure 5.5). The multimedia soil and water environmental fate model divides Europe
into about 3400 zones (see Figure 5.6) according to the HYDRO1k GIS dataset for
basins (EROS Data Centre, 1996; for comparison: the air quality model WTM is based
on the EMEP 50 x 50 km? grid with 6600 terrestrial grid cells in Europe). This dataset
was derived from a digital elevation model on a 1 km” raster. Although it contains
some deviations from the real water pathways over the land surface, it allows a
complete division of Europe into drainage basins. Deviations that had been detected
and considered severe by comparison to the European rivers and catchments database
(ERICA Version, 1998, European Environment Agency Data Service, 1998) as well as
to the Britannica Atlas (Cleveland et al., 1984) were corrected. Each drainage basin
generically consists of different compartments, i.e. soils of different land use (i.e.,
pastures, arable land, non-vegetated areas (e.g. rocks, open cast mining), semi-natural
ecosystems (e.g. forests, heathlands), built-up areas, glaciers) and surface water bodies
with corresponding sediments. Spatially-resolved information on watersheds, land use,
pH and organic carbon content of soils as well as on hydrology were taken from
several, mostly publicly available sources (cf. Global Land Cover Facility, 1996; New
et al., 1999; European Environment Agency, 2000; Global Soil Data Task, 2000;
Lehner and Doll, 2001; Batjes, 2002; D6l et al., 2003). Dependence of the partitioning
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coefficients on pH is included as it is regarded as the single most important parameter
of the partitioning of metals which should at least be considered in human health risk
assessments of metals (Sauvé et al., 2000).

Similar to the Universal World Model described above, no seawater compartment and
corresponding sediment are included at present. Due to marine currents and migrating
animals, there would be a need to model the entire oceanic system on Earth for long-
lived (toxic) substances which in turn are the substances of highest concern. As a
consequence, the modelling framework is as yet not capable of estimating the exposure
due to marine fish consumption which to rather high degrees contributes to exposure to
e.g. methyl-mercury or dioxins (e.g. French er al., 1998; Buckley-Golder, 1999;
Anonymous, 2000).

Innovations towards existing multimedia environmental fate models particularly take
account of the rather persistent nature of the trace elements investigated. In contrast to
organic substances for which particularly the degradation half life in the respective
media is crucial, processes other than chemical transformations that contribute to the
removal of the trace elements out of a compartment had initially been expected and
later confirmed to be most important when assessing human exposure towards these
contaminants. The respective innovations realised are:

e consideration of preferential flow: this is a process that takes into account that
substances in the water phase of soils are not necessarily in equilibrium with the
matrix; these may therefore be preferentially transported to the subsurface;

e compartment-specific soil erosion rates: different land uses show different
resistances towards water soil erosion (cf. crop management factor; Golubev,
1982); this means that persistent substances reside longer in permanently vegetated
pastures for instance than in arable soils with changing crops that show different
degrees of soil cover;

e distinction of streams from lakes as regards their particle dynamics: ordinary
multimedia models assume that any freshwater body at the land surface behaves
like a lake disregarding that, under rapidly flowing conditions, the removal of
substances from the water column is mostly driven by water flow rather than by
sedimentation of particles.

Exposure modelling

The predicted environmental concentrations from the environmental fate module are
used to assess the exposure to living organisms and finally to humans (Figure 5.6
‘exposure model’ bar). There are basically three routes of exposure towards
environmental chemicals which may lead to an impact: inhalation, ingestion and/or
dermal contact. For inhalation, a combined exposure and impact assessment approach
is followed by using exposure-response functions as have been widely applied in the
series of ExternE projects (Friedrich and Bickel, 2001; European Commission, 1999).
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Besides direct exposure via inhalation, the main indirect exposure route is ingestion of
food and drinking water; dermal exposure as the third main route of exposure was left
out in this investigation as this route of exposure to environmental pollutants is of much
less concern compared to occupational exposure and exposure via cosmetic products.
Modelling drinking water exposure for all European residents is a task that nobody has
until now addressed following a detailed site-dependent bottom-up approach that aims
at giving best estimates rather than those based on conservative (reasonable) worst-case
scenarios. This is because it is groundwater that constitutes a major part of the drinking
water resources (Scheidleder et al., 1999). Even at smaller scales there is a failure to
model mass transfers in groundwater aquifers due to lack of information (e.g.
Eggleston and Rojstaczer, 2000). It also appears that groundwater contamination due to
heavy metals for instance is a very localised problem and in the case of heavy metals is
confined to areas with former or present mining activities (Stanners and Bourdeau,
1995). Due to the lack of contamination as well as aquifer information, a modelling
effort would at present result in rather unreliable concentration estimates. Thus,
exposure via drinking water is for the moment not included in the proposed modelling
framework.

The assessment of the exposure via food ingestion is more complex than that via
inhalation. This is because different food chains need to be taken into account. A fairly
simple food chain, for instance, is a plant that is eaten by a cow whose meat in turn is
eaten by human beings. A toxic substance that comes with the plant — the substance
may actually have been taken up via roots or leaves or may just adhere to plant parts —
is distributed between milk, meat, inner organs, or the excrements or urine of the cow.
The situation becomes even more complex when dealing with wild animals and
especially with fish due to the unmanaged food supply. After ingestion by humans
again a distribution between different body parts takes place of which only some
locations are prone to damages by the substance (WHO, 2000).

Since in the present study we focus on heavy metals, the exposure assessment of United
States - Environmental Protection Agency (1998) has been followed similar to UWM.
A further restriction is that not all food-ingestion-related exposure pathways are
included in WATSON at present. In particular exposure via seafood is not considered.
As was argued above, modelling the marine environment almost inevitably brings
about the necessity to extend the geographical scope of the model to the whole globe.
Thus, seafood consumption is as yet not included. Although the exposure assessment
due to ingestion is not exhaustive, exposure via staple food products are to a large
degree considered (i.e., wheat, barley, rye, potato, spinach, beef, cow milk and
products, pork, poultry, eggs).

67



Modlels for Dispersion/Propagation

Figure 5.6 Geographical scope of WATSON-Europe corresponding to the receptor
area of the EcoSense model. Catchments consisting of more than one
region are coloured (derived on the basis of EROS data centre, 1996)

Unlike inhalation and exposure via drinking water, the exposure via food does not only
need to take into account the environmental concentration and the transfer into plants
and/or animals but also the trade of food that contains a substance which causes an
adverse effect. Only the trade within Europe is considered. For this it is assumed that
the food items are equally distributed over the whole European/Asian receptor area of
WATSON (see Figure 5.6) weighted by the stocks or the produced amounts of
livestock and crops, respectively. These are taken from the data already implemented in
EcoSense and supplemented by data taken from FAO statistical database (FAOSTAT,
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2002). This approach is of course a generalisation of the real path of food products or,
on the other hand, of the actual exposure scenario. It is very different from typical risk
assessment frameworks where the conservative ‘subsistence farmer exposure’ scenario
is often used (European Commission, 1996). Allowing for trade rather is in line with
Pennington et al. (2005) who introduced a ‘production-based’ approach where a so-
called intake fraction (e.g. Bennett et al., 2002) assesses the portion of an emission to
which a population will be finally exposed. The intake fraction is, thus, a good measure
on which to base exposure-response functions in order to get representative impact
estimates. It is used by WATSON as an indicator of population exposure. The
WATSON model is fully documented in Bachmann (2006).

5.3 Sound Propagation

Noise is unwanted or damaging sound. It is emitted from almost all stages of all fuel
cycles. It is local in nature — with audible impacts rarely extending more than a few
kilometres from the source. Noise issues are usually considered in detail at the planning
stage. In many, but not all cases, there are abatement measures that can be taken to
reduce noise emissions. These are usually specified to reduce nuisance to nearby
populations to levels considered acceptable for the local environment.

Transport noise has been recognised as a very important issue for a long time. For this
reason, it is well studied and propagation models are available for road, rail and air
transport. As far as fuel cycle external costs are concerned, most attention has been
paid to the potential noise externalities of extensive renewable energy sources in rural
areas, particularly wind turbines, for which some degree of aerodynamic noise is
unavoidable.

The propagation of sound through the atmosphere is well understood at the theoretical
level. Nevertheless, modelling the propagation in concrete applications presents some
practical problems, mainly due to the amount of detailed input data required.

The EC Directive on Environmental Noise and its requirement for member states to
prepare noise maps has increased interest in standardising noise propagation models
across the EU (see e.g. European Commission, 2003).

Quantification of transport noise impacts with the ExternE methodology has been based
on two German semi-empirical standard models. Road noise is modelled using RLS90
(Richtlinien fiir den Larmschutz an Strassen, see Arbeitsausschu3 Immissionschutz an
Strassen, 1990). The model was enhanced to allow the use of more than two vehicle
categories and the respective emission functions, as well as individual vehicle speeds
per category. Noise propagation for rail transport is modelled according to the German
rail noise model Schall03 (Bundesbahn, 1990). For the calculation of impacts, different
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noise indices are calculated: Lacq7.00-19.00), Lacq(19.00-23.00), Laeq3.00-7.000 and Lpen
(composite indicator). Noise levels are calculated as incident sound at the fagade of the
buildings. More information can be found in Bickel ef al. (2003).
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