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FOREWORD

In the development and utilization of nuclear energy, work is
proceeding on concepts and strategies for the management of radioactive
wastes. An important aspect of this is the decommissioning of facilities,
such as nuclear power plants. One decommissioning option is to defuel then
seal the facility for a number of years before starting on the next stage of
decommissioning or dismantling. Similar options exist for nuclear fuel
reprocessing plants.

A related subject that has emerged in recent years is the sealing of
nuclear facilities following accidents such as those which occurred at
Chernobyl, Three Mile Island and Windscale. The sealed barriers may need to
prevent escape of radioactivity for many years. Therefore, there is
considerable interest in the development of a methodology for assessing the
performance of a sealed facility, whether it is for the decommissioning case
or the accident case. The purpose of this document is to give guidance in
this area. The assessment methodology will be basically the same for these
two cases and therefore they have been treated together. Particular points
relevant to one or the other case have been highlighted when this was felt to
be helpful.

Thus the objectives of this document are:

a) To describe the basic properties of sealed nuclear facilities and
give practical advice in important technical areas?

b) To assist in understanding the role and objectives of performance
assessment in the development of waste management strategies;

c) To provide insights into the methods currently employed in
performance assessment of disposal sites and relate these to a
conceptual framework for sealed nuclear facilities.

The first draft of this report was prepared in Vienna by a group of
consultants in June 1989. Further drafts were prepared by an Advisory Group
Meeting in Vienna in December 1989, a Consultants' Meeting in August 1990 and
the Agency's Scientific Secretary made final revisions to the present document.
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1. INTRODUCTION

More than six hundred nuclear facilities are currently in operation
throughout the world, about half of which were built in the period 1957-1980.
Many have been in operation for more than 20 years and will require major
refurbishment or decommissioning in the near future.

In decommissioning nuclear facilities, the approach which is being
presently pursued includes: removal of active components, dismantling the
remaining equipment, decontamination, removal of inactive components and
release of the site for reuse [1]. An alternative, which has been suggested
by a number of countries is to temporarily seal the nuclear facility in order
to delay the dismantlement and removal for safety of its active components or
until a time when these activities can be conducted more efficiently. Such a
sealing operation would be just one stage of the total decommissioning
procedure, and the period following completion of the sealing activities would
represent a form of intermediate storage.

Sealing and temporary maintenance of the facility in this sealed
condition may become a necessity in the case of nuclear facilities that have
undergone a severe accident which makes decommissioning impractical in the
period immediately following the accident.

The experience from the decommissioning of low power and prototype
nuclear facilities will be useful for the decommissioning of larger nuclear
facilities in the future. In both of these situations, performance
assessments of the sealed nuclear facility provides information essential to
sealing system design decisions as well as decisions regarding the
acceptability of the storage system as a whole. The purpose of the seals
would be to prevent the spread of radioactive materials into the environment
and thus minimize the potential hazard to personnel and the general public [2],



2. SCOPE

2.1 General remarks

This report is a part of the International Atomic Energy Agency's
radioactive waste management programme, whose objective is to provide
assistance to Member States in developing guidance for identifying safe
alternatives for isolating radioactive waste from man and his environment.
Over the years« the Agency has produced a series of documents dealing with
high-level and low-level waste management activities, including reports on the
performance of underground radioactive waste disposal systems [3,4]. More
recently in response to the near-term needs to decommission nuclear facilities
after they have exceeded their useful lifetime, or have encountered severe
accidents, reports have been developed which cover these subjects.

This report attempts to integrate information from the previous reports
on decommissioning of nuclear facilities, mitigation of accidents at such
facilities, and performance assessment of disposal systems to provide useful
advice and qualitative guidance to those responsible for performance and
safety assessments of sealed nuclear facilities by giving an overview of
possible approaches and techniques for such assessments. In this context, the
establishment of requirements and rules governing the radiological safety of
personnel, the general public, and the environment for sealing and
post-sealing activities will enable the choice of the most appropriate
approach and help to promote consistency in both decommissioning and waste
management standards.

Although the document is primarily focused on nuclear reactors, some
considerations regarding radiation, heat and migration pathways are also
applicable to other nuclear facilities where there may be residual
contamination, such as fuel reprocessing plants, and storage and disposal
facilities for high-level liquid waste [5J.

2.2 Definitions

In this document, the term seal means engineered structures as well as
all activities related to their implementation. They are to be understood as
the action of capping (isolating) radionuclides from contaminated
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unconditioned materials at the place of their origin by a system of engineered
barriers which provides containment for an appropriate but limited time period
taking into account both external (i.e. climatic, geological, hydrogeological,
microbial) and internal (i.e. heat production, gas generation, radiation,
criticality, chemical reactions) phenomena.

Performance analysis is the development, testing and application of
quantitative models that are used to calculate or predict the performance of a
system or subsystem in terms of a particular performance measure or measures.
Performance analysis should take proper account of uncertainties in models and
data.

Performance assessment consists of analysis to predict the performance
of the system or subsystem, followed by comparison of the results of such
analysis with appropriate standards or criteria. When the overall waste
disposal system is under consideration and the performance measure is
radiological impact or some other global measure of impact on safety,
performance assessment becomes the same as safety assessment.

The near-field region of a damaged nuclear reactor includes the reactor
vessel with all its internals, the encasement structure and those parts of the
surroundings that could be significantly affected by physical and chemical
forces acting from the inside of the damaged facility.

The near-field effects discussed in this document include gas
generation, interactions of the groundwater and the residual water with other
components of the system, thermal, thermo-mechanical, radiation effects and
chemical and geochemical reactions [6].

A severe accident is any unplanned event which results in consequences
of such magnitude to render impossible the usual decommissioning procedures.



3. PERFORMANCE ASSESSMENT OBJECTIVES AND CRITERIA

One of the objectives of performance assessment is to determine the
acceptability of the selected waste management practice [3]. In design phases
the assessment objectives are to correct continuously the design of the failed
nuclear facility so that it is feasible and in compliance with safety and
other requirements. After the sealing is implemented, the performance
assessment should demonstrate that expected/projected features have been
achieved. This in turn requires the definition of acceptance criteria.

3.1 Radiological criteria

The basic radiation protection recommendations given by ICRP for
underground disposal of radioactive wastes also apply to sealed nuclear
facilities. These comprise three components: a) justification,
b) optimization and c) dose and risk limits and the reader is referred to
Ref. [7] for further information. It should be noted that ICRP uses the
concept of dose limitation for the normal scenario and risk limitation for
perturbed or disruptive scenarios. The basic safety principles for
underground disposal, also applicable for sealed nuclear facilities, are
discussed in more detail in Ref. [8],

The basic requirements for protection of humans and the environment are
to ensure that any adverse effects on the environment and natural resources
both now and in the future are kept as low as reasonably achievable, social
and economic aspects being taken into account. This may include environmental
pollution, such as dust, and temporary loss of a potentially useful area of
land, amongst other factors.

3.2 Performance assessment of overall system

These general requirements can be used by individual countries to
prepare acceptability criteria and regulations for sealed nuclear facilities.
Criteria may also be developed for assessing the performance of a subsystem.
Examples would be monitoring requirements, dose limits for surveillance
operations and release rate limits.
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This could be decided on the basis of a variety of factors. These
could be considered individually or a decision could be made by balancing them
against one another, using multi-attribute analysis techniques for example.
Basic factors that could be considered arise essentially from radiological
(doses and risks to humans), environmental, economic, and social
considerations. Under radiological factors it may be useful to consider the
period of time that monitoring and surveillance could be sustained for:
institutional control periods considered for near-surface disposal sites are
typically a few hundred years. Alternatively, it might be helpful to consider
the time period over which the radionuclides decay. For example short-lived
radionuclides would decay to very low levels in a few hundred years, whereas
the activity of long-lived radionuclides would not significantly change in
this time period. These factors can be considered in conjunction with the
operator dose to be saved by delaying decommissioning, the characteristics of
the waste to be disposed of, the eventual waste disposal options, and the
expected behaviour of the sealing material to obtain an optimum lifetime from
the radiological point of view [9].

The presentation of the results of an assessment is very important as
it is essential that any type of misunderstanding or misinterpretation is to
be avoided. The assessment report should therefore state clearly the intent
of the study, the methods and assumptions used, the data employed and the
relevance of the results. Guidance on the information to be presented and the
factors to be discussed is given in Ref. [3],

3.3 Performance assessment of subsystems

A performance measure of a subsystem is defined with a specific
function in mind and relates that function to a property that can be predicted
or measured. A particular subsystem may have more than one function and hence
the quality of that subsystem may be indicated by several performance
measures, all of them relevant to the total system performance. Once a
performance measure has been chosen, it is possible to specify suitable
targets, usually quantified parameters.

3.3.1 Selection of performance measures

Performance measures should be selected to evaluate the extent to which
a subsystem carries out its assigned functions. The performance measures for
the subsystem should be related directly to the overall system performance

11



measure (which is usually one involving radiological impact). Performance
measures may also be defined in order to ensure that the performance of one
subsystem does not adversely affect the behaviour of other subsystems.

Where appropriate, performance measures should be related directly to
observable and quantifiable factors. By monitoring these factors, any
necessary remedial and/or additional actions may be taken.

3.3.2 Typical performance measures

Performance measures can differ according to the concept, design and
circumstances being considered (e.g. type of nuclear facility, planned or
accident sealing). Examples of subsystem functions and their performance
measures for a waste isolation system are given in [3]. Most of these apply
to the entombment concept. Those which are specific to such a concept and
relate only to the engineered barriers include:

(a) Functions - o to isolate the waste physically
o to condition the immediate waste environment
o to limit direct radiation exposure
o to limit release and migration of radionuclides

to the environment
o to prevent human access to the waste

(b) Typical
measures

isolation time (e.g. in terms of lifetime of
physical barriers)
direct radiation exposure (e.g. in terms of
dose rate on surface of barriers)

Attenuation of radionuclide releases in the
environment (e.g. in terms of hydraulic
conductivity; diffusion and sorption
coefficients; temperature, moisture and pH of
immediate waste environment)

Critical conditions of sealed facility
(radiation levels, chemical reactions,
criticality, etc.)
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3.4 Performance targets

Performance measures allow the performance of the total system or a
particular subsystem to be quantified. The most important measures are those
which relate to radiological impact in the context of the overall safety of
the system. It is useful to have reference values of performance measures
when designing or assessing a waste management system and an example of these
are dose limits for workers or the public. These reference values can be
expressed as performance targets.

Performance targets are not necessarily rigid and are often amended
during the design process. In the design of radiation protection systems, the
fixed dose limits are used as constraints on the optimization process and
acceptable levels of dose below these limits are judged against the cost or
social and environmental impact incurred by further reductions. The use of
performance targets is discussed in more detail in IAEA [3].

4. SEALED SYSTEM DEFINITION

4.1 The needs for sealing

There are three main reasons for sealing of a nuclear facility:

(a) The facility has operated within the planned period of
exploitation. After this period of time, which is about 30-50
years, it must be decommissioned. In this case, if there were no
serious accidents which produced abnormal quantities of
radioactive wastes, the sealed facility is an alternative option
to the normal decommissioning process.

(b) During operation, an accident took place leading to shutdown of
the facility. In this case, there may be abnormal types, forms
and quantities of radioactive wastes and the national authorities
may decide upon the rehabilitation or sealing of the facility.

(c) The facility has undergone a severe accident resulting in fuel
damage with or without release of radionuclides to the
environment. In this case, it may be necessary to construct a
seal to mitigate the consequences of such an accident.
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In case (a), a major portion of the nuclear facility will not be
radioactive. There will be only limited amount of highly radioactive
materials represented by the reactor vessel and its internals. Since the
spent fuel will be removed, the radioactive materials will contain mainly
fission and activation products formed during operation of the facility.
Sealing of a facility for several decades to centuries will result in decrease
of radioactivity to very low levels.

In case (b), some internal spread of radioactive materials may occur
and a portion of the facility may become contaminated. The decision whether
to rehabilitate or to seal the facility will depend on various factors, such
as type and severity of the accident, facility type, design, operating
conditions, but also personnel qualifications, and other situation-specific
factors.

In case (c), the post-accident conditions of the damaged nuclear
facility can vary within a very broad range. The objective of the
post-accident activity at nuclear facilities is to protect workers, the
population and the environment from radiation exposure and contamination
[10,11]. In any case, the immediate imperative action is to implement the
emergency preparedness plan. For a failed nuclear power plant, emergency
actions could include:

to keep the core in a sub-critical state;
to extinguish existing fires;
to cool the system as needed;
to measure radioactive release and assess severity;

- to reduce as soon as possible the release of radioactive products
and other wastes to the environment (if necessary);
to provide a barrier against potential secondary fires;
to provide adequate shielding against radiation resulting from
damaged reactor.

First few days actions

- to provide a heat sink for the enormous amount of heat generated
from the damaged fuel mass (this may be an emergency action);
to improve the confinement of the radioactive products;
to establish the basis of a more elaborate construction;
to install safety and monitoring systems.

14



Within a few weeks actions;

- to maintain control of the release of radioactive contamination;
to establish scientifically the course of events;
to safeguard the adjoining structures and power plant units (if
any) so that these remain operable;
to permit authorized personnel to have access to the damaged
reactor and its components for monitoring: (i) to enable measures
to hasten the cooling of the fuel mass and suppress the
self-supporting chain reaction and (ii) to carry out scientific
study of the damaged fuel mass;

National authorities should apply regulations which are appropriate for
the protection of the health and safety of the public and the environment.

Radioactive waste management options which are available for nuclear
facilities having incurred accidents that might be considered include:

o sealing of nuclear facilities
o dismantling of the facility and reuse of the site

At this stage, medium or long-term protection may be achieved by
construction of an encasement system which is discussed in more detail in
Ref. [12].

4.2 Sealed nuclear facility subsystem

A sealed system may consist of the following sub-systems:

o Radionuclide Source

In the case of a reactor, the most important parts for the sealed
system are the containment and the fuel left in the reactor which
now becomes waste. The radionuclide inventory for Chernobyl is
shown in Table 4.1.

o Barriers and Facility

Barriers, together with the containment of the original facility,
should provide sufficient isolation of the waste from the
environment [13].
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o Monitoring of relevant parameters will allow corrective actions to
be taken, if needed.

o In the early phase (after an accident) it will be of utmost
importance to stabilize the situation. For this purpose, special
materials will be required as discussed in Section 4.5.1.

TABLE 4.1. CORE INVENTORIES AND TOTAL RELEASES AT CHERNOBYL

Element

Kr-85
Xe-133
1-131
Te-132
Cs-134
Cs-137
Mo-99
Zr-95
Ru-103
Ru-106
Ba-140
Ge-141
Ce-144
Sr-89
Sr-90
Np-239
Pu-238
Pu-239
Pu-240
Pu-241
Cm-242

Half-life

3930
5.27
8.05
3.25
750
1 . IxlO4
2.8
65.5
39.5
368
12.8
32.5
284
53 *
1.02x10
2.35

A

3.15x10/•
8.9x10f
2.4x10
4800
164

Inventorya
(Bq)

3.3X1016
1.7X1018
1.3X1018
3.2xl017
1.9xl017
2.9xl017
4.8xl018
4.4xl018
4.1xl018
2.0X1018
2.9xl018
4.4xl018
3.2xl018
2.0xl0181 -j
2.0x10
1.4xl017

1 c
1.0x10

148.5x10
1 c

1.2x10
1.7xl017
2.6X1016

Percentage
released

~ 100
~ 100

20
15
10
13
2.3
3.2
2.9
2.9
5.6
2.3
2.8
4.0
4.0
3.0
3.0
3.0
3.0
3.0
3.0

Decay corrected to 6 May 1986 [14]
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Recently, more accurate measurements have been made for some
radionuclide releases: rate of release for Cs was (20-30%); iodine gas
releases were more than 50%; and Pu and other non volatile radionuclides
released was (3.5 + 0.5%).

o Natural Environment

The natural environment which includes the geosphere and
biosphere will determine the boundaries for the sealed facility.
Additionally, the geosphere may, on the long-term, significantly
contribute to the delay of nuclides entering the biosphere [15].

4.3 Functional requirements for the sealed system

4.3.1 Stabilization of the system

If a nuclear reactor core has been damaged, the first step towards
stabilization is to gain control of the fuel and, above all, to stop the
spontaneous fission reaction. This can be achieved by injection of neutron
absorbing materials, such as Gd, B, etc., into the core zone.

When the severely damaged reactor has been stabilized and successfully
sealed, the largest potential threat to containment of the radionuclides would
arise from decay-heat. Failure to have adequate heat-removal from the seal
would lead to increasing temperatures which could re-start the accident [16].
The method of first-choice would be to re-instate one of the installed methods
of heat-removal, as was done at Three Mile Island. If this is not possible,
it will be necessary to improvise a scheme for heat-removal.

Then, an efficient shielding should be installed to provide acceptable
working conditions and to limit radiation effects in the outer parts of the
sealed system.

4.3.2 Subcriticality

As part of the design of the sealed system, there should be an
assessment of the possibility of re-criticality.

Factors tending to keep the core in a sub-critical state are:

(i) the fissile and absorbing material will almost certainly have
been re-distributed by the accident to a configuration which
reduces the multiplication constant k -,..erf
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(ii) the fissile material may have been separated from the moderator.
In a water-moderated reactor this is quite likely, but even in a
graphite moderated reactor fuel melting may lead to separation of
the moderator and the fissile materials [17].

Factors tending to a re-criticality are:

(i) loss of 'poisoning' elements from the fuel: for example Xe by
decay or release at higher temperature.

(ii) loss of neutron absorbing material by melting and relocation of
control rods and the fuel cladding.

(iii) water from the heat removal system or from fire-fighting may
introduce extra moderation.

(iv) water remaining from the operational and emergency cooling
circuits.

4.3.3 Confinement/Isolation

If it is difficult for some reason to remove the damaged fuel from the
reactor pressure vessel and dismantling activities cannot be undertaken, it
may be appropriate to encase the most active parts of the damaged facility
and, thus, to isolate efficiently the radioactive materials from man's
environment. This should reduce releases to an acceptable level and keep the
near-field under control. In any case, the encasement requires careful
planning and selection of a suitable design.

Such a sealed system should be constructed to maintain its isolation
capability for the required period of time (decades). Some important
functions which the system should fulfill are summarized in Table 4.2.

An encasement has to satisfy the following objectives:

(i) to provide shielding against radiation (especially gamma);
(ii) to reduce releases into the atmosphere;
(iii) to prevent radionuclide migration from the damaged plant into

aquifers and transport to the nearby biosphere.
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TABLE 4.2. MAIN FUNCTIONS OF A SEALED SYSTEM

Function Monitoring system Action system

Protection from spontaneous
nuclear reaction

1) Analysis for 133I and
131I in the air of the
inner zone

2) n° flux measurements
with elementary energy
analysis (Cd ratio)

3) Investigation of nuclear
criticality properties of
radioactive waste

Injection of neutron
absorbing materials (Gd,B)
in nuclear fuel zone

Cooling Temperature and heat f lux
measurements in zone of waste
residence

Forced or natural
ventilation, wi th air
f i l t rat ion. Water cooling
with f i l trat ion (using
intact piping if possible)

Ventilation if it is needed H2 monitoring system,
radionuclide release
monitoring system

Forced or natural
ventilation wi th
filtration.

Protection from Y~r*ys from
wgste

y-detectors inside faci l i ty
building and at the site

Concrete (or other
materials) shielding

Stability of building
construction

Detectors of sh i f t of building
construction. Expert
inspection of building
construction

Construction works

Radionuclide release
protection

Radionuclide monitoring of
site and environment

Sealing barriers in
suitable form (more
detail in Sections 4.5
and 5.0)

The confinement will be provided by the containment of the faci l i ty and
seals in openings of the containment. If necessary, additional barriers will

be provided.

Used either singly or in combination, the materials forming a seal have
two major functions:

to prevent ingress of a transporting medium (air , water) to the

sealed facility;

- to minimize the potential for release of radionuclides to the
environment.
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To perform each of these functions, the sealing materials should have
low hydraulic conductivity (permeability)/ high retention capacity for
radionuclides, and appropriate longevity, which means the capability to
maintain its design performance through time under the various near-field
conditions (see Chapter 5) and structural stability [18].

4.3.4 Monitoring/Counter-measures

Several accident-related parameters have to be controlled during the
whole period of accident management, such as gamma radiation inside and
outside the facility, radionuclide content in the air and on adjacent
surfaces, temperature, criticality conditions, concentration of hydrogen in
the system and others. An appropriate monitoring system should therefore be
installed together with implementation of mitigative measures. An overview is
presented in Table 4.2.

The most reliable sealed system will consist of multiple barriers with
a monitoring system in between the different barriers. This type of system
should allow detection for release of radioactivity before it reaches the
environment and should allow for corrective actions at an early stage.

The primary objectives of monitoring are the following:

to collect all relevant information for assessing the performance
of the sealed system;

- to provide information to demonstrate that the sealed nuclear
facility operation and effluent treatment and control systems are
performing as planned;

to provide data and information which, with pertinent
environmental models, will permit an estimation of population
exposure to radiation caused by effluent releases;

to demonstrate compliance with the authorized limits on releases
of airborne and liquid radioactive contaminants to the
environment and with self-imposed operating limits;

to indicate whether, and to what extent, supplementary
environmental measurements or programmes of environmental
monitoring are required;
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to assure the public that releases are being properly controlled;

to rapidly detect and identify the nature and extent of any
unplanned releases to the environment;

- to activate any warning or emergency response systems that may be
required;

to provide information for the rapid assessment of possible
hazard to the public from inhalation, injection or exposure to
external radiation as a basis for initiating protective actions
or special environmental surveys.

These objectives are not listed in order of priority since the
priorities will vary depending on the circumstances that prevail at any given
site. Their relative importance will also vary with the nature and amount of
radionuclides that could potentially be released.

4.4 Radionuclide source - waste inventory characteristics

The waste characteristics of major significance in the safety and
performance assessment of sealed nuclear facilities are:

a) radionuclide inventory of waste. The wastes are often non-uniform
in composition:

- specific activity/ and its time dependence;
specific radioactive decay energy;

- radiological hazards of the inventory;

b) physical properties, e.g. macrostructural form of the waste.

c) chemical properties of the waste influencing the ease of
mobilization of the nuclide inventory

d) distribution of waste within the damaged nuclear facility and its
properties.
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With respect to these characteristics two main cases should be
distinguished:

there was no damage of fuel at the facility being
decommissioned;
there was an accident at the nuclear facility resulting in
damaged fuel or other specific sources of radioactive material.

In the case of no fuel damage the situation can be characterized as
follows:

Radioactivity in NPPs arises principally from neutron irradiation of
the reactor vessel and its internals and a portion of the surrounding
reinforced concrete (biological shield). Contamination arises due to
spreading of neutron activated corrosion products which are carried in the
coolant through the reactor core [13]. Fuel element failures or leakage may
also contribute to this contamination and leak fission products and
transuranics into the reactor coolant system and in the fuel handling system.

The case of post-accident sources of radioactivity can be characterized
as follows:

Three broad types of waste material must be considered. Firstly, the
fuel itself. Metallic uranium will possibly have oxidized, and oxide fuel
(UO_) may have reached a higher state of oxidation (U,O0). In the

2. Jo
process of oxidation, the fuel will have become more finely fractured,
promoting suspension of particles in gas-flows as well as downward movement of
the fuel. Additionally, the fuel may have been melted.

A second type of waste is the cladding materials and, in particular,
the activation products they contain. Materials such as stainless steel,
after the stabilization of the damaged reactor, may be metallic solids if
oxidation has been partial. In contrast, more reactive metals, such as
zirconium cladding, will have oxidized to form particulate material which will
behave in a similar way to oxidized fuel.

A third type of waste will be formed by structural materials from the
reactor. Graphite moderator is an example in this category.
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All three types of material may of course fuse to form 'corium' in an
accident with extensive 'meltdown', but this will not necessarily be the case.

At Chernobyl, all three types of waste have been observed as well as
fragmented fuel, some ruptured cans without fuel melting, which were dispersed
through the reactor building [19,20]. Molten fuel dissolved silica from the
structural material (possibly sand) and flowed to the region under the core.

The inventory of each radionuclide in the facility will correspond to
the irradiation-history of the fuel prior to the accident, and the period of
decay after the shutdown of the reactor. However, it is probable that
proportions of the volatile elements and chemically inert elements will have
been released from the fuel. The extent of the release will depend upon the
behaviour of the fuel before the stabilization of the reactor. Inert gases
will be released to the environment, but chemically active elements such as
iodine and caesium may 'plate-out' on cooler surfaces in the reactor building.

4.5 Barriers and facility systems

After shutdown of a nuclear facility, there may be wastes which cannot
be readily removed for various reasons. For example, the radiation in some
working areas is too high and the removal would be accomplished only with high
exposures to the operating personnel or, radioactive materials are parts of
the structure and cannot be displaced without major destruction. In these
cases, it is necessary to use some kind of barrier (natural or engineered) to
seal unremovable parts, components and/or equipment of the decommissioned
plant [12].

After an accident, the primary role of the sealed system is to limit
the release of nuclides from the damaged fuel into the environment; therefore,
it should be installed as soon as possible, after the reactor has been
stabilized.

4.5.1 Constructability

In designing an encasement, the following requirements have to be
matched :

(i) flexibility to modify the sealed system to take into account the
evolution of the system;
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(ii) provision for installing and maintaining (repairing ) the
monitoring equipment;

(iii) consideration of radioprotection during construction;

o the use of remotely operated technology should be taken into
account;

o possibility to perform the work under shielding using
pre-fabricated concrete panels;

o the construction work should be organized and performed in
as short a time as possible;

o application of biological shielding techniques;
o provision for installing additional barriers.

(iv) civil engineering practice.

(v) the possibility to maintain and/ if necessary, repair the
entombment system.

Below some thoughts on material choice are presented:

Where it is necessary to construct the encasement structure quickly
after reactor stabilization has been completed, rapid hardening portland
cement seems as most appropriate. It possesses a similar chemical composition
to the ordinary portland cement, however, increase of the specific surface
area allows to increase the rate of the hardening/strengthening reaction after
setting. Gypsum is included to control the setting time and to meet
workability requirements.

The civil engineering industry uses quick-setting cements based on
magnesia-phosphate to repair carriageways and return them to service in 30
minutes. Materials of this type could be used in stabilizing rubble or
building walls where radiation levels restrict the time for men or robots.

The fullest possible use should be made of techniques developed in
other industries. For example, the coal mining industry has developed methods
for sealing tunnels where the coal has ignited; another technique allows the
pumping of two non-setting slurries over considerable distances to a location
where they set rapidly after mixing. Such techniques would be valuable in
blocking corridors in a reactor building.
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The properties of a concrete or grout depend on the density at which it
is emplaced. In turn, this depends on other factors such as the consistency of
the material and the equipment available for placing and/or compacting it. A
concrete used for constructing a structure around a damaged reactor will
require different consistency and methods of emplacement than a grout used to
seal only openings in a failed structure. An appropriate combination of
rheological properties of the fresh concrete and the method of emplacement to
comply with design requirement should be chosen for the best performance of
the encasement system.

4.5.2 Durability/Long-term behaviour

Materials and the structures used for construction of an encasement
should be able to maintain their integrity throughout the lifetime under the
conditions to which they will be exposed. Depending on the extent of damage
caused at the reactor and the requirements of different countries, the design
life of such structure can range from tens to hundreds of years.

Throughout the required lifetime, the encasement structure should be
tight enough to prevent any significant releases of volatile and/or leachable
radionuclides into the surroundings. In addition, the structural material
should be easy to emplace, maintain and repair.

Selection of a most suitable material for the given purpose should be
derived from the following considerations:

o In temporary confinement systems, the construction materials
should withstand hostile conditions, such as temperatures above
300 C and high gamma radiation fields (10 Gy.h ).

o Presence of substances such as boron, acting as a neutron
absorber to suppress a spontaneous nuclear fission, should be
taken into consideration, since such substances may substantially
degrade structural properties of most construction and sealing
materials.

o In long-term sealing systems, the concrete and other construction
materials need not have such resistance to high temperatures and
radiation fields. They should have sufficient durability for the
expected life time of the system against water, both water from
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the facility or groundwater, which is expected to be present
inside or to penetrate through failed barrier systems into the
facility.

4.6 Natural environment

Since the air and water are the most important transport media for
radionuclides eventually released from the entombment system to the
surrounding environment, sufficient attention should be paid to the
climatology, geology and hydrogeology of the site. The type and amount of
precipitation will influence the hydrogeological conditions at the site,
thereby enhancing or slowing down the radionuclide movement in soils and
water-bearing formations. The onsite geological setting plays an important
role in the migration phenomena because it acts as natural barrier to
radionuclide transport. Wind velocities and directions will govern the
dispersion of airborne effluents from the plant.

The role of the geosphere is, in general, twofold; first, a low
permeability formation will minimize the contact of groundwater with the
encased radioactive materials and hence, their leaching and escape from the
entombment system. Secondly, it can retard by various sorption mechanisms the
migration towards places where they can come into contact with man and his
sources of nutrition. An unfavorable geologic setting may result in the need
for more rigorous sealing or entombment barriers.

The principal factors that influence the transfer of radionuclides from
the sealed system to the nearby biosphere are discussed in more detail in
Chapter 5 of this document.
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5. PHENOMENA INFLUENCING ENTOMBMENT PERFORMANCE

5.1 Phenomena relevant to stabilization phase (short-term)

5.1.1 Radiation Effects

Both compact and damaged irradiated fuel exhibits high levels of
ionizing radiation. Some of the radiation, such as alpha and beta has a short
range of influence and are transformed into the heat energy at distances of
some centimetres from the source. Their capability to penetrate into solid
materials is negligible.

Neutron radiation has a range of penetration up to one meter in
concrete, but its flux and total power is normally very low.

Gamma radiation fields, however, have good penetration capabilities
into various materials. Their main effects can be characterized as follows:

(1) Adverse effects that strong radiation fields exhibit towards
human organisms makes it impossible to permit the presence of
personnel in affected areas thus not allowing the performance of
any work therein (e.g. inspection, monitoring, decontamination,
dismantling, etc.,); these works, as a rule, should be carried
out remotely.

(2) Changes in mechanical properties of various construction
materials; in concrete these changes are evident after receiving
doses of 106-107Gy.

(3) Formation of hydrogen, oxygen and other gases posing an explosion
hazard due to radiolysis of water.

(4) Changes in chemical properties of materials: for example, in
strong gamma radiation fields, stable ruthenium oxide transforms
into a tetroxide which boils at temperatures of 30 C and is
easily released into the atmosphere. Formation of oxygen and
oxidated compounds promotes corrosion of materials and
contributes to the gradual degradation of the entombment system.
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5.1.2 Thermal effects

The heat generation from decay of radionuclides is strongly dependent
on the radionuclide composition, concentration and amount of the waste. This
is less relevant to the decommissioning case than to the accident case [21].
In the most severe case, under high temperatures, fuel can melt and destroy
reactor equipment and building structure. Large amounts of heat can produce
an air flow, which can entrain particles of fuel and dust. Intense heat can
also directly generate radioactive aerosols through vaporization. In a less
serious accident, there is slight heating which will result in chemical and
physical long term effects on the entombed system. As a useful application,
thermal effects can be used to locate waste if other methods are not
convenient. For example, if waste concentrations are isolated under concrete
and radiation is absorbed in the concrete, then the waste could be located by
heat emissions.

To remove the heat, a coolant system may be installed. The coolant
most likely to be chosen is atmospheric air because:

(i) it may be possible to use natural convection;
(ii) when the decay-heat rate has been reduced, a completely sealed

tomb with a dry heat exchanger can be used;
(iii) radionuclides do not react strongly with air.

The large air-flow necessary to remove the decay heat will entrain
particles of fuel and dust particles containing fission products. If a
once-through cooling flow is used, then it will be necessary to filter the
air-flow, and possibly to use forced convection, to overcome the pressure drop
of the filter.

The designers and operators of the tomb would need to monitor the rate
of release of radionuclides and, as much as possible, the temperatures in the
debris. If a release after filtration exceeded a safe level they would have
the option of:

(i) switching to re-circulation, and allowing the concrete to absorb
the decay-heat;

(ii) increase the extent of dust removal, such as with water
scrubbers or additional filters;
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(iii) evacuate personnel from the affected zone around the tomb.

A water spray to cool the fuel would have the significant advantage
that a smaller mass-flow could be used because of the absorption of latent
heat of vaporization. As a result, the filtering system would be less
elaborate. Furthermore, because the spray could be directed into the core
debris it would be easier to prevent regions not being cooled. However, the
possibility that the water might dissolve radionuclides must be considered
[22]. Also, depending on the potential for criticality, it may be necessary
to mix a neutron absorber with the water.

A special case arises when water has been used to saturate a debris-bed
after extensive melt-down. Here there would be a strong incentive to repair
any damage to the containment and use re-circulating water to remove heat from
the debris bed.

One danger arises from failure to cool all the materials where decay
heat is generated. This could occur because there is local collapse of part
of the core, due to the weakening of core components. At first, overheating
would lead to accelerated release from the affected fuel, but if this
progressed to fuel melting there would be a danger that molten material would
contact concrete or materials used in the stabilization of the accident. This
would lead to large amounts of gas generation, enhancing release of
radioactivity and overwhelming the filters [23].

5.1.3 Gas generation and transport of volatile nuclides and aerosols

There are several main ways of gas generation in a damaged nuclear
facility:

hydrogen generation as a result of water radiolysis;

ozone generation from oxygen in air by gamma-rays;

noble gases which are produced in radionuclides decay processes
as Kr, Xe, Rn;

volatile materials Cs, Ru which diffuse out of the hot waste
material if its temperature is high enough.
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- hydrogen generation due to anaerobic corrosion of metals.
However, on the short term, this may be negligible compared to
the hydrogen generation under strong gamma radiation fields.

In the stable phase, when tomb construction is finished, gas generation
by means of water evaporation and water-zirconium chemical reaction to produce
hydrogen are not significant and not considered further.

The amount of radioactivity of noble gases is not very high after an
accident and can cause a detriment to human health only inside the entombment
if there is not a proper ventilation system.

Volatile materials, Cs, Ru and others are released mostly in the form
of aerosols [24].

5.1.4 Chemical reactions

Chemical reactions may play an important role:

o They may influence the release of nuclides from the waste;

o They may influence the mobility of nuclides in the entombment
system (complexation of nuclides may enhance solubility and
lower sorption);

o They may lead to extensive damage due to disruptive events
(explosions);

o They may lead to damage of the system by degrading the barrier
material.

A hydrogen-oxygen mixture is explosive but methods of monitoring and
neutralizing it are well developed at nuclear power plants. The total mass of
hydrogen depends on the specific details of the accident, but in any case
hydrogen can be neutralised by a ventilation system or, if use of a
ventilation system is not desirable, by a system of catalytic hydrogen
oxidation.
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5.2 Phenomena relevant for the long-term behaviour of system
5.2.1 Source term

The source term is the radionuclide release rate from the source
material containing radionuclides. In the case of a decommissioned nuclear
facility/ the source material would include activated or contaminated
materials [25]. A failed nuclear reactor might also have reactor fuel from
assemblies. The mechanisms for release of radionuclides into water include
corrosion, leaching and dissolution. Releases into the atmosphere can also
occur due to volatilization of gaseous species and entrainment of dust or
aerosols by air/gas currents. These processes are discussed in more detail
below.

5.2.1.1 Corrosion

This term typically describes the aqueous oxidation of metals in water,
and would be the principal means for escape of radionuclides from activated
metals. To establish a source term, one could define a corrosion rate and
multiply this by the exposed surface area and concentration of activated
products in the metal. Corrosion rates for metals used in nuclear facilities
have been studied extensively under a variety of aqueous conditions.
Corrosion rates have also been measured and reported under simulated waste
disposal conditions [26]. The relevant metals include carbon and stainless
steels, Inconel and Zr-based alloys [13]. In many cases, it is probably
reasonable to assume a single uniform corrosion rate for a given metal during
the period of interest in the performance assessment.

5.2.1.2 Leaching

This refers to the selective extraction or removal of radionuclides
from radioactive materials. For example, if radionuclides become embedded in
concrete, then upon contact with water, these species may leach into the water
while the concrete remains more or less intact. Accumulated contamination on
other surfaces, such as metals or graphite, may also be removed by leaching
into water. Processes governing leaching have been studied extensively and
reported in the literature for nuclear waste forms, such as glass, concrete
and ceramics.
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Leaching characteristics of the materials are strongly affected by the
nature and type of materials contained in the tomb. These materials can
roughly be classified into the following types :

(a) Remainders of the fuel which can be highly radioactive and whose
leachability by water is very high ; leached radionuclides are
mostly Cs-137, Ru-106, Sr-90, and some other fission products.

(b) Metallic and structural materials contaminated by fission
products and activation, either as result of normal operation of
the plant or severe accident conditions. The removal of soluble
contaminants from the surfaces is usually very easy and, most
radionuclides tend to go in solution.

(c) The neutron-activated materials whose radioactivity can be
relatively high but leachability is small, unless they
disintegrate/ e.g. by corrosion, to a state more susceptible to
leaching.

In general, the leaching is influenced by temperature, chemical
composition of the leaching medium, and the availability of water. In
practice, all ways of reducing infiltration of water into the tomb or of
reducing the mobility of radionuclides with regards to possible effects should
be followed. For predictive purposes it is usually prudent to use
conservative leaching rates [15].

5.2.1.3 Dissolution

Dissolution refers to the conversion of a substance from a solid
material to a dissolved material by means of reaction with a solvent such as
water. The dissolution of reactor fuel has been studied and reported in the
context of deep geologic disposal [6]. Dissolution rates and the associated
mechanisms for radionuclide release can be obtained from this literature.

5.2.1.4 Airborne release

Certain fission products in reactor fuel are gaseous, or have the
potential to become airborne due to reactions with water or oxygen. Notable
examples of gases are the isotopes of krypton and iodine [25]. Some elements
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which are normally solids may convert to gases by undergoing chemical
reactions. For example the stable form of ruthenium is RuO but a volatile
form is RuO . The conversion to the tetroxide may occur due to contact with
water which has undergone radiolysis and thus contains peroxide and other
aggressive oxidizing species.

In a failed nuclear reactor, a portion of the normally volatile
isotopes, such as noble gases and iodine may have been released during the
accident [35]. Efforts should be made to determine the remaining inventory of
these materials after sealing. Spontaneous fission occurring in the fuel will
also generate gaseous isotopes which can escape to the environment but the
extent of such fission is often negligible and is predictable given the fuel
inventory. Gases may also accumulate in the pores of concrete or other porous
materials. If the half-lives are sufficiently long then these can be released
during the years following entombment.

One of the sources of aerosols is the degradation of the solid fused
mass, which was produced during the Chernobyl severe accident. This fused
mass is a glass like material containing a high percentage of damage fuel and
a small percent of construction materials and SiO [19, 20]. The
peculiarity of this material is that it seems to self destruct and transforms
into dust-like particles after 2 to 3 years.

5.2.2 Facility and barrier system

Sealed facilities may be equipped with ventilation systems to discharge
heat or gases that would otherwise build-up in the vicinity of radioactive
fuel. These systems would include air-cleaning devices to remove the majority
of the airborne contaminants.

During the post-sealing period, the release of aerosols is probably not
a likely event. A disruptive event such as inadvertent human intrusion might
be postulated to cause aerosol releases and airborne dust.

After release of radionuclides from different waste forms as it is
described in Section 5.2.1, they could be transported within the facility and
through the barrier system into the natural environment. The processes which
determine the transport of radionuclides are outlined in the following:
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5.2.2.1 Advection and convection

The transport of radionuclides between and within barriers is possible
by means of moving the medium which carries the nuclides, which is water or
air. The driving forces for this movement could be pressure gradients in the
case of advection and density gradients in the case of convection. In case of
water as a transport medium, gas production might cause a two phase flow. The
flow pattern will strongly depend on the fact whether it is a fluid flow or a
flow through porous or fractured medium.

5.2.2.2 Diffusion and dispersion

Differences in the concentrations of radionuclides give rise to
transport by diffusion. In the case of a moving transport medium through a
porous or fractured medium, nuclides are also transported by dispersion
effects. Transport by diffusion and dispersion will strongly depend upon the
mechanical properties of the material.

5.2.2.3 Sorption and precipitation

Depending on the chemical environment, radionuclides could undergo
chemical reactions which retard the transport process. If solubility limits
are reached, nuclides are precipitated. If sorbing material is available,
nuclide concentrations in the liquid phase can be reduced. The net effect is
a reduction in the migration velocity of sorbed species [16].

5.2.2.4 Gas generation

The generation of gas will produce pressure gradients in case of air as
a transport medium and therefore induce advection. In case of water as a
transport medium, the insoluble part of the gas will produce density effects
which drive the movement of the water. Mechanisms of gas generation are
discussed in Section 5.1.3. In addition to these mechanisms, gases may also
be generated over the long term via biodégradation of organic materials [22].

5.2.2.5 Degradation of barriers

The concrete barriers may not always remain intact but may fracture due
to shrinkage or mechanical stresses that can occur over longer time periods.
If fractures are present, then they provide a pathway for intrusion of water
and also escape of radionuclides.
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The physical forces that cause degradation and erosion of concrete are
wind/ rain, wetting and drying, temperature changes and high gamma radiation
fields . This degradation can cause internal, microstructural changes due to
the tendency of concrete to convert back to its most stable state [12]. As a
result, amorphous materials may crystallize, hydration reactions or reactions
with various aggregates may occur, metallic reinforcement may corrode.
Biodégradation and evolution of gaseous products may contribute to these
effects. Archaelogical evidence indicates that for ordinary portland cements
the most likely degradation mechanism is leaching by sulphates.

5.2.2.6 Failure of barriers

There are several possibilities that the barrier system of the sealed
facility could fail by disruptive events which are discussed in connection
with the scenario identification [5]. Other possibilities exist over the
short term by malfunctioning of ventilation or cooling systems and after
failure of the monitoring system which could allow for overpressurization due
to the internal gas production [25],

5.2.3 The natural environment

Any radionuclides that escape from the sealed facility enter the
geosphere or the biosphere. The geosphere includes hydrologie processes at
the site. Transport will be influenced by advection, diffusion and
dispersion. An important phenomena is the retardation of contaminants [27].
Retardation is the degree of reduction in radionuclide velocity relative to
groundwater velocity due to reversible adsorption or precipitation.

Radionuclides can enter the biosphere directly or via the geosphere.
In the biosphere, migration will occur with relocation of the radionuclides as
well as accumulation processes which concentrate radionuclides. Humans can
receive radiation doses through various biosphere pathways.

Detailed knowledge is needed about the site-specific conditions in
order to identify those processes that influence the transport in the area.
The processes to consider include those occurring in biological systems.
Climatology as well as human activities in the area should be taken into
account.
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6. PERFORMANCE ASSESSMENT APPROACH

6.1 General assessment logic

The performance assessment approach for a sealed nuclear facility
begins with a detailed definition of the state of the facility at the time of
sealing. As described in Chapter 4, this definition includes: the
physicochemical state of the radionuclide source and the release barriers,
descriptions of any ventilation, heat removal and monitoring systems and a
description of the natural environment surrounding the facility [15]. In the
case of a facility sealed at the end of its normal life, this definition of
the initial state can be made with considerable certainty, but in the case of
a facility sealed following a major accident, the initial state may be
somewhat uncertain.

Next, the forces causing change to that initial state are identified,
and as shown in Chapter 5, the phenomena resulting from these forces are
conceptually described. Mathematical models describing the effect of these
phenomena on the radionuclide source, the barrier and facility system and the
natural environment are then developed. When applied as a set, these models
describe radionuclide releases from the source. Next, the transport of the
released radionuclides through the barrier and facility system and the natural
environment are modeled, leading ultimately to predicted radiation doses to
humans. The logic of this assessment approach is shown in Figure 6.1.

Performance assessment may be done at various stages in the life of a
sealed nuclear facility [13]. In the case of a facility sealed at the end of
its useful life, assessments will likely be done during the barrier design
phase to ensure that the barrier system once constructed will adequately
control radionuclide release and permit the overall system to meet the desired
performance criteria. An assessment may be done at the beginning of the
design phase and again at the end of the construction to accomplish this
purpose. At this stage, the characteristics of the barrier system may be
well-known. In the case of a facility sealed following a severe accident, a
barrier system of some sort may already be in place from attempts to mitigate
the accident consequences and the opportunity to influence the barrier design
may be nonexistent. In both cases, assessments may be done at various times
during the monitoring phase after sealing has been completed to follow the
actual evolution of the sealed facility and confirm that the barrier system
continues to be functioning adequately.
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6.2 Assessment methodology

The main task of a safety assessment is to demonstrate that the system
fulfills the safety requirements under all predictable circumstances. The
assessment methodology will be influenced by these requirements or by the
given regulatory standards.

In general, predictable circumstances are defined as scenarios which
describe potential future developments of the sealed facility. These
scenarios can be evaluated by their probabilities of occurrence and their
consequences and also by their rise as a combination of probability and
consequence. The consequence measure and the necessity to establish
probabilities and risks depend on the actual regulatory requirements.
Possible consequence measures are retardation times for release from the
sealing, fractional release over a time period given, maximum individual doses
and collective dose commitments.

Integral parts of performance assessments for a sealed nuclear facility
are sensitivity and uncertainty analyses. They account for the effects of
parameter value uncertainty and usually a Monte Carlo simulation technique is
applied as part of an overall assessment methodology [4].

Sensitivity analyses evaluate the degree of influence that particular
model parameters have on the predicted behaviour of the system. Unimportant
parameters can be identified to simplify models so that only the important
phenomena are described, thereby making both the data collection and the
mathematical calculations more efficient. Important parameters can be
identified for detailed research towards a next step in performance
assessments.

Uncertainty analysis quantify the extent to which the predicted
performance of a system may differ from the actual performance. Uncertainties
in the predicted performance of a sealed nuclear facility arise from several
causes, including the ability of the models to represent the system completely
and variations in measured data used to specify values for model input
parameters. Results of uncertainty analyses allow for a meaningful comparison
with regulatory targets expressed as dose equivalent to a certain level of
risk. Parameter uncertainties could be established on the basis of measured
data or expert opinion. The latter provides a qualitative framework for
handling subjective information about parameter uncertainty.
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6.3 Scenarios for a sealed nuclear facility

Scenarios are introduced into safety assessments to characterize such
circumstances as a set of potential future evolutions of a sealed nuclear
facility. Scenarios could be developed by looking at all features, events and
processes that will determine the performance of the system. Single features,
events and processes and also possible combinations of these can establish the
required set of scenarios. Every scenario defines a behaviour of the system
which allows for release of radionuclides from the sealed nuclear facility and
radioactive exposure to future individuals.

There are two basic pathways by which radionuclides can be released
from a sealed nuclear facility and come into contact with humans. The first
pathway is the direct release to the biosphere in the immediate vicinity of
the facility either as airborne release or as release of contaminated water to
river systems. The second pathway is the release of contaminated water to the
geological surrounding and the subsequent migration to locations where the
water is used by humans. Thus, the scenarios that are developed for a
performance assessment of a sealed nuclear facility should reflect the events
and processes that influence the release and transport of radionuclides for
these two basic pathways.

6.3.1 Normal evolution scenarios

Normal evolution scenarios for a sealed nuclear facility covers all
features, events and processes which are expected to happen. They include
thermal, thermomechanical and radiation effects and gas generation caused by
the facility itself as well as leaching, corrosion and microbiological
degradation as occur commonly in nature [5].

Impacts of the above mentioned phenomena depend on the implementation
of the sealed system. The gradually decreasing ability of the sealing to
mitigate radionuclide release could be considered as a normal evolution
scenario. Other examples are given in Table 6.1.

6.3.2 Altered evolution scenarios

Altered evolution scenarios deal with abnormal events such as cooling
or ventilation subsystem failure or catastrophic events like an earthquake
connected with disruption of the sealing. Such abnormal events overlap the
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normal evolution of the system and even combinations of abnormal events have
to be defined as scenarios. Because of possible low probabilities of already
single events, evaluation of altered evolution scenarios should include
probabilities of occurrence.

Human intrusion into a sealed nuclear facility can be regarded as a
special altered evolution scenario having probabilistic character. Only a
major industrial activity carried out after knowledge of the sealed facility
presence has been lost, can seriously damage the protective barriers and hence
should be considered. Other examples of altered evolution scenarios are given
in Table 6.1.

6.3.3 Selection of scenarios

Selection of scenarios can be performed during the process of scenario
development or on the basis of preliminary performance assessments. While
developing scenarios on the basis of features, events and processes, screening
can be made on each single item and again after their combination. Screening
criteria could be based on the likelihood of occurrence of items and scenarios
as well as on preliminary assessments of their consequences.

After a first performance assessment of a given set of scenarios, it is
obvious that some scenarios and some phenomena prevail in its consequences, or
that some subsystem performance would become the weakest component of the
system. Based on such results, scenarios needed for ongoing safety assessment
might be reduced to relevant ones or scenario development has to be
reconsidered with respect to a special subsystem.

6.4 Development of a performance assessment modelling capability

Performance assessments should adopt the general principle that overall
system performance should be predicted as realistically as reasonably possible
and the uncertainties in those best-estimate predictions should be quantified
to the extent practical. This principle places some stringent demands on the
application of performance assessment modelling technology and those demands
in turn place other demands on the development of the technology [13]. As a
result, the performance assessment capability for a sealed nuclear facility
will likely contain two levels of models, an integrated system of simple
models and a discrete set of more complex models.
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Using a deterministic approach, single calculations with best estimate
parameter values using more complex models are performed followed by
parametric studies. In a probabilistic approach, a large number of
calculations are made with the integrated system of simple models using
distributions of values for the input parameters. These calculations provide
best-estimate predictions of performance along with confidence limits. A
small number of these calculations are checked using the discrete set of
complex models. This approach strikes a balance between efficiency and
accuracy in performance assessment applications. The approach is efficient
because many calculations are made with the system of simple models and are
accurate because a portion of the simple model results are checked against the
results from the complex models.

In developing the performance assessment modelling capability for a
sealed nuclear facility, the requirements for the capability are first
defined. This involves the definition of performance specifications for both
the integrated system of simple models and the discrete set of complex
models. The performance specifications define what equations or relationships
the various models must describe and what model interrelationships are needed
for the sealed nuclear facility application. Second, existing models, such as
those already available from the performance assessment modelling capabilities
for shallow burial of low-level wastes and deep geologic disposal of
high-level wastes, are compared with the performance specifications to
determine what models are already available for use, what models can be
modified for use, and what models need to be developed.

Next, the models requiring modification and the new model developments
are provided by a process that includes individual model design
specifications, model coding, model verification, and model validation. The
model design specifications define how the equations or relationships in the
model performance specifications are solved in the computer programs. The
model verifications check to determine if the computer programs, as coded,
meet the design specifications (i.e., that they do the intended calculations
correctly) through the use of analytical benchmarks and code-to-code
comparisons [28-30]. The model validations check to determine if the computer
programs meet the performance specifications (i.e., that they predict the
"truth" to an acceptable degree) through comparisons with laboratory, in situ,
and field data [31]. Finally, the simple models are integrated by a process
that includes systems model design specifications, model coding, and code
checking [18].
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The systems model design specifications define how the model
interrelationships defined in the systems model performance specifications are
accomplished in the system performance code. The systems model may not be
verifiable because there will not be an analytical benchmark and there may not
be another systems model to which it can be compared. The verification of the
systems model must therefore rely on careful checking of the code. Likewise,
the systems model cannot be validated because it is not possible to conduct
tests of sealed nuclear facility performance over the time period of interest
to the performance assessment. Thus, the validation of the systems
performance model must be inferred from the validation of the individual
models and the sensitivity analyses used to provide the simple models whose
interactions that the systems model manages. The steps in the performance
assessment model development process are summarized in Figure 6.2.

Define system to be modelled

I
Develop conceptual model

i
Develop mathematical model

Code model

I
Verify model

I
Validate model

Confirm adequacy of model
for intended purpose

FIG. 6.2. Steps in model development process.
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7. PERFORMANCE ASSESSMENT MODELS AND DATA NEEDS

7.1 Introduction

Up to now, models have not been developed, nor has data been collected,
for the sole purpose of performing a safety assessment of a sealed nuclear
facility. Therefore, in order to predict the systems behaviour and to
estimate the consequences, new models must be developed or existing models
that simulate the same process but under other circumstances must be
modified. This is especially relevant for that part of system that includes
the source term and the barrier system [5].

However, for parts of the system and especially for the natural
environment, models and data exist which, with care, could be used for the
further analyses of migration in the geosphere and biosphere and as well as
for the prediction of health effects. For that part of the system where a
number of models are available, a sensible approach is to choose the simplest
one that is suitable [22].

7.2 Selection procedure

The choice of models to be used in a particular performance analysis is
influenced by several factors. The most important of these are a) the aims of
the analysis, b) the scenario under consideration c) the phenomena to be
considered, and d) the availability of data [15]. Analysis and modelling of
all the phenomena related to a given scenario will require model selection for
subsystem or even single phenomena. A possible subdivision of the system is
to distinguish between near-field and far-field or within the near-field
between leaching of radionuclides and the transport to and through the
engineered barrier. For the overall assessment, the models for subsystems
have to be coupled together to perform an integrated assessment. The factors
influencing model selection are discussed in more detail in [4] and hence only
the most important points are outlined here.

In general it will be necessary to use different types of models at
different stages of the performance assessment. For example, simpler models
would be used for screening studies and uncertainty analysis and more complex
models would be used when more information on the system and more data are
available. The types of models that can be used are analytical models
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(analytical solutions to the equations), box models, finite difference models
and finite element models. The latter two are numerical models and box models
and may be solved analytically or numerically, depending upon the number of
boxes and the initial or boundary conditions.

Depending on the aim of the analysis, the models would be time
dependent or give steady state solutions. Examples of these models are
described in reference [5]. Lastly, when models are matched to scenarios,
care should be taken that the model is not being applied to situations that it
was not developed for. For example, the porous medium approximation for a
concrete engineered barrier would not be appropriate for a fractured concrete
when the average path length through the concrete is short compared with the
average fracture spacing and length.

Data can be collected from existing data files and literature,
laboratory experiments, in-situ tests and field observations. There are two
important aspects of the data requirement. Firstly, the data should be
applicable for the time periods that will be modelled. This may be the
present day or times far in the future. Secondly, two types of data values
are needed: the best estimates or reference values and the ranges and
distribution functions, for use in uncertainty analyses.

7.3 Model and data needs

7.3.1 Radionuclide inventory

Information on the radionuclide inventory of a reactor core (or nuclear
facility, in general) is important for performance assessment purposes and for
all sealing, decommissioning or recovery activities. For reactors, the
inventory depends on the design and power - "operating history". There are
computer codes see, for example, Refs. [32,33] for the prediction of reactor
inventories.

Of the many radionuclides that may be present in the inventory, only a
small number pose a threat to the environment. For example, there are many
radionuclides in the Chernobyl reactor core (shown in Table 4.1), but for
relative long term (more than one year) considerations, only the radionuclides
shown in Table 7.1 are important [19,20].
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TABLE 7.1. RADIOLOGICALLY IMPORTANT LONG LIVED RADIONUCLIDES FROM THE
CHERNOBYL REACTOR

Radionuclide

Strontium-90
Cesium-137
Plutonium-238
Plutonium-239
Plutonium-240
Plutonium-241
Americium-241

Half-life
(years)

29
30
88
2.4*104
6.6*103
14
430

Predominant
emission

ß
e, Y
a
a
a
ß
a

* 241produced by decay of the Pu

7.3.1.1 Physical and chemical conditions

From the point of view of performance assessment, it is important to
know the radionuclide inventory of the waste to be sealed and also to
characterize the physical and chemical condition of the waste. In the case of
sealing the facility after decommissioning or after an accident without
destruction of the nuclear fuel, it is generally possible to characterize the
waste through sampling or through fuel inventory models [3,4,6].

More complicated is the case of sealing of the nuclear facility after a
severe accident. In this case, near field effects can produce exotic chemical
reactions (for example RuO production). Physical processes can also occur
such as aerosol production from glass-like fuel masses by surface radiation
damage of this material. It is postulated that this type of aerosol
production has occurred at the Chernobyl NPP Unit 4.

Primary data about physical and chemical conditions needed for
performance assessment in the case of an accident which damaged the nuclear
fuel are:

physical forms of contaminated material and damaged fuel;
Location of large amounts of radioactive material;
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- information about radiation and heat fields around radioactive
materials; and
analyses of possible interaction between wastes to be sealed and
sealing materials.

7.3.2 Mobilization of radionuclides

The release of radionuclides from the solid waste form into a transport
medium such as water or air is described by source term models. Such models
have been developed in recent years for different waste forms such as spent
fuel, glass, and cemented waste. Data bases have been established for
repository conditions in deep geologic formations such as salt, granite, clay,
and tuff [34].

Source term models consist of two parts: the containment failure model
and the waste degradation model. Besides the chemical environment of the near
field, the two submodels depend on the container and the waste material.

Containment failure models are often based on measured corrosion rates
for the container material, which are then transferred to a distribution
function for the container lifetime. Waste degradation models are developed
from leaching or similar experiments. Depending on the waste form, the
degradation rate could be a function of temperature, time, and the
radionuclide under consideration. Recent developments also include results
from complex geochemical codes.

Performance assessments for sealed nuclear facilities require several
source term models corresponding to the types of waste to be considered. As
discussed in Section 4.4, these are:

- spent fuel
cladding and structural material

- reactor vessel
- reinforced concrete

corium from meltdown accidents
- surface contamination from accidents

The spent fuel is the only source term model which requires a
containment failure submodel for the cladding material. This has to account
for an initial number of failed fuel rods as a result of a former accident and
the subsequent failure rate due to the corrosion of the cladding material.
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The degradation model for spent fuel describes the dissolution of the
solid material to dissolved material by means of reactions with the transport
medium (usually water). This dissolution process could depend on temperature
and could be specific to radionuclides or groups of radionuclides. The
functional dependencies and the nuclide specific dissolution rates are
necessary input parameters to the model.

The corrosion of cladding and structural material, and of the reactor
vessel can be described by corrosion rates for each type of material. The
mobilization of radionuclides is then determined by the total surface of each
material, and the total volume to be mobilized.

The source term models for concrete and corium describe the leaching or
removal of radionuclides from radioactive material. Functional dependencies
which have to be considered are temperature and time. Respective data for
these dependencies are required as well as leach rates for the radionuclides
to be considered. Due to lack of data, simple models have often been applied
for cemented waste in performance assessments for deep repositories, which
consider congruent and constant leaching in time. Similar approaches have
been applied to solidified corium leaching by groundwater after a core melt
down accident [35].

The mobilization of radionuclides from contaminated surfaced is not
expected to be delayed significantly. Therefore, no separate source term
model is required and can be replaced by an instantaneous release approach.

For the source term models discussed above, no special computer codes
are necessary. Due to the simplicity of all the models, they are usually
integrated into more general codes for the near field or the overall system.

7.3.3 Transport through the near field

The near field of a sealed nuclear facility covers every feature and
process which determines the release of radionuclides from the outer sealing
after its mobilization from the solid waste form. For transport through the
near field, two major pathways have to be considered which are the airborne
and the aqueous transport processes.
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Airborne transport might be driven by matrix diffusion through the
concrete structure of the sealing or by transmission through cracks. In a
large engineered structure as a sealed nuclear facility, it has to be assumed
that transmission through microcracks, larger cracks or localized porosity
will be more significant compared to matrix diffusion.

As a starting point in estimating the escape of gases through
containment structures, analysts might refer to the data on leakage rates in
the large, concrete vacuum buildings, which are a feature of some CANDU
nuclear installations. These estimates would be based on situations where a
significant pressure differential exists between the interior and the exterior
of the structure. However, this might be the case if forced convection is
used to cool a sealed, damaged nuclear facility. Even transients in the
external atmospheric pressure should not be overlooked as a driving force for
the escape of gaseous radionuclides, as these have been shown to be a factor
in influencing the radon flux into buildings from the surrounding soil, and in
affecting the escape of gaseous products through cracked trench covers at the
LLW disposal site at West Valley, New York.

Aqueous transport requires the intrusion of water into the sealed
facility. This water serves as a leachate for the mobilization process and
also as a subsequent transport medium. If the system is sealed as a result of
planned decommissioning, it seems most unlikely that any significant quantity
of liquids would be left in the facility and that monitoring systems would be
installed to detect any significant ingress of water following sealing. If
significant leakage is discovered, presumably corrective action would be
taken. Therefore, aqueous transport is probably only relevant to the accident
scenario or in the long term after planned decommissioning.

Penetration of water into the sealed facility from outside must be
analyzed. The urgency of the situation following an accident and difficult
working conditions may prevent normal attention to detailed design and quality
control. Therefore, it may not be possible to achieve the same high quality
standards as in a nuclear reactor containment building. Samples of
construction materials should be taken so that their permeabilities may be
measured. The containment structure design should be carefully analyzed to
identify areas which may be susceptible to water infiltration and conservative
estimates of leakage may be made, based on bulk material properties and data
gleaned from experience in the civil engineering world with other similar
structures.
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If the structure is to remain in place for a long time, attention must
be given to potential deterioration as a result of mechanisms such as sulphate
attack, re-enforcing rod corrosion and cracking. Research programmes are
under way to assess the durability and longevity of concrete structures in
waste disposal facilities, which should be of value to those called upon to
assess the long-term safety of sealed nuclear facilities.

Concrete is an old material, and it has been well studied. Therefore,
it should be possible to estimate the permeability of the concrete, from which
the facility was constructed, based on a knowledge of the specifications for
the original facility. From this knowledge, together with an estimate of the
shape of the containment structure, it should be possible to estimate the flux
of water into and of contaminated water from the facility. The analysis
should also take into account the use of protective coatings on the concrete
surface, which might degrade with time. In common with many other areas of
the safety analysis of a post-accident sealed nuclear facilities, the analyst
will have to search for data from other, analogous situations, to apply to the
specifics of the circumstances he is facing. In this case, worldwide
experience in the use of lined, concrete pools for irradiated fuel storage may
be fertile ground from which data and predictions may be drawn.

Other nuclear facilities may not have been built with long-term
containment of water in mind. For these facilities, the design of areas where
water may collect will have to be analyzed and leakage rates estimated, based
on the details of the design, using the basic principles of hydrostatics and
hydrodynamics. If similar, undamaged facilities exist, study of these
facilities and, perhaps, even inactive simulation of conditions in the damaged
facility may be possible to provide data for the safety assessment.

7.3.4 Transport through the far field

The far field of a sealed nuclear facility is everything outside the
facility itself. Hence, transport through the far field immediately starts
after release of radionuclides from the near field. This involves three main
pathways which are a) airborne emissions; b) aqueous emissions to ground
surface and rivers; c) release through soil into aquifers. These three
pathways might be interconnected for example by evaporation from surface
drainage and release from an aquifer to a river system. Transport through the
far field ends up with inhalation or ingestion of radionuclides by humans who
are drinking contaminated water or consuming contaminated food.
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Transport modelling after airborne emissions requires statistical data
on wind speed, directions and temperature inversion frequency, which will
likely exist prior to sealing. Hence, it should be relatively easy to
calculate the exposure of the surrounding populations to gaseous
radionuclides, using models which already exist to simulate routine airborne
emissions from existing nuclear facilities and industrial plants.

Providing there are not large defects in the containment structure,
particulate emissions from within the facility should not be a problem.
However, after escape of contaminated water from the containment to the ground
surface, water may evaporate and contaminants become suspended as a result of
wind action. The suspension of particulates into the air and their inhalation
has been analyzed in detail in studies of radioactive waste disposal systems.
Therefore, if the concentration of radionuclides in the surface soil and the
contaminated area can be estimated, it should be possible to make reasonable
estimates of risk from this source.

Transport modelling after aqueous emissions to ground surface and
rivers requires data on the drainage system surrounding the sealed nuclear
facility, infiltration rates for rain water and water fluxes in rivers
connected. Transport of released radionuclides in the drainage and river
system will be influenced by advection and diffusion as well as by sorption to
suspended particles and the river bed. After site specific data base is
established, available models can be used to calculate radionuclide
concentration as a function of time at some locations in the river system
where water withdrawal might happen to irrigate land and for other purposes.

Transport modelling after aqueous emissions through soil into aquifers
needs flow- and transport models which have to incorporate a description of
hydrologie conditions surrounding the site. Flow models are first used to
establish the direction and velocity of groundwater motion. This information
is then used in transport models which consider advection, diffusion and
dispersion of migrating radionuclides. An important input parameter to the
transport model is the retardation coefficient for contaminants on the
relevant soil or host rock. Retardation is the degree of reduction in
radionuclide velocity relative to groundwater velocity due to reversible
adsorption. Estimated values for various groundwater and host rock situations
have been reported in the literature see [15,22,36].
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Flow models have to consider unsaturated media betwen the location of
radionuclide release and the aquifer system as well as saturated media for the
aquifer system itself. These models require a comprehensive data set
describing the geological structure of the accessible environment at the site
and the hydrogeological conditions of the geological strata and at the
boundaries of the area considered. Comprehensive models to calculate
groundwater movement for saturated and also for unsaturated conditions have
been developed, and are applicable to the situation at sealed nuclear facility
sites.

Transport models have to consider the same two media. Subsequent to
release from the near field contaminted water will come into contact with
subsurface formations through percolation of the carrier solution and move
downwards, until they reach the aquifer. Within this movement physical and
chemical processes as well as biochemical reactions can take place,
influencing the rate of movement of radionuclides. The presence of chelating
agents must also be taken into account.

The prediction of radionuclide movement through the unsaturated
(aerated) zone is not easy to achieve. Mathematical models are available but,
require site-specific data. Conversely, due to relatively small distances of
most aquifers from the ground surface, the transport through the aerated zone
plays a less important role.

Radionuclide movement in the saturated zone is much easier to predict
and many mathematical models have been developed for this purpose. The
principal mechanisms affecting the advective transport of a contaminant by the
groundwater are dispersion and sorption.

The process of hydrodynamic dispersion results in the spreading out of
the contaminants as they move along the flow system. The dispersion process
occurs because of mechanical mixing during fluid flow and because of molecular
diffusion. The spreading which results from the mechanical mixing tends to be
of most significance in defining the degree of hydrodynamic dispersion when
modelling a release of radionuclides.

Most contaminants interact with the environment in a variety of ways
which influence their behaviour. The physical or chemical interactions may be
grouped into:

alteration in the chemical or electronic configuration of molecule
or element;
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alteration in nuclear composition;
the establishment of new associations with other chemical species;
and

- interaction with solid surfaces.

Chemical or electronic alterations include oxidation-reduction,
hydrolysis, elimination, and substitution reactions. These reactions often
affect the solubility and sorptive behaviour of the contaminants, thereby
affecting their mobility.

The natural sorption capability of soils having a high clay mineral
content is vast and generally well known. In some natural materials, the
prevailing mechanism is ion-exchange, however, sorption also means other
mechanisms of retention, such as chemisorption, incorporation of a nuclide
into the lattice of a mineral, or simple physical adsorption onto the surface
layer of the mineral particle.

In general, the solutes which react physically or chemically with the
porous medium, are retained. These processes are considered reversible, that
is, radionuclides introduced at a point are adsorbed by the porous medium as
they move along a flow path. In effect, the radionuclides move more slowly
than a carrier. If the concentration of a radionuclide decreases, the
constituent may be desorbed or transferred from the solid phase back to the
pore water. The reversible adsorption/desorption process depends on the
concentration equilibria of the specific radionuclide and variation of
physical factors (e.g. temperature) assuming the concentration of all other
water constituents is constant.

The output of the geosphere model is a discharge rate or concentration
of radionuclides at some defined position or location. This data feeds to a
biosphere model which then calculates the distribution of the radionuclides in
the accessible environment and the subsequent doses to humans.

Existing biosphere codes can be tailored to fit the appropriate
scenarios at the entombed facility site. A biosphere model might involve
uptake of contaminated water, consumption of contaminated fish, irrigation of
agricultural products with contaminated water and inhalation of air that
contains radioactive aerosols. Numerous biosphere models have been developed
over the years for waste disposal programmes and are noted in Ref. [36]. The
relationship between radionuclide intake and committed dose is given by
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conversion factors for each radionuclide which are established by the
International Committee on Radiation Protection Ref. [37]. Other conversion
factors have been proposed but the ICRP standards have been generally accepted,

8. CONCLUSIONS

Nuclear facilities may be sealed for decades prior to final
dismantlement to allow the inventory of radionuclides to be substantially
reduced by the process of radioactive decay. Radiation fields within the
facility will thus be lower as well as the occupational risk associated with
dismantlement.

Sealing of the facility for such a period may be part of a planned
decommissioning strategy. In this case, the radioactive sources, and the fuel
for a nuclear reactor would almost certainly be removed prior to such action.
However, in the event of a major nuclear accident (such as Chernobyl) sealing
for decades may be required before attempts can be made to remove any
significant amount of radioactive material.

In either case, it will be necessary to perform a safety assessment to
determine the potential impact of the sealed facility on man and the
environment. Such a safety assessment will be performed during the planning
phase, when it is intended to seal a facility as part of a planned
decommissioning activity, and will contribute to the design process. A full
safety assessment will probably be possible only after significant measures
have been taken to contain the immediate impacts of a severe nuclear accident.
In this case, the safety assessment may assist in identifying additional
remedial measures, if any, which are necessary to reduce environmental impacts
to acceptable levels.

The first requirement for a safety assessment is to describe the system
to be modeled. The description should include the radionuclide inventory
(with as much detail of its physical and chemical form as possible), the
physical barriers to the release of radionuclides, both originally present and
installed during the sealing process, and the natural environment surrounding
the facility. Only when the system and its components are defined can its
performance be modeled.
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No integrated performance assessment models currently exist which are
designed to predict the performance of a sealed facility. They are unlikely
to exist in a form which will describe any post-accident sealed facility prior
to the accident taking place, because the range of post-accident conditions is
too broad to be accurately predicted.

However, those who are required to develop environmental assessment
models to describe sealed nuclear facilities do have access to an established
and growing base of knowledge and data with which to work.

The area where most guidance exists, is in the case of airborne
emissions. Models already exist to describe such releases in a way which
takes into account both meteorological and topographical conditions. More
difficult will be the prediction of the production rate of gaseous
radionuclides. Information on gas generation in waste disposal facilities may
be of some value. Providing the sealing system can be adequately defined,
particularly in terms of permeability, it should not be a difficult task to
predict release rates.

For transport by water, the rate of infiltration and escape through the
sealing system must be estimated. This is a function of the design of the
system and the materials used. Concrete is likely to be a very common barrier
material. Much information is available concerning the ageing of concrete,
and models are being developed which consider the degradation of concrete as a
function of time in countries which propose to use this material in waste
disposal systems. One must also take into account any water trapped within
the facility during emergency response actions following an accident.

It may be difficult to characterize the waste inventory and provide
reliable estimates of leach rates, particularly in the accident case.
However, many researchers are developing thermodynamic data bases as part of
high-level waste disposal programmes and these can provide some estimate of
maximum aqueous concentrations of radionuclides to be made.

Nuclear facilities are usually better characterized in terms of geology
and their environment than most other industrial installations. Waste
management programmes have also produced models of transport of radionuclides
through the geosphere in fractured, porous and also relatively impermeable
geologic media. Similarly, there is substantial knowledge of the biosphere.
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Therefore, the modeller will have an excellent starting point in predicting
these components of the system.

The safety assessment of sealed nuclear facilities is not a trivial
task. However, due to the substantial work which has been done in developing
understanding of other types of waste storage and disposal systems, there is a
substantial base of knowledge, models and data which will be directly and
indirectly applicable to this task. Equally important, there are in several
countries, experts in waste management and preparation of environmental impact
assessments with the skills to adapt this knowledge to this new area of
interest.

56



REFERENCES

[I] INTERNATIONAL ATOMIC ENERGY AGENCY, Decommissioning of Nuclear
Facilities: Decontamination, Disassembly and Waste Management,
Technical Reports Series No. 230, IAEA, Vienna (1983).

[2] INTERNATIONAL ATOMIC ENERGY AGENCY, Basic Safety Standards for
Radioactive Protection, Safety Series No. 9, IAEA, Vienna (1982).

[3] INTERNATIONAL ATOMIC ENERGY AGENCY, Performance Assessment for
Underground Disposal Systems, Safety Series No. 68, IAEA, Vienna (1985)

[4] INTERNATIONAL ATOMIC ENERGY AGENCY, Safety Assessment for the
Underground Disposal of Radioactive Wastes, Safety Series No. 56, IAEA,
Vienna (1981).

[5] INTERNATIONAL ATOMIC ENERGY AGENCY, Concepts and Examples of Safety
Analyses for Radioactive Waste Repositories in Continental Geological
Formations, Safety Series No. 58, IAEA, Vienna (1983).

[6] INTERNATIONAL ATOMIC ENERGY AGENCY, Deep Underground Disposal of
Radioactive Wastes: Near-field Effects, Technical Reports Series
No. 251, IAEA, Vienna (1985).

[7] INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION, Radiation
Protection Principles for the Disposal of Solid Radioactive Waste.
Annals of the ICRP 15, No. 4, ICRP Publication No. 46, Pergamon Press,
Oxford (1985).

[8] INTERNATIONAL ATOMIC ENERGY AGENCY, Safety Principles and Technical
Criteria for the Underground Disposal of High-Level Radioactive Wastes,
Safety Series No. 99, IAEA, Vienna (1989)

[9] INTERNATIONAL ATOMIC ENERGY AGENCY, Development of Regulatory
Procedures for the Disposal of Solid Radioactive Waste in Deep,
Continental Formations, Safety Series No. 51, IAEA, Vienna (1980).

[10] INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION, Protection of the
Public in Event of a Major Radiation Accident - Principles for
Planning, ICRP Publication No. 40, Pergamon Press, Oxford and New York
(1984)

[II] INTERNATIONAL ATOMIC ENERGY AGENCY, Derived Intervention Levels for
Application in Controlling Radiation Doses to the Public in the Event
of a Nuclear Accident or Radiological Emergency, Safety Series No. 81,
IAEA, Vienna (1986)

[12] INTERNATIONAL ATOMIC ENERGY AGENCY, Evaluation and Optimization of
Post-Accident Confinement Systems for Nuclear Facilities, Technical
Reports, Series, IAEA, Vienna (to be published)

57



[13] Stewart, G.H. et al., Long-Term Performance Assessment of Grouted
Phosphate/Sulfate Waste from N-Reactor Operations, PNL-6152, Pacific
Northwest Laboratory, Richland, WA (1987).

[14] INTERNATIONAL ATOMIC ENERGY AGENCY, Summary Report on thé Post-Accident
Meeting on thé Chernobyl Accident, Safety Series No. 75-lNSAG-l, IAEA,
Vienna (1986)

[15] PIGFORD, T.H., et al., A Study of the Isolation System for Geological
Disposal of Radioactive Wastes, National Academy Press, Washington, DC
(1983).

[16] HARADA, M., et al., Migration of Radionuclides Through Sorbing Media -
Analytical Solutions I, Lawrence Berkeley Lab., ÇA, Rep. LBL-10500
(1980).

[17] INTERNATIONAL ATOMIC ENERGY AGENCY, Criteria for Underground Disposal
of Solid Radioactive Wastes, Safety Series No. 60, IAEA, Vienna (1983).

;i8] INTERNATIONAL ATOMIC ENERGY AGENCY, Sealing of Underground Repositories
for Radioactive Wastes, Technical Reports Series No. 319, IAEA, Vienna
(1990).

BOROVOY, A., "Fission product and transuranic element release during
Chernobyl accident", USSR, I.V. Kurchatov Institute of Atomic Energy,
Preprint N 665, 1990.

[20] BOROVOY, A., et al, "Status of the Unit 4 of the Chernobyl NPP and
condition of its fuel", USSR, I.V. Kurchatov Institute of Atomic
Energy, Preprint N 696, 1990

;21] INTERNATIONAL ATOMIC ENERGY AGENCY, The Decommissioning and Disposal of
a Nuclear Reactor After an Accident, Technical Reports Series, IAEA,
Vienna (to be published).

[22] LAWSON, G. and SMITH, G.M., BIOS: A Model to predict Radionuclide
Transfer and Doses to Man following Releases from Geological
Repositories, NRPB-R169 (1984).

[23] NAPIER et al., DITTY - A Computer Program for Calculating Population
Dose Integrated Over Ten Thousand Years, PNL-4456, Pacific Northwest
Laboratory, Richland WA, (1985).

[24] LESTER, D.H., et al., Migration of Radionuclide Chains through an
Absorbing Medium, Battelle Pacific Northwest Labs. Richland WA, Rep.
BNWL-SA-5019 (1974).

58



[25] USNRC, "Probabilistic Risk Assessment Reference Document", NUREG-1050,
September 1984

[26] WESTERMAN, R.E et al., General Corrosion, Irradiation-Corrosion, and
Environmental-Mechanical Evaluation of Nuclear Waste Package Structural
Barrier Materials, PNL-4364, Pacific Northwest Laboratory, Richland,
Washington (1982)

[27] INTERNATIONAL ATOMIC ENERGY AGENCY, Prevention and Mitigation of
Groundwater Contamination from Radioactive Releases, IAEA-TECDOC-482,
IAEA, Vienna (1988)

[28] NUCLEAR ENERGY AGENCY, The International HYDROCOIN Project, Background
and Results, NEA/SKI, Paris (1987)

[29] NUCLEAR ENERGY AGENCY, PSACOIN Level E Intercomparison, NEA, Paris
(1989)

[30] SWEDISH NUCLEAR POWER INSPECTORATE, Intracoin: Final Report Levels
2 and 3, SKI 86:2, Stockholm (1986)

[31] NUCLEAR ENERGY AGENCY, The International INTRACVAL Project, Background
and Results, NEA/SKI, Paris (1990)

[32] SILBERBERG, M., et al., Reassessment of the technical Bases for
Estimating Source Terms, NUREG-0956, USNRC, Washington, D.C., (1986)

[33] SUMMERS, R.M., et. al., MELCOR In-Vessel Modeling, NUREG/CP-0090,
USNRC, Washington, D.C. (1987)

[34] COMMISSION OF EUROPEAN COMMUNITIES, Pagis-Performance Assessment of
Geological Isolation Systems for Radioactive Wastes (Summary),
EUR 11775 EN, Brussels - Luxembourg (1988).

[35] "Estimation of Radionuclide Distribution and Radiation Exposure in the
Process of Solidified Core-Concrete-Melt Leaching out by Groundwater" -
KfK 4512 - October 1989, Kernforschungszentrum Karlsruhe, Germany

[36] NATIONAL COUNCIL ON RADIATION PROTECTION AND MEASUREMENTS, Radiological
Assessment: Predicting the Transport, Bioaccumulation and Uptake by Man
of Radionuclides Released to the Environment, NCRP, Bethesda, MD (1988)

[37] INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION, Recommendations of
the International Commission on Radiological Protection, Annals of the
ICRP 1, No. 3, ICRP Publication No. 26, Pergamon Press, Oxford (1977).

59



CONTRIBUTORS TO DRAFTING AND REVIEW

CONSULTANTS' MEETING, VIENNA, 12-16 JUNE 1989

Buzulukov, Y.P. IV Kurchatov Institute of Atomic Energy
123182 Moscow USSR

Elkin, I.V. IV Kurchatov Institute of Atomic Energy
123182 Moscow USSR

Mobbs, S. National Radiological Protection Board
Chilton, Didcot, Oxfordshire OX11 ORQ UK

Peters, R.D. Battelle Pacific Northwest Laboratories
Battelle Boulevard, P.O. Box 999
Richland, WA 99352 USA

Squires, D.J. IAEA
(Scientific Secretary)

ADVISORY GROUP MEETING, VIENNA, 4-8 DECEMBER 1989

Bonne, A. CEN/SCK
Boeretang 200, B-2400 Mol, Belgium

Brown, S.R. Department of the Environment
Romney House
43 Marsham Street, London SW1P 3PY UK

Burkholder, H. Battelle Pacific Northwest Laboratories
Battelle Boulevard, P.O. Box 999
Richland, Washington 99352 USA

Cameron, D.J. AECL
Chalk River, Ontario, Canada KOJ 1JO

Elkin, I.V. IV Kurchatov Institute of Atomic Energy
123182 Moscow USSR

Johansson, G. National Institute of Radiation Protection
P.O. Box 60204
S-104 01 Stockholm, Sweden

Nachmilner, L. Nuclear Research Institute
CS-250 68 Rez, CSFR

Storck, R. GSF/IfT
Theodor-Heuss Str. 4
D-W-3300 Braunschweig, Germany

Zuidema, P. NAGRA
Parkstrasse 23, CH-5401 Baden, Switzerland

61



OBSERVERS

Buzulukov, Y.P.

Manfroy, P.

Vancl, V.

Squires, D.J.
(Scientific Secretary)

IV Kurchatov Institute of Atomic Energy
123182 Moscow USSR

ONDRAF/NIRAS
Place Madou 1 Boites 24/25,
1030 Bruxelles, Belgium
Czechoslovak Atomic Energy Commission
Slezskâ 9, 120 29 Prague 2, CSFR

IAEA

CONSULTANTS' MEETING, VIENNA, 27-31 AUGUST 1990

Elkin, I.V.

Peters, R.D.

Storck, R.

IV Kurchatov Institute of Atomic Energy
123182 Moscow USSR

Battelle Pacific Northwest Laboratories
Battelle Boulevard, P.O. Box 999
Richland, WA 99352 USA

GSF/IfT
Theodor-Heuss Str. 4
D-W-3300 Braunschweig, Germany

OBSERVER

Buzulukov, Y.P. IV Kurchatov Institute of Atomic Energy
123182 Moscow USSR

Squires, D.J.
(Scientific Secretary)

IAEA

62



HOW TO ORDER IAEA PUBLICATIONS
An exclusive sales agent for IAEA publications, to whom all orders

and inquiries should be addressed, has been appointed
for the following countries:

CANADA
UNITED STATES OF AMERICA UNIPUB, 4611-F Assembly Drive, Lanham, MD 20706-4391, USA

In the following countries IAEA publications may be purchased from the
sales agents or booksellers listed or through
major local booksellers. Payment can be made in local
currency or with UNESCO coupons.

ARGENTINA

AUSTRALIA
BELGIUM

CHILE

CHINA

CZECHOSLOVAKIA

FRANCE

HUNGARY

INDIA

ISRAEL

ITALY

JAPAN
PAKISTAN

POLAND

ROMANIA
SOUTH AFRICA

SPAIN

SWEDEN

UNITED KINGDOM

USSR
YUGOSLAVIA

Comisiôn Nacional de Energfa Atômica, Avenida del Libertador 8250,
RA-1429 Buenos Aires
Hunter Publications, 58 A Gipps Street, Collingwood, Victoria 3066
Service Courrier UNESCO, 202, Avenue du Roi, B-1060 Brussels
Comisiôn Chilena de Energi'a Nuclear, Venta de Publicaciones,
Amunategui 95, Casilla 188-D, Santiago
IAEA Publications in Chinese:
China Nuclear Energy Industry Corporation,Translation Section,
P.O.Box 2103,Beijing
IAEA Publications other than in Chinese:
China National Publications Import & Export Corporation,
Deutsche Abteilung, P.O. Box 88, Beijing
S.N.T.L., Mikulandska 4, CS-11686 Prague 1
Alfa, Publishers, Hurbanovo nâmestie 3, CS-81589 Bratislava
Office International de Documentation et Librairie,48, rue Gay-Lussac,
F-75240 Paris Cedex 05
Kultura, Hungarian Foreign Trading Company,
P.O. Box 149, H-1389 Budapest 62
Oxford Book and Stationery Co.,17, Park Street, Calcutta-700 016
Oxford Book and Stationery Co.,Scindia House, New Delhi-110001
Heiliger & Co. Ltd.
23 Keren Hayesod Street, Jerusalem 94188
Libreria Scientifica, Dott. Lucio de Biasio "aeiou".
Via Meravigli 16, 1-20123 Milan
Maruzen Company, Ltd, P.O. Box 5050,100-31 Tokyo International
Mirza Book Agency,65, Shahrah Quaid-e-Azam, P.O. Box 729, Lahore 3
Ars Polona-Ruch, Centrala Handlu Zagranicznego,
Krakowskie Przedmiescie 7, PL-00-068 Warsaw
llexim, P O. Box 136-137, Bucharest
Van Schaik Bookstore (Pty) Ltd, P.O. Box 724, Pretoria 0001
Di'az de Santos, Lagasca 95, E-28006 Madrid
Diaz de Santos, Balmes 417, E-08022 Barcelona
AB Fritzes Kungl. Hovbokhandel, Fredsgatan 2, P.O. Box 16356,
S-103 27 Stockholm
HMSO, Publications Centre, Agency Section,
51 Nine Elms Lane, London SW8 5DR
Mezhdunarodnaya Kniga.Smolenskaya-Sennaya 32-34, Moscow G-200
Jugoslovenska Knjiga,Terazije 27.P.O. Box 36, YU-11001 Belgrade

Orders from countries where sales agents have not yet been appointed and
requests for information should be addressed directly to:
Division of Publications
International Atomic Energy Agency
Wagramerstrasse 5, P.O. Box 100, A-1400 Vienna, Austria




