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FOREWORD

As an implementation of the IAEA Basis Safety Standards for Radiation
Protection [1] the Agency initiated an expanded programme in 1983 on the
Radiation Protection of the General Public. This sub-programme of the Agency
has three components, namely (1) Limitation of the Releases of Radioactive
Effluents into the Environment, (2) Monitoring for the Radiation Protection of
the General Public, and (3) Application of the Radiation Protection Principles
to the Sources of Potential Exposure.

Under the first component, on the Limitation of Releases the Agency
issued in 1986 a Safety Guide on the Principles for Limiting Releases of
Radioactive Effluents into the Environment, Safety Series 77. This Safety
Guide was the revised version of the earlier issued Safety Series 45. In
addition, the Agency issued in 1985 a Safety Guide, Safety Series 67, on
Assigning a Value for Transboundary Radiation Exposure.

To guide on the applications of the principles for limiting radioactive
releases contained in Safety Series 77, the Agency is in the process of
preparing a number of safety guides. The first one is this present document
which deals with the principles aspects of the methods for the assessment of
the individual and collective dose. Another document which is under
preparation will be a safety guide on the detailed methdologies for the
assessment of individual and collective doses and this document is being
prepared by revising the existing Safety Series 57 on the Generic Models and
Parameters for Assessing the Environmental Transfer of Radionuclides from
Routine Releases. Two safety guides are under preparation on the application
of the principles for limiting radioactive releases to specific cases. The
first one is on the mining and milling of radioactive ores, which is now under
publication. The other one on the nuclear power plants and reprocessing
plants, which is in an advance stage of completion. Another safety guide,
which is under preparation is on the Establishment of Upper Bounds to Doses to
Individuals from Global and Regional Sources. Several other documents are
related to this present document and these are Safety Series Mo. 50-SG-S3 on
the Atmospheric dispersion in Nuclear Power Plant Siting and Safety Series No.
50-SG-S6 on Hydrological Dispersion of Radioactive Material in Relation to
Nuclear Power Plant Siting.



The present document aims at giving a general guidance to those
responsible for establishing programmes for the determination of individual
doses as well as collective doses in connection with licensing a site for a
nuclear installation. This document will be supplemented by a series of
documents on guidance and specific procedures for those responsible for
implementing the programme of dose assessment in the environment.

The document is concerned with the principles applied for calculating
individual and collective doses from routine releases of radionuclides to the
atmosphere and hydrosphere but not releases directly to the geosphere, as in
waste management. These areas will be covered by other Agency publications.

The document has been prepared with the help of two Advisory Group
meetings and Consultants meetings. The final compilation of the document was
the responsibility of Mr. J.U. Ahmed of the Division of Nuclear Safety.

EDITORIAL NOTE

In preparing this material for the press, staff of the International Atomic Energy Agency
have mounted and paginated the original manuscripts and given some attention to presentation.

The views expressed do not necessarily reflect those of the governments of the Member States
or organizations under whose auspices the manuscripts were produced.

The use in this book of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of
their authorities and institutions or of the delimitation of their boundaries.

The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.
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Chapter 1

INTRODUCTION

l.1 General principles of source and individual related dose assessments

A practice involving exposures to radiation usually gives rise to a
distribution of doses, and thus of detriment, and to a distribution of
benefits from the practice. In general these two distributions are quite
different and, therefore, the distribution of benefits can be used to justify
the distribution of detriments only if the risk to each individual is small,
not exceeding levels which could be regarded as acceptable. The dose limits
recommended by the ICRP [11] are intended to ensure this level of protection
even for the most highly exposed individual.

The dose limits, however, are not intended to be values used for design
installations, or for planning operations, but are rather the lower boundary
of a region of unacceptable values in normal circumstances. Values above the
limits are specifically not permitted, but values below the limits are not
automatically permitted. In this sense, the limits are only the constraints
with the overriding consideration that the radiation doses should be kept as
low as reasonably achievable, economic and social factors being taken into
account ("Optimization of protection).

The use of the dose limits as constraints for optimization presents
some conceptual difficulties, especially in the case of general exposures of
members of the public. The dose limit is an individual-related requirement,
while optimization is a source-related requirement. Because the dose limit
applies to the combined exposure from many practices, it cannot be used to
limit a given single practice even when it is more restrictive than results of
optimization. In fact, exposures at the limit from one single practice would
leave no margin for other practices which expose, or could expose the same
critical group.

The problem of overlap of exposures from different practices is not
restricted to any given instant of time. Each year of operation of a
continuing practice can cause exposures which would be delivered in the
future and which would add to the contributions of other years of operation



of the practice. The dose rate resulting from the combined effect of all
such annual discharges will increase, eventually reaching a steady state.
This maximum value of the annual dose from continuing practices could occur
far in the future, and could also be maintained over considerable periods of
time.

For the purpose of constraining optimization of the protection of
specific practices, it seems reasonable, therefore, that national
authorities select "dose upper bounds" which are small fractions of the dose
limit, allowing for the overlap in exposure from various continuing
practices and also reserving some margin for unforeseen future requirements
which otherwise would be precluded.

The limitation of radiation exposures from the operation of specific
nuclear fuel cycle installations therefore involves a combination of
assessments of individual exposures from the installations and the
contribution of individual doses from other sources, usually estimated by
source-related assessments (i.e. calculation of collective exposures).
Beninson [12] has discussed how this can be applied for the limitation of
future radiation exposure from the present operation of the nuclear fuel
cycle. The Agency also discusses some of these problems in its publication
on the principles for setting global dose upper bounds (8).

The limitation of radiation exposure is discussed in more detail in
the Agency's report on principles for limiting releases of radioactive
effluents into the environment [3]. This document is concerned with the
general principles for assessing individual and collective doses, and the
practical guidance will be found in other Agency documents.

As discussed in the IAEA Safety Series report No. 77, [3],
optimization should also be used in establishing the annual limit of
discharge of radioactive materials into the environment in order to keep the
resulting exposures as low as reasonably achievable. Most optimization
techniques require the estimation of the total radiation detriment, which is
generally assumed to be proportional to the collective effective dose
equivalent commitment (defined as the time-integration of the collective
effective dose equivalent rate). Some of the components of the collective
effective dose equivalent commitments may also be needed in the optimization
procedures :

- when very long-lived radionuclides are involved, it is often
assumed that the long-term component of the collective



effective dose equivalent commitment is the same, irrespective
of the form and location of release; it follows that, in that
case, only the incomplete collective effective dose equivalent
commitment needs to be calculated, up to a point in time where
all the site-specific estimates of collective effective dose
equivalent rate have merged.

- the variation with the time of the collective effective dose
equivalent rate may also be needed for releases of long-lived
radionuclides, which may expose populations over long periods
of time, if the question is raised of whether detriment
expressed at future times should be given less, the same, or
more weight than detriment expressed in the near future.

In addition, the distribution of individual doses may also be an
input in the optimization procedures if it is deemed that the cost of
radiation detriment has a component that is a function of the individual
dose.

1.2 Principles of assessing radiation exposure

Schematically, the source-dose relationship can be represented in the
following way.

Table 1.1 Schematic representation of the source-dose relationship

Stage Processes Quantities

Source Transport Annual
Dispersion Releases
Deposition
Sedimentation
Bio-accumulation

Environmental
Environment Food, air and water concentrations

intakes occupancy and radiation levels

Exposure Dose/intake
conversion

Dose Annual dose Collective
to Critical dose
Group commitment

per year of
release



The transfer processes between the source and the environment are
represented by predictive models, each involving a large number of
parameters.

The transfers between the environment and man are also discussed in
the following section where they constitute a common factor between the two
types of assessment. There are three main modes of exposure: external
irradiation, internal irradiation following inhalation and ingestion of
radionuclides.

The end point of the calculation will be the effective dose
equivalent, as this quantity is taken to be proportional to the radiation
risk [5J.

1.2.1 Overview of Environmental Transfer Models

The estimation of doses for the purpose of comparison with upper
bounds is generally based on models and selected parameter values expected
to lead to conservative estimates of actual doses. On the other hand,
optimization needs comparisons based on best estimates, using models and a
data base adapted to provide the expected doses as realistically as
possible. These two purposes of dose assessment therefore need a different
selection of parameter values and in many cases also qualitatively different
models. The methods recommended in chapter 2 and 3 for individual - and
collective dose assessments respectively are intended to cover these two
types of applications.

Radioactive materials released to the environment give rise to
radiation doses to man through a variety of pathways. Representations of
some of these pathways are shown in figures 1.1 and 1.2, relating to
atmospheric and aquatic discharges, respectively. The type of model that
should be used depends on the information required, on the characteristics
of the radionuclide concerned and on the way in which it is released into
the environment. One of the main considerations is whether time-dependent
information is required or whether some form of steady state can be
assumed. Models for use in the latter case are called concentration factor
or equilibrium models while time dependent models are referred to as dynamic
or systems analysis type models. A publication by ICRP [13] discusses these
two types of models and their limitations and strengths when applied to a
variety of different situations.
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Figure 1.1: Schematic representation of exposure pathways following the
release of radionuclides to the atmosphere.

The concentration factor (CF) method is most widely used for
assessing the consequences of planned chronic releases of radioactive
materials. In this method, simple multiplicative coefficients are used to
obtain the concentration of radionuclides at the point of intake by man. In
the general case these coefficients called transfer coefficients,
concentration factors or, in some cases, bioaccumulation factors, are
defined as quotients between time integrals of quantities in different parts
of the system.

In the case of continuous release at a constant rate, and provided
that the environmental conditions governing the transfer processes remain
relatively constant with time (or that they can be adequately characterized
by average parameters), it can be shown that the same transfer coefficients
cover the steady state condition.

This is usually the situation for continuous routine releases, where
for relatively short-lived radionuclides constant relationships can be assumed
between the rate of discharge and the concentration of the radionuclides in
the environment, since the steady state may be reached rapidly.
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Figure 1.2: Schematic representation of exposure pathways following the
release of radionuclides into a water body.

The effective dose equivalent from a given discharge of a single
radionuclide will arise from many exposure pathways which are in series and
in parallel. For pathways in series the total transfer factor of a branch
is the product of the transfer factors involved. The total transfer factor
of several branches in parallel is the sum of the transfer factors of the
branches.
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The assumption of a constant release rate together with the use of
the concentration factor approach should be appropriate, in most cases, for
predicting the average exposure per year. However, if extreme seasonal
variation in the dispersion is combined with a variable release, averaging
over both parameters might lead to significant over-or under-estimation of
the exposure. Care must therefore be taken in choosing representative
values of dispersion parameters when there are know to be significant
fluctuations. Examples of this are seasonal variations in river flow rate
or in prevailing wind directions.

The disadvantage of the CF method is that it does not represent the
time-dependent behaviour of nuclides in environmental materials i.e. their
rate of build-up or removal from the environment following the introduction
or stopping of a practice. This is particularly important for short,
unplanned releases of radionuclides, where control decisions might be based
on the time dependence of the activity of various nuclides in specified
materials. The CF approach may not be applicable in this situation. Also,
when radionuclides from planned releases accumulate in the environment or
persist for long times after their introduction, it may be necessary to
introduce time dependence into the CF approach or to use more complex
time-dependent models.

In summary it is considered that in general the CF method is adequate
for dose assessments following planned releases of radionuclides into the
environment particularly in calculating Derived Limits. If the release can
be assumed to be essentially continuous, the CF type model is adequate, and
due to its relative simplicity probably preferable for the estimation of
transfer through the environment in many cases.

14Some radionuclides such as tritium and C can be uniformly
distributed in the environment. In these cases specific activity models can
also be used, recognizing the limitation of such models [14].

1.2.2. Dose Assessments

In the following sections general discussion on the problem of
calculations of doses from external and internal irradiation pathways are
given. It is placed here as it contains features that are common to both
individual and collective dose assessments.
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1.2.2.1 External irradiation

External irradiation is due to the presence of beta and gamma
emitters in environmental materials (air, water, soil, etc.). Models taking
into account the characteristics of the emitting nuclides and of the source
geometry yield an estimate of the absorbed dose rate in air at the points of
interest. The conversion from absorbed dose rate in air to effective dose
equivalent can then be carried out.

Factors that are of importance in converting the absorbed dose in air
to effective dose equivalent are:

a conversion factor from dose in air to effective dose
equivalent;

shielding from the external radiation by buildings or other
barriers terrain (site specific);

the time spent indoors in a year.

Detailed information and discussion on the different physical
parameters that are of importance for the conversion factor can be found in
[14-20]. The shielding factors for buildings will vary considerably from
place to place depending upon structure of the building, the composition on
the building material and how the activity is depositied inside the building
and on roofs and walls. The time spent indoors per year will also depend on
local factors such as climate as well as on occupation and particular
habits. More information can be found in references [20].

1.2.2.2 Internal Irradiation

Internal irradiation occurs following the intake of radionuclides
into the body, primarily through inhalation or ingestion. It should be
noted that internal irradiation following an intake of radioactive materials
is protracted in time after the intake. The effective dose equivalent per
unit intake by an individual will depend on the metabolism, age and
life-expectancy of the individual as well as the half-life of the
radionuclide concerned. Assessments are not usually carried out for
particular individuals but rather the mean absorbed dose is calculated. For
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this calculation, representative values for the various factors, such as
those related to metabolism, are taken either for complete populations or
for particular subgroups in the population.

A number of factors have to be taken into account in determining the
value of the effective dose equivalent per unit intake of given radionuclide:

i) The retention of the radionuclide in the various organs which is a
function of individual metabolism as well as radioactive decay.

ii) An assessment of the irradiation of individual organs and tissues.
Organs are irradiated both from the radiations resulting from
transformations occurring in the organ itself and from those
occurring in surrounding organs. Irradiated organs are referred to
as target organs and those in which transformations occur are
referred to as source or&ans. The absorbed dose in both target and
source organs depends on the physical properties of the radionuclide
as well as the size and spacing of the various organs.

iii) The absorbed doses in the various organs are converted to the
effective dose equivalent. This procedure involves weighting the
organ doses and application of the appropriate quality factor for the
radiation of interest.

This procedure has been adopted by ICRP [21] to calculate dose
equivalents in organs; approximately 30 organs are considered as source
and/or target organs. The effective dose equivalent is also calculated
according to the definition given in ICRP 26 [11]. ICRP publication 30 and
supplements [21] give effective dose equivalents per unit intake by
inhalation and ingestion for a large number of radionuclides and for an
integration period of 50 years following the time of intake; these are
called committed effective dose equivalents per unit intake.

The committed effective dose equivalents per unit intake given in
ICRP -30 are intended for use in estimating the exposure of adult radiation
workers. In assessing the exposure of the general public account has to be
taken of the age of the exposed population as well as the likely chemical
form of radioactive material in the environment. Due to their smaller body
size, effective doses per unit intake by children are generally greater than
those of adults. This is often counteracted by lower inhalation and
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ingestion rates, the exposure of infants or children can lead to their
receiving higher indiviudal doses than adults. In assessing the exposure of
critical groups the intakes and effective doses per unit intake appropriate
to different ages should ideally be used. This is often not practical and a
suggested approach is to use a correction factor applied to published values
of the Annual Limits of Intake ALIs, for occupational exposure. For
example, the IAEA [4] have suggested using a factor of one hundredth of the
occupational ALI for critical groups involving infants and children.
However, such a factor leads to predictions of exposure which are over
estimates in many cases or which, alternatively in a few cases may be under
- estimates. Such correction factors should therefore be used with caution
and where possible actual effect-ive dose equivalents for the age groups of
interest should be calculated.

In assessing collective doses it is generally adequate to use
effective dose equivalents per unit intake for adults only. Age and sex
differences may affect the accuracy of the commonly used dose conversion
factors provided in ICRP Publication No. 30 [21]. In addition, some
evidence has been reported that the ICRP values may under-estimate the
committed effective dose equivalent to reference man resulting from intake
of several radionuclides [22]. Nonetheless, it is recommended that the
standard ICRP values of dose conversion factors be used, pending
international acceptance of newer scientific data.

The most important intake routes are inhalation and ingestion. For
both these exposure pathways formulas and methods exists for converting the
ground level air concentration or the intake via different foodstuff to an
effective dose equivalent from one year of exposure.

Ingestion rates of various terrestrial and aquatic foods will vary
widely with location depending on the availability of the particular
foodstuff as well as individual preference. It should be noted that
variation within individual countries may be as great, if not greater, as
those observed between geographical regions due to economic or social
factors and residence location. In most countries, Government agencies are
likely to have information on the average intake of the important components
of the diet.
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For estimating individual exposure, higher than average ingestion
rates should preferably be obtained on local basis by means of dietary
surveys. Such surveys should aim to identify the critical group, i.e. the
individuals in the population who as a result of their habits or location
are likely to be representative of those people receiving the highest
radiation expsoures from a given source. In the absence of relevant
information, conservative estimates of ingestion rates should be used for
the assessment of individual doses in the critical group whereas realistic
estimates are required in order to optimize the level of protection.
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Chapter 2

ASSESSMENT OF DOSE TO THE CRITICAL GROUP

2.1 Principles of calculating exposures bo the critical group

As outlined in Chapter 1 radionuclides released into the environment
can potentially lead to the exposure of man to radiation via a number of
pathways. Since the determination of release limits requires the prediction
of future exposures of the public, mathematical models of these pathways are
required to predict the radiation doses following releases of radionuclides
into the environment. These environmental models, which are simplified
mathematical representation of the actual transport, transfer, and exposure
processes, are described in general terms in this Chapter. A significant
fraction of the relevant information has been taken from IAEA Safety Series
Ho. 57 [5].

The actual doses received by members of the public will vary widely
depending on such factors as age, metabolism, dietary and other habits, as
well as on variations in their environment. It is the normal practice in
radiation protection to account for this variability by identifying an
appropriate critical group. The group should be representative of those
individuals in the population expected to receive the highest dose
equivalents from the source of radiation under consideration. It must be
small, enough to be relatively homogeneous with respect to age, diet and
those aspects of behaviour that affect the doses received.

One important quantity to assess, when considering releases into the
environment, is the dose committed in the critical group by one year of
release. The main purpose of these assessments is to ensure compliance with
source upper bounds, as discussed in detail in the IAEA Safety Series
Mo. 77, 1986 [3].

2.2 The Assessment of Exposures from Radionuclides Released to the
Atmosphere

Radionuclides may be released into the atmosphere routinely either as
the result of operations from various types of installations or through the
emanation of gases from radioactive materials in the ground (e.g. radon from
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mill tailings). As the cloud travels downwind the exposed population will
initially be irradiated by two principal routes: external irradiation due
to radioactive materials in the cloud and internal irradiation following
inhalation of such materials. The transfer of material from the cloud to
the ground may result in the further exposure of people by three other
routes: external irradiation by the deposited radioactive materials, the
inhalation of any such material-subsequently resuspended in the atmosphere,
and the transfer of material through the environment to water and foodstuffs
which may be consumed by man.

2.2.1 Atmospheric Transfer Processes

The airborne radionuclides will be transported downwind and dispersed by
the normal atmospheric mixing processes. Radioactive material will be
removed from the plume during its transit by both wet and deposition
processes, which include gravitational settling sorption onto ground and
vegetation, and rainout or washout in precipitation. Figure 2.1 illustrates
several of the relevant concepts.

r -•..-.' '

RAINOUT

WASHOUT
Fig. 2.1 Atmospheric dispersion and removal processes.

The distance over which radionuclides may be transported in the
atmosphere depends on many factors, such as radioactive half-life, the
physical and chemical states of the nuclides, meteorological conditions,
topography, and deposition processes. For many nuclides released in
airborne effluents as particulates the majority of the released material may
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be removed from the plume within a few hundred kilometers, either by
radioactive decay or by deposition processes. For such nuclides only local
and regional exposures need to be considered. For a limited number of
nuclides, because of their inert chemical behaviour, long radioactive
half-life, or rapid exchange between the atmosphere and other sectors of the
environment, a significant fraction of the released material may be much
more widely dispersed. For such.nuclides, especially H, C, Kr

129and I, global population exposure may also need to be considered.
Dispersion models for calculation of local and regional exposures of
critical groups are considered in this chapter, while models for global
dispersion and consequent exposures are discussed in chapter 3.

Material discharged into the atmosphere is transported longitudinally by
the wind and dispersed both laterally and vertically by turbulent
diffusion. Vertical diffusion may be limited by the temperature gradients
in the atmosphere. If an effluent plume is inserted into the atmosphere
where the air temperature is decreasing rapidly with altitude, vertical
diffusion upward is essentially unbounded. However, where the plume is
inserted into an atmosphere where the air temperature is decreasing only
slowly or where the air temperature is increasing with altitude, vertical
diffusion will be confined to a limited layer of atmosphere. Other factors
which effect both lateral and vertical diffusion rates include the
temperature and velocity of the effluent stream, the presence of atmospheric
disturbances, and the effects of topography and man-made structures
[23,24,4,25,26]. In any case it should be kept in mind that large
uncertainties in calculated airborne concentrations will often exist for any
particular location or point in time. At distance beyond a tens of
kilometers, this uncertainty may be as much as one or two orders of
magnitude for the calculated short-term concentrations [21}. However, for
calculated annual concentrations, the uncertainty is in many cases much
smaller, sometimes only by a factor of 2.

There are various models in existence to determine the degree of
atmospheric dispersion and the amount of deposition onto the ground
following releases of radionuclides to the atmosphere. These models are of
varying types and degrees of complexity but the type that has found widest
application, particularly in relation to routine releases, is the gaussian
plume model. Descriptions pf gaussian plume models and values for
associated parameter are given in a number of publications [5,25,28,29].
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The endpoints of atmospheric dispersion models required for critical
group dose assessment are the average concentration of a radionuclide in air
at a point and the total deposition rate of the radionuclide. These two
quantities then form an input to- the calculation of critical group doses
from the various exposure pathways. The most important of these are
external irradiation from material in the air and on ground, internal
irradiation from inhalation of material in the cloud and resuspended from
the ground and internal irradiation from ingestion of contaminated foods.

2.2.2 External irradiation from material in the cloud

As discussed in section 1.2.2.1 the effective dose equivalent from
external irradiation is calculated from the absorbed dose in air taking
account of the shielding afforded by being indoors for part of the time.

Two approaches are available for the estimation of the absorbed dose in
air from a dispersing cloud; those are the semi-infinite and finite cloud
models. The former is only adequate when the radionuclide is uniformly
distributed in the atmosphere or when the photon energy is sufficiently low
that this is a reasonable approximation over the volume of a plume. For
most of the j emitting radionuclides this situation only occurs at several
tens of kilometres from the release or at even greater distances for
releases in particular conditions. For many situations therefore,
particularly close to the release point, a finite cloud model must be used.

The finite cloud model involves simulating the cloud by a number of
small volume sources and integrating over these sources. The integration is
carried out over all space and is evaluated numerically. The evaluation is
extremely complex but it is possible to simplify calculations of critical
group doses by this method by making a number of approximations [30]. If
doses calculated using this procedure approach the dose limit or appropriate
source upper bound then fuller calculations should be undertaken by using
for example the model given in IAEA Safety Series 57 [5] and Ref. [9].

The semi-infinite cloud model is based on the radiation from the cloud
being in radiative equilibrium so that the energy abosrbed by a given volume
element of the cloud equals that emitted by the same element. Near the
ground, however, the radiation source represents only one half of the space,
so that energy absorbed in a given volume element is only one half of the
energy emitted by the same element.
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A modified version of this model can be used to evaluate the beta
irradiation dose to the skin» as beta particles have a range of only a few
meters in air at the point being considered. References should be consulted
for details [5,31,32] .

2.2.3 Internal irradiation following inhalation of material in the cloud

The calculation of the committed effective dose equivalent due to one
year inhalation of material in the cloud only depends upon the
time-integrated activity concentration of ground level air over one year,
the breathing rate and the committed effective dose equivalent per unit
activity inhaled.

2.2.4 Internal irradiation following inhalation of resuspended material

Once radioactive material is deposited on the ground, particles can
become resuspended as a result of disturbances caused by wind or human
activities, for example digging or ploughing.

The application of resuspension models shows that the contribution of
resuspension to the total inhalation exposure of individuals is practically
negligible with the possible exception of some nuclides deposited in
semi-arid environments [5] or of unusual circumstances. Even then it is
only a relevant pathway for materials which are not readily incorporated
into biological systems, e.g. the transuranium elements. Nevertheless it is
a pathway that is included in many analyses, primarily for completeness.
Appendix A contains a discussion of existing resuspension models and gives
illustrative values for such models.

2.2.5 External irradiation from deposited radionuclides

The estimation of the external dose from material deposited onto the
ground is a relatively straightforward procedure and a number of models
exist for this purpose. The simplest way to calculate the dose rate in air
above a contaminated surface is to assume that this is an infinite plane
source with the activity uniformly distributed on the surface. This method
is only appropriate for deposits of radionuclides with a short radioactive
half-life. For longer lived radionuclides it is necessary to model the
migration down through the soil column. A number of models have been
developed to predict this downward movement but the experimental data to
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support the models are limited to a few nuclides and a few soil types.
However, this process is of considerable significance in determining the
external exposure from deposited radionuclides and needs to be taken into
account.

The time variation of the vertical profile of material can be used to
estimate the exposure above the soil surface. A technique that can be used
is to divide the soil column into a number of layers and to calculate the
contribution to the exposure from each [31]. Standard methods are available
to calculate the absorbed dose rate in air from such a distribution. The
absorbed dose in air is then converted to an effective dose equivalent.

Account should also be taken of the shielding afforded by buildings,
occupancy factors etc., when estimating individual doses from this exposure
route [20].

2.2.6 Internal Irradiation Following the Ingestion of Terrestrial Food

The basic principles for calculating the committed effective dose
equivalent from one years intake of food has been discussed in Section
1.2.2.2. A model for the transfer of radionuclides through the terrestrial
foodchain is required to calculate the radionuclide concentration in the
food [33,34,35].

The transfer of radionuclides through the terrestrial environment into
foodchains is complex. Many processes are involved and much depends on the
characteristics of the nuclide and of the particular environment. The more
important processes are illustrated schematically in Figure 2.2.

RADIONUCLIDE DEPOSITUM

Figure 2.2 The major processes for the transfer of radionuclides through
terrestrial foodchains.
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Radionuclides depositing from the atmosphere may be intercepted by the
foliage of vegetation. In general, they are removed from the surfaces of
plans by natural loss processes, such as weathering with a half-life ranging
from a few to several tens of days. Part of the surface deposit may be
abosrbed and transferred to other parts of the plant; this process is known
as translocation and is far more significant for some nuclides, notably
caesium, than for others, for example plutonium. Another important process
by which plants may become contaminated is by absorption from deposits of
radionuclides in soil.

Plants may also become contaminated with radionuclides deposited on the
soil be resuspension processes or by splashing due to rainfall. In
conditions of continous deposition these routes are insignificant compared
with the direct contamination processes from atmosphere. When deposition
ceases they are only important for those nuclides which are relatively
insoluble in soil and hence are not taken up to any extent by the roots,
e.g. plutonium.

Radionuclides are lost from the system by migration down the soil column
and out of the root zone. In some cases long-lived radionuclides in soil
may be modified progressively by biochemical charges in soil and this may
change the extent to which they are absorbed by the plant's root system.
The fixation of caesium by clay particles in some soils is a well known
example of such a process where root uptake is drastically reduced for some
types of soil.

The transfer of radioactivity to animals is another important route
which can lead to the exposure of man. The most well known and studied
pathway is the pasture-cow-milk pathway. This is important where cows graze
a large surface area and hence have a substantial intake of deposited
material. The transfer of radionuclides from pasture grass or other fodder
crops to various types of livestock and hence to human meat supplies can
also be an important exposure pathway, particularly when the livestock graze
pasture. Other pathways have been found to be important in some countries,
for example the lichen-reindeer pathway in sub-artic regions. The most
important route of intake of radionucides is by the consumption of
contaminated grass or fodder. Other possible routes of intake are from
contaminated water supplies, by inhalation of radionuclides in the
atmosphere and by the inadvertent consumption of contaminated soil. In
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general, none of these routes of intake are important compared with the
direct ingestion of radionucildes in fodder particularly when continous
depostion is taking place. Inhalation is only likely to be significant for
those nuclides whose transfer across the gut of an animal is small. The
inadvertent consumption of soi may become important after deposition has
ceased but only for those radionuclides which are inefficiently taken up
from the soil by the plants roots.

2.3. The assessment of exposures from radionuclides released to the
aquatic environment

Radionuclides may be released into the aquatic environment either
directly, by routine discharges to a water body, or indirectly due to the
movement of radionuclides from other parts of the environment. Once
released to the aquatic environment radioactive material will be transported
and dispersed by advective and turbulent processes occuring in the receiving
water body. The magnitude of these processes is strongly dependent on the
type of water body concerned and on the use man makes of the water in terms
of drinking water, harvest of aquatic foods, and recreational activities,
the radiological impact of discharges of raionuclides to the aquatic
environment will therefore vary markeldy with the type and use made of the
receiving water body (e.g. lake, river, sea). Interactions with susupended
matter and sidements are important physico-chemical processes which affect
the transport of radionuclides in the aquatic environment and under some
circumstances interaction with biota may also provide a transport
mechanism. There are many models that have been developed for modelling
aquatic transport. However most of these have been developed for some
specific place such as a particular river system or estuary. It is not
possible to have a general model to predict the transfer of radionuclides
released to the aquatic envrionment as is possible for releases to
atmosphere.

As discussed chapter 1 radionuclides released into the aquatic
environment may lead to the exposure of man by various routes. The three
main ones are ingestion of drinking water, ingestion of contaminated aquatic
foodstuffs, and external irradiation from radionuclides deposited on the
shoreline. In some locations the use of water to irrigate agriculatural
land may also be important. Other possible exposure routes include
inhalation of sea-spray or resuspended material, and external irradiation
while swimming or handling fishing gear.
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2.3.1 Models for the dispersion of radionuclides in water bodies

The models used to estimate the transport and diffusion of radionuclides
released to the aquatic environment are very dependent on the
characteristics of the receiving water body. This dependence reflects the
boundary conditions imposed on the dispersion process due to constraints
introduced by the geometry of the water body. For example, in a river
channel the cross current and vertical dispersion are limited while for a
lake or ocean site the cross current dispersion is largely unlimited. A
number of hydrological dispersion models for various types of water body
have been postulated by the US Nuclear Regulatory Commission (USNRC) [36],
Other available models have been reviewed by Hoffman et al [37], IAEA
Safety Series no. 57 describes relatively simple models for the dispersion
of radionuclides into various water bodies [5]. Four types of water body
are considered: rivers, lakes, estuaries and coastal sers. These categories
tend to merge together and in particular, there is no clear interface
between estuaries and the sea. The USNRC models and those given in Safety
series 57 do not include losses of material due to sedimentation or through
interaction with biological materials. These are potentially important
processes, particularly losses due to sedimentation and a simple model for
this is given in Safety Series 57. UNSCEAR [20] also discuss a simple model
for dispersion in isolated water bodies which includes losses due to
sedimentation processes. A detailed review of models for dispersion of
radionuclides in water bodies may also be found in IAEA Safety Guide S6
[6]. This report describes models of varying degrees of complexity for
dispersion in the different types of water body.

2.3.2 Internal Irradiation due to Consumption of Drinking Water.

The committed effective dose equivalent from one year of intake by
ingestion of dirinking water is calculated as the product of the
radionuclide concentration in the water, the water intake rate and the
effective dose equivalent per unit intake by ingestion. One should keep in
mind that the intake rates in a critical group will be different for
different age groups.

In principle it is necessary to allow for any decontamination by water
treatment processes; the effect of this will vary with the physico-chemical
processes employed in treating the water and the nuclide concerned [38].
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Also it may be necessary to allow for radioactive decay during the time that
water is stored or transported to the point of consumption; water is often
stored in reservoirs for as long as several months before use. In some
circumstances desalinated sea water may be used as drinking water and the
effective decontamination by the desalination process may be much greater
than that produced by fresh water treatment. In practice decontamination
losses are often ignored leading to a conservative estimate of the critical
group dose from this pathway.

2.3.3 Internal irradiation due to consumption of aquatic foods

The effective dose equivalent from the consumption of aquatic foods is
calculated using equation 1.3 with suitable values for the intake rate of
the food of interest and the committed effective dose equivalent per unit
intake by ingestion as mentioned in Chapter 1. The activity concentration
in the aquatic food is obtained from the concentration in water.

Radionuclides may be incoprorated into the tissues of aquatic biota
following ingestion, absorption or adsorption from the water. The transfer
to aquatic biota is generallly estimated by use of concentration factors,
also called bio-accumulation factors, between the water and the relevant
organism.

The use of bio-accumulation factors is valid only when a steady-state
distribution exists between all relevant parts of the aquatic environment
(e.g. the water, sediments, the aquatic food web, and the biota). The
bio-accumulation factor is quite variable with values ranging over several
orders of magnitude in some cases for a given radionuclide and organism
[39]. This variation is due to a number of factors including the
composition of the water, sediment water interactions, the chemical state of
the released radionuclides, and the characteristics of the aquatic
organism. In addition, bio-accumulation factors are determined in a number
of ways which may be one reason for the wide range of values reported in the
literature.

Compilations of values for bio-accumulation factors for a wide range of
nuclides in a variety of different species are available [40,41], IAEA
Safety Series 57 [5] also gives a compilation of bio-accumulation factors.
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Caution should be used on whether the bio-accumulation factors apply to
the whole plant or animal, or only to its edible part. When the
bioaccumulation factors apply to the whole plant or animal it is also
necessary to consider the fraction of the organism which is edible. The
edible fractions vary for the different fresh water and marine flora and
fauna.

2.3.4 Ingestion of terrestrial foods contaminated with radionuclides from
water

Radionuclides in water may be transferred to terrestrial foodchains
through animals drinking water and through the irrigation of pasture and
food crops. The steps involved in the calculation of the dose to the
critical group from these pathways are, first to calculate the concentation
in the relevant foods and then to calculate the ingestion dose using
equation 1.3 as discussed in chapter 1. The form of model used to calculate
the concentration of radionuclides in terrestrial foods from the water
pathway is the same as for release to atmosphere.

An important route by which activity can reach man from irrigation is by
spray irrigation, particularly of cultivated crops. The form of model used
to assess this is the same as that used for any other deposition process.
However, because of the size of the water droplets and the intensity of
application the fraction deposited on the external surface of vegetation may
be substantially lower than for deposition from atmosphere [42,43].

2.3.5 Internal irradiation following inhalation of radionuclides with
aquatic origins

Inhalation of airborne activity may occur following releases to the
aquatic environment. This could arise either from the resuspension of
contaminated sediment particles or due to the transfer of radionuclides from
the sea surface by sae-spray [44,45]. The extent to which radionuclides
will be transferred via sea-spray depends on the particular nuclide and the
circumstances prevailing at the site of interest. This pathway has been
investigated along the North-West Coast of England [45]. In general,
inhalation is not an important exposure pathway following releases of
radionuclides to the aquactic environment.
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2.3.6 External irradiation

External irradiation from contaminated sediments on tidal flats and
along river banks can be an important exposure pathway for some individuals
[46,47,48]. Other possible external irradiation pathways can occur for
example while handling fishing gear, swimming or boating. In each case
account has to be taken of the occupancy factor for the location and
activity of concern. As an input to the assessment of exposure it is
necessary to know the activity concentration in water or the activity
concentrations in sediment as appropriate.

Occupancy times characteristic of critical groups at the site of
interest should be used where possible but for a preliminary assessment or
where data are not available, default values have been suggested in Safety
Series 57 [5].



Chapter 3

ASSESSMENT OF COLLECTIVE DOSE

3 . 1 The concept of collective dose

The collective dose (S) is the product of the number of individuals
exposed and of their average radiation dose. For the purposes of radiation
protection, "radiation dose" is usually taken to be the effective dose
equivalent (H ) as defined by the International Commission on Radiologicalc»
Protection (ICRP). The unit of the collective dose is then the man.sievert
(man.Sv). Assessments of collective dose may be used as an input to assess
the justification of a practice considered (in this case, the normal operation
of nuclear installations) or to optimize the level of protection to be applied
in order to keep the exposures as low as reasonably achievable.

Since the collective dose estimates may be used to justify the practice
considered or to optimize the level of protection to be applied in order to
keep the exposures as low as reasonably achievable, the results have to be as
accurate as possible. As a consequence, the values chosen for the various
parameters used in the models should be realistic. This is different from the
practice recommended for the individual dose assessments, in which it is
advised to adopt conservative values in order to guarantee a certain margin of
safety to protect the individual.

Where there is a spectrum of doses over a population, from a given
source, the collective effective dose equivalent is the weighted product of
the effective dose equivalent from that source and the number of individuals
in the exposed population. In this document, collective dose will be used to
mean collective effective dose equivalent unless otherwise indicated. In
integral form the collective dose is given by:

S o f H N(H ) d H (3.1)

where H(H )dH is the number of individuals receiving an effective dose
E K

equivalent between H and H +dH from the given source.ES E ££

In practice, a simpler summation formula is often used which represents
the addition of individual doses in groups of the population. This is given by
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S = l N. H. (3.2)i i

where H. is the average of per caput dose in a population group i, and N.
is the number of people in the group. The summation is over all groups i.
Whichever formulation is used, the collective dose is an extensive quantity:
in other words, various components of the collective dose can be added
together in a way that individual doses cannot.

In some cases, the exposure of the population is delivered at a varying
rate over a period. In these cases it is convenient to define a collective
dose rate (collective effective dose equivalent rate at time t), S (t), as

K
the weighted product of effective dose equivalent rate due to the source and
number of individuals in the population:

S = l HE N(Hg) d Hg (3.3)

The assessment of the collective dose rate is obtained by including in
the population under consideration all individuals receiving a dose from the
given source. As the summation or integral remains unchanged if the
population is made arbitrarily larger than the actual exposed group by adding
unexposed persons, it is convenient for the purpose of assessing the total
collective effective dose equivalent, or the total collective effective dose
equivalent rate, from a source, to specify the population as the world
population. This specification is not necessary if the exposed group is small
and well defined, and every exposed individual can be accounted for.

In order to have a measure of the total exposure of the population,
caused by a given source, the collective dose commitment (collective effective

çdose equivalent commitment) is used. The collective dose commitment, S due
to a given source is defined as the infinite time-integral of the collective
effective dose equivalent rate, S (t), caused by that source. It is a measure
of the total detriment to health (as a first approximation) from the exposures
that result from that source. It may be expressed as:

SC = J S (t) dt (3.4)
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3.2 Methods for calculating collective doses

Collective doses can be calculated according to two types of methods:

- by summation, over space and time, of the individual dose rates obtained
in the individual-related assessments. A schematic representation of
this method for atmospheric and liquid discharges is shown in Fig. 3.1
<a> and 3.1 (b).

- through the use of models specifically devised to estimate collective
doses. A schemeatic representation of this method is shwon in Fig. 3.2
(a) and 3.2 (b).

In addition, there are models of an intermediate type which incorporate
various aspects of the two methods.

The procedures for implementing the summation method are straightforward
but, in practice, they may be cumbersome for large population groups, if no
simplifying assumptions are used. In general the method uses mathematical
models to assess dispersion in the environment, along with transfer and
bioaccumulation pathways, to give concentrations as a function of distance and
time.

Models using the summation method are commonly used to assess as
realistic as possible the local and regional contribution to the collective
effective dose equivalent commitment from environmental releaes. Further
information of this method can be found in [9,49].

The second method assumes complete deposition of discharged activity up
to a distance which does not need to be specified. The utilization of the
environment by an individual coupled with average population density would
lead to collective dose assessment through inhalation and external pathways.
In case of ingestion, entire contaminated food materials is assumed to have
been consumed by the regional population. Although this method is elegant and
simple for computation, it uses average as well as constant transfer
parameters throughout the depositional area, and thus would not give any
indication of the distribution of collective dose. Such models have been
developed for both local, regional and global assessment. The local and
regional models are to a large extent site-independent and make use of average
global values for most of their parameters. They may be used as screening

33



DISCHARGE

Dispersion model

AIR CONCENTRATION

Meteorological data

TIME INTEGRATED CONCENTRATIONS,
DEPOSITION RATES AND EXTERNAL IRRADIATION,

IN SECTORS

DOSIMETRY

INDIVIDUAL DOSES FROM
EXTERNAL IRRADIATION
AND INHALATION,
IN SECTORS

Environmental transfer
and bioaccumulation data

RADIONUCLIDES IN FOODSTUFFS,
IN SECTORS

Agricultural
production data

Population
data

COLLECTIVE INTAKE
INGESTION

COLLECTIVE DOSES FROM
EXTERNAL IRRADIATION
AND INHALATION

Dosimetry

COLLECTIVE DOSES
FROM INGESTION

TOTAL COLLECTIVE
DOSE

Fig. 3.1(a) Schematic diagram for the summation method atmospheric discharge

34



LIQUID DISCHARGE
DATA

Dispersion model

CONCENTRATIONS IN WATER
AND SEDIMENTS IN SECTORS

OF RIVER OR OCEAN

Bioaccuraulation
factor

Transfer data

CONCENTRATION IN
AQUATIC FOODSTUFFS

TIME INTEGRATED
CONCENTRATIONS, IN WATER
+ EXTERNAL DOSE RATE

FROM SEDIMENTS

Irrigation
and transfer
data

RADIONUCLIDE
IN IRRIGATED
FOODSTUFFS

Total
consumption
rate

Total
consumption
of drinking
water

Dosimetry
Agricultural
production
data

COLLECTIVE
INTAKE OF
FOODSTUFF

COLLECTIVE
INTAKE

_l '

Dosimetry

INDIVIDUAL DOSE
FROM EXTERNAL DOSE
IRRADIATION

COLLECTIVE
INTAKE
INGESTION

Dosimetry

COLLECTIVE
DOSE
(INGESTION)

COLLECTIVE
DOSE

Population
data

COLLECTIVE DOSE
(EXTERNAL)

Dosimetry

COLLECTIVE
DOSE
(INGESTION)

TOTAL COLLECTIVE
DOSE

Fig. 3 .Kb) Schematic diagram for the summation method liquid discharge

35



ATMOSPHERIC
DISCHARGE DATA

Simple model

TIME INTEGRATED AIR
CONCENTRATION

dosimetry
inhalation rates

PER CAPUT
INHALATION
DOSE

Transfer
coefficients

yield

TOTAL ACTIVITY
DEPOSITED

dosimetry

PER CAPUT
EXTERNAL
DOSE

Dosimetry

population
data

population
data

COLLECTIVE
DOSE

COLLECTIVE
DOSE

COLLECTIVE
DOSE

TOTAL COLLECTIVE
DOSE

Fig. 3.2(a) Schematic diagram for the specific methods - atmospheric discharRe

36



LIQUID DISCHARGE
DATA

simple model

Bioaccumulation
data

TIME INTEGRATED COMCENTRATIOMS
IN WATER AND SEDIMENTS

TIME INTEGRATED
CONCENTRATION IN
AQUATIC FOODSTUFFS

total consumption
data for drinking
water

Consumption
data for
foodstuffs

dosimetry

Irrigation and
transfer data

\/
RADIONUCLIDES
IN IRRIGATED
FOODSTUFFS

COLLECTIVE
INTAKE FROM
FOODSTUFFS

COLLECTIVE
INTAKE OF
DRINKING WATER

Dosimetry

INDIVIDUAL DOSE
FROM EXTERNAL
IRRADIATION

V

COLLECTIVE
INTAKE
(INGESTION)

Dosimetry Population
data

Dosimetry

COLLECTIVE
DOSE
(INGESTION)

COLLECTIVE
DOSE
(INGESTION)

COLLECTIVE
DOSE
(EXTERNAL)

COLLECTIVE
DOSE
(EXTERNAL)

TOTAL COLLECTIVE
DOSE

Fig. 3.2(b) Schematic diagram for the specific method for liquid discharges

37



models to determine the most important radionuclides as well as for a first
estimate of the magnitude of the collective dose in order to see if further
more refined calculations need to be carried out. They are not recommended
for a detailed assessment of the local and regional contribution to the total
collective effective dose equivalent commitment. Further references can be
found in [50].

In principle, collective doses should be calculated for the entire
world's population. For most radionuclides, however, the mobility in the
environment is hampered by a short physical half-life or by removal processes
such as sedimentation or migration into the deep layers of the soil. The
calculation is thus only carried out for those radionuclides from the local
and regional zone, which may extend from the point of release to a distance
varying from about 100 km to several thousand kilometers, according to the
model used. The radionuclides that are of importance for the global

3 14 85contribution to the collective dose commitment are H, C, Kr and
129I. Krypton-85, as an isotope of noble gas, remains confined in the
atmosphere after an airborne release. It becomes dispersed in a relatively
uniform way over the atmosphere of the entire globe in a matter of a few years
and acts during the following years as a long-term source of irradiation of
the world's population. Tritium, carbon-14, and iodine-129 are other
long-lived radionuclides which, upon release into the environment, become
incorporated in chemical compounds, such as HO, CO and CH„I, that
present a high environmental mobility. These three radionuclides follow the
water, carbon, and iodine cycles, respectively; their distribution in the

85environment, however, is not as uniform as that of Kr because the
concentrations of water vapour and of iodine in air present a substantial
degree of variability and because the ocean sediments act as an environmental
sink for carbon-14.

99 237Other long-lived radionuclides, like Tc or Np, may also become
dispersed, once released, throughout the world and therefore be candidates for
global assessments. They have, however, been little studied so far.

The IAEA has prepared in recent years two documents on radionuclides of
regional and world-wide interest [51,52] in which detailed information can be
found.

As, in all cases, the calculation of the global component assumes a
uniform distribution in at least one large sector of the environment, the
global component of the collective effective dose equivalent commitment is to
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be added to the local and regional component, which corresponds to the
first-pass circulation. The global components of the collective effective

14 85 129equivalent commitments for C, Kr, and I are much higher than the
local and regional components; for H releases, however, the global
component is estimated to be of the same order of magnitude as the local and
regional component.

Two types of model are used to carry out the global assessments:

compartment models, which yield the variation of the collective
effective dose equivalent rate, and, by summation over time of this quantity,
the collective effective dose equivalent commitment,

3 14- for radionuclides produced naturally ( H and C) specific
models that make use of the knowledge of the production rate and doses related
to the natural origin of those radionuclides.

Further information about those models for assessment of the global
3 14 85 129component from H, C, Kr, and I can be found in the following

references [20,53,54,55,56,57,58].
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Chapter 4

APPROPRIATENESS OF MODEL SELECTION
AND UNCERTAINTIES IN DOSE ASSESSMENTS

4.1 Introduction

Environmental concentrations of radionuclides and radiation exposures
resulting from routine operations of nuclear fuel cycle facilities are usually
very low and extremely difficult, if not impossible, to measure.
Consequently, individual and collective dose assessments are usually derived
from models. Applying the models requires the knowledge of various parameters
relating in particular to the transport of the radionuclides into the
environment, to the human uses of the environment, or to biological processes
in the human body.

Any mathematical model simulating actual processes in the real world can
do so only imperfectly and the realization of a model in most cases make
certain numerical or algorithmic approximations necessary. These
approximations are unavoidable, and they are present to different degrees in
any model. In spite of these problems and in view of the necessity to make
predictive calculations, e.g. for licensing releases, assumptions for these
processes and variables have to be made. These assumptions may be based, on
scientific knowledge of natural laws and principles, on experimental
measurements in laboratories, on field measurements under similar conditions,
on inferences from related events or past experience or in the last resort, on
expert judgement.

Because models can only approximate real physical and biological systems,
their predictions are frequently uncertain. The extent of this uncertainty
may vary from less than a factor of two to several orders of magnitude
depending on the specific problem the model is to address and the quality of
data available to quantify the parameters in the model.

Despite the potential for large uncertainties in the predictions of
models, no other mechanism exists for guiding decisions and evaluating
the possible significance of future releases of radioactivity. It is
therefore necessary to formulate procedures to evaluate the validity of
model predictions in order to increase confidence in the decision-making
process [10] .
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A model for the assessment of potential or real radiation exposures
of population groups is usually expected to give one of two types of
results:

(a) An "over-estimate" (conservative) value, i.e. a result which is
unlikely to underpredict actual exposures, possibly with a
stated probability to underpredict actual exposures by a stated
factor.

(b) A "best-estimate" value, i.e. a result which is intended to be
as realistic as possible, possibly with stated error estimates.

The first type of results ("overestimates") are easier obtainable
and are usually employed, for example, in the individual dose
assessments. In this case, conservative values are adopted for the
various parameters, so that overestimates of individual doses are
obtained; this provides an additional margin of safety, as the calculated
doses are required to remain below the invidiual dose limits imposed by
national regulations.

The second type of results ("best-estimates") would be needed, e.g.
in assessments of collective doses. These have to be as accurate as
possible, if they are to be used to justify the practice considered or to
optimize the level of protection to be applied in order to keep the
exposures as low as reasonably achievable. In addition, information on
the uncertainties in the collective dose estimate is helpful as it points
to the areas in which improvement is desirable and as it gives some
indications on the validity of the estimate.

4.2. General Problems encountered in Dose Assessments based on Models

It appears worthwhile to stress several facts of modelling and
related general problems of importance with regard to validity and
accuracy of dose assessments:

(a) A model is usually designed to simulate those parts of, and
those processes in, the real world, which previously have been
identified as the important and relevant ones, in sufficient
detail and to a sufficient degree of accuracy. Thus, the
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"reliability" of a model or its results should only be assessed
for its intended area .of application (in space, time and for
the endpoints considered).

(b) A model is conceptually identical to a working hypothesis for
the explanation of interactions, transport processes, etc. As
a hypothesis, a model should be able to:

(i) possible results in a quantitative form, and
(ii) be validated where possible.

(c) There exist only very few reliable and useful experimental data
points in the large, multi-dimensional observation space
(dimensions of which are, e.g. time, location, pathway,
radionuclide, organ, chemical form, atmospheric conditions,
agricultural practices, etc.) against which model structure,
and input parameters of a model can actually and objectively be
tested under realistic conditions. Host validation tests
performed hitherto were either indirect (based on chemical or
physical similarities) or subjective inferences from evidence
for similar but not identical situations (e.g. from fall-out
measurements).

(d) One of the most serious problems is the lack of tests for the
completeness of the exposure pathways considered in a model.
There is no procedure available yet to ensure for a given
simulation task that all relevant exposure pathways have
actually been identified and properly taken into account in a
model.

(e) Processes in environmental systems and their status are subject
to a large natural variability in time and space. Many of the
important parameters describing these processes and status are
known from experiment or theory only with large margins of
uncertainty.

(f) Some factors needed in such models (e.g. agricultural
practices, consumption habits, and local population density in
the far future, hydrogeological properties of unexplored
underground strata) are even completely unknown.
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An evaluation of model uncertainty is recommended. Estimation of
the potential extent of misprediction is recommended through the
comparison of model predictions against independent sets of observations
(model validation). If this is not possible, sensitivity and uncertainty
analyses are recommended to identify model components that are the most
important contributors to the uncertainty in predictions. These
procedures are recognized as necessary to improve the confidence with
which model predictions can be used as tools for decision-making.

An inadequate or incomplete specification of the problem (scenario)
to be described by the model might produce wrong information for
decision-makers even if the corresponding model structure and parameters
should be completely adequate and accurate for the specified scenario.

For an adequate scenario, an inadequate model structure such as
wrong definition of compartments, usage of inadequate approximations
(e.g. Gaussian plume approximation when not applicable), or neglecting
important exposure pathways can lead to misleading results even if most
parameters are correct.

The most appropriate specification of the problem and model
structure will not ensure adequate accuracy of results from model
calculations if the parameter values chosen are inappropriate for the
problem under consideration (e.g. the interactions of compartments in the
eco-system, deposition velocity, wind direction).

In the following paragraphs all three factors affecting the accuracy
of results will be considered.

4.3 Factors Affecting the Uncertainty of Results

There are at least three majn features affecting the quality of
results from environmental transfer models:

(a) The assessment problem
(b) The model structure chosen
(c) The parameter values used in the calculation.

44



The factors affecting the reliability of model predictions have been
identified as belonging to those three distinct categories: (a)
uncertainty due to improper definition and conceptualization of the
assessment problem, (b) uncertainty due to improper formulation of the
mathematical model, and (c) uncertainty in the estimation of parameter
values.

4.3.1. Influence of the Specification of the Problem

The first consideration should be directed towards the specification
of the problem which is then simulated by an approximative model. This
will depend on a number of factors including:

(i) The type of results required (overestimates for licensing
decisions, best-estimates for optimizations or technology
assessments);

(ii) The temporal resolution required (equilibrium or dynamic model,
consideration of the time in the year of a release and/or time
after a release, predictions only for present times or for
times far in the future, lifetime averages or annual exposures,
etc.);

(iii)The spatial resolution required (local, regional, global
assessment, generic or site-specific models.)

The evaluation of reliability in model predictions is extremely
difficult when the uncertainty in model predictions is due to errors in
the formulation of the assessment problem, including incorrect
specification of the scenarios of release and exposure and incorrect
specification of the quantities to be predicted. In this case,
reliability assessment will be entirely based on judgement.

There is no mathematical or other objective technique available
(besides comparison with appropriate experimental data) with which to
test or analyse quantitatively the degree of influence on the final
results of the usage of a model developed for a slightly different
scenario. Nevertheless, a thorough consideration of the applicability of
the scenario underlying a certain model for the situation where it will
be used is strongly recommended.
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4.3.2 Model Structure

The validity of model formulation will also be subject to
judgemental assessment procedures unless data are obtained from
experiments that are specifically designed to test model predictions over
the intended range of model application.

Knowledge of this subject have bearings on the choice for different
assessment purposes of appropriate model principles as well as adequate
elements in the model structure.

4.3.3 Determination of Parameter Values and Associated Uncertainties

The most astute selection of environmental scenario and model
structure will not ensure optimum accuracy from model calculations if the
parameter values chosen are inappropriate for the problem under
consideration. Previous sections of this report have pointed at the
variety of environmental and human parameters that must be quantified for
dose calculations to be made.

Further, the processes in and between compartments in environmental
systems, as well as human interactions with those systems, are subject to
a large natural variability in time and space. Many of the important
parameters describing these processes are known or estimated only with
large uncertainties. Some factors needed for dose calculations (e.g.
agricultural practices, consumption habits, and local population density
in the far future, or hydrogeological properties of unexplored
underground strata) may even be completely unknown. In spite of these
problems, assumptions and approximations for these processes and
variables have to be available to provide quantitative dose estimates.

These problems have been treated in several publications
[59,60,61,62].

4.4. Sensitivity Analysis

Methods of sensivity analysis are typically performed to identify
the effect of model parameters on model predictions. The classical method
of sensitivity analysis [63] is to take the partial derivatives of the
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model response with respect to each model parameter. It is useful to
normalize these values by numerically estimating the percent change in
model response resulting from a percent perturbation in the model
parameter.

Those parameters which are well known (i.e. low uncertainties) and
have a low differential sensitivity are unlikely to make a significant
contribution to overall uncertainties. Conversely, parameters which may
not be well known and have a high differential sensitivity are likely to
greatly affect the uncertainty of model predictions.

An additional screening technique is the use of a sensitivity index
formed from the ratio of model predictions using plausible maximum and
minimum values for a parameter [64). High values of this quotient
indicate the importance of a parameter over the full range of values
likely to be used for the assessment, and not just the importance of the
parameter in the region of its nominal value.

These sensitivity methods are simple to use and require very little
information to perform. However, it is important to remember: (1) all
sensitivity indices are a function of the assessment scenario and model,
the prediction of interest (and any time and spatial dynamics associated
with the prediction) and the nominal values of all parameters. Any
changes in these conditions requires that new sensitivity index values be
calculated. (2)Actual model uncertainties due to parameter variation are
a function of the simultaneous variability (and hence, interactions) of
all model parameters. But despite this limitation, the sensitivity
analysis in many cases should be able to give information about the most
relevant parameters. Now looking for the quantification of these
parameters on one side and providing a more sophisticated method of
parameter analysis on the other, it is necessary to use the method of
uncertainty analysis.

4.5 Uncertainty Analysis

In order to determine parameter values together with their
uncertainties and to quantify the uncertainty or the order of
conservatism of the resulting dose, procedure referred to as a "parameter
imprecision analysis" can be used [65]. This procedure involves
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estimating the variability associated with each model parameter to
ascertain the influence on the model output of the combined variability
of all model parameters. Analytical error propagation formulae can be
used to perform parameter imprecision analyses on relatively simple
models [66,67,683- For more complex models, numerical techniques
employing the use of a computer may be more convienient than complex
analytical solutions (69,70,71,72,73,74,75].
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