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Introduction

The Environment Agency of England and Wales (the 'Agency') became operational
on 1st April 1996 as one of Europe's largest and most powerful environmental
protection agencies. It has an extremely broad regulatory remit covering aspects of
flood defence, integrated pollution control, water quality, waste management,
abstraction control, navigation, fisheries, conservation and recreation.

Risk assessment, as a regulatory and management tool plays an essential role in the
targeting and prioritisation of this activity, as well as in aiding site-specific decisions
on authorisations for abstraction, discharge and/or disposal. From a regulatory
perspective, the majority of the Agency's risk assessment activity is focused on
critically reviewing risk assessments submitted to the Agency in support of requests
for authorisation. With increasing calls for openness in all areas of regulatory
decision-making, new demands are being placed on risk assessments with a view to
allowing far more transparency and traceability of 'process' and 'content' than has
historically been the case.

The Agency is responsible for the licensing of radioactive waste disposal facilities in
England and Wales. It has issued guidance on what is expected of an application for
an authorisation to dispose of low and intermediate level radioactive waste to land -
the 'Guidance on Requirements for Authorisation' (the 'GRA') [1]. The 'GRA'
includes a risk target and places a strong emphasis on confidence-building during
the preparation and assessment of post-closure safety cases for such facilities. In
this paper we discuss a recent study commissioned by the Agency which has
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examined the use of the expectation value of risk in assessments and considered
ways of improving transparency. We present some specific issues relating to the use
of a numerical 'expectation value of risk' and suggest how the transparency of risk
assessments aimed at meeting a risk target may be improved, recognising the range
of stakeholders involved.

The Role of Risk Assessment and of a Risk Target in
Determining Applications for Disposal

The GRA covers all aspects of an application for authorisation and includes
'Principles' and 'Requirements' for different stages of the site characterisation,
design and assessment cycle. The Agency recognises that, where appropriate and,
in the context of a specific application, there is scope for additional information to
be provided to developers on individual topics within the GRA, to aid better
definition of the type of material that the Agency would find appropriate and
acceptable in a safety case. It will remain the developer's responsibility to
determine the final form of any application and to decide on what work to undertake
and to report. Any additional information or guidance provided by the Agency must
take account of the developer's responsibility and, therefore, must not be overly
prescriptive.

A risk assessment is likely to form a central part of any post-closure safety case for a
disposal facility. Although basically quantitative, the risk assessment will be
dependent on qualitative assumptions which need to be explicitly stated. In some
cases it will be necessary to explore the effects of varying these assumptions. It will
provide risk estimates that can be used to inform a regulatory judgement about the
safety of the facility alongside other considerations (qualitative judgements
regarding sound science and engineering design, for example). Used in an iterative
mode, the risk assessment can also be a valuable tool for prioritising effort on
research and development for the disposal facility and structuring the content of the
safety case as a whole.

A specific issue arises with adoption of a numerical risk target as a criterion,
alongside others, for a disposal facility once the period of control is withdrawn. The
GRA adopts an individual risk target of 10"6; that is,

'after control is withdrawn from the facility, the assessed radiological risk (of a
serious radiation-induced health effect) to a representative member of the
potentially exposed group at greatest risk should be consistent with a risk target of]
in a million per year'.

Where the Agency is satisfied that good engineering and science have been adopted
by the operator and the estimated risk is below this target, no further reduction in
risk may be sought. If above the target, however, the Agency will need to be
satisfied not only that an appropriate level of safety is assured, but also that any
further improvements in safety could be achieved only at disproportionate cost.
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Although the GRA focuses primarily on the radiological risk to human beings, the
Environment Agency is currently contributing to international research on
potentially harmful effects on organisms other than humans [2].

The Presentation of Numerical Risk Estimates

Risk is a concept that is used in a variety of ways in different contexts and by
different stakeholders in the debate concerning radioactive waste and in the decision
process concerning specific proposals for a disposal facility. As the regulator, the
Agency needs to communicate with all stakeholders, and this entails understanding
the different perceptions of stakeholders as a basis for effective communication.
Moves to improve the transparency of risk assessments that adopt numerical criteria
require a number of approaches to building confidence in the regulatory decision,
including an examination of how assessed risks are presented in relation to the risk
target.

A vast public perception literature exists to guide risk assessors on how such
information may be received by stakeholders and recent experience in the UK
would suggest that we need to look afresh as to how environmental risks are best
framed and articulated. The House of Lords Select Committee on Science and
Technology in its recent review of radioactive waste management in the UK [3] has
provided some useful insights on the use of a risk target, risk perception and risk
aversion:

• Several participants suggested that the use of numerical estimates of risk should
only form part of the risk evaluation and should be treated with caution because
few people have sufficient understanding of what the numbers represent.
Drawing performance parameters together in a single risk estimate might
obscure the significance of a particular element of the overall system which
could be critical to the long-term safety.

• There was debate over the long-term acceptability of the current risk target of
10"*. Some participants believed that 10"6 would continue to be acceptable.
Others expressed the view that as the hazards of life in an industrialised society
have diminished, tolerance of risk, particularly risk associated with technology,
has also diminished. There was also a concern that we do not know what future
generations might regard as an acceptable level of risk.

• Significantly, the Select Committee considered it inadequate to have only a
single numerical risk target for assessing the long-term safety of a repository.
There were concerns that the meaning of the risk target was unclear and that it
did not address aspects such as cumulative releases of radionuclides to the
surface environment; the extent of environmental contamination; or potentially
deleterious effects on organisms other than humans. The Select Committee
recommended that, in any future repository programme in the UK, the current
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UK standards for long-term safety of a deep repository should be revised and
expanded in parallel with progress on repository research and development.

• Evidence relating to risk perception was also presented. Disposal of radioactive
waste was considered to have almost all the negative characteristics as far as
perceived risks are concerned. The risks are not voluntarily accepted at the
level of the individual, the benefits and costs are not seen clearly alongside each
other, the nature of some risks, such as cancer, have a particular dread factor
and the degree of risk is subject to uncertainty to which the public seem to have
a particular aversion. It was however noted in the report that there is
considerable debate over public tolerance or acceptance of different types of
risk.

Overall the Select Committee's report has raised some significant and interesting
issues with regard to use of a risk target and the need for judging the long-term
safety of a repository. The work reported in this paper will aid the Agency's input
to any debate on risk and risk criteria in relation to deep disposal of radioactive
waste.

Estimating and Presenting an Expectation Value of Risk

An important risk paradigm used as a tool for developing understanding of a
disposal system is the mathematical definition of risk as the consequence multiplied
by the probability of occurrence. More formally, the risk R arising from an
exposure to radiation is given by:

R = P(/ /£)( / /£ [1]

HE is the effective dose equivalent (representing a weighted sum of organ and
tissue doses),

y is the probability of a serious detrimental health effect per unit effective
dose equivalent (the dose-risk conversion factor), and

P(HE) is the probability of receiving a dose //£.

In a probabilistic assessment, risk estimation is undertaken many times, with each
'simulation' using a particular set of parameter values sampled from probability
density functions (PDFs) that describe the uncertainties and variabilities in different
parts of the disposal system.

The result of a probabilistic assessment is thus a set, or distribution, of individual
estimates of (H£. For a comparison with a single-value criterion, such as the
individual risk target of 10'6 presented in the GRA, this distribution must itself be
presented as a single value. One way of doing this is to present the arithmetic mean,
or 'expectation value' of the risk. The arithmetic mean of the distribution is a
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measure of risk often specified in regulations. Collapsing the distribution in this
manner, or in any other manner so as to produce a single value, is however
potentially problematical because of the loss of information about the shape of the
distribution. This is especially the case for highly-skewed distributions.

Other measures of the distribution are possible and, in particular, the form of the tail
of the distribution containing the low probability-high consequence events and
processes is of interest to regulators and stakeholders. It is, however, difficult to
specify criteria in generic regulations that would be applicable to the tail of the
distribution in all assessments.

Any risk assessment can only be made transparent by the presentation of the
information used to derive the distribution of (HE, together with a discussion of the
level of confidence that can be attached to the estimated risks. Below, we discuss
aspects of the scope of risk assessments and consideration of group risk and risk
aversion with improved transparency in mind.

Scope of Risk Assessments

A key element in any risk assessment is the definition of the scope of the assessment
in terms of the features, events and processes (FEPs) to be incorporated within the
conceptual models and scenarios used in assessment calculations. The term FEPs is
broad-brush, but 'features' are essentially characteristics of the disposal system
which exist from the outset, 'events' are occurrences which change the behaviour of
the system at a particular time and 'processes' modify the system and/or its
behaviour over a period of time. A variety of approaches have been developed to
provide traceable and transparent documentation of the FEPs accounted for and the
basis for excluding other FEPs. Because of the long time-scales involved and the
spatial scale of the overall disposal system, there will always be uncertainties as to
which FEPs should be included in an assessment. FEPs are potentially subject to
both variability and uncertainty. Two broad types of uncertainty are recognised:

• those uncertainties which clearly apply to the magnitude, scale or extent of the
feature, event or process; and

• those which may or may not apply to the feature, event or process and where,
for events and processes, there may be uncertainty regarding timing as well as
about magnitude.

The first of these has been termed epistemic (related to knowledge) and the second
aleatory (related to chance).

The likelihood of future human actions such as intrusion into a radioactive waste
repository are open to speculation, where PDFs of magnitude and timing are matters
of arbitrary judgement, based on assumptions about future societal behaviour and
loss of information about the site. Extreme natural events and processes (e.g.
seismic events, vulcanism, or meteorite strikes) are likely to be more predictable in
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terms of the relationship between frequency and severity than human actions. The
consequences of human intrusion into a repository could be as great as, or greater
than, those arising from natural events or processes. A single performance
assessment that includes all types of FEP, together with their associated variability
and uncertainty, is liable to produce a distribution where the high-consequence tail
is dominated by FEPs all of which are low probability and stochastic and some of
which may also be speculative. The shape of the high-consequence tail may have a
major effect on the expectation value of risk.

Undue speculation is not an appropriate basis for regulation. This has been
recognised in assessments undertaken for nuclear power stations and for transport
and infrastructure developments. In the former, probabilistic risk assessments are
undertaken for failure of one or more components of the system, including operator
failures in responding to anomalous events. These types of failure are termed
design basis accidents. Separate assessments are undertaken for beyond design
basis accidents which consider a range of extreme events and the extent to which
the design would accommodate them. Such assessments examine, as appropriate,
the frequency and the consequences of the event. If the consequences appear
incompatible with the frequency, steps may be taken to modify the design even
though the event may still be regarded as beyond the design basis. A risk
assessment for a nuclear plant will normally take into account the consequences of
beyond design basis events.

Assessments for infrastructure developments, such as the construction of a new
airport or development of a refinery, are also limited in scope by a maximum
credible accident. Consequence calculations may be performed for other initiating
events or sequences of events, but they are not normally included within an
assessment of risk either to individuals or to society.

It may be beneficial to adopt an analogous approach in risk assessments for a
radioactive waste disposal facility. In order to make progress with the design and
safety case for the facility, including the risk assessment, it may be appropriate to
limit the range of FEPs which are initially taken into account. Low probability or
speculative events and processes for which no data can be derived from site
characterisation or laboratory experiments might be more suitably assessed through
'what-if calculations outside the risk assessment. Transparency might be enhanced
by a wide-ranging debate, involving developer, regulator and other stakeholders,
about the types of low probability or speculative events and processes to be
examined in this way. If there was a consensus view that a particular event or
process of this nature should be given greater emphasis, steps might be taken to
modify the safety case, and possibly the design of the facility. The given event or
process might still not be incorporated in the risk assessment. The developer would
maintain a basis for proceeding, while stakeholders would have the assurance that a
mechanism existed for addressing their concerns in the overall safety case presented
to the regulator.
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Group Risk

Risks to groups rather than individuals are relatively easy to assess for current
populations around proposed development sites. However, over the long time-
scales considered in the assessments of post-closure performance for radioactive
waste disposal sites, the location and composition of population groups grow more
and more uncertain. During the development of a repository, illustrative
assessments of group risks may be useful for comparing alternative designs and
explaining design decisions. By proposing that assessments of collective dose
should be divided into blocks of limited ranges of dose and time, ICRP 77 [4]
suggests an approach that might help make these assessments more transparent.
However, such calculations may not be sufficiently robust for regulatory decision-
making.

Risk Aversion

There is general acceptance that events with greater consequences are only
acceptable at proportionately lower frequency. If strict proportion is maintained,
this implies that the product of the consequences and the frequency should be
constant. Risk aversion would imply that events with greater consequences are only
acceptable at a frequency which is more than proportionately lower. This in turn
would imply a greater than proportionate allocation of resources to reducing the
frequency and/or the consequences of higher consequence events.

One way in which greater consequences can arise from an event is if more people
are injured or killed. Other ways would be more property damage or more
environmental damage. An assessment of a major hazard site may, for example,
show that the risk to any one individual living or working near the site is acceptable,
but that the development is unacceptable because large numbers of people would be
exposed to the risk. This conclusion does not in itself imply risk aversion.

Regulatory regimes in certain other countries, e.g. the Netherlands, do invoke risk
aversion, that is, a greater than proportionate allocation of resources towards higher
consequence events. The extent to which risk aversion is applied, if at all, is a value
judgement. The Agency has considered the merits of an approach involving risk
aversion in the context of radioactive waste disposal, but has provisionally
concluded that there is no basis for adopting such an approach, although it is
continuing to consider the matter.

Conclusions

Recent work commissioned by the Environment Agency has examined the use of
the expectation value of risk in safety assessments for a radioactive waste disposal
facility and has considered ways of improving transparency. Any risk assessment
can only be made transparent by the presentation of the information used to derive
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the distribution of risk ((HE), together with a discussion of the level of confidence
that can be attached to the estimated risks.

The study has concluded that the expectation value is an appropriate measure of risk
for comparison with a single-value criterion, provided that the scope of the
assessment does not involve undue speculation regarding the FEPs to be included.
Low probability or speculative events and processes for which no data can be
derived from site characterisation or laboratory experiments might be more suitably
assessed through 'what-if calculations outside the risk assessment.

Transparency might be enhanced by a wide-ranging debate, involving developer,
regulator and other stakeholders, about the types of low probability or speculative
events and processes to be examined in this way. If there was a consensus view that
a particular event or process of this nature should be given greater emphasis, steps
might be taken to modify the safety case, and possibly the design of the facility.
The developer would maintain a basis for proceeding, while stakeholders would
have the assurance that a mechanism existed for addressing their concerns in the
overall safety case presented to the regulator.

The study also concluded that the uncertainties concerning future populations were
likely to be too great for assessments of group risk to be useful in regulatory
decision-making. Comparative analyses of group risk may however be beneficial in
making and explaining design decisions.
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